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ABSTRACT

The integration of self-assembled monolayer (SAM) into microelectromechanical system (MEMS)
devices is introduced in Chapter 1. SAM formation and characterization is described, via the
spontaneous assembly of surfactants to surfaces providing monolayer coverage, the so called
bottom-up approach, and hence modifying the chemical and physical surface properties.
Examples of SAMs which can be used for analyte sensing, via the recognition motifs incorporated
into the SAM will be described. In addition, an overview of MEMS, which are fabricated by the so
called top-down approaches, and their applications is provided.

Chapter 2 is concerned with the specific immobilization of NeutrAvidin on pure and mixed SAMs
of biotinylated tri(ethylene glycol) thiol, undecanethiol (BUT, biotin containing sensor element for
Neutravidin) and (11-mercaptoundecyl) tetra(ethylene glycol) (TEG, spacer) which were
deposited on Au surfaces. Contact angle, ellipsometry and X-ray photoelectron spectroscopy
(XPS) were used to characterize the composition of these SAMs. Surface plasmon resonance
(SPR) and a quartz crystal microbalance (QCM) were used to study the adsorption behavior of
NeutrAvidin to the pure and mixed SAMs.

Chapter 3 describes the optimum conditions in details of how to obtain the monolayer of 11-
amino-1-undecanethiol hydrochloride (Alk-amine) and 4-aminothiophenol (Ar-amine) SAM,
which were deposited on an Au surface by using an ethanolic solution of Triethylamine (TEA) and
how to reduce the contamination which are combined with the deposition of the two amines.
Finally, ellipsometry, contact angle and XPS were used to characterise the monolayer of two

amine SAMs.




Chapter 4 describes the optimum conditions of gold nanoparticles (G-NPs) deposition on a
monolayer of Alk and Ar-amine terminated SAMs, which were described in chapter 3, at different
pHs. AFM and QCM confirm that the optimum deposition of G-NPs was at pH 5 for the two amine
SAMs and the deposition on Alk-amine SAM is much higher than on Ar-amine SAM. Thus, Alk-
amine SAM was chosen for chemically modifying the surface of a micro paddle. After the
modification the paddle was used to detect the deposited mass of G-NPs and SEM was used to

confirm dispersity of the monolayer of G-NPs.
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Chapter 1

Self-Assembled Monolayer (SAM) and
Microelectromechanical Systems

(MEMS)



Abstract

Self-assembled monolayers (SAMs) open a new approach for applications in nanotechnology via
the surface functionalisation of resonating microelectromechanical systems (MEMS) for the
detection of analytes. The sensing is by virtue of changes in resonance frequency upon deposition
of an analyte to the chemically tuned MEMS surface through the SAMs. So, the resonator needs
specific SAMs (pure or mixed), which contain recognition motifs for complementarity analytes.
This PhD chapter is concerned with chemically derivatising MEMS to fabricate sensors based on
this approach. Pure or mixed SAMs are deposited on the surface of a resonator and an analyte

can be recognised by these SAMs.

1.1. Introduction

The specific organization of nanomaterials into two and three-dimensional nanostructures
represents a new direction in nanotechnology for the production of new functional devices.'=
This approach opens up new applications in nanomaterials such as optics,* and electronics® as
well as sensing,®’ bringing together chemists, engineers, physicists and biologists to fabricate
novel nanomaterials and devices.2® There are two distinct approaches to build or fabricate
nanoscale devices. One of them is top-down?® and the other is bottom-up.'* Focused ion beam
and lithographic processes work via a top-down approach by etching away a solid substrate to
obtain nanostructures.'® Whereas the bottom-up approach self-assembles and self-organises
atoms/ions/molecules into larger structure with nanoscale dimensions (and potentially function),

e.g. self-assembled monolayers (SAMs).1* SAMs form by spontaneous chemisorption of organic




surfactant molecules from solutions, for example the adsorption of alkanethiols on Au, Ag, Si, Pt
and Cu surfaces to form an immobilized and a well-ordered monolayer in two-dimensions.'%13

The composition of these surfactants (the adsorbate) consists of three important molecular

components: the headgroup, backbone and terminal (functional) group as shown in Figure 1.1.

Terminal (functional) group
(Sensor unit)

<——Backbone

o\s Q—Head group

Au Substrate ‘

Figure 1.1: lllustrates the three molecular components of SAM chemosorbed on gold substrate

e The headgroup: represents the chemical anchor to the surface. The selection of the
headgroup depends upon the type of substrate. Thiols (-SH)'3'> and silanes!®!” are the
most common headgroups which bind to gold and the silica surfaces, respectively.

e The backbone: the backbone is usually an aliphatic'® or an aromatic component.® The
backbone plays a very important role to control the long-range structural packing of the
SAM, and hence the stability and ordering of the SAMs, where every molecule of the SAM
interacts with its neighbour through the backbone. This interaction comes from van der

Waals forces?® and/or ni-1t interactions,*® and will lead to a quasi-ordered or well-ordered




layer in the SAM depending on the nature of the substrate and length of backbone in
chain.?1:22

e The terminal (functional) group (sensor unit): The terminal group determines the
chemical and physical properties of the interface. Thus, if a terminal group is a
hydrophobic methyl group and the surface of the clean substrate had hydrophilic
properties such as Au, then the new surface properties become hydrophobic upon SAM
formation.?® Thus, this feature enables surface properties to be modified through SAM
formation, and modulating corrosion and wettability.242¢ One of the application of SAMs
is to use them to modify the surface of resonators of microelectromechanical systems
(MEMS), in order to fabricate a sensor. MEMS represent excellent devices, which integrate

electrical and mechanical components in microscale system for sub-ng mass detection.?’=3?

1.2. Types of SAMs prepared

SAMS are generally formed by surfactants either adsorbing to oxide or metal surfaces and
can best be represented by the two main types that have been studied, namely SAMs formed

from silanes and thiols on silica and gold surfaces, respectively.1332

1.2.1. SAMs formed from organosilane.

Organosilane derivatives have been used to prepare SAMs by adsorbing them onto
suitable hydrophilic substrates, such as silica and glass by the wet chemical method?3 or the dry

method.3* The headgroup of the organosilane surfactants are of the general composition —SiXs,




where X represents OR or Cl. Thus, a covalent bond Si-O will arise between a headgroup of
organosilane and a hydroxylated surface (as well as extensive cross-linking between the adsorbed
surfactant molecules) via the substitution of the X group.®=37 As a result of these new multiple
strong Si-O bonds anchoring the organic component to the surface, SAMs formed by organosilane
are more robust than SAMs produced by organosulfur surfactants on Au.3® The mechanism of
formation of these silane SAMs requires some surface adsorbed water to initiate the surface
chemistry,3®> which can affect the quality of the SAMs formed, depending on the amount of water
present. An excess of water leads to polymerization of the silane, rather than monolayer
formation, whilst an absence of water leads to an incomplete monolayer. So SAM formation from

organosilane is technically more challenging than SAM formation from thiols on Au.3%40

1.2.2. SAMs formed from organosulfur

Organosulfur compounds are well known as good surfactants, which are used to prepare
SAMs on different metal surfaces such as Au,*! Ag,*>*3 Hg,'? Cu,** Ni*> and Pt.*®¢ However, most
commonly the Au surface is used for two main reasons. Firstly, the surface is easy to activate via
removal of a thin oxide layer, and secondly Au has a good affinity for sulfur.4”48
Alkanethiols (R-SH),2%%° dialkyl disulfides (R-S-S-R),°%>! dialkyl sulfides (R-S-R)*>*3 and
thiophenes®*>> are four types of organosulfur that have been used to form self-assembled
monolayers (SAMs) on Au. Most studies have focused on R-SH surfactants due to the good
understanding of the binding and ordering between the S atom of the thiol and surface Au atoms
of the substrate to form the Au-thiolates,'342°¢ as well as detailed understanding of the packing

of the alkyl chains in the monolayer.>*




The mechanism of R-SH/Au SAM formation proceeds via four stages (Figure 1.2):

Stage 1: involves the R-SH being physisorbed on to the Au substrate.>®

Stage 2: the physisorption enables the SH headgroup to chemisorb onto the Au substrate

by forming a S-Au bond.*3

Stage 3: Subsequently, increasing the number of surfactants bound to the Au substrate

leads to independent, sub monolayer, island formation, as the van der Waals interactions

between the organics backbone units prevails over the organic backbone-surface

interaction. The reorganisation of adsorbates in the Stage 3 reduces the free energy of the

adsorbate molecules, although it is still high.>®

Stage 4: The final stage is relatively slow as the islands grow and coalesce through further

surfactant adsorbing to the increasingly crowded surface, as well as tilting of the

surfactant between the adsorbed surfactants. The tilting optimizes the intermolecular

interactions, such as van der Waals interaction and trans conformation in the chain-chain

(backbone) between the alkanethiolates.?%>7>8

The kinetics of Stages 1 and 2 are well studied, and it has been observed that the rates
corresponding to these stages are relatively high and take only a few minutes to complete and
the coverage of SAM approaches 80-90 % of the full coverage of the Au surface. Stages 3 and 4
are much slower and are dependent on backbone chain length. Increasing the chain length results
in stronger van der Waals interactions, thus a thermodynamically more stable structure, but they
have more non-trans C-C conformers in the backbone which need to anneal to trans C-C

conformers in order to give good packing, and hence slow the final SAM formation.>°




Kinetically, the rates of ordering and tilting of SAMs are slow and take several hours to complete.>®

Au Substrate

Stage 1 Adsorbates reach the
Surface of the Au

Physisorption of adsorbates
onto the surface of the Au

Au Substrate

Chemisorption of
some adsorbates

Au Substrate

Stage 3

Formation of
islands

Au Substrate l

Stage 4

Au Substrate

Figure 1.2: Schematic representation of the Stages of alkanethiol SAM formation on a Au surface




1.3. Characterisation of Surfaces — SAMs and Analytes Binding to

SAMs

There are several types of techniques used to characterise surfaces. The characterisation of
surfaces is important to firstly establish the composition of a SAM, but if the SAM is designed to
have a Surface Functional Group that can recognise an analyte, then detection of the analyte
adsorbed to the SAM surface is required. Thus, usually one thinks of these as two processes that
need to be characterised sequentially, and one would use the following techniques for each
process:

A. SAM characterisation
1. Surface type (hydrophilic or hydrophobic): contact angle.®®
2. Thickness: ellipsometry®!
3. Elemental composition: X-ray photoelectron spectroscopy (XPS).5?
B. Adsorption of analytes to the SAM
1. Rate and amount of analyte adsorption:
a. Surface plasmon resonance (SPR).#33
b. Quartz crystal microbalance (QCM).%4

2. Surface structure after analyte adsorption: AFM,° TEM & SEM.?

However, that is not to say that techniques from A might be used in B and vice versa, e.g. if the

analyte is large (1 nm or more) then ellipsometry could be used to monitor an increase in




thickness of the surface, or SPR can be used to monitor the kinetics of SAM formation. The next

two sections (1.3.1 and 1.3.2) detail the techniques highlighted above.

1.3.1. SAM Characterisation

1.3.1.1. Contact angle measurements

Contact angle analysis gives information about the wettability>® and energy®>®® of the
surface before and after the deposition of SAMs, which will be determined by the surface
functional group, e.g. hydroxyl/amine/carboxyl groups give low water-contact angle whilst aryl
and alkyl give high water-contact angle.?%?3 The principle of this technique measures the
equilibrium forces between a liquid droplet on a solid substrate. These equilibrium forces arise
from the intermolecular forces at the three phases boundary (solid, liquid and gas phase (Figure
1.3)), namely

(i) solid/liquid,

(ii) solid/gas, and

(i) liquid/gas.

Thus, the angle which arises from the liquid droplet which is in contact with the solid substrate is
referred to as the contact angle (CA).%” There are three ways to measure the contact angle: (i)
tilting plate,®® (ii) dynamic,®® and (iii) sessile drop.”’® In this chapter, the dynamic contact angle
method will be discussed in detail (Figure 1.3).

Dynamic contact angle measurement involves a droplet of solvent being placed on a horizontal

sample viag a needle. Two limiting contact angles can be measured:




1. Advancing contact angle (O,) is determined as the droplet increases in volume
(as more water is injected into the droplet) without the footprint of the droplet
changing, whilst the angle formed by the tangent of the water droplet and the solid
interface increases. The advancing angle is the angle directly before the droplet
increases its footprint.
2. Receding contact angle O, is obtained when water is removed from the droplet to the
point at which the footprint decreases.
Thus, the advancing contact angle (O.) is always greater than the receding contact angle (©,). The
magnitude of the contact angle reflects the hydrophobicity of the terminal groups in the SAM, i.e.
if the terminal group is hydrophilic a small contact angle is observed and vice versa for a
hydrophobic group. Figure 1.3a, shows a small water contact angle on a hydrophilic SAM,
whereas, Figure 1.3b shows a large water contact angle on a hydrophobic SAM. Thus, the
hydrophilic surface is wetted whilst the hydrophobic surface is not, i.e. the water does not spread

across the hydrophobic surface.

a)

Needle—

Al

Hydrophilic surface Hydrophobic surface

Figure 1.3: lllustrates the water advancing contact angle on a) hydrophilic SAM (wetted surface) and b)
hydrophobic SAM at room temperature
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The difference between Oy and O, is known as the contact angle hysteresis (Equation 1.1).206°
When the surface is rough the difference between @qand O is high, so the value of contact angle
hysteresis (A0) is also high. In contrast on a smooth surface the AQ is low.%®

AO=0,- 0, Where A0 # 0 (Equation 1.1)

1.3.1.2. Ellipsometry measurements

Ellipsometry is an optical, non-destructive technique, which is used to determine the
thickness of SAMs by measuring the change in reflected elliptical polarised light from surfaces,
after it has interacted with the surface (SAM), which by its very nature is anisotropically ordered,
giving rise to birefringence of light interacting with it. The change in polarisation of the p and s
wave components of the incident light (amplitude and phase), with the reflected light after it has
interacted with the SAM allows calculation of the thickness of the monolayer, after approximating

the refractive index of the SAM and applying a complex mathematical expression (Figure 1.4a).”*

The ellipsometer can also aid in approximating the tilt angle (tilt angle is the angle formed
between the molecular axis of the SAM forming molecules and the normal and the surface, (see
Figure 1.4b) of the SAM by comparing the ellipsometric thickness with a theoretical molecular

length of the molecular structure forming the SAM. 5!
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Figure 1.4: Schematic representation of a) ellipsometry measuring the thickness of SAM and b) tilt angle of the
SAM deposited on a Au surface

1.3.1.3. X-ray photoelectron spectroscopy (XPS) measurements

X-ray photoelectron spectroscopy (XPS) is a technique to analyse the elemental
composition of a sample. When a beam of X-rays impinges upon a surface (two common energy
sources (Mg Kq: hv=1253.6 eV or Al Kq: hv = 1486.6 eV) core electrons are excited in the atoms.
If the X-ray energy is enough to overcome the electron binding energy (BE) of the atomic orbital

then the electron can escape the atom, and form a photoelectron (Figure 1.5).
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Figure 1.5: Schematic diagram of the XPS process, illustrating the ejection of a core electron by XPS photon

The binding energies (BE) of the ejected photoelectrons are specific to an element, thus

allowing elemental composition to be determined. The binding energy of each element can be

determined after applying equation 1.2.72

KE =hv-BE (Equation 1.2)

Where hu represents the energy of the X-ray sources, and KE represents the kinetic energy
of the photoelectrons detected from the XPS. The spectrum in the XPS technique of any element

represents the plot of the number of ejected electrons (Y-axis) against the BE or KE of the ejected

electrons (x-axis).”?
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1.3.2. Characterisation of the specific analytes deposited on SAM

When considering the binding of an analyte to a surface one is interested in two processes.
Firstly, the binding event to the surface as a function of time, i.e. the rate of adsorption, and
secondly the final state of the surface after analyte binding is complete. Techniques such SPR and
QCM are able to monitor the rate of adsorption, whilst techniques such as AFM, and electron

microscopy allow one to observe the final surface structure after the analyte has been adsorbed.

1.3.2.1. Surface Plasmon Resonance (SPR) measurements

SPR can measure adsorption kinetics in real time by following the change in the surface
plasmon of a surface as the surface dielectric changes as a result of the analyte binding. Surface
Plasmon Resonance (SPR) is an optical technique,’*”> which has been used to detect the binding
between a thin film on the SPR sensor and analytes in a subphase (Figure 1.6).”® The term Surface
Plasmon Resonance comes from the part of the energy of the incident light which will combine
between a conductive metal and a dielectric material (organic material adsorbed on the metal).
The SPR sensor consists of a glass substrate coated with a thin film of Au (~50 nm) (conducting
metal) on to which a thin film or SAM can be deposited. The incident light passes through SPR
sensor and reflects at the metal surface of the sensor. When the light reaches the metal surface
at specific angle (6), part of it will be adsorbed to promote an electronic transition, called the
surface plasmon, which is detected. If the SAM has recognition motifs on its surface, the dielectric
(refractive index) of the material will change as analytes bind to the recognition motifs, and as a

result the surface plasmon energy will change. This change in surface plasmon is therefore
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related to the adsorption of the analyte to the surface.¥7%’7 As the changes in surface plasmon

can be monitored in real time, kinetics of adsorption can be monitored.

The interaction (binding) causes in the change in the refractive index, which depends upon
the concentration of the analytes at the film surface, and the binding constant. The angle of the

reflected light in SPR will be shifted proportionally with change of refractive index.37677

Analyte o "o 5 C Analyte — o
o ° o o
0 = °
Film (saM) — ¢ Y2V IXTINJA . SPR Wave Film(SAM)—;IW. SPR Wave
Glass SPR sensor ~ =————————> Glass SPR sensor

Ol 02,
Incident P-polarised light Prism Reflected light Incident P-polarised light Prism  Reflected light
B2 (RU2) |eeeemneeresprmmmrmencene
ARU
61 (RU1) 01 (RU1) foeeedevriiiiirennnee,
Time (s) Time (s)

Figure 1.6: Schematic diagram of SPR measurements a) before, and b) during and after deposition of an analyte
by following the changes in the incident angle

1.3.2.2. Quartz Crystal Microbalance (QCM) measurements

A QCM is a microbalance with nanogram mass sensitivity, which can measure adsorption

kinetics in real time by following the change in the fundamental resonance frequency (FRF) of a

15



piezoelectric material as an analyte adsorbs to the surface. Using the Sauerbrey equation
(Equation 1.3)’® the change in the FRF can be converted to the adsorbed mass (m) of the
analyte.”98!

Am = -CAf (Equation 1.3)

Where C represents the mass sensitivity constant of QCM-sensor and the value of C depends upon
the FRF of QCM-sensor. For example, Cis equal to 17.8 ng. Hzt cm2for a QCM-sensor with a FRF
of 5MHz,8082-8% while Cis equal to 4.5 ng. Hz'' cm™ for a QCM-sensor with a FRF of 10 MHz,8%7
fois the FRF, and Af represent the frequency change (fs — fo), where f, represents the frequency
upon analyte binding. The highest sensitivity of the sensor is ~ 1 ng.cm, where this sensitivity

depends upon the stability of the oscillator and the resolution of the signal, which is ~1Hz .82

The circular QCM-sensor is made from AT-cut (35°) or BT-cut (49°) quartz crystal80:82:8590,93
79 with varying thicknesses of quartz to tailor the FRF. An Au electrode is deposited on each side
of the crystal quartz, and an electric potential drives the quartz to resonate at its FRF.
Figure 1.7 shows a QCM-sensor (AT-cut) which is made with same views. Figure 1.7 shows that
the top electrode view which in contact with liquid is similar to the bottom one which is in contact

with air.929495
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(air side)

Electrodes Two side sensor
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Figure 1.7: Cartoon represents an AT-cut QCM-sensor two sided sensor (same top and bottom views)

The QCM has been used to detect the mass of gas, when it is performed under vacuum?®®
as well as to detect the mass of the analytes in liquid environments®°7 (Figure 1.8) such as
DNA,%%%° proteins, 84100101 |ipids, 80102 gntibodies19%1%4 and nanoparticles.!%>1%8 The drawback

of using QCM for liquid applications is that the liquid viscosity limits the sensitivity.8%°0,109
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Figure 1.8: Schematic diagram of quartz crystal microbalance measuring the frequency in liquid
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Plotting the change in the frequency as a function of time (Figure 1.8) enables the kinetics

of analyte adsorption to be followed.837

1.3.2.3. Atomic Force Microscopy (AFM)

The invention of AFM in 1986 by Binnig et al.,'1° built upon on their Nobel prize winning
the invention of the STM.!!? The AFM allowed not only nanometre topographical resolution
imaging on conducting surfaces (as was the limit for STM), but also on insulating surfaces. An AFM
consists (Figure 1.9) of a microfabricated flexible cantilever (silicon or silicon nitride), on which a
tip is fabricated at one end, with a reflective surface on the opposite side of the cantilever from
the tip, from which laser light is reflected onto a 4-sector photo-diode.''° The tip is brought close
to (or touching) a surface, such that a force between tip and surface causes a deflection of the
cantilever, which is concomitantly transduced by the movement of the reflected laser light on the
photodiode. Thus, as the tip is rastered across a surface a feedback mechanism can be transduced
to give a topographical image of the surface. Depending on the sharpness of the tip and the
roughness of the substrate sub-nanometer resolution can be attained. Thus, with a single atom

at the end of a tip on an atomically smooth surface, atomic features are discernible.

Contact mode and tapping mode!!! are the two common approaches of collecting AFM
topography images. In the contact mode, the tip which is hard, should be in direct contact with
the surface, whilst in the tapping mode, the cantilever should vibrate close to it is resonance

frequency and the tip is held a short distance from the substrate.*?
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Figure 1.9: Schematic of AFM measurements

1.3.2.4. Transmission Electron Microscopy (TEM)

Images from this technique are obtained from the transmission of a collimated beam of
electrons, which are passed through a thin film (thickness around 30 nm) of the sample.”® The
sample can be covered with a thin carbon or gold coating to ensure that the incident electron
beam will not cause charging of the sample. The imaged features in the film by TEM represents

the differences in the scattering or diffraction of the electron beam which is produced due to

defects on surface structure (Figure 1.10), or chemical element variation.
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Figure 1.10: Schematic representation of TEM analytes measurements

1.3.2.5. Scanning Electron Microscopy (SEM)

Bombarding the surface of a sample with high energy primary electrons produces two types of
emitted electrons:

a. backscattered electrons: these are primary incident electrons which are elastically

scattered from the atoms of the sample and hence maintain a relatively high energy), and

b. secondary electrons: these arise from the primary incident beam inelastically hitting

electrons in the atoms of the sample, resulting in the core electrons being ejected from

the atoms.
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The detection of backscattered and secondary electrons leads to the topography of the sample
being revealed. Also, absorption of high energy primary electrons induces X-rays to be produced

from the sample. These X-ray can be used for chemical analysis of the sample (Figure 1.11).29/112
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Focusing lens @

Backscattered and
Sample secondary electrons

Stage |

Figure 1.11: Schematic representation of SEM operation

1.4. Applications of SAMs

SAMs offer a facile way to change and manipulate the physical and chemical properties of
a surface. This feature has led to potential applications such as (i) sensing nanoparticles,!3
nanotubes,’* and biomolecules!’>'1® to SAM surfaces tailored with recognition motifs, (ii)
development of gold nanoparticles that can be used for drug delivery,''”:112 (iii) protection of

metal surfaces from corrosion?* and (v) chemical and biochemical sensors.3'1° However, the
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studies have been focused on (i) alkanethiols, because of the high affinity to modify metals
surfaces,® and (ii) organosilane owing to excellent ability to alter silica surfaces, making them
ideal for integration into silicon based electronics.??° In recent years, many studies!!3121-124 haye

shown SAMs being formed on silicon nitride,31:125126

A particularly interesting application of SAMs is integrating them in microelectromechanical
systems (MEMS), which contain a sensing component (functionalised SAM) and an actuator
(MEMS component covered with the SAM).1?” The actuator works via an electric potential driving
a vibrational resonance proportional to the mass of the actuator, similar in principle to the QCM
described previously but on the micron scale rather than the 1 cm scale.’?® Thus, as mass binds
to the actuator there is a change in its resonant frequency which is proportional to the mass being
bound to the sensing component.1?®130 A hydrophobic SAM (octadecanethiolate) deposited on
Au/micro cantilever was used for the mass detection of bovine serum albumin (BSA), which were
non-specifically immobilized on this SAM by Butt!?® In another example, the mass of DNA was
detected by the use of a micro cantilever modified with a layer of Au onto which a SAM of
gluteraldehyde-terminated cysteamine was deposited.**! Gold nanoparticles (G-NPs) mass have
been sensed using a SisN4 micro-paddle coated with an amine-terminated silane SAM.'32 The
purpose of utilizing amine (aliphatic or aromatic) as the functional group is that amine groups are
protonated at low pH, and these protonated amino groups will electrostatically bind to the citrate
stabilised G-NPs which are negatively charged. After electrostatically binding, the frequency of

the resonator will change according to the increase in the deposited mass.113133,134
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1.4.1. Microelectromechanical systems (MEMS)

The term MEMS devices comes from the integration and fabrication of micromechanical
and microelectronic components to afford functional micron scale devices.'* Monocrystalline Si
is the main material which is used for fabrication of MEMS36 as Si is a flexible material with good
fatigue properties, making it ideal for moving mechanical parts, whilst its semiconductive
properties enable it to be integrated into electronic circuits.*3’

The chemical and physical detection of the types of MEMS devices such as switches, sensors and

actuators!?2829138-143 haye been extensively researched focussed on the integration and

fabrication of functional (sub)micron scale devices**'47 (Figure 1.12).148

Complex Mechanical Structures Microelectronics Integrated Mechanical
& Electrical systems

Figure 1.12: Example of a MEMS consisting of the mechanical structure and electrical systems (ref *%)

MEMS devices are fabricated using micro-machining techniques for example focused ion
beam-milling*3® and bulk or surface micromachining!4®>? j.e. top-down approaches. These two

methods are typically used to fabricate the MEMS devices and FIB will be discussed below.
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1.4.1.1. Focused ion beam (FIB)

The principle of FIB is to create a focussed beam of gallium ions (Ga*), ~10 nm diameter
under UHV, which is directed to a surface (usually made from silicon nitride)*>%1>2 to ablate atoms
from it (Figure 1.13),136153.154 to create microstructures such as paddles, which are the resonating

component in the MEMS device.

N

DOLOROOON
O0OOOLOO®
900O0OOO®

Substrate

= electron o = cation @ = neutral species

Figure 1.13: Cartoon of micro paddle fabrication using FIB

Another application of FIB is to use the Ga ions to induce a chemical decomposition
reaction in organometallic species which have been deposited on the substrate surface.'> Asthe
decomposition reaction proceeds the organic component volatilises into the UHV chamber and

the metal atoms aggregate to form metal nano/micron structures on the surface. The
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disadvantage of this process is that the surfaces can be contaminated by carbonaceous material
which come from the precursor molecules, in addition to the Ga ions (Figure 1.14).1%6
An example of such an application is using the precursor tungsten hexacarbonyl and

trimethyl(methylcyclopentadienyl) platinum to create tungsten and platinum structures. >’

Gas injection system

Organic component Ga’

removed by vacuum

Substrate
. = organic component of organometallic gas

@ = metallic component of organometallic gas

Figure 1.14:Cartoon of depositing precursors on metal surfaces using FIB
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1.5. Hypothesis/Objectives of This Thesis

The purpose of the research described in this thesis is to produce sensors for specifically sensing

different types of analytes, in a liquid environment, by integrating SAMs onto MEMS device.

Chapter 2

Chapter 3

Chapter 4

System 1 [binary SAMs consisting of biotinylated tri(ethylene glycol) thiol,
undecanethiol (BUT) and (11-mercaptoundecyl) tetra(ethylene glycol) (TEG) for
NeutrAvidin immobilisation], investigates the optimum concentration of biotin
moieties in the binary SAM on an Au substrate required for the optimum
immobilisation of the protein (NeutrAvidin). The necessary conditions required for
optimum immobilisation of NeutrAvidin should be achieved with the aid of
techniques such as SPR, QCM, AFM and XPS techniques.

System 2, investigates the optimum conditions required for the monolayer
formation of aliphatic (Alk) and aromatic (Ar) amine terminated SAMs on an Au
substrate. The monolayer formation can be studied using CA, ellipsometry and XPS
techniques.

System 3, investigates the optimum conditions for the G-NPs deposition on a
monolayer of Alk and Ar-amine-terminated SAMs at different pHs.

The purpose behind system 1 and 3 is to apply the optimum conditions for binding
of the specific analyte to the SAM onto Au coated micro paddles so that the mass
change caused by analyte deposition could be detected on the micro paddle and

hence providing a practical example of a MEMS device.
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Chapter 2

Formation of Binary Biotin
Containing SAMs to Study NeutrAvidin
Binding Using SPR and QCM
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Abstract

The integration of self-assembled monolayers (SAMs) with microelectromechanical
systems (MEMS) opens a new approach for applications in nanotechnology via the surface
functionalisation of the MEMS resonator for the detection of analytes. The sensing is a result of
changes in resonance frequency upon deposition of the analyte to the chemically tuned MEMS
surface. Thus, this chapter is concerned with chemically derivatising a MEMS surface to fabricate
highly specific and sensitive sensors, making use of the recognition between surface mounted

biotin and neutravidin as the analyte.

The model system that will be studied is a mixed binary SAM formed from a biotinylated
tri(ethylene glycol) thiol, undecanethiol (BUT) and (11-mercaptoundecyl) tetra(ethylene glycol)
(TEG) which acts as hydrophilic spacer (diluent), to which the protein NeutrAvidin is exposed to
as the analyte. Eight different binary SAM compositions of BUT and TEG were studied to
investigate the optimum NeutrAvidin binding, using the Surface Plasmon Resonance (SPR)
technique. The characterisation of the 8 binary SAMs was achieved through multiple techniques
(contact angle (CA), change in surface hydrophobicity), ellipsometry (SAM thickness), and X-ray
Photoelectron Spectroscopy (XPS, SAM elemental composition)). A quartz crystal microbalance
(QCM) was used to monitor the absorption of NeutrAvidin, which is immobilized on 2:1 of mixed
SAMs on Au surface, also the results of QCM and Atomic Force Microscopy (AFM) reveal that the

distribution of NeutrAvidin is as a monolayer on the biotin surface.
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2.1. Introduction

Self-assembled monolayers (SAMs) of terminally functionalised alkyl and aryl thiols have
been extensively used because of their spontaneous adsorption to Au and Ag surfaces, and their
ability to modulate the physical and chemical properties of these surfaces by their terminal
functionality.2 The terminal group plays an important role in determining the wetting properties
of solid surfaces,®>* and how the surfaces binds analytes.> Thus, SAMs have been employed for
surface molecular recognition for use as potential sensor platforms.® This type of affinity” opens
up many biological applications for molecular recognition on solid surfaces such as diagnostic
assays,® delivery of therapeutics,® and biosensors.’® For this purpose, biotin-terminated
alkanethiols have been used for molecular recognition of proteins,'*3 such as Streptavidin'* or
NeutrAvidin®®> (the difference between the Streptavidin and NeutrAvidin is that NeutrAvidin is
free from carbohydrate which results in less lectin binding biotin. Thus, decreases the non-specific
binding of NeutrAvidin with biotin),®7'8 which have a high affinity for the biotin moiety. These
types of proteins are tetrameric, having four molecular pockets for biotin binding (K. = 1013 M or
Ka = 10 M). Where K, and Kg, represent the association and dissociation constants for
NeutrAvidin binding biotin respectively./1%1319-21

Chapter 1 (section 1.2.2) described the formation and properties of alkanethiolate self-

22-28

assembled monolayer (SAM) on an Au substrate, and how the surface chemical functionality

of the Au substrate can be manipulated by the functional group of the alkanethiolate.?32

Therefore, the selection of the head group plays an important role when considering using such

SAM surfaces as sensors for specific binding towards an analyte. However, the head
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group/analyte binding cannot be considered in isolation when the headgroup is attached to a
surface, because the approach trajectory of the analyte needs to be considered, as well as
accessibility of the head group to the analyte. Thus, the spatial positioning and orientation of the
head group on the surface needs to be considered as well, such that the analyte can approach
and bind to the head group unhindered.
Overcoming this challenge is achieved by adding a spacer thiol (diluent) into the SAM which can
spread out the functional headgroups, as well as provide orientational mobility for the head
group.33-36

11-Mercaptoundecanol has been used as a spacer molecule in SAMs that have been co-
adsorbed with thiols that have a functional group such as the biotin moiety, in order to create
space around the biotin moiety so it can bind to avidin proteins,3” as well as preventing non-
specific protein adsorption, by virtue of the hydrophilic properties of the hydroxyl moiety.® For
example, previously, 11-mercaptoundecanol was co-adsorbed with a biotin-terminated thiol to
form a mixed SAM that was used for molecular recognition of the protein Streptavidin.3 Although
11-mercaptoundecanol inhibits binding of protein to surfaces, Prime and Whitesides*® reported
mixed SAMs of 11-mercaptoundecanol adsorbs more proteins to their surface than mixed SAMs
in which 11-mercaptoundecanol was replaced with thiols that presented oligoethylene glycols
(OEG) to a protein containing subphase. Also, they found that simple methoxy-terminated SAMs
have enhanced protein resistance relative to 11-mercaptoundecanol. Another study immobilized

bovine serum albumin (BSA) which reduced the non-specific binding of NeutrAvidin.*! In addition

Catherine et al.*? have reported that HS(CH2)11(OEG)mOH is soluble in ethanol and stable in air,
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and can forms SAMs on Au rapidly and reproducible, as well as resisting protein absorption.

The ability of the OEG SAMs to resist protein adsorption is thought to correlate with the

molecular conformation that the ethylene glycol units adopt in the SAMs deposited on Au or Ag
surfaces, where all-gauche (helical) and all-trans (linear) conformations in the OEG moiety are
formed, respectively (Figure 2.1). The helical conformation dominates on a Au surface due to the
monolayers being less densely packed, relative to the Ag surface, which in turn encourages the
more expanded helical conformation to dominate in Au monolayer.*3-#
Both OEG conformations ability to resist surface protein adsorption have been extensively
studied, revealing that the helical conformation on Au provides higher resistance to protein
adsorption than the all-trans conformation on Ag surfaces.*%43484% Wang and Kreuzer®3** and
Harder et. al.*® rationalised that the resistance of protein adsorption on to the helical
conformation on Au is due to its increased capacity to hydrogen bond to the water subphase,
relative to the all-trans conformation on Ag.
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Figure 2.1: a) represents the helical conformation of OEG on an Au substrate, and b) non-helical conformation of
OEG on an Ag substrate
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The increased hydrogen bonding of the helical conformation arises due to the greater
exposure of the ethylene oxy ‘O’ atoms to the subphase. This increased propensity to hydrogen
bond to water molecules results in the helical conformation SAM having a thin hydrogen bonded
layer of water molecules across the surface, which act as barrier to non-specific interactions with

the proteins in the subphase.

2.2. Aim of the study in this chapter

This chapter investigates the chemical modification of the surface of a MEMS device
(microresonator) with a binary SAM that can bind to NeutrAvidin in the subphase, and thus acting
as a biological sensor. The MEMS surface is chemically modified through coating the surface with
a layer of Au onto which a binary SAM of BUT and TEG is formed (Figure 2.2a,b). The BUT provides
the binding moiety for Neutravidin via the presence of a biotin headgroup, whilst the TEG acts as
a spacer for the biotin moieties (Figure 2.2c), in order to maximise the binding to the Neutravidin
macromolecules (Figure 2.2d). TEG was specifically selected as the spacer for several reasons:
the theoretical difference in the chain length between the BUT molecule (Figure 2.2a) and the
TEG molecule (Figure 2.2b) is 1.40 nm. This difference in chain length is the same as the size of
biotin moiety reported in literature, which is around 1.40 nm.>%>! This implies that the biotin
moieties will be completely accessible for good insertion inside the pocket of a protein.

TEG is an excellent repellent to proteins due to presence of the ethoxy glycol moieties, as

discussed earlier.*’
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the TEG coadsorbant has been utilised to space out biotin in SAMs, in previous

studies, which have subsequently shown that the biotin binds Streptavidin or NeutrAvidin with

greater efficiency when coadsorbed with the TEG spacer.141>48

SPR and QCM were used to study the optimum immobilization of NeutrAvidin on the mixed SAMs.
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Figure 2.2: lllustrates the chemical structures of a) BUT and b) hydrophilic spacer (TEG), and the fully extended

lengths calculated using ChemDraw, the difference between c) mixed BUT/TEG, and d) NeutrAvidin immobilized
on mixed SAM BUT/TEG

* The data calculated from ChemBio Draw 3D Ultra.
# The data calculated practically in the lab.
@ The data collected from the literature.**>
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2.3. Results and discussion

2.3.1. Contact Angle and Ellipsometry: Formation, Stability and Characterization

of pure BUT SAM

The literature suggests that the oxidation of the thiol moiety can be problematic both
during SAM formation and after they have been formed when left dry and in air.>* The former
oxidation is a result of dissolved oxygen in the solution from which the SAM is formed, and the
latter by atmospheric oxidation of the dry SAM.

Thus, in order to evaluate the propensity of the BUT system to oxidise in these two scenarios,

three experiments were designed:

Experiment 1: The SAM forming solution was not degassed with N; gas, and the SAMs
were characterised immediately after their formation by contact angle and ellipsometry
Experiment 2a: SAM forming solution was degassed with N gas, and the SAMs were
characterised immediately after their formation by contact angle and ellipsometry, and
Experiment 2b: a continuation of Experiment 2a where the SAM characterisation was
repeated after 7 days (stored in a closed vial, inside a fume hood at 20 °C).

Thus, a comparison of the SAMs formed under the conditions relating to Experiments 1 and 2a

will allow an assessment of the oxidation during SAM formation, whereas comparing Experiments

2a and 2b will allow an assessment of oxidation after 7 days of SAM aging in air. Contact angle

and ellipsometry were used to establish any differences in the SAMs under these three experi-
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mental conditions (Table 2.1).

Table 2.1: Contact angle and ellipsometry measurements (twenty seven measurements performed for each
experiment) of the BUT SAM deposited on Au surface under degassed and non-degassed N: conditions and
characterized immediately and after 7 days in air.

Experiment
1 2a 2b
Experimental Parameters SAM? Solution degassed with N2 No Yes Yes
Varied Aging prior to characterisation Immediate | Immediate 7 Days
Characterisation
Contact Angle 04(°) 77 £0.86 67 +0.78 67+1.14
o:(°) 52+1.2 40+1.05 42 +0.97
Ellipsometry® SAM Thickness (nm) 3.30+£0.15 | 2.92£0.20 2.83+£0.40
Tilt angle®(°®) 43 50 51

9BUT SAMs were formed over 24 h, by immersion of a cleaned Au substrate in HPLC ethanolic (degassed with N2
gas or not) solution of BUT (0.1 mM) for 24 h, followed by rinsing with HPLC ethanol and drying with N: gas.

b refractive index of 1.475 used for ellipsometric SAM thickness determination.

°tilt angle was calculated according to cos © = SAM thickness (nm)/theoretical length (4.50 nm)°.

9 4.50 nm for BUT, calculated by using ChemBio Draw 3D Ultra.

Examination of the data in Table 2.1 reveals:

1. a significant difference between Experiments 1 and 2a in that the contact angles
and ellipsometric thickness are significantly smaller in the degassed SAM
formation conditions, but

2. no significant difference between Experiments 2a and 2b, where the contact

angles and SAM thickness are similar.

On the basis of evidence in Table 2.1, it is reasonable to conclude that oxidation is

occurring during the formation of the SAM and not after formation, and literature showing
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oxidation of thiols in SAMs.>*>>Further work to elucidate the exact mechanism of degradation in
oxygenated solvent, such as spectroscopy, would advantageous in future work. Thus, for all
experiments in this Thesis SAMs will all be formed in degassed solvents, and will be stored for no

longer than 7 days before further manipulation.

It is clear to see that the ellipsometric SAM thickness of BUT (~2.9 nm, Table 2.1) is shorter than
the modelled thickness (~4.5 nm, Figure 2.2a). To understand the discrepancy in detail for such
a complex surfactant as BUT would require a detailed structural study, which is not conducted
here. However, it is known that conformational preferences to maximise van der Waal
interactions between adjacent molecules are important,?>°® as is the number of atoms in an alkyl
chain that determine the tilt of the surfactant in the monolayer, once again to maximise
interactions between adjacent molecules.””®? Thus, undoubtedly a complex interplay of a
number of factors results in the discrepancy, which is not that unexpected, given the bulky nature
of biotin relative to the alkyl chain linking it to the surface. Recent studies®’~2 have attributed the
main reason for the high difference between theoretical and experimental thickness is related to
the tilt of the terminal group and this arises from the odd and even effect of atoms in the
backbone. Thus, the tilt angle of the terminal group of an alkyl chain consisting of an even number
of methylene units is 0° from the normal to the surface, whereas, the tilt angle of terminal group
of the alkyl chain containing an odd-number of methylene units is oriented at 60° from the normal
to the Au surface. Thus, it could be assumed that the marked discrepancy between theoretical

and experimental thickness of this type of BUT SAM which consists of eleven methylene moieties
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suffers from the even and odd-numbered effect. Hence, the tilt angle for the terminal group biotin

will be 60° from the normal to the Au surface. 6364

2.4. Formation and Characterization of Pure BUT & TEG and Their

Binary SAMs

Three Au slides were immersed for 24 h in:
i) Degassed 0.1 mM ethanolic solution of BUT,
i) Degassed 0.1 mM ethanolic solution of TEG, and
iii) Eight degassed ethanolic binary solutions comprised of BUT (0.1 mM) and TEG (0.1
mM) combined in volumes as detailed in Table 2.2. The molar percentage of BUT in
solution was calculated using equation 2.1.

Each SAM was then rinsed with HPLC ethanol and dried under a stream of N».

Mol %BYT = vBUT/ (/BUT + VTEG) (Equation 2.1)

Table 2.2: Mixing volumes of ethanolic solutions of 0.1 mM of BUT and TEG

0.1 mM VBYT 0.1 mM VTES Mol %57 in solution
0.5 5.0 9.1
1.0 5.0 16.6
2.0 5.0 28.5
3.0 5.0 37.5
4.0 5.0 44.4
5.0 5.0 50.0
7.5 2.5 75.0
8.5 1.5 85.0
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The contact angle and ellipsometric characterisation data for the pure and mixed SAMs are

summarised in Table 2.3. Each data point is the average of nine measurements being made on

each of the three SAMs, i.e. the average of twenty seven measurements.

Table 2.3: The contact angles and ellipsometric thickness o

f the pure and binary BUT and TEG SAMs

Theoretical Molar % of Molar % of BUT on Average
Calculations BUT in 0. (H20) O: (H20) 40 Surface with TEG Experimental
ChemBio Draw | Solution with ©) ©) ©) from Cassie eq. Thickness of three
3D Ultra (nm) TEG (see section 2.4.1) | fresh samples (nm)
TEG =3.10 0.0 36 £0.50 28 +0.62 8+0.78 0.0 2.21+0.10
9.0 44+0.70 34+0.92 10+ 0.91 27.0+£2.0 2.18+0.16
16.6 46+ 1.27 34+0.94 12+1.36 29.0+0.6 2.13+0.01
28.5 52+0.82 38+0.86 14 +1.06 47.0+2.0 2.05+0.06
37.5 56+0.63 38+0.75 17 +0.95 58.6+1.0 2.14+0.04
44.4 57+0.68 39+0.50 18 +0.82 629+1.0 2.15+0.05
50.0 58+ 0.90 39+1.33 19+1.38 66.0 £ 0.5 2.16 £0.10
75.0 60 + 0.85 37+0.93 23+0.75 74.7+3.0 2.04+£0.03
85.0 63+1.30 38 £0.95 25+1.43 84.6+2.0 2.02 £0.06
BUT =4.50 100.0 67 £0.78 40 £ 1.05 27 £ 0.96 100.0 2.92+0.20

49




2.4.1. Water Contact Angle

The advancing and receding contact angle for TEG and BUT were similar to what have
been reported in the literature for polyethylene glycol (PEG) and other biotin terminated SAMs,
respectively.*>®> As one might expect, as the mole fraction of BUT increases in the solution
forming the SAM, the contact angle approaches the pure BUT contact angle (reflecting the
increasing amount of BUT in the SAM). Indeed, sixty years ago, Cassie reported an equation to
describe the composition of a surface by using its wetting properties, as determined by the
contact angle. The mole fraction of BUT and TEG in the SAM formed on the Au surfaces were
calculated according to the Cassie equation.5®

cos 6 = f; cos 01 + f2 cos 02 (Equation 2.2)

Where cos o¢ represents the cosine of the advancing CA of each of the eight mixed BUT and TEG
SAM; cos 01 and cos @z are the cosine of the CA of pure BUT SAM (67°) and pure TEG SAM (36°);
f1 represents the mole fraction of BUT on Au surface in mixed SAM, and f> represent the mole
fraction of TEG on Au surface in the mixed SAM, and because of fi1 + f>= 1, thus fo= 1 - f1. After
applying the Cassie equation to the CA data shown in Table 2.3, the mole fraction of BUT (f:) and
TEG (f2) on the surface of the Au can be determined. Figure 2.3 shows the correlation between
the mole fraction of BUT and TEG in the mixed solution and on the Au surface. Interestingly, it
can be observed that the deposition ratio of BUT molecules (for 50% in solution is about 65%
adsorbed into the SAM (Figure 2.3a) on the clean Au surface, which is higher than the (TEG)
molecules which is about 35%) (Figure 2.3b) on the Au surface. There is not a clear explanation

for the deviation of the deposition ratios 75% and 85% from the other data points (Figure 2.3a).
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Figure 2.3: Shows the difference between the mol% of a) BUT in the SAM and b) TEG SAM relative to the mol% of
BUT and TEG in the SAM forming solution, as deduced by the Cassie equation

Previously, Laibinis and Whitesides®” studied the effect of the polar solvent ethanol on the
deposition ratio of long chain (less polar) and short chain (more polar) alkanethiols. From these
experiments, it was observed that the deposition rate of long chains was higher than the short
chains on the Au surface. It was postulated that this was due to the dipole-dipole interaction
between the solvent and the solute. This interaction increased with the shorter and relatively
more polar chains. For example, ethanol is a polar solvent and thus, will have a higher solubility
for polar alkanethiols than nonpolar alkanethiols. Therefore, TEG will prefer to remain solubilised
more than BUT, and hence BUT will deposit more rapidly than TEG onto the Au (Figure 2.3).

The contact angle data of the mixed surface SAMs decreases with increasing the percentage of
BUT in the mixed surface (Figure 2.4), as expected as the pure BUT SAM is more hydrophobic than
the pure TEG SAM, and is in agreement with literature for CA measurements of biotin-terminated

alkanethiolate.12:68.69
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Figure 2.4: Illlustrates the advancing angle, receding angle and hysteresis of pure and eight different mixtures of
BUT SAM and TEG SAM on Au surface

2.4.2. Ellipsometry

The ellipsometric thickness for TEG SAM was observed as 2.21 £ 0.10 nm, which is ~1 nm
shorter than the extended length (Figure 2.2b). This reduction is presumably a result of molecular
tilt and the helical conformation of the oligoethylene glycol (OEG).>%6%6264 Moreover, unlike the
contact angle trend, the ellipsometric thickness of pure TEG and all binary BUT:TEG SAMs are the
same within experimental error in the range of 2.1-2.2 nm (Figure 2.5), whilst a pure BUT SAM is

significantly longer at ~2.9 nm.

52



3.5

1T S

=T T

d (nm)

1 T T

0 20 40 60 80 100
X%BUTSUrf. (%)

Figure 2.5: Illlustrates the ellipsometric thickness of pure BUT SAM and TEG SAM and eight different mixtures of
them on surface of Au atR. T.

This observation suggests that the biotin moiety in the binary SAMS is lying on the TEG surface
rather than being in the upright orientation (Figure 2.6). This observation is supported by the
results of CA and hysteresis, and in agreement with previous observations made on BUT SAMs,
which have shown that BUT molecules are poorly packed and poorly ordered in the
monolayer.>%° Moreover, the poor packing and ordering in the monolayer may provide the

required space around the biotin moiety for the NeutrAvidin to bind to the biotin.
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Figure 2.6: Depicts the biotin moieties of BUT SAM lay on the surface of TEG SAM deposited on an Au surface at
room temperature

2.5. XPS Surface Characterisation of BUT, TEG and various BUT:TEG

SAMs

2.5.1. Distribution of BUT, TEG and eight BUT:TEG SAMs on Au surface

XPS was used to characterize pure BUT and TEG and the eight different binary SAMs, and
survey spectra are shown in Figure 2.7. XPS data collection was performed on three SAM surfaces
for each of the pure and mixed SAMs, and three XPS spectra were recorded on each of the three
SAMs, such that nine XPS data sets for each SAM (BUT, TEG and 8 binary BUT/TEG SAMs) were

recorded. Figure 2.7 shows one representative XPS spectra of the three for each X%*BUT,
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Figure 2.7: XPS survey spectra, Au 4f, O 1s, C 1s, N 1s and S 2p peaks of X*E'T in the SAM (numbers on left hand
side of each spectra)




For each elemental survey spectra in Figure 2.7, the ten stacked spectra go from pure TEG

(bottom spectra) to pure BUT (top spectra) with the numbers on the left hand side of each spectra

indicating the X”*8UT on the surface, relative to TEG, and derived from the Cassie equation (Table

2.3). The following can be noted:

i)

i)

The C 1s spectra shows clearly the difference between 0 X*8UT (100 X*'€¢) and the
binary SAMs through the increasing area of C 1s peak, which is in agreement with the
increase in the number of carbon atoms per unit area that have increased
proportionally with increasing the mole fraction of BUT on the Au surface.

The O 1s spectra shows a reduction in the -O-CH,CH;- oxygen atom peak (533 eV) and
a new peak has appeared at 531.5 eV which is the O from the amide group
(NHO=C).6:14.70,71

The N 1s spectra of TEG has no peak at 392-410 eV corresponding to the nitrogen, as
would be expected. However, when BUT is co-deposited the N 1s peak centered at
400.4 eV1>71"74 is observed from the amide group.

The S 2p spectrum reveals an emergence of a second peak at 164 eV which is from the
thioether sulfur atom in biotin moiety of BUT, alongside the sulfur from the Au-

thiolates in both TEG and BUT at 162 eV
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2.5.2. XPS: Determination of the position of biotin moiety in the SAM

The XPS intensity ratio of N(1s)/Au(4f) (Figure 2.8), Appendix Al, Table Al.1) goes through three
stages with increasing the fraction of BUT on the surface:

1. from 27-66 X*BUT the N/Au ratio in the film increases, as it would expect,

2. from 66-85 X*BUT the N/Au ratio remains constant, and

3. at 100 X*BUT the N/Au ratio drops
The same observations have been reported by Linda et al.”> and Kjell et al.** where they followed
the changes of mixed SAMs by plotting the ratios N(1s)/C(1s). They attributed the reduction in
the ratio of N(1s)/C(1s) with 100% biotinylated alkanethiol (BAT) to be due the position of biotin
moiety. Their studies confirm that some of the biotin moieties are exposed to the surface in the
binary SAMs and some of them are trapped in the monolayer and hence are not exposed at the
surface for binding (Figure 2.8). Therefore, a lower N 1s signal is observed from XPS due to

attenuation experienced by the trapped biotin moieties with 100 X*BUT,
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Figure 2.8: Graph shows N 1s/Au 4f ratio of TEG and BUT SAMs (pure and mixed) deposited on Au surface at R.T
vs. mole fraction of X8V on the Au surface

Therefore, in this study, N 1s has been chosen in addition to the above reason, to determine the
position of biotin moieties where two N atoms are allocated in the biotin moiety (near the surface
of binary SAMs) and with an XPS take-off angle of 90°, the changes in the area of N 1s can be
followed. The reduction in the area of N 1s spectra is clearly attributed to increase in the
attenuation of N 1s due to the orientation of biotin moieties. This attenuation increases when the
biotin moieties are in limiting positions (Figure 2.9), such that they are:
(ii) Exposed to the subphase, and
(iii) Trapped within the Biotin SAM and this is an indication that the film of 100
X*8BUT is not densely packed and accordingly some of the biotin moieties
find spaces to be filled. These spaces are filled by the spacer TEG with mixed

SAMs and improving the packing of biotin moieties especially with 66 X*BUT,
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Figure 2.9: Shows some of Biotin moieties exposed to the surface of 100 X*8'T and other biotin moieties exist in
the depth of the BUT film

In this study, the orientation of biotin moieties has also been confirmed by calculating the
area of the S 2p doublet (2p3/2 and 2p12) for 0 X*BUT (100 X*T86) (Figure 2.10a), 66 X*BUT (Figure
2.10b) and 100 X*BUT (Figure 2.10c). As 100 X*'86 has one sulfur'*’> binding to the Au surface [BE
of 162.16 eV (2ps/2)] as a thiolate (S-Au),*”’® so it will be used as an indication of monolayer
formation (not bilayer formation) and as a base line for the 66 and 100 X*8UT SAMs, in addition

the BUT has unbound thiol which is located in the biotin moiety so cannot be used as a reference.

The difference between the bound and unbound thiol has been observed by plotting the
area of the S 2p against the mole fraction of BUT on surface (Figure 2.10d). The plot shows that
the area of unbound thiol [BE of 164 eV (2p3/2)]’* increases with increasing the BUT mole fraction

and interestingly the unbound thiol area of 100 X*BUT is smaller than 66 X*BUT which is similar to
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N 1s. This discrepancy is attributed to the attenuation of unbound thiol which is located in the
biotin moiety and underneath the N atom (Figure 2.2a), and this is further evidence that the boitin
moiety is surface exposed as illustrated in (Figure 2.9). This explanation raises two questions:
1. why is the ellipsometric thickness of the mixed SAMs lower than the
pure BUT SAM see Table 2.3? and
2. why isthe immobilization of Neutravidin (by SPR) with 100 X*BUT similar
to 66 X*BUT?
The two questions can be answered as follows. The results from CA confirm that the 100 X*BUT js
more hydrophobic than the mixed SAMs (Figure 2.2) and from the difference in the hysteresis of
66 X*BUT (hysteresis = 19) and 100 X*BUT (hysteresis = 27), it confirms that pure BUT SAM is less
densely packed than 66 X*BUT SAM, where the improvement of packing with the 66 X*BUT s
attributable to the TEG spacer. Accordingly, more methylene groups are exposed to the surface
of the 100 X*BUT and this enhances the non-specific binding of NeutrAvidin, while with the 66
X*BUT SAM not enough space is available for non-specific binding due to the spacer (TEG) increases
the packing of BUT. This result has been confirmed by XPS spectra peaks of N 1s and S 2p where
the attenuation is less for 66 X*8UT than for 100 X*BUT, The observations from XPS measurements
confirm that the biotin moieties with 66 X*BUT are exposed to the surface and the lower thickness
confirms that the biotin moieties lay on the surface of the mixed SAMs with high free volume.
The free volume around the biotin and the packing of the 66 X*8UT enables the biotin moiety to

specifically bind NeutrAvidin.
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Figure 2.10: XPS spectra of S 2p peaks of a) 0 X*BUT (100 X*56), b) 66 X* BT, and c) 100 X* 5T SAM deposited on
Au surface at R.T and d) the area calculated for S 2p
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2.6. Adsorption of NeutrAvidin to the BUT/TEG SAMs

2.6.1. SPR measurements

SPR is an optical technique,’” which is used to follow the immobilisation of analytes such
as proteins (Streptavidin and NeutrAvidin)*®78 on the biotin-terminated SAM, which is deposited
on the Au surface, by following the changes in the refractive index due to the immobilisation (see
Chapter 1, Figure 1.6). The changes in the refractive index can be interpreted to calculate the
concentration and the thickness of the immobilised protein,378-80
Herein, phosphate-buffered saline (PBS, 10 mM, pH=7.4) was used to enhance the binding
between the biotin moiety and the NeutrAvidin. At pH=7.4, the protein is immobilized onto the
functionalized SAM by hydrogen bonding between the biotin functionalized SAM and

NeutrAvidin.8!

The SPR responses to each binary surface are shown in Figure 2.11. Initially, a stable
baseline was obtained by flowing through PBS solution for 15 min, followed by injection of
NeutrAvidin solution 5 pg/mL at 10 uL/min for 50 min, and finally the surface is washed with pure
PBS solution for ~20 min to remove any physisorbed NeutrAvidin. After washing, the final SPR
response from the baseline is assigned to the specifically chemisorbed NeutrAvidin on the
TEG/BUT SAM (Figure 2.11).

In addition, longer time responses were investigated to check whether the saturation of the

surface (66 X*BUT) with NeutrAvidin was reached (see Appendix A2, Figure A2.1).
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Figure 2.11: The SPR responses for X*EYT SAM and X*™5¢ SAM pure and eight different mixtures of them on Au
surface at room temperature

The plot of maximum SPR response vs X*BUT on the Au surface (Figure 2.12a), clearly shows
an increase in SPR response upto 66 X*BUT, and then a plateauing. The SPR response observed
on pure TEG SAM was 103 + 25 suggesting only a weak affinity of NeutrAvidin towards TEG,
presumably because of the helical conformation of TEG leading to the thin layer of hydrogen
bonded water, inhibiting the adsorption of NeutrAvidin to the surface of TEG (Figure 2.123).43%
The increase in NeutrAvidin binding as the surface moves from a low to high density of biotin
moieties is clearly expected, and is observed upto 66 X*BUT, where after the binding plateaus.
Thus, it can be concluded that the optimum binding between biotin and NeutrAvidin is ~ 66 X*8UT
mixed SAM of BUT and TEG, and in line with the positional analysis of the biotin moieties

discussed in the previous section and illustrated in (Figure 2.12a).
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The mass of NeutrAvidin deposited on the surface of BUT with the 66 X*BYT was calculated
according to the sensitivity of SPR which was used herein, where 1000 ARU (ARU was calculated
by representing that the stabilized signal is equal to zero, which was deleted from the final SPR
response for each experiment) is equal to 100 ng/cm?,*>4%71 which gives the mass of NeutrAvidin

deposited equal to 255 + 15 ng/cm?.
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Figure 2.12: a) The responses of SPR according to the X8 on surface at room temperature, and b) data inset

2.6.2. QCM measurements

QCM was also used to follow the binding between biotin moiety with ratio a 66 X*8UT surf.
(as optimum conditions concluded from the SPR results, see above section) and NeutrAvidin, in a
similar fashion to the SPR measurements. PBS solution was injected first to obtain a stabilized
signal as a baseline for 15 min. After stabilization, NeutrAvidin of 5pug/mL in concentration was

injected with a flow rate of 40 uL/min at room temperature until a stable signal was observed,
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followed by 30 min washing the surface with PBS again to remove the physisorbed layer from the
surface (Figure 2.13). The final response from QCM obtained is Af = -121.5 Hz, and the
Sauerbrey®? equation was applied to calculate the mass (m) of NeutrAvidin which is immobilized
on biotin surface of mixed SAMs.
Am = -CAf (Equation 2.3)

Where C represents the mass sensitivity constant of quartz crystal sensor (4.5 ng. Hz/cm?), fois
the fundamental frequency (10 MHz), and Af represents the frequency change (fa — fo), where f;
represents the frequency upon analyte binding.
The plot in (Figure 2.13) is an average of four experiments and reveals that 80 mins is the time
required to complete the binding between BUT and NeutrAvidin and to reach the plateau where
the frequency change Af is -121.5 Hz. Wolny et al.!® calculated the acoustic thickness of
Streptavidin, Avidin and NeutrAvidin immobilized on biotinylated supported lipid bilayers (b-SLBs)
and according to the calculated thickness, it is possible to know the thickness of protein deposited
on b-SLBs by applying the following equation.®3

d = Am/pH.0 (Equation 2.4)
Where d represents the acoustic thickness of biomolecules (protein), m represents the mass of
protein, and p represents the density of the proteins (1.35g/cm?3 )88, It is well known that
water contributes to the deposition of proteins, where water molecules are trapped inside the
protein,®” which amounts to more than 50% of the total mass of the protein film after coupling of
water molecules, and accordingly, the change in the frequency corresponds to the deposition of

protein, as well as water molecules in the protein film.8”#8 The calculation to determine the
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thickness of the proteins is shown in equation 2.4. The equation neglects the density of protein
due to the difference between the density of water and protein being small and hence, the
density of water will be used in equation 2.4. By applying equation 2.4, the acoustic thickness of
NeutrAvidin here in which binds to BUT is determined to be d = 5.5 nm. Wolny et al. also reported
the thickness from equation 2.4 and observed the dispersity of protein on the surface being a
monolayer or a multilayer (if a protein agglomerates on the surface) after knowing the dimensions
or the shape of the protein, for example the flattened ellipsoid of Bovine Serum Albumin (BSA) in
shape is (3 nm x 4 nm x 8 nm)&, which binds biotin and the obtained thickness was d = 2.4 nm.
This thickness suggests that BSA deposits with the long axis parallel to the surface. Also, they
demonstrated that the thickness of Streptavidin, Avidin and NeutrAvidin, which were immobilized
on biotinylated supported lipid bilayers, are 5.1, 4.7 and 5.8 nm, respectively, confirming the
formation of a dense monolayer of these proteins'3. Based on these studies, the calculated
thickness of NeutrAvidin in this study is d = 5.5 nm and indicates the formation of a monolayer,?-°

see inset (Figure 2.13).
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Figure 2.13: The responses of QCM for the 66 X*8UT on the surface at room temperature and summary final
adsorption data (inset)

A comparison has been made for calculating the mass of NeutrAvidin by SPR and the mass
by QCM-equation 2.3. It is worth noting that the mass of NeutrAvidin which is deposited on 66
X”BUT of binary SAMs, calculated by QCM-equation 2.3 (Amaqcm = 546.8 + 15.9 ng/cm?) is ~double
the mass which was calculated by SPR ( Amspg = 255 + 15.0 ng/cm?).1>4871

The same observation was reported by Hook and Kasemo® and they attributed this
increase to the water molecules which are trapped between the protein molecules when they
deposit on the surface of QCM-sensor crystal. Their observations were confirmed by adding NalO4
to the deposited protein and cross-linking between NalOs and the deposited protein which
contains the water molecules, where the idea is to release the water molecules leading to the
protein film being more compact which causes additional decrease in the mass of the surface by

QCM-sensor. The results of cross-linking have been obtained as an increase in the frequency and
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decrease in the mass of Neutravidin film. This increase has been followed by many researchers
and they related this increase to the principle of sensing of mass by QCM, which is different from
the SPR. The SPR signal represents an average of the change in the refractive index, and the
refractive index of the trapped or coupled water molecules with deposited protein is already
neglected, due to the refractive index of water was pre-detected during the base line of the SPR
measurements. Whilst by QCM the signal is due to the change in the frequency and the base line
represents the stabilized frequency, and accordingly the coupled water is going to be detected as
a mass included with the mass of protein.13888991-93 | this study, the increase in the mass (mass
ratio Amspr/Amacm) by QCM is ~47% higher than SPR and according to the literature the difference
between the masses observed for the two techniques is related to an increase of water coupled
NeutrAvidin film.%49>

The immobilization of NeutrAvidin on 66% (2:1) binary SAMs of BUT and TEG was imaged by

(AFM) Atomic Force Microscopy?® (Figure 2.14).

2.6.2.1. AFM Measurements:

The QCM-sensor crystal for the 66 X*BYT/NeutrAvidin film described above was imaged
(Figure 2.14) immediately with the AFM in topography mode, after monitoring the changes in the
frequency, in order to see the distribution of the NeutrAvidin on the 66 X*BUT surface. It is
noteworthy to see that NeutrAvidin is dispersed on the surface with the semi spherical shape
(blobs). These blobs are due to the convolution between the tip and the surface.?’® The
convolution effects the resolution of the AFM image which leads to difficulty in distinguishing

between the agglomeration of the protein®® or the protein deposited on the surface as a
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strand.8”19° According to the NeutrAvidin thickness which was calculated as d = 5.5 nm in this
study, it can be inferred that Neutravidin is distributed as a monolayer. In addition to the
convolution effects, coupling of water with the protein also causes changes in the diameter or
the size of the protein. Andreas et al.’* reported that the effective thickness of the deposited
Neutravidin on a biotin-terminated SAM is 7 nm, which is higher than the diameter of the protein
(around 5 nm). The difference was attributed to the increase in the thickness due to the swelling
caused by water molecules within the NeutrAvidin film. Jiang et al.1°! measured that the thickness
of the layer, which consists of biotinylated hyaluronan immobilized (b-HA) on NeutrAvidin (where
initially this NeutrAvidin is immobilized first on b-BSA), to be 20 nm taking into consideration the
composition of the layer containing the three components; b-BSA/NeutrAvidin/b-HA. Indeed, the
thickness was observed to be 19.6 nm via measuring the height of the layer by AFM. Taking into
consideration the same principles that Jiang et al.%* used to predict the layer thickness, it would
be expected that the total thickness prepared herein should be "7 nm, based on the thickness of
the binary SAMs 66 X*BUT which is 2.16 + 0.10 nm (see Table 2.3), and the thickness of protein is

~5 nm3851,94,99,101 (Figyre 2.15).
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Figure 2.14: The topographic AFM images of a) Height-Trace for 66 X* 8T SAM/Au, b) Height-Trace for

NeutrAvidin immobilized on 66 X*5UT on Au surface of the QCM-sensor crystal at room temperature, c) Phase-
Trace, and d) 3D

From the AFM images in Figure 2.14, it can be observed the structures are around 6 nm in height
which are in good agreement to what was expected. Finally, based on the QCM response of 66
X”BUT the coverage or the number of NeutrAvidin adsorbed on BUT surface is determined to be
(5.48 x 10* Neu/cm?) which is within the same range of coverage observed for similar proteins
on binary SAMs consisting of biotin functionalized thiolates as one of the components in the SAM.
Dahlin et al.®* observed coverage of NeutrAvidin to be 6.85 x 102 Neu/cm? on a mixture of

biotinylated poly(ethylene glycol) and poly(L-lysine)-graft-poly(ethylene glycol). Whereas Seifert
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et al.’%? calculated the bulk coverage of Streptavidin to be 2.50 x 102 SA/cm? on similar biotin
functionalized binary SAMs. The big differences in the surface coverage for the different proteins
are related to the shape and the dimensions of the proteins,3®1% or the experimental conditions
in which the protein immobilization has been carried out, for example for NeutrAvidin. The
calculated coverage of immobilised NeutrAvidin is (9.84 x 10'? Neu/cm?)®® which is close to
NeutrAvidin immobilized in this study. The small difference between the coverage is related to
the amount of water molecules within the protein film, which vary from one to another and

depends upon the nature of protein.86102

NeutrAvidin
d="5nm
Total thickness
d="7.16 nm

—————————

66 X*BUT binary SAMs
d=2.16£0.10 nm

Figure 2.15: The Scheme of the total thickness of NeutrAvidin deposited on 66 X*8YT and TEG SAMs on Au surface
QCM-sensor crystal
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2.7. Determination of the coverage of NeutrAvidin on BUT:TEG SAM

The SPR response for the immobilization of NeutrAvidin on the surfaces of pure and 8 mixed
SAMs (Figure 2.11), can be converted to the coverage of NeutrAvidin as the number of

NeutrAvidin molecules per unit area (Neu/cm?) (see Appendix A3, Table A3.4).

Figure 2.16 shows the coverage of NeutrAvidin and N (1s)/Au(4f) XPS intensity ratio for pure
and mixed SAMs at the takeoff angle of 90° as a function of mole fraction of BUT on surface (X*BYT
surface). Interestingly, the trend of NeutrAvidin coverage matchs the trend of N (1s)/Au(4f) ratio
where this ratio represents the concentration of biotin moeities on the surface of BUT film. It is
clear to see that the coverage of NeutrAvidin on the surface of 0 X*BUT surface or O ratio of
N(1s)/Au(4f) [100 X*TEG surface] is 0.10 x 102 Neu/cm? where this is attributed to the repulsion
of the TEG towards the proteins and as mentioned above in section 2.6.1. The coverage increases
dramatically with increasing ratio of N(1s)/Au(4f) within the range of 27-66 X*8UT surface in line
with the range of coverage of the NeutrAvidin (0.70-2.56 x 10'2 Neu/cm?) and then plateaus for
the range of (66-85) X*BUT surface. After this plateau a noticeable decrease in the N(1s)/Au(4f)
intensity ratio is seen with 100 X*BUT surface, although the NeutrAvidin coverage on 100 X*BUT

BUT surface.

surface (2.67 x 102 Neu/cm?) is relatively similar to the coverage observed on 66 X*
The increase with 100 X*BUT surface is an evidence of non-specific immobilization of NeutrAvidn

on the surface of BUT film and confirms that the oreintation of some biotin moeities are within

the depth of BUT and more methylene groups are exposed to the surface.
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Figure 2.16: Coverage of Neu (left axis) and XPS intensity ratio of N(1s)/Au(4f) at takeoff angle of 90° (right axis)
vs X*8YT on surface

The number of BUT molecules which are required to immobilize the NeutrAvidin
molecules was calculated via plotting the ratio of (BUT/Neu)/cm? (left axis) and (BUT/TEG)/cm?
(right axis) (see Appendix A3 Tables A3.4 and A3.5) versus percent mole fraction of BUT (X*8UT
surface) SAM which is deposited on the surface of the Au (Figure 2.17). The plot shows that the

ratio of BUT/Neu decreases dramatically until 47 X*BUT

surface is reached, and thereafter plateaus
until 75 X*BUT (within error), followed by an increase until 100 X*8YT BUT/Neu. The increase
observed between 75-100 X*BUT js related to the increase in the number of BUT molecules, hence
increasing the number of binding sites for NeutrAvidin to immobilize on. This observation is
further supported by the ratio of BUT/TEG (right axis), where the trend shows clearly that the
BUT/TEG ratio increases with increasing coverage of BUT molecules on the surface of Au. As the

optimum NeutrAvidin coverage is observed on surfaces with X*BUT between 47-66, the BUT to

NeutrAvidin ratio ranges between 69-77:1. This BUT to NeutrAvidin ratio is higher than what was
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expected. In theory there are two binding pockets on each side of the NeutrAvidin molecule which
the biotin moieties can bind to. As two of the binding pockets will be at the periphery when
bound to the SAM, thus these will be unable to bind to other biotin moieties on the monolayer
(see Figure 2.2c&d), hence only two biotin molecules can possibly bind to one NeutrAvidin via
the accessible binding pockets.”>1% Therefore, a minimum of 75 (BUT:NeutrAvidin ratio of 77:1)
of the 77 biotin moieties are not bound to the NeutrAvidin molecule. Moreover, as the ratio
between biotin and NeutrAvidin is greater than 2 on the 66 X*BUT surface SAM this confirms the
biotin most likely binds specifically to NeutrAvidin and the non-specific binding is inhibited
dramatically on this binary surface. An explanation to the nonbinding of 75 biotins could be due
to poor orientation of these biotins, which do not have enough mobility to achieve a good
insertion of biotin moiety inside the NeutrAvidin pocket. As previous studies have confirmed that
the complete insertion of the biotin moiety inside the pocket of protein is required for successful
binding, and as the size of

biotin moiety is ~1.40 nm in length>%°! (similar to the difference in length between TEG and BUT
(see Figure 2.2a,b), it is highly likely some of the biotin moieties will be sterically hindered on the
surface of the monolayer of the binary SAM. The same observation has been reported previously
by Victor et al.*® and Linda et al.*® and they attributed the difference between the number of
biotin moieties and Streptavidin to the protruding of biotin moieties on the surface of the pure
and mixed SAMs, and also it depends upon the mobility of the biotin moieties which enables for
a complete insertion inside the pocket of Streptavidin when they approach the surface of BUT

SAM. In addition to the above reasons, Seifert et al.1? reported that the 2-D crystal of Streptavidin
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offer two binding sides with biotin moieties where each side has two pockets. The low full

coverage of NeutrAvidin in this study was confirmed by AFM (Figure 2.14).
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Figure 2.17: Coverage of BUT/Neu (left axis) and coverage of BUT/TEG (right axis) vs % mole fraction of BUT on
the surface of Au

Linda et al.”> were reported that the optimum binding between biotin moieties and
Streptavidin is reached at 65 X*BAT of biotin-terminated alkanethiol (BAT) on the surface of Au,
and from their calculations they observed that the number of biotin moieties is three fold higher
than the number of Streptavidin molecules. They attributed this difference to the possibility of
the formation of islands of BAT on the surface in addition to the above two reasons.

The trend of the ratio BUT/Neu (left axis) matches the trend which was observed by the XPS
intensity ratio of N(1s)/Au(4f) (right axis) (Figure 2.18). The ratio of N(1s)/Au(4f) is an indication
of BUT molecules which are deposited on the surface of the Au, and this ratio increases with
increasing X*BUT surface. This increase matches the dropping in the ratio of BUT/Neu where the

two trends indicate that the concetration of the BUT is low until the 63 X%*BYT surface and
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thereafter a slight increase in the conc. of BUT surface is observed until 58.6 X*BVT surface. after
which an increase is observed in both ratios until 100 X*BUT surface when a decrease is observed
for the N(1s)/Au(4f) ratio. However, the BUT/Neu ratio is increased, and this is an indication that

biotin moieties are poorly oriented and some of them protrude into the depth of the 100% BUT

SAM film (Figure 2.18).
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Figure 2.18: Ratio of BUT/Neu (lift axis) and XPS intensity ratio of N(1s)/Au(4f) at a takeoff angle of 90° (right
axis) vs X*8YT on the surface of Au

2.8. Conclusion

Self-assembled monolayers (SAMs) have been prepared by chemisorption of two organic
thiol surfactants, BUT and TEG, in various ratios, to produce monolayers of a pure and binary
SAMs on Au surfaces. The contact angle, ellipsometry and XPS measurements have confirmed

that SAMs have been formed, and the SPR measurements reveal the TEG spacer plays an
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important role to space out the biotin moieties and enable efficient binding of NeutrAvidin to the
surface. XPS analysis reveals that the high nitrogen signal at 400.4 eV is observed with 66 X*BYT in
the binary SAM, which indicates that the terminal biotin is exposed to the surface of the binary
SAMs while with 100 X*8UT, the high SPR response (coverage of NeutrAvidin) is attributed to the
non-specific binding of NeutrAvidin with methylene groups which are protruded to the surface,
with some of the biotin moieties trapped in the BUT SAM, and unavailable for binding to the
NeutrAvidin. Accordingly, the ratio 66 X*BYT SAM will be used to functionalize the surface of
MEMS.

The low SPR response (ARU = 103) for the pure TEG SAM confirms this SAM has low non-
specific binding for proteins, presumably because a helical OEG conformation is adopted.
Furthermore, the SPR confirms that the optimum immobilization of NeutrAvidin (coverage = 2.56
x 1012 Neu/cm?) is observed on the binary SAM formed from a 2:1 molar surface of BUT:TEG SAM

on the Au surface.

The frequency change of a QCM upon immobilization of NeutrAvidin, which is 121.5 Hz, on
the 66 X*BUT SAM equals to a coverage of 5.49 x 1012 Neu/cm?, which is ~double the coverage of
NeutrAvidin measured by SPR. This increase is attributed to the coupling of water with the
NeutrAvidin film, which is confirmed by AFM. Additionally, AFM shows that the NeutrAvidin film
is dispersed as a monolayer with a thickness of ~5nm in height and this matches the thickness of
5.5 nm that is calculated from QCM data. The calculated ratio of BUT/Neu confirms the specific

binding between biotin moieties and NeutrAvidin.
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2.9. Future work

The objective of the prepared system in chapter 2 is to chemically modify the surface of a
MEMS micro-paddle with an optimum concentration of mixed SAMs BUT and TEG in order to
specifically immobilise the NeutrAvidin. This system was applied to the micro paddle, but no
result was obtained due to the limitation of the sensitivity of the vibrometer, which was not able
to detect the light masses such as NeutrAvidin. Therefore, the next step was to use G-NPs to
increase the mass of NeutrAvidin in order to be detectable. This work was carried out by replacing
the citrate passivated G-NPs with NeutrAvidin and the new system tested by QCM first and then

applied on a micro-paddle, as discussed in Chapters 3 and 4.

In order to detect the mass of the deposited NeutrAvidin on binary SAM without G-NPs,
another micro paddle should be designed which has more mass sensitivity than the one that was
used before. From previous study by Boonliang,'% the mass sensitivity (S) of a micro paddle was
improved to be 55 ag/Hz, which was calculated practically after adding 1000 fg mass of platinum
to a micro paddle with the total area of “80 um? ("8 x “10 um) with support beams (each
measuring 1 x 2.5 um), and the thickness of SizN4s membrane of the micro paddle is 200 nm.

After addition of the platinum mass a shift in the resonance frequency was measured to
be 18.1 KHz from a fundamental frequency of ~1.3 MHz. This micro paddle is planned to be used
for the purpose of detecting the deposited mass of protein (NeutrAvidin) on binary SAM BUT/TEG.
To measure the change in the frequency before and after deposition of NeutrAvidin, the following

equations should be applied.0>10¢
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fo=B(mp)*/2 (Equation 2.5)

fa = B(mp+ mg)*/? (Equation 2.6)
Where B represents a constant and it was calculated from the previous study to be 1.768 Hz/g /2
107 fois the fundamental frequency (1.3 MHz), and f, represents the frequency change upon
analyte binding. m, and my represent the mass of the paddle and the analyte respectively.
Therefore Af represents the frequency change (fo — fa). After combining equation 2.5 and 2.6,
equation 2.7 will be as follows:

ma = B?/(fo? - fo) (Equation 2.7)
Thus, if it is assumed that the change in the fundamental frequency is 1 Hz, then mg will be equal
to 2.845 ag, and if the change in the fundamental frequency is 1000 Hz due to the deposition of
analyte, then mq will be equal to 2.845 fg.
This can be related to the coverage of NeutrAvidin on this Micropaddle through the following
calculations:
M of NeutrAvidin is 60000 Da which is equal to 9.96 x 1023 kg/NeutrAvidin, where 1 Da is equal
to 1.66 x 10?7 kg.
The total area of the micro paddle is 80 x 108 cm?.
Area of NeutrAvidin (2D) is 5 nm x 5 nm = 25.00 x 10* cm?, and by dividing the total area of the
micro paddle with the area of NeutrAvidin, then the total number (complete coverage) of
NeutrAvidin on this micro paddle is 3.20 x 10® molecule.
Maximum mass of deposited NeutrAvidin for a complete coverage of a micro paddle

=3.20 x 10® molecule x 9.96 x 102° g/molecule
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Maximum mass = 3.18 x 1013 g,

The mass sensitivity of this micro paddle as mentioned above is 55 ag/Hz.

Thus, the frequency required to detect the deposited mass of NeutrAvidin was calculate according
108

to the following equation.

Af=Am/S (Equation 2.8)

=3.18 x 103 g /5.50 x 108 g/Hz

= 5.8 kHz is the frequency shift when there is a complete
coverage of NeutrAvidin which is equivalent to of 3.99 x 10'? Neutravidin/cm? as a maximum
number of NeutrAvidin. Typically, this type of sensors might be expected to have 1 Hz frequency
resolution,'99110 if the fundamental frequency shifts 1 Hz then a minimum mass of deposited
NeutrAvidin on micro paddle = 1 Hz x 5.50 x 10 g/Hz to be 6.90 x 10’ Neutravidin/cm? as a

minimum number of NeutrAvidin.

2.10. Experimental

2.10.1. a. Chemicals Supplied

e BUT [biotinylated tri(ethylene glycol) undecanethiol] was purchased from Nanoscience
Instruments, USA.

e TEG [(11-Mercaptoundecyl) Tetra(ethylene Glycol)] was synthesised by Dr Parvez Igbal
with purity >99%, analysed by elemental analysis (Appendix A4).

e NeutrAvidin was purchased from Life Technologies, USA.
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H250498% (w/w) was purchased from Fischer scientific.
H20230% (w/w) in H20 was purchased from Fischer scientific.
HPLC ethanol was purchased from Fischer scientific with purity of 99.9%.

UHQ water was collected from an Ultra High-Quality Purification System Unit (UHQ-PS),

which was purchased from the USFELGA Company. The UHQ-PS was filled with de-ionized

water to get Ultra High-Quality water (18 puQ.cm).

2.10.2. b. Au Substrates Supplied

1.

The polycrystalline Au substrates for contact angle and ellipsometry were purchased
from George Albert PVD, Germany. This Au substrate consisted of a 100 nm layer of Au,
on top of a 5 nm adhesion layer of titanium between the Au and the 4 inch-silicon wafer,
and had lateral dimensions of 10 mm x 10 mm. This type of Au substrate was used to
characterize the SAM by CA and ellipsometry. Three substrates of Au were used for every
experiment to deposit the SAM on.

The Au substrate for SPR was purchased from George Albert PVD, Germany. This Au
substrate consisted of a 50 nm layer of Au layer, on top of a 5 nm adhesion layer of Cr
between the Au and the 4 inch-glass substrate. It had lateral dimensions of 125 mm x 125
mm. This type of Au substrate was used to deposit pure BUT, TEG and the eight BUT:TEG
mixed SAMs on, and to characterize the immobilization of NeutrAvidin on these SAMs, by

Surface
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Plasmon Resonance. Three of the Au substrates were used for each experiment to deposit
the SAM on.

3. The Au substrate for QCM was purchased from Novaetech, Italy. This Au substrate
consisted of a 200 nm layer of Au, on top of a 10 nm adhesion layer of titanium between
the Au and the 160 um thickness quartz crystal, with a fundamental frequency of 10 MHz.
The QCM had a blank diameter of 13.9 mm with an electrode diameter of 6 mm for both
sides. 4.5 x 10g/Hz'.cm? is the nominal sensitivity of this QCM-sensor with a resistance
of ~10 ohm. This type of Au substrate was used as a sensor to characterize the
immobilization of NeutrAvidin on optimum mixing of BUT: TEG mixed SAM which is 2:1
(from SPR), by Quartz Crystal Microbalance. 3-4 QCM-sensor crystals were used for each

experiment to deposit the SAM on.

2.10.3. SAM Formation

2.10.3.1. Cleaning Au substrates for CA, Ellipsometry, SPR, XPS and QCM Prior to SAM

formation with TEG, BUT or Mixture

Prior to SAM formation the Au substrates listed above (section 2.10.2b) were immersed
in Piranha solution (5 ml, 7:3, concentrated 70% H,SO4: 30% H,0;) in a glass vial (7 mL) for ~10
min at room temperature, (Caution: Piranha solution is a strong oxidant and can violently react
with organic compounds, thus keep organic solvents and solids away from this solution). The Au
substrate was removed with tweezers and rinsed thoroughly with copious amounts of (UHQ)

water for 1 min, then immersed in HPLC ethanol (5 mL) in a vial (7 mL) and (30 kHz) ultrasonicated
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for 2 min, removed with tweezers and dried with stream of nitrogen immediately prior to being

immersed in 0.1 mM of HPLC ethanolic solutions of BUT or TEG and their binary mixtures thereof.

2.10.3.2. Preparation of BUT Self-Assembled Monolayers

A freshly prepared HPLC ethanolic solution of BUT (2 mL, 0.1 mM) was purged with N3 (3
mins) in a glass vial (3.5 mL). The gold substrate was immersed in the degassed solution, and
immediately the vial was capped and sealed with parafilm, and covered in foil to exclude light.
After 24 hours the gold substrate was removed carefully with clean tweezers, and rinsed with
HPLC ethanol (10-15 seconds) followed by sonication in a clean vial (3.5 mL) containing HPLC
ethanol (3 mL) for 10 mins. The Au substrate was removed from the vial and the sonication
procedure carried out again in fresh HPLC ethanol. The Au substrate was removed with tweezers
from the HPLC ethanol and dried under a stream of N; gas, and then stored for characterisation
immediately as a fresh sample in a clean dry vial which was capped and sealed with parafilm, and

covered in foil.

2.10.3.3. Preparation of TEG Self-Assembled Monolayers

The TEG SAM formation on Au substrates was identical to BUT SAM formation as detailed

above using a HPLC ethanol solution of 0.1 mM of TEG (experimental section 2.10.3.2).

2.10.3.4. Preparation of mixed BUT and TEG Self-Assembled Monolayers

Eight different binary solutions were prepared from the stock BUT (0.1 mM) and TEG (0.1

mM) solutions by combining various volumes of each together as detailed in Table 2.2. These
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solutions were then used to form SAMs on Au surfaces as was the case for pure BUT and TEG

SAMS detailed above (section 2.10.3.2).

2.11. Surface characterisation

2.11.1. Contact angle (CA) measurements

Dynamic contact angle (CA) analysis was utilised to determine the advancing and receding
contact angles for pure and mixed SAMs of TEG and BUT. The measurements were performed
using a Theta Lite instrument (KSV Ltd., Helsinki, Finland) which was equipped with automatic
water dispensing system at 17 °C and camera. The analysis of the CA of a droplet of ultrahigh
Quality (UHQ) water at the connection of the three phases was made by using the OneAttension
software at 17 °C and the sessile drop technique was used. The left-hand and right-hand side
contact angle of the droplet when advancing and receding was determined using the Young-
Laplace equation around the water droplet, and the average value was used for comparison
between different samples. Averages and standard errors for the CA values were calculated by

making each SAM on three Au substrates, and taking five measurements from each substrate.

2.11.2. Ellipsometry measurements

A Jobin-Yvon UVISEL ellipsometer with a xenon light source was used as spectroscopic
method to observe the thickness of the SAMs on Au substrates. The calculations were built on a
model of three-phase (ambient/SAM/Au model) using the software DeltaPsi, and assuming that

the SAM was homogeneous. A 70° angle was fixed as the angle of incident light in all subsequent
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measurements. The wavelength range was 250-800 nm. Averages and standard errors for the
ellipsometric thickness were derived from three SAMS on which nine measurements, at different
places on the substrate, on each were made, i.e. twenty seven individual measurement for each
SAM. The errors reported are standard errors for each thickness and are reported in Table 2.3. All
results of ellipsometry observed for BUT SAM on gold coated silicon substrates are in good
agreement with the length of biotin calculated theoretically by ChemBio Draw 3D Ultra 14.0 which
was determined as 4.50 nm, (see Figure 2.2). The refractive index used in this type of BUT SAM

was ng=1.475 according to the refractive index of the TEG spacer.3°

2.11.3. Surface Plasmon Resonance (SPR) measurements

All SPR measurements were performed on a Reichert SR7000DC Dual Channel
Spectrometer (Buffalo, NY, USA) at 25 °C. A two-channel flow cell with two independent parallel
flow channels was used to carry out the NeutrAvidin binding experiments. A gold-coated SPR
substrate, derivatised with the SAMs, as described earlier (section 2.10.3), was placed on the base
of the SPR prism using a refractive index-matching oil. Ten different SAMs were analysed (i) pure
BUT, and (ii) pure TEG, and (iii) the eight binary BUT:-TEG SAMs (Table 2.2). A solution of
phosphate-buffered saline (10 mM PBS; 11.9 mM Phosphates, 137 mM NaCl, and 2.7 mM KCI, pH
7.4) was flowed (10 pl/min) over the SAM for 15 min to obtain a baseline, followed by a
NeutrAvidin solution (5 pg/mL), (10 ul/min) for 50 min, followed finally by the phosphate-
buffered saline solution (10 pl/min) for 20 min to wash any non-specifically adsorbed Neutravidin
from the surface. The results were obtained from SPR are an average of 3-4 experiments for each

SAM.
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2.11.4. Quartz Crystal Microbalance (QCM) measurements

All QCM were performed on an OpenQCM (Novaetech, Italy). A one flow cell with two
independent parallel flow channels was used to carry out the NeutrAvidin binding experiments.
A gold-coated AT-cut QCM-sensor, covered with a 66 X*BYT SAMs was installed on the QCM holder
(HC-48/u). All experiments were performed at a flow rate of 40 ul/min by using a peristaltic pump
with a regulator to adjust the flow rate. A solution of phosphate-buffered saline (10 mM PBS; 11.9
mM Phosphates, 137 mM NaCl, and 2.7 mM KClI, pH 7.4) was flowed (40 pl/min) over one side of
QCM-sensor (coated with the SAM) for 15 min to obtain a baseline, followed by a NeutrAvidin
solution (5 pg/mL), 40 pl/min) for 105 min, followed finally by the phosphate-buffered saline
solution (40 pl/min) for 30 min to wash any non-specifically adsorbed NeutrAvidin from the

surface. This experiment was repeated four times for reproducibility of the QCM measurements.

2.11.5. AFM measurements

A NanoWizard Il AFM (JPK Instruments, UK) was used to image the topography of the
surfaces before and after immobilization of NeutrAvidin onto the 66 X*8YT SAM, using a non-
contact and tapping mode in air, using an uncoated Si cantilever (PPP-NCL, Windsor Scientific, UK,
nominal length 225 £+ 10 pum, width 38 + 7.5 um, thickness 7 £ 1 um, tip height 10-15 um, tip
radius <10 nm and spring constant 21-98 N/m. The scan size was 500 nm x 500 nm, employing a
pixel density of 512 x 512. Three Au substrates were analysed, with and without NeutrAvidin

absorption, scanning six areas on each, in order to observe the uniformity, or not, of the distrib-
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ution of the immobilised NeutrAvidin.

2.11.6. X-ray Photoelectron Spectroscopy (XPS)

XPS was performed using a K-Alpha instrument (Thermo Scientific, East Grinstead, UK)
which is based at the Newcastle EPSRC Nanolab Nexus XPS Facility at the Newcastle University,
UK. A monochromatic Al K, 1486.68 eV radiation was used as the source of X-ray
(Voltage/Current/Power: 12 kV/3 mA/36 W), with a zero-degree emission (take off angle 90°)
from the normal to the surface, and a rectangular spot size of 400 um x 800 um. The survey
spectra were recoded with 200 eV pass energy, fifty scans, dwell time 0.01 s and step size 1 eV
over a binding energy range of -9.92 eV to 1350.08 eV. The spectra of N (1s) and S (2p) were
recorded with 40 eV pass energy, fifty scans, dwell time 0.025 s and step size 0.1 eV. Whereas,
Au (4f), C(1s), O (1s) were recorded with 40 eV pass energy, ten scans, 0.1 s dwell time and step
size 0.1 eV. CasaXPS software version 2.3.18PR1.0 was used for all spectral fitting of binding
energies with linear background type and Gaussian/Lorentzian peaks fitting [G (70)/L (30)], and

to calculate the area under the binding energies of each element.
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Abstract

Although the formation of aliphatic and aromatic amine-terminated SAMs on Au and SiO;
surfaces are well known, the present challenge is to incorporate the benefits of these SAMs in the
field of technological interest such as Microelectromechanical systems (MEMS). Thus, this
chapter is dedicated towards investigating the optimal experimental conditions necessary for the
formation of 11-amino-1-undecanethiol hydrochloride (Alk-amine) and 4-aminothiophenol (Ar-
amine) SAM. Through contact angle, ellipsometry and XPS measurements the formation and
uniformity of the SAMs are determined. Initially a bilayer formed through hydrogen bonding of
the amino functionality. The conditions were modified to have the SAM forming solution acidic
(HCI) and basic (triethylamine (TEA)) in order to disrupt the hydrogen bonding. The TEA was
shown to be essential to stop the formation of a bilayer. Additionally, the concentration of the
TEA solution was also shown to be crucial in limiting the amount of absorption of atmospheric
COz(g) in the SAM. Two different TEA concentrations were investigated 215 mM and 1 mM. The
use of lower concentration was observed to lead to lower amounts of CO;(g) absorption
compared to the higher TEA concentration. Furthermore, the immersion of both SAMs after
preparation in 500 mM HCl(aq) was shown to be important to ensure the removal of oxidized
sulfur from the SAM. In fact, 500 mM HCl(aq) solution was more effective than using weaker acids
such as acetic acid! or lower concentration of HCl solutions? as used previously, which showed

the persistent presence of oxidized sulfur.
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3.1. Introduction

11-Amino-1-undecanethiol (Alk-amine)>* and 4-amino thiophenol (Ar-amine)>® SAMs have
been widely used by many researchers due to their extensive applications,”” for example as
molecular adhesion agents on Au substrates.®®%-12 Dye to the basic nature of the amine and
therefore the ease in controlling the protonation state via simply adjusting the pH of the solution®
the SAM is in contact with, the subsequent ammonium surfaces can be used to electrostatically
bind anionic analytes, such as double or single stands of DNA arrays,*® proteins,'* bacteria,’®
organic and inorganic phosphates,*® and nanoparticulates of SiO»,%’ zirconia,*® silver,'® Cu,?° and
(G-NPs)?! and functionalized G-NPs.??2 Thus, there is immense interest among the scientific
community in utilizing amine-terminated thiolate SAMs for application in biosensors and MEMS

devices.?324

3.2. Formation of a monolayer of Alk-amine and Ar-amine

Amine-terminated aliphatic* or aromatic-amine thiols'> are well known to form bilayers
when they form a SAM on the surface of Au from an ethanolic solution,?® as a result of hydrogen
bonding between the H of the amine moieties at the periphery of the SAM with the lone pair of
amine of unbound thiol which are present in the bulk solution (Figure 3.1a). In order to prevent
this bilayer formation Lingyan et al.?® reported that adding a basic solution of 10% (v/v), 1480 mM
NH4OH to the ethanolic solution of the HS-Alk-amine, that was used to form a SAM on gold,
followed by washing the SAM with 10% (v/v), 1748 mM CH3COOH, inhibited the bilayer formation.

In addition to inhibiting the bilayer formation, they observed by XPS that the oxidised sulfur was
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greatly reduced, as the S 2p spectra showed a peak at a binding energy (BE) of 162 eV which is
assigned to the bound thiolate, as well reductions in the BEs at 164 eV and 166 eV, which are
characteristic for unbound thiol and oxidized sulfur, respectively. Furthermore, Wang et al. also
reported that the bilayer is formed as an interplane hydrogen bond between the NH, moiety of
the deposited molecule of 11-amino-1-undecanethiolate (Alk-amine) SAM on the surface of Au
with the NH; moiety from 11-amino-1-undecanethiol, which is in the bulk solution (Figure 3.1a).
This bilayer phenomena is further encouraged if ethanol is used as the solvent.?> Moreover, they
also observed that the hydrogen bonding was suppressed after addition of triethylamine (TEA) as
an organic base [3% (v/v), 215 mM] in HPLC ethanol to the ethanolic solution of the HS-Alk-amine
(Figure 3.1b), followed by washing the SAM surface with a solution of CH3COOH in ethanol [1748
mM)] to remove excess TEA from the surface of the Alk-amine SAM. Their observations were
confirmed by contact angle and XPS measurements. The CA for the Alk-amine SAM obtained by
this improved method was reduced from 43° + 5 to 28° + 2 and the difference is attributed to the
improvement in the packing density of deposited Alk-amine SAM on the Au surface (Figure 3.1b).
Furthermore, this is an indication of the disruption in the interplane hydrogen bonds and hence
the removal of the bilayer from the surface of the Alk-amine SAM. The XPS spectra indicated that
the unbound thiol (i.e. the 11-amino-1-undcanethiol in the bulk solution) with binding energy
centred at S 2ps3/2 = 164 eV disappeared and only bound thiol with BE centred at S 2ps/2; = 162 eV
was present, thus strongly suggesting no bilayer was formed. More interestingly, there was a
noticeable reduction in the amount of oxidized sulfur (BE of S 2ps3» = 166 eV), which was

attributed to the addition of TEA which suppressed -NHs* groups formation, thus reducing the
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oxidized sulfur which is associated with -NHs* group formation.! The thickness of Alk-amine SAMs
obtained by Wang et al.! was 2.04 nm (by XPS) which further indicated a monolayer was formed,
although, this thickness is still higher than the theoretical length of 1.80 nm, which was calculated
by fully extending the hydrocarbon chain (i.e. all the carbons in the hydrocarbon are in trans
conformation) in the molecule using ChemBioDraw Ultra 14.0. This increase in the thickness of
the amine-terminated thiolate SAM was explained by Song et al.? who attributed the increased
thickness to anions binding to the protonated amine present on the SAM surface, formed by the
final acid wash of the SAM. Their explanation was supported by the results of XPS and NEXAFS
measurements. According to the oxidised sulfur formation problems, this improved procedure by
Wang et al* was modified by Chuang and Lin.? Chuang and Lin used an ethanolic solution of HCI
[1% (v/v), 120 mM] rather than CH3COOH, and observed a small concentration of unbound thiol
by XPS, in addition to the oxidized sulfur. They attributed their observation as the result of
washing the SAM surface with a weak acid. The weak acid used was an ethanolic solution of
CH3COOH (1748 mM), which was used to remove the excess of TEA as well as removing the
unbound thiol and oxidized sulfur from the surface. Thus, an ethanolic solution of strong acid [1%
(v/v), 120 mM HCI] was used for washing purposes and a noticeable reduction was obtained in
the concentration of unbound thiol and a greater removal of oxidized sulfur from the SAM surface
was observed by XPS. Moreover, the XPS spectra showed a small quantity of oxygen present
within the SAM. This was attributed to the possibility of adsorption of the atmospheric CO, on
the surface of the Alk-amine terminated SAM. The CA was measured after washing the surface

with 120 mM HCl solution and was observed as 30° + 0.1° which indicates that the packing of the
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Alk-amine SAM on the surface of Au had probably improved.

a)
HS, HS, HS,
Bilayer
b) (CHs CH, (CHs
H-N-H H-N-H H-N-H C N CH H C N CH H C N CH
E i . Hbond P > )
H H H H H H
H-N H-N H-N H-N H-N H-N
é é % Monolayer % %
S\ S\ S\ s\ \ s

Au Substrate | Au Substrate

Figure 3.1: a) Formation of a bilayer, and b) improved method of a monolayer formation of Alk-amine on Au
surface @ R.T.

According to the above explanation, the conditions for the monolayer formation of Alk-amine and
Ar-amine deposited on the Au surface at room temperature were best achieved using Wang's et
al.t procedure. Herein this procedure is used and modify it to further improve upon the SAM

formation of Alk-amine and Ar-amine SAMs.

3.3. Aim of the study in this chapter

The aims of this chapter are to form high quality Alk-amine and Ar-Amine SAMs (Figure 3.2)
on Au, as a prelude to these SAMs being formed on a MEMS device as detailed in Chapter 4, such
that citrate passivated (anionic) gold nanoparticles (G-NPs) can be sensed on the MEMS device
via modulatable (protonation state of the -NHs3/-NHs* SAM) electrostatic interactions and

investigate the possibility of using a specifically chemically manipulated surface of MEMS
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(microresonator) as a sensor for sensing nanoparticles gold nanoparticles (G-NPs), and ultimately
smaller and lighter species to improve their limits of detection.

The Alk-amine and Ar-amine thiols used in this study to compare amine surfaces with
different pKas (-NHs*/-NH2 pKa, for the Alk-amine SAM is ~7.5>27732 while for the Ar-amine SAM is
~5.9>33) in order to see how the G-NP/SAM binding profile varies as function of pH varies, are

shown in Figure 3.2.

HCI

HS\/\/\/\/\/\/NHZ

a) Alk-amine = 1.80 nm,” Mwt = 239.85 g/mol,” solibility in EtOH = 0.75 g/L*
PK, of terminal group (in solution) = (10-11) and PK, on surface ~7.5@

HS NH,
b) Ar-amine = 0.83 nm,” Mwt = 125.19 g/mol,” solibility in EtOH = 5.20 g/L,*
PK, of terminal group in solution = 10-11 and PK_ on surface ~5.9@

Figure 3.2: lllustrates the chemical structures and theoretical length of a) Alk-amine, and b) Ar-amine
* The data calculated from ChemBio Draw 3D Ultra.

# The data calculated practically in the lab.

@ The data collected from the literature which are referenced within the text.

Considering the previous literature on Alk-amine SAM formation described earlier, the conditions
for the monolayer formation of the Alk-amine and Ar-amine deposited on an Au surface at room
temperature were carried out in this chapter using Wang’s et al.! procedure with a modification
made by immersion of the amine SAMs in 500 mM HCl(aq) solution for 1h after SAM formation.

In addition, a study is performed in this chapter on the effect of TEA concentration on the quality
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of the two SAMs. The purpose of this study is to form a monolayer of an Alk-amine and an Ar-
amine SAM in order to deposit gold nanoparticles (G-NPs) as a function of pH on to the two SAMs.
Contact angle, ellipsometry and XPS are used to confirm the monolayer formation for these two

amine SAMs.

3.4. Results and discussion

3.4.1. Formation and Characterisation of Alk-amine and Ar-amine terminated
SAM with and without TEA to study the bilayer inhibiting effects of TEA

The SAMs were formed (Figure 3.3) by:
1. immersing for 24 hours three clean Au substrate in HPLC ethanolic (degassed)

solution containing Alk-amine or Ar-amine (0.1 mM)

a. without TEA (three substrates), or
b. with TEA (215 mM or 1 mM) (three substrates)
2. washing the SAM surface with copious amount of HPLC EtOH and
3. followed by splitting the substrates and:
a. washing three SAMs formed with TEA in ethanolic solution of CH3COOH

(1748 mM), and

b. immersing three SAMs formed without TEA in HCl(zq) (500 mM) solution for
1 h (control Exp.), and

C. immersing three SAMs formed with TEA in HCl(aq) (500 mM) solution for 1

h (Figure 3.3).
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4, washed again with copious amount of HPLC ethanol followed by drying with N»
gas.

The SAMs were characterized by contact angle, ellipsometry and XPS.

+ Au Substrate | o
Qo e 24 h, Ny, RT. LR
215 mM or 1 mM Ethanolic Alk-amine 0.1mM Ethanolic solutionof Alk-amine
solution of TEA (degassed) and TEA (215 mM or 1 mM), degassed
Rinse the surface
of SAM with
CH; o
H.C bl‘/ CH 1) Copious amount of
S e HPLC EtOH
H H H HH 2) Immerse in HCl(aq) H HH
H-N  H-N+ (500 mM) for 1h H-N: H-N+
Remove Au substrate 3) Rinse again with
copious amount
of HPLC EtOH
4) Dry Au substrate
with N, gas
5) Store them in N, gas for
s s charaterisation such as s s
\ \
_____AuSubstrate | CA, Ellipsometry and XPS Au s\ubssr\a:g |

Alk-amine SAM

Figure 3.3: Shows the preparation of Alk-c and Alk-d SAM on Au surface at R.T.

3.4.1.1. Contact Angle (CA) measurements

To ensure reproducibility of the measurements, for each amine, three substrates were prepared
for each variation in the experimental condition and three contact angle (0. and o)
measurements were recorded on each SAM formed. Each measurement is the average of nine.

The contact angle and ellipsometry data are summarized in (Table 3.1)
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Table 3.1: Contact angle, ellipsometric and XPS data for Alk-amine and Ar-amine SAM on an Au surface without and with TEA (215 mM) addition and

washing the SAMs with CH:COOH (1748 mM) or immersing in HCI. Note: the grey boxes indicate which variable has changed relative to previous
experimental condition, e.g TEA concentration changed or post SAM modification with CH3COOH or HCI

Type of Amine Alk-amine Ar-amine
(Theoretical (1.80 nm) (0.83 nm)
Molecular Length)
Experiment Number Alk-a Alk-b Alk-c Alk-d Alk-e Ar-a Ar-b Ar-c Ar-d Ar-e
TEA Concentration (mM) 0 215 215 1 2 0 215 215 1 o
. Washing with EtOH Washing with Immersing in Immersing in Immersing in Washing with Washing with Immersing in Immersing in Immersing in
Technique Post SAM Process/Acid CH3COOH HCl HCl HCl EtOH CH3COOH HCl HCl HCl
E B tal ti Does TEA inhibit Does HCL remove Is TEA being Control . ; Does TEA inhibit Does HCL remove Is TEA being Control . ¢
xperimenta Question bilayer? oxidised S? retained on SAM? ontrol experimen bilayer? oxidised S? retained on ontrol experimen
SAM?
0q(°) 721 32+3 39+1 42+1 74 +3 76+3 59+2 55+2 56+2 75+2
A o:(°) 48 £2 101 16+2 232 51+1 45+ 2 262 26+2 31+3 48+1
40 (°) 24+1 22+1 231 19+1 232 31+2 3212 292 25+2 272
Thickness (nm) 2.65+0.36 2.15+0.10 1.90 £ 0.04 1.63 +£0.07 2.39+0.09 1.53+0.17 0.95+0.10 0.78 £ 0.05 0.55 £ 0.02 1.29+0.13
Kl %age thicker than theory? 47 19 5 -10 33 84 14 -6 -34 55
Tilt Angle (°) b b b e b b b b & b
Thickness (nm)c 2.16+0.04 1.850.02 1.47£0.06 1.69£0.05 2.05£0.03 | 0.91+0.04 0.70 +0.01 044+0.03 | 050£003 | (g74002
%age diff from Ellip 18 14 23 4 14 41 26 44 33
%age -NHz 5643 76+ 1 64 +3 50+1 41+2 87+2 9% +4 95+2 90+1 81+3
XPS %age -NHs* a4 +1 2442 36+3 50.+1 5943 23+1 4+1 5+2 10+1 19+3
Au 4f 29.9:0.8 327:12 382£15 355109 31108 503+18 55.8+1.7 66.0£2.0 | 64.0%25 51.5+1.2
Cls 61.0+ 1.0 57.842.0 54.0+0.7 57.0+0.9 60.0+0.6 442+13 37.3%0.9 28+1.7 3015 43.4+0.9
N 1s 3.5+0.3 2.7+0.3 2.2+0.3 3.1+0.1 3.7+0.2 1.4+0.2 1.8+0.1 1.2+0.5 1.8+0.3 1.6+0.2
S 2p3;2 45+0.5 2.6+0.2 1.1+0.2 22103 4.1+0.1 2.1+0.1 1.5+0.2 0.6 +0.2 1.0+0.1 1.7+0.2

9%age the film is thicker relative to theoretical molecular length

b tilt angle not calculated as the models (Figure 3.4 a-c and e) are not monolayers, but monolayers with adsorbates on them
Thickness was calculated according to [(C 1s) + (N 1s)]/Au 4f 3
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When comparing the SAM washes with the HPLC EtOH (Alk-a, Ar-a) or CH3COOH (Alk-b, Ar-b) and
the solution with and without TEA in the SAM forming solution, respectively, one can clearly see
the advancing contact angle is much higher when TEA is not present (72° vs 32° for Alk; or 76° vs
59° for Ar). This result presumably reflects the moiety exposed to the surface is hydrophobic thiol
(-SH),*> which results from the hydrogen bonded bilayer, relative to a hydrophilic
amine/ammonium (-NH2) monolayer, when TEA is used to inhibit the bilayer, as illustrated in
(Figure 3.4). Thus, using TEA to inhibit this bilayer is presumably working, and the TEA is
subsequently being removed from the SAM surface by the CHzCOOH wash. See ellipsometry and

XPS data in the next sections, as evidence for this assumption.

a CA 72°
HS HS HS  HS
(b) ca=32
t 00
% (c) ca=39
C =39°
HATH HNH HAH /_/JJJJ (d) CA=42°
. H=N o
Bilayer<< A R
2.65ynm : -H : H ﬂ -H n -H H\N’H H@NH3 NH,  NH, 0-«NH O, NH,  NH, NH, ®NH3 NH, O,
Monolayer +=<
Oxidised layer Monol J
+
2.15nm onofayer Monolayer
CO, layer 163 nm
1.90 nm
N S /s :S S (. ,s ,S § N/ / 7 7 /S / /7
____AuSubstrate Au Substrate \ Au Substrate ____AuSubstrate
Alk-a: 0 mM TEA, Alk-b: 215 mM TEA, Alk-c: 215 mM TEA, Alk-d: 1 mM TEA
washed with EtOH washed with CH;COOH immerse in HCI immerse in HCl

Figure 3.4: lllustrates the difference in the contact angle and ellipsometric determined thickness between a) Alk-
a: bilayer formation (without adding 215 mM TEA and washed with HPLC EtOH), b and c) with adding 215 mM
TEA for Alk-b: washed with CH3COOH and for Alk-c: immersed in HCI, and d) adding 1 mM TEA for Alk-d:

immersed in HCI
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3.4.1.2. Ellipsometry measurements

Similar to the contact angle data, the ellipsometric thicknesses recorded in Table 3.1. are
the average of nine measurements taken from 3 SAMs formed for each experimental condition
(with and without 215 mM TEA).

As observed with the contact angle results, the ellipsometry data also suggests that the 215 mM
TEA inhibits the bilayer formation. Thus, without TEA (Alk-a, Ar-a) the ellipsometric thickness is
significantly greater than the fully extended length of the Alk-amine (47%) or Ar-amine (84%)
Figure 3.4a, whilst with 215 mM TEA (Alk-b, Ar-b) the ellipsometric thickness is only 19% and 14%
greater than the fully extended length of the Alk-amine or Ar-amine (Figure 3.4b). However, the
thicknesses observed for the two amine SAMs when using TEA, and after washing with CHsCOOH
solution, is still higher than the expected thickness. As stated above in (Section 3.2) the increase
in the thickness is may be due to the Alk or Ar-amine in which the sulfur has been oxidized and is
physisorbed onto the surface of the amine via H-bonding. Previously, it has been shown washing
the surface with CHsCOOH was not sufficient to remove the oxidized sulfur species from the
amine surface! (Figure 3.4b), and a stronger acid was required (HCl).2 Thus, a comparison was
made between using CH3COOH (Alk-b, Ar-b) and HCI (Alk-c, Ar-c), for a TEA formed SAM and the
data is reported in Table 3.1. Clearly after immersion in 500 mM HCI (Alk-b, Ar-b), relative to the
CH3COOH acetic acid (Alk-c, Ar-c) solution, there is a further reduction in the ellipsometric
thickness to within less than 10% of the theoretical thickness. The reduction in thicknesses
concurs with the improved results obtained for the advancing contact angle data, which is

rationalised to be related to the reduction in the defects on the surface of amine SAM that results
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from the removal of the oxidized sulfur species (Figure 3.4c).

However, one might suspect that the SAMs should be thinner than found so far, as the molecules
are generally found to tilt when forming a SAM, thus reducing the SAM thickness to below the
theoretical length. It is hypothesized that the additional thickness might be a result of the
concentration of 215 mM for the TEA (Alk-c, Ar-c) was so high that some of the TEA molecules
were still being retained at the SAM surface post the HCl acid immersion (Figure 3.4c). Thus,
experiments were designed to reduce the concentration of TEA from 215 mM (Alk-c, Ar-c) to 1
mM (Alk-d, Ar-d). The observed thicknesses from ellipsometry for both Alk-amine and Ar-amine
SAM have both reduced to less than the theoretical molecular length (1.63 nm (Alk-d), 0.55 nm
(Ar-d)), giving a tilt angle of 25° (Alk-d) and 48° (Ar-d), respectively. In addition, the SAM
thicknesses calculated via XPS are in very good agreement (deviation of 4% and 9%, respectively)
at 1 mM TEA, relative to 215 mM TEA (deviation of 23% and 44%, respectively), suggesting that
now it should have a coherent monolayer of just the thiols under these final set of conditions

(Table 3.1).

3.4.2. Orientation of the two amines SAM from CA and Ellipsometry

The orientation of a monolayer of the amine-terminated Alk-d and Ar-d SAM is indicated
from the tilt angle of the two molecules to the surface in the monolayer. Interestingly, the 48° tilt
angle of Ar-d is greater than Alk-d which is 25°.33% This higher tilt angle of the Ar-d SAM/Au
surface is similar to the observed tilt angles by Frey et al.3” They attributed the higher tilt angle to

the random molecular orientation of the thiolates within the SAM, as well as the thicker backbone
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(i.e. the benzene ring), relative to an extended Alk chain. Tao et al.3® and Szafranski et al.3°
suggested that the sulfur atom (Au-S-Ph) prefers sp® (bend angle of ~104°) (Figure 3.5a) over sp
(angle of 180°) hybridization*®*3 (Figure 3.5b). The sp3 orientation leads to a tilt from the surface
normal and accordingly manifests in a higher tilt angle.3%4* Also, the high tilt angle of Ar-d SAM
explains why there is a larger difference between the theoretical length and the ellipsometric
thickness of Ar-d SAM. In addition, the high tilt will expose more of the phenyl ring, which in turn
will make the surface more hydrophobic (Figure 3.5b), hence, this explains why the contact angle

was higher at 56° for Ar-d in comparison to the Alk-d SAM which was 42°.

a) b)
Hydrophlllc moiety Hydrophobic moiety
s)SIo (180°) p3 (104°)
Au Substrate Au Substrate

Figure 3.5: a) upright orientation of Ar-amine SAM and b) tilted Ar-amine SAM on Au surface

3.4.3. XPS characterisation of SAMs formed under Alk-d and Ar-d Experimental
Conditions (1mM TEA)

XPS survey spectra of 0-800 eV were carried out for Alk-d or Ar-d SAMs to obtain the

elemental composition of the two SAMs (Figure 3.6a). The XPS survey spectra for the two amines
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SAMs confirm the presence of all of the XPS spectra peaks that are related to the chemical

structure of each amine-terminated SAM which are C 1s, N 1s and S 2p.
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Figure 3.6: XPS spectra of SAMS formed under Alk-d and Ar-d conditions (Table 3.1, Figure 3.3) a) survey spectra,
b) Au 4p and O 1s of Alk-d and Ar-d amine SAM deposited on Au surface at room temperature, and c) inset
chemical structure of Alk and Ar-amine
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It can be seen that the area under the C 1s signal for Alk-amine SAM is much higher than
the area under the C 1s signal corresponding to Ar-amine SAM and this difference is related to
the higher number of carbon atoms present in Alk-amine molecule (11 relative to 6) (Figure 3.6c).
This difference in the number of carbon atoms explains why the intensity of Au 4f from the Alk-
amine (Figure 3.7a) spectrum is lower than the intensity from Ar-amine SAM (Figure 3.7b). The
attenuation of Au 4f is enhanced by the increase of number of carbon atoms due to the thicker
monolayer formed on top of the Au surface (Figure 3.7).%> In addition, this attenuation could be
attributed to the packing density in the Alk-d SAM which is more densely packed than the Ar-d
SAM as confirmed from the ellipsometry results (Table 3.1).

Interestingly, in both the Alk-d and Ar-d SAM there is an extra XPS spectrum peak in the

survey spectra which is related to O 1s spectrum at BE 533 eV (Figure 3.6a,b), this will be discussed

in more detail in Section 3.4.3.2.
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Figure 3.7: The XPS attenuation of Au 4f with a) Alk-d (thick SAM) and b) Ar-d (thin SAM)

112



3.4.3.1. XPS characterisation of SAMs from Alk-a to Alk-d Experimental Conditions:

Examining the Sulfur Oxidation

From the S 2p spectra one can gain greater insight in to the nature of the interaction
between S and the Au surface. Figure 3.8a,e shows the S 2p spectra for a SAM formed without (0
mM TEA, Alk-a and Alk-e) and Figure 3.8b,c with 215 mM TEA (Alk-b and Alk-c), and Figure 3.8d
with 1 mM TEA (Alk-d) for the Alk thiol. It is clear to see the effect of adding of TEA by following
the XPS spectra of S 2p. The S 2p (2ps/2 and 2p1/2) doublet spectrum for the bound thiol to Au
surface (S-Au) is centred at BE of about S 2ps3/2 = 162 eV, while the unbound thiols, the doublet is
centred at BE of about S 2ps/; = 164 eV and no oxidized sulfur was observed from these spectra,
which should appear at the BE of about S 2ps;»; = 168 eV (Figure 3.8c,d,e).3”4% The
disappearance of oxidized sulfur in these experiments is due to use of 500 mM HCI solution
instead of using ethanolic CH3COOH (1748 mM) that was reported by Wang et al.! to wash the
surfaces after immersion in thiol solution, as previously mentioned in section 3.2. Repeating
Wang’s procedure by washing the surfaces with ethanolic CH3COOH (1748 mM), it is noticeable
that the oxidized sulfur is still present on both SAMs (Figure 3.8a,b). This observation was also
previously reported by Chuang and Lin and they replaced the CH3COOH with HCl(aq) (120 mM)
(see section 3.2). In this study, the two amine SAMs were immersed in more concentrated HCl (ag)
(500 mM) solution to ensure the complete removal of oxidised sulfur. The XPS spectra for S2p
(Figure 3.8c,d,e) shows no presence of the XPS peak corresponding to the oxidised sulfur (BE ~168
eV) and hence, the immersion of the SAMs in 500 mM HCI enhances the removal of the oxidized

sulfur from the surface.
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Figure 3.8: XPS data for S 2p spectra of Alk-amine SAM Across Alk-a to Alk-e Experimental Formation Conditions
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3.4.3.2. Adsorption of CO; on Alk-d and Ar-d SAM surfaces

Although the oxidised sulfur has been removed from the SAM as described in section 3.4.1
under the Alk-d conditions, the oxygen peak can still be observed in the XPS spectra (Figure 3.6b).
Hence, there must be another contaminate adsorbed on the surface, which is a contributor to the
oxygen present. Previously such O 1s peaks at BE 532 eV*>°° have been observed on similar SAMs
and have been attributed to the presence of oxygen from one of two sources;

e Presence of water which binds to the terminal amine group tightly via H-bonding!->1->3

e Presence of ambient C0,.21915285455 The CO; is either adsorbed from the atmosphere or

absorbed in water via the formation of H-bond between amine-terminated SAM and CO;
or via the reaction between amine-terminated SAM and CO;, and forming carbamate as

shown by the proposed mechanism (Figure 3.9).1:10.28,51,56-58
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Figure 3.9: Schematic of carbamate formation after the reaction between CO: and Ar-d SAM

To determine which is the more plausible contaminant the high resolution spectra of C 1s
can be analyzed, as the presence of CO; should lead to a peak being observed corresponding to
the carbonyl moiety at a binding energy of 289 eV. Indeed, the Cls C=0 peak is observed in both

Alk-d and Ar-d SAM (Figure 3.10 c,d). Hence, the likely source of the O 1s peak centered at 533
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eV# is the presence of absorbed CO; in the SAM. The absorption of CO; could be detrimental for
the purpose of the application as this will reduce the concentration of free amine groups available
on the surface for the specific sensing application.4#9°6>°

Interestingly, it is noticeable from the XPS data obtained for both amine SAMs that the
amount of CO; present in the SAM surface is depended upon the concentration of free amine (-
NH;) present on the surface. The amount of free NH; can be quantified from the XPS spectra of N
1s (Figure 3.10 a,b). Free NH; has a characteristic BE peak at 399 eV, whereas protonated NH;
has a characteristic BE peak at 401 eV.1>16:2846,49,51,56,60 Figyre 3.10a shows the high resolution of
N 1s spectra for the Alk-d SAM. From this spectrum it can be observed that there are two peaks
with BE of 399 eV and 401 eV. After fitting the peaks, there is a 1:1 ratio between the two peaks
which suggests that there is 50 % NH; present and 50 % protonated (Figure 3.10a), while for the
Ar-d SAM, only ~10% of the free amine are protonated (Figure 3.10b).1>2846:6 The discrepancy
between the ratio of free and protonated amine on both Alk- and Ar-NH; SAM was also reported
by Dietrich et al.*® They concluded the discrepancy was due to the pK, difference between the
Alk-d and Ar-d SAM, which are ~7.5>27732 and ~5.9°>33 respectively. Hence, it is easier to protonate
the Alk-d SAM than the Ar-d SAM.

Furthermore, Table 3.1 shows that there is a clear difference between the free amine that
forms from adding 215 and 1 mM TEA to form Alk-c and Alk-d SAM respectively, while there is a
small difference of the free amine with Ar-c and Ar-d SAM after adding the two concentrations
of TEA. The increase of the free amine with 215 mM TEA explains why the high concentration of

CO; adsorbs on the surface of the two amine SAMs. Accordingly, the formation of the two amine

116



SAMs was optimized by adding 1 mM TEA.
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Figure 3.10: XPS Spectra recorded of SAMs formed under Alk-d and Ar-d conditions (ImM TEA and 500 mM HCI
immersion for 1 h): a) N 1s spectrum of Alk-d SAM, b) N 1s spectrum of Ar-d SAM, c) C 1s spectrum of Alk-d, and
d) C 1s spectrum of Ar-d SAM on Au surface at R.T.

3.4.3.3. Effect of the TEA concentration on the monolayer formation of the two SAMs

Wang et al.! reported that 3% v/v (215 mM) ethanolic solution of TEA should be used to
prevent the bilayer formation. Furthermore, they confirmed that this concentration of TEA is

effective to form free amine and suppress the formation of protonated amine (NHs*). As
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mentioned above (see section 3.4.3.2), the 215 mM TEA generates high concentration of free
amine where the later leads to adsorption of higher concentration of CO; (oxygen content). The
XPS measurements, with takeoff angle 55°, by Wang revealed that the atomic percentage of
oxygen content on the Alk-c SAM surface was about 5.5 + 0.2%. Other studies have repeated the
same procedure and used the same XPS takeoff angle. The obtained atomic percentage of oxygen
content was higher than the one obtained by Wang.>2846

Herein, Wang’s procedure was repeated with exception of the XPS spectra being obtained
with a takeoff angle of 90°. Similar results were observed as reported by Wang such as the
guantity of oxygen present in the monolayer. The atomic percentage of oxygen observed was 5.5
+ 0.7% which concurs with the reported figure by Wang et al.! Therefore, two experiments were
devised for comparison purposes between the high concentration of 215 mM TEA and the low
concentration of 1 mM TEA and as mentioned above, the two amine-SAMs were immersed in 500
mM HCl and the results are reported in Table 3.1.

Table 3.1 shows that there is no big difference between the two concentrations apart from
atomic percentage of oxygen content especially with Alk-d SAM which is reduced to half and this
is an indication that the monolayer formation is not affected by the concentration of TEA. In
addition, the reduction of oxygen content decreases the attenuation of C 1s, N 1s and S 2p signals
of the two amine SAMs and increases the attenuation of Au 4f signal. Thus, the packing density
of the two amines were improved and accordingly the quality of the two amine-SAMs on Au

surface was increased.
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The atomic percentage of oxygen content on Ar-d SAM surface is not reduced as much as seen
for the Alk-d where the oxygen content increases with the concentration of free Amine (Figure
3.10a,b).*>?846 Furthermore, from Table 3.2 the ratios of O 1s/N 1s for the two amines are ~0.67
and ~1.67 respectively, which means that CO reacts and incorporates with ~33% (~0.67) of Alk-

amine SAM and ~83% (~1.67) of Ar-amine SAM.

3.4.3.4. XPS Thickness of Alk and Ar-amine SAM on Au surface (Alk-d and Ar-d Conditions)

The film thickness can also be estimated using data observed by XPS. Graham and Ratner
estimated the film thickness of alkanethiolate SAM according to the XPS intensity ratio of C 1s/Au
4f for dodecanethiolate SAM [HS(CH2)11CHs] which consists of twelve C atoms and was used as a
reference for the estimation of SAM film thickness of different alkanethiolates length. They found
that this type of SAM follows a linear relationship as a function of the chain length of CH3-SAM
and their finding is based on the attenuation of Au 4f signal (underlying) by the C 1s of the
backbone (overlying).3* Alk-amine SAM consists of eleven carbon atoms + 1 N atom; thus, the
total no. of Alk-amine SAM is equal to dodecanethiolate SAM which is 12 and a ratio of (C 1s +N
1s)/Au 4f should follow a linear relationship versus NH2-SAM chain length. In this study, the same
method was used to calculate the film thickness of the two amine SAMs and it can be seen that
there is a noticeable difference in the thickness of Alk-a, Alk-b, Alk-c, Alk-d and Ar-a, Ar-b, Ar-c,
Ar-d SAM (Table 3.1).

The thickness with 215 mM TEA (Alk-c and Ar-c) is lower than 1 mM TEA (Alk-d and Ar-d),
which is due to the higher amount of oxygen (CO2) adsorbed onto the surface of the amine SAM

at higher TEA concentration that leads to stronger attenuation of C 1s signal (Figure 3.11).
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Figure 3.11: CO: reacted with free amine formed by adding a) 215 mM, and b) 1 mM TEA

The estimated Alk-d SAM film thickness by XPS measurements is somewhat higher than the
thickness obtained by ellipsometry (Table 3.1). The small discrepancy in the thicknesses obtained
from the two techniques for the SAMs prepared in a thiol solution containing 1 mM TEA can be

neglected due to the experimental error and the difference in the principle of the two techniques.

3.4.3.5. Difference between the coverage and orientation of Alk-d and Ar-d SAM on Au

surface

The difference in the quality and the coverage of the Alk-d and Ar-d SAM can be
determined from the XPS measurements. Table 3.2 shows the ratios of atomic percentage of the
elements C 1s, N 1s, S 2p and O 1s, which were normalized with Au 4f. Table 3.2 clearly reveals
the difference between the coverage of Alk-d SAMs and Ar-d SAM by using the ratios of S/Au and
N/Au.?® The calculated values of S/Au and N/Au ratios suggest that the coverage of Alk-d SAM to

be 0.060 + 0.002 and 0.090 + 0.004 respectively on Au surface is much higher than for Ar-d SAM
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which is 0.016 + 0.005 and 0.030 + 0.009 respectively. 1>2>284560 These findings are supported by
the results obtained from contact angle and ellipsometry. (see Table 3.1) and confirms that the
coverage of Ar-d SAM is lower than that of Alk-d SAM.

Furthermore, previous studies®%1>16:25283437,46,49,51,56,58,60,61 haye confirmed that the
position of the C 1s peak corresponding to C-C moieties provide information on how well the
alkanethiols have deposited and the packing density of alkanethiolate SAM on Au surface. Herein,
the high resolution C 1s signal for Alk-d and Ar-d SAM are centred at ~285.4 eV and at 284.4 eV
respectively (see Figure 3.10c,d). The shift observed in the position of the peak corresponding to
the C-C moiety from 285.4 to 284.4 eV for Ar-d SAM suggests that the monolayer is less densely
packed than the packing in Alk-d SAM where no shift was observed.

The film thickness, by XPS, of the Alk-d and Ar-d SAM is higher than the film thickness of

the two amines SAM without the oxygen content (Table 3.2), and this is an indication that the

Table 3.2: XPS results of atomic percent ratios C 1s, N 1s, S 2p and O 1s normalized with Au 4f for Alk-d and Ar-d
SAM at takeoff angle 90°

SAM Alk-d Ar-d
Conc. of TEA (mM) 1 1
C/Au 1.600 £ 0.080 0.470+0.010
N/Au 0.090 + 0.004 0.030 + 0.009
S/Au 0.060 + 0.002 0.016 + 0.005
O/Au 0.060 + 0.020 0.050 + 0.001
Thickness (nm)? 1.81+0.08 0.57 £0.03

9 Thickness was calculated according to [(C 1s) + (N 1s) + (S 2p) + (O 1s)]/Au 4f

quality of the two amine SAM is improved and also confirms that the packing density are more
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densely packed with less oxygen content (Figure 3.11b).>® Based on that, the quality of Alk-d SAM
is higher than Ar-d SAM as the oxygen content of the Ar-d SAM is higher than the Alk-d SAM.

Moreover, further information on the orientation of the amine thiols, i.e. whether the molecule
is bound via sulfur (Figure 3.12a) or nitrogen (Figure 3.12b) can be found by reference to the

intensities of N 1s and S 2p peaks.

a) b)
HND  HN HND  HoN HS HS HS I-E
% NH, NH, NH, NH,
S\ S\ S 5\ /® /® /® /®
I Au Substrate l\ Au Substrate

Figure 3.12: Orientation of Alk-d SAM on Au Surface Via a) S atom, and b) N atom (upright orientation)

In principle, the intensity of the N 1s peak should be equal to intensity of the S 2p peak
(1:1 ratio), but according to the XPS results which are reported in Table 3.2, it is evident that the
intensity of N 1s is higher than S 2p. This is due to stronger attenuation experienced by the sulfur,
suggesting the sulfur is more embedded in the monolayer than the nitrogen, hence, suggesting
that the sulfur atom is located at the end (underlying) of the backbone chain (overlying) of the
Alk-d and Ar-d SAM (see Figure 3.6¢).®? This, indicates that the Alk-d and Ar-d SAMs are attached

to the Au surface via the sulfur atom (Figure 3.12a) not via the N atom (Figure 3.12b).
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3.5. Conclusion

Contact angle, ellipsometry and XPS have confirmed that monolayers of Alk-d and Ar-d
SAMs have been chemically formed on Au surface, with the addition of ethanolic solution of 1
mM TEA. Also, it was confirmed that TEA plays an important role in inhibiting the formation of a
bilayer. In addition, no oxidized sulfur was observed after immersing the SAMs in 500 mM HCI.
Furthermore, reducing the amount of adsorbed ambient CO; on the free amine surface improves
the quality of the deposited SAM on Au for the two amines through the improvement in the
thickness which is obtained from XPS and ellipsometry, as well as improving the reduction in the
attenuation of the XPS intensities of C 1s, N 1s and S 2p. The ratios of N 1s/Au 4f and S 2p/Au 4f
confirm that the attachment of the two amine SAMs are via the sulfur atom and the packing

density of Alk-d SAM is higher than Ar-d SAM.

3.6. Future work

The objective of the above prepared system is to chemically modify the surface of a micro
paddle with a monolayer of Alk or Ar-amine terminated SAM, and the next step is to use this

micro paddle to detect the mass of G-NPs.
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3.7. Experimental

3.7.1. a. Chemicals Supplied

e 11-amino-1-undecanethiol hydrochloride (99%), Alk-amine, was purchased from Sigma
Aldrich, UK.

e 4-aminothiophenol (97%), Ar-Amine, was purchased from Alfa Aesar.

e HPLC ethanol was purchased from Fischer scientific (99.9%).

e HCI(37% w/w) was purchased from Acros organic.

e HyS04(98% w/w) was purchased from Fischer scientific.

e Hy0,30% (w/w) in H,0 was purchased from Fischer scientific.

UHQ water was collected from Ultra High-Quality Purification System Unit (UHQ-PS) which
was purchased from USFELGA Company. The UHQ-PS was filled with de-ionized water to get

Ultra High-Quality water (18 pQ.cm).

3.7.2. b. Au Substrates Supplied

The polycrystalline Au substrates for contact angle, ellipsometry and X-ray photoelectron
spectroscopy were purchased from George Albert PVD, Germany. This Au substrate consisted of
a 100 nm layer of Au layer, on top of a 5 nm adhesion layer of titanium bonded to the (10 mm x
10 mm) square silicon wafer. This type of Au substrate was used to characterize the SAM by
contact angle, ellipsometry and XPS. Three Au substrates were used for each SAM formation, and

three analyses were made on each substrate, such that nine measurement of contact angle and
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ellipsometric thickness were made, in order to determine and average value and error.

3.7.3. SAM Formation

3.7.3.1. Cleaning Au substrate for CA, Ellip and XPS Prior to SAM formation with Alk-amine or

Ar-amine

Prior to SAM formation the Au substrates listed above (section 3.7.2 b) were immersed in
Piranha solution (5 ml, 7:3, concentrated 70% H,SOa4: 30% H,0>) in a glass vial (7 mL) for ~10 min
at room temperature, (Caution: Piranha solution is a strong oxidant and can violently react with
organic compounds. Hence no organic solvents or materials should come into contact with
Piranha solution, and should be stored away from Piranha solution). The Au substrate was
removed with tweezers and rinsed thoroughly with copious amounts of (UHPQ) water for 1 min,
then immersed in HPLC ethanol (5 mL) in a vial (7 mL) and ultrasonicated (30 KHz) for 2 min,
before removal and drying with a stream of nitrogen. The clean Au substrates were then

immediately immersed in 0.1 mM of HPLC ethanol solutions of the Alk-amine or Ar-amine.

3.7.3.2. Preparation of Alk and Ar-amine SAMs

All the SAM formation (Alk-a, Alk-b, Alk-c, Alk-d and Ar-a, Ar-b, Ar-c, Ar-d) were prepared
within 0.1 mM by using HPLC EtOH as a solvent and same amount of Alk-amine or Ar-amine thiols
was used for each preparation. This section focused on Alk-d and Ar-d due to the small differences
between ‘without’ or with ‘TEA’ and washing the prepared SAM with HPLC EtOH, CH3COOH or

immersing in HCI.
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Thus, for preparing Alk-d and Ar-d, a 1 mM degassed solution of TEA (20 mLin HPLC EtOH)
was added to a glass vial containing 11-amino-1-undecanethiol hydrochloride (the Alk-d) (0.5 mg,
0.002 mmol) or (40 mL in HPLC EtOH) was added in a glass vial of 4-aminothiophenol (Ar-d) (0.5
mg, 0.004 mmol) affording 0.1 mM solution of the two thiols.

The TEA/Thiol solutions were purged again with N; (3 mins) in a glass vial (3.5 mL). The gold
substrate wasimmersed in the degassed solution, and immediately the vial was capped, and again
was purged with N2 (3 min) via a needle, sealed with parafilm, and covered in foil to exclude light.
After 24 hours the gold substrate was removed and rinsed with copious amounts of HPLC EtOH
followed by immersion in a clean vial (3.5 mL) containing 500 mM HClq) (3 mL) for 1h. After
immersion, the Au substrate was removed from the vial and was rinsed with copious amount of
HPLC EtOH, dried under a stream of N; gas, and then stored for characterisation as a fresh sample

in a clean dry vial, which was capped and sealed with parafilm, and covered in foil (see Figure 3.3).

3.8. Surface characterisation

3.8.1. Contact angle (CA) measurements

Dynamic contact angle (CA) analysis was utilised to determine the advancing and receding
contact angles for the Alk-a, Alk-b, Alk-c, Alk-d and Ar-a, Ar-b, Ar-c, Ar-d SAMs. The measurements
were performed using a Theta Lite instrument (KSV Ltd., Helsinki, Finland) which was equipped
with automatic water dispensing system at 17 °C and camera. The analysis of the CA of a droplet

of ultrahigh Quality (UHQ) water at the three phases was made using OneAttension software and
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the sessile drop technique was optioned. The left-hand and right-hand side contact angle of the
droplet when advancing and receding was determined using the Young-Laplace equation around
the water droplet, and the average value was used for comparison between different samples.
Averages and standard errors for the CA values were calculated by making each SAM on three Au
substrate, and taking three measurements from each substrate were made, i.e. nine individual

measurement for each SAM.

3.8.2. Ellipsometry measurements

A Jobin-Yvon UVISEL ellipsometer with a xenon light source was used as spectroscopic
method to observe the thickness of the SAMs on Au substrate. The calculations were built on a
model of three-phase ambient/SAM/Au using the software DeltaPsi, and assuming that the SAM
was isotropic and homogeneous. A 70° angle was fixed as the angle of incidence light in all
measurements. The wavelength range was 250-800 nm. Averages and standard errors for the
ellipsometric thickness were derived from three SAMS on which three measurements on each
substrate were made, i.e. three individual measurement for each SAM. The errors reported are
standard errors for each thickness and are reported in (Table 3.1). Only the results observed by
ellipsometry for Alk-d and Ar-d SAMs on gold coated silicon substrate are in good agreement with
the length of Alk-amine and Ar-amine calculated theoretically by ChemBio Draw 3D Ultra 14.0,
which was determined as 1.80 nm and 0.83 nm respectively, (see Figure 3.2). The refractive index

used in this type of Alk and Ar-amine SAM was (nf=1.45).3
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3.8.3. X-ray Photoelectron Spectroscopy (XPS)

XPS was preformed using a K-Alpha instrument (Thermo Scientific, East Grinstead, UK),
which is based at the Newcastle EPSRC Nanolab Nexus XPS Facility at the Newcastle University,
UK. A monochromatic Al K, 1486.68 eV radiation was used as the source of X-rays
(Voltage/Current/Power: 12 kV/3 mA/36 W), with a zero-degree emission (take off angle 90°)
from the normal to the surface, and a rectangular spot size of 400 um x 800 um. The survey
spectra were recorded with 200 eV pass energy, five scans, dwell time 0.01 s and step size 1 eV
over a binding energy range of -9.92 eV to 1350.08 eV. The spectra of high resolution N (1s) and
S (2p) were recorded with 40 eV pass energy, 100 scans, dwell time 0.025 s and step size 0.1 eV.
Whereas, the high resolution of Au (4f), C (1s), O (1s) were recorded with 40 eV pass energy,
twenty scans, 0.025 s dwell time and step size 0.1 eV. CasaXPS software version 2.3.18PR1.0 was
used for all spectral fitting of binding energies with linear background type and
Gaussian/Lorentzian peaks fitting [G (70) / L (30)], and to calculate the area under the binding

energies of each element.
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Chapter 4

Characterisation and Deposition of
Gold Nanoparticles on Aliphatic and
Aromatic Amine Terminated SAMs as
Function of pH on a
MicroElectroMechanical System

Micropaddle
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Abstract

Aliphatic and aromatic amine-terminated SAMs deposited on Au surface are used as
protonatable functional groups for the self-assembly, through electrostatic interactions, of citrate
passivated gold nanoparticles (G-NPs) as a function of pH. The challenge here is to determine the
optimum conditions required for G-NPs deposition on 11-amino-1-undecanthiolate (Alk-amine)
and 4-amino benzenethiolate (Ar-amine) SAM, for the purpose of developing
microelectromechanical systems (MEMS) that can detect the attachment of nanoscale
particulates such as G-NPs, anti-bodies, and other biological analytes. Thus, herein, the self-
assembly of GNPs at pHs ranging from 3-7 at ambient conditions to both amine SAMs is
investigated via Atomic Force Microscopy (AFM) and a Quartz Crystal Microbalance (QCM). After
determining the optimum condition, these conditions were replicated on an Alk-amine
functionalized micro paddle (MEMS device) and with the aid of a laser vibrometer the attachment
of G-NPs on the surface was monitored. Prior to these MEMS experiments the G-NPs were
characterised by UV-Vis Spectrophotometer and Transmission Electron Microscopy (TEM).
Moreover, the stability of the G-NPs over the pH range as a function time (6 h) were studied using
the Dynamic Light Scattering (DLS), Zeta Potential (ZP) and UV-Vis spectrometry, in order to
evaluate the conditions (pH and time) over which the particles could be used in the later sensing

experiments.
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4.1. Introduction

The self-assembly of citrate passivated gold nanoparticles (G-NPs) on a functionalized
surface is of interest due to the potential applications of this model system. For example, in the
field of dyes,! detection of DNA strands (single or double),>™ drug delivery,®’ improvement of

surfaces for enhancing of Raman scattering®! and MEMS devices.*?

Several studies!?~1® have been performed to investigate the optimum conditions required
for the surface self-assembly of G-NPs onto aliphatic or aromatic amine-terminated SAMs. The
self-assembly of G-NPs depends upon the adhesion force between the carboxylate groups on the
G-NPs and the degree of protonation of the amine functionalized surface. This adhesion force is
found to be dependent upon the pKa of the two functional groups; COOH and NH,. There are two
methods to determine the pK, of ionizable groups (-COOH/-COO™ and -NH3/-NHs*), which are
contact angle (CA) titration'’~'° and chemical force titration (Adhesion Force titration) by AFM.2%-
2> For example, CA titration is known to be used to characterize the wetting properties of the
surfaces with milliliter droplets of buffered water. A major drawback of this method is the
difficulty of measuring the pK, for very hydrophilic surfaces, as no droplet will be formed, as
buffered water will spread on the surface leading to very low contact angles.?%2® With AFM the
wetting properties are determined on the nanoscale and it is as effective on both hydrophobic
and hydrophilic surfaces, because the technique depends upon the adhesion force between the
tip and a substrate that are functionalized with the same or opposing functional different

groups.2t?®
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From the literature?®-2>27 there is an argument about the calculated pKa of these two
functional groups by AFM (adhesion force titration), because it depends upon the conditions of
the experiment such as the ionic strength of the buffered solution and on the chain length of the
organosulfur or organosilane, which is deposited on the Au or SiO; surface, respectively. For
example, AFM (adhesion force) was used by Van der Vegte and Hadziioannou?'?? to calculate the
pK, to be ~5 for a COOH-terminated SAM which was deposited on the two surfaces (AFM tip and
Au substrate), while the pKa for the NHx-termintated SAM, which was deposited on the two

surfaces, was ~7.5.1922

The pK; of a functional moiety such as -COOH and -NH; bound in the monolayer will be
different to what it is in the solution due to the constraints of the surface, which will mean
neighbouring groups will have an effect on protonation/deprotonation events. For example, as
a surface becomes increasing protonated, the next protonation event becomes more difficult due
to electrostatic repulsion of the cationic surface with the approaching proton, whilst in solution

the already formed cations are free to move apart from each other, and ‘free’ protons.

Furthermore, at pHs below 4 the -COOH functionalized tip and the Au surface are known to be
fully protonated and the adhesion force is at a maximum due to H-bonding between the COOH
groups on the two surfaces.?? In comparison, there is a lower adhesion force between the -NH;
functionalised tip and surface at acidic pHs, due to the electrostatic repulsive forces between the

protonated amine groups (NHs*).2° At pHs above 7 the COOH groups are expected to be fully
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deprotonated as carboxylate groups (-ve) and the adhesion force is weaker (due to the presence
of electrostatic repulsive forces between the two surfaces).?? Conversely, in the case of NH;
functionalized surfaces, the surfaces will be neutral, and the dominating attractive interaction,

will be hydrogen bonding between the NH; functionalised surfaces.?°

Moreover, when the surface and the tip were coated with different functional groups,
either -COOH and -NH,, the adhesive behavior as a function of pH is different. Wang et al.?®
reported the adhesion force determined by AFM between a -COOH and NH; surfaces. The tip was
coated with a COOH functionalized monolayer and the substrate was coated with a NH;
functionalized monolayer in a 1 mM ionic strength solution whose pH was adjusted to between
2-12 by adding NaOH and HCIl. The results revealed that the maximum adhesion force between
the two surfaces was at pH 5.7, which is in good agreement with a previous study that was
reported by Marti et al.,?® where the pH was determined to be 5.5 for the maximum adhesion.
The two studies imply that this pH represents the optimum value to achieve a good interaction
between these two groups. The prominent intermolecular interaction is electrostatic. At pH ~5.5,
COOH groups are largely deprotonated (COO") whilst the -NH; is protonated (NHs*). Thus, the
interaction between the two surfaces will be dominated by the electrostatic interaction.

Accordingly, the pK, obtained by the above study can be used to follow the attachment
between Alk-amine and Ar-amine SAMs that are deposited on a Au substrate and citrate

passivated gold nanoparticles.
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4.2. Aim of the study in this chapter

In this chapter, the conditions for optimum deposition of G-NPs on Alk-amine or Ar-amine
functionalized Au SAM will be determined and then used to coat a MEMS micro-paddle, which
will be used to detect the deposition of G-NPs at optimum (Figure 4.1), hopefully at much lower
limits of detection than currently possible. Atomic force microscopy (AFM) and a quartz crystal
microbalance (QCM) will be used to evaluate the optimum conditions required for G-NPs
deposition on the Alk and Ar-amine terminated SAMs, prior to the micro-paddle being used.
Additionally, to ensure that individual citrate passivated G-NPs are deposited on the surface and

not agglomerated of G-NPs, the colloidal stability of the particles will be investigated over the pH

range 3-7 using DLS, Zeta potential and UV-Vis measurements, as a function of time.

Figure 4.1: Cartoon representation of a) Alk-amine SAM deposited on the Au surface of a micro paddle, b) G-NPs
deposited on an Alk-amine SAM/Au-micro paddle, and c) magnification of the deposited G-NPs on an Alk-amine
SAM/Au-paddle

139



4.3. Results and Discussion

4.3.1. Synthesis of G-NPs colloidal solution

4.3.1.1. Synthesis of G-NPs

G-NPs were synthesized using the Frens?® procedure (diluted method) with slight
modifications. Applying this procedure to the synthesis G-NPs passivated with citrate is expected
to produce G-NPs with an average diameter of ~15 nm in size and as follows. The overall scheme

of synthesis is shown in Figure 4.2, and relies upon the aqueous reduction of a Au'"" salt by sodium

citrate to form gold nanoparticles, followed by purification by centrifugation.

Purification :ii

Reflux Reflux
D — —_—
60 min 2min Centrifuge for 10 min (G-NPs)
at 3500 rpom x 3 times  Dark red colloidal
then adjust the pH at solution
0.25 mM HAuCl,,, Pale-Yellow Dark violet Dark red 4.5

Figure 4.2: Schematic procedure of 14.5 + 0.95 nm G-NPs synthesis and purification
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4.3.2. Characterisation of G-NPs colloidal solution

4.3.2.1. UV-Vis Spectrophotometer measurements

The UV-Vis spectrum (Figure 4.3) for the G-NP colloidal solution reveals a surface plasmon

resonance band (SPR) with a Amax at 520 nm, which is indicative of “15nm diameter G-Nps.30-33

0.8 -

0.6 :\

0.4 - —— UHQ water

02 \

0

Absorbance

——G-NPs

\_______.

340 400 460 520 580 640 700 760
A (nm)

Figure 4.3: UV-Vis spectra of G-NPs colloidal solution at R.T.

4.3.2.2. Transmission Electron Microscopy (TEM)

TEM was used to directly determine the mean diameter of the G-NPs, using Image)
(version 1.51r) to process the TEM images (Figure 4.4) to plot a histogram using OriginPro 2017.
The histogram shows that the mean size distribution of G-NPs passivated with citrate is 14.50 +

0.95 nm,?>3%3% in good agreement with the surface plasmon.
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Figure 4.4: A TEM image of the G-NPs passivated with citrate and the histogram showing the size distribution of
G-NPs passivated with citrate at pH 4.5

4.3.2.3. Investigation of Room Temperature G-NP Stability as a Function of pH and time: A
Dynamic Light Scattering (DLS), Zeta Potentiometry (ZP) and UV-Vis Study on the

Colloidal G-NPs Solution

The particle size and the charge of the G-NPs was observed, at room temperature, by
dynamic light scattering (DLS) and zeta potentiometry, (ZP) respectively, over a pH range of 3-7
over 6 hours. By way of example Figure 4.5 displays the graphical raw data for the DLS and ZP

data at pH 4.5 at t =0 h, revealing an average diameter of 16 + 2 nm with a surface charge of -43
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+ 2 mV.3* Thus, one can infer that in a colloidal solution at pH 4.5 the particles are supporting a
sufficient surface charge to prevent aggregation due to electrostatic repulsion between the

particles. 3323
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Figure 4.5: DLS of relative a) number, b) volume, c) intensity distribution, and d) Zeta Potential of synthesised G-
NPs at pH 4.5 and room temperature

The G-NPs are stabilized by the citrate anions, resulting from the conjugate bases of the carboxylic
acids. Thus, the carboxylate groups (conjugate bases of the carboxylic acids) on the G-NPs,31:36

are providing the electrostatic repulsion between the G-NPs3” (Figure 4.6). Therefore, the degree
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of surface anionic charge on the G-NPs will controlled by (i) the pH of colloidal the G-NPs solution,
and (ii) the pKa of the carboxylic/carboxylate groups.1>14153438 Thys, at low pH (below the pKa of
the carboxylic acids groups) of the colloidal solution, the surface charge on the G-NPs (Figure 4.6a,
top structure) will be depleted leading to aggregation in solution. Whereas at high pH (above the
pKa of the carboxylic acids groups) (Figure 4.6c, top structure), there will be sufficient
deprotonation of the carboxylic acid moieties to enable a surface anionic charge to

electrostatically stabilise the G-NPs.

a) Low pH b) Intermediate pH c) High pH

G-NPs.

o B / .
Little electrostatic repulsion Electrostatic repulsion & Agr/eater'electrostatic repulsion

I Weak adsorption I Strong adsorption . I Weak adsorption
FEFPFFEFE SFSFOSOFOS S e e
FEEFEHEE $2080808% *00%

Aggregation No aggregation No aggregation

& + Represent neutral and positive charges of amine and ammonium-terminated SAM respectively

& — Represent neutral and negative charges of carboxyl and carboxylate-terminated citrate respectively

Figure 4.6: Schematic showing the charges present on citrate-passivated G-NPs deposition on the amine and
ammonium-terminated SAM surfaces at five different pHs (low, intermediate and high pH) at room temperature

Thus, zeta potential (ZP), dynamic light scattering (DLS) and UV-Vis were used to study the impact
of pH and time on the G-NPs colloidal solution stability over six hours. Figure 4.7a-c show the
time dependent response (over six hours) of the zeta potential, diameter and polydispersity of

the G-NP colloidal solutions as the pH was varied from 3-7.
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pH < 4.5: At pHs 3 and 4 the negative colloidal G-NPs zeta potential is reduced
sigificantly43639 (Figure 4.7a) to below or just at ~~30 mV, relative to pH 4.5 where the zeta
potential was ~-43 mV. Concomitantly, it can be seen that at pHs below 4.5 the average particle
size (Figure 4.7b) increases as pH is lowered and time increases, and has not plateaued at both
pHs even at six hours, reaching up to ~50 nm. This behavior suggests time-dependent particle
aggregation.'#%4% This behavior is congruent with the model proposed in Figure 4.6 as
protonation of the carboxylate groups manifests itself in a reduction of the surface anionic charge,
followed by the citric acid molecules detaching from the surface at pH 2,'34142 |eading to the G-
NPs no longer being electrostatically stabilized, and as such then will begin to aggregate,
displaying a growth in particle size as a function of time. Figure 4.7a shows that the zeta potential
is reduced at pH 3'43% and pH 4 between time 0-4 h, after which there is a ZP increase, which is
somewhat surprising, but the literature suggests this is due to the free citrates anions*? and/or
the chloride ions from adding HCl solution.*® Also, it can be seen that the aggregation at pH 4 is
lower than at pH 3 due the lower amount of HCl added.3%3%44 The UV-Vis data supports this model
of aggregation, (see below).

pH 4.5 and greater: pH 4.5 appears to give the most stable colloidal solution, despite the
all the higher pHs maintaining a significantly negative zeta potential of approximately -43 mV or
greater.'*3° Thus, at pHs 5-7, in contrast to pH 4.5, the particulate size appears to increase as
function of increasing time, up to 30 nm, but is still significantly less than at pHs 3 and 4. In
addition, these particulates stabilise over six hours as shown by the plateauing of size as a function

of time, unlike at pHs of 3 and 4 where the particulate size increases significantly over the 6 h.
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Figure 4.7: a) Zeta Potential, b) Dynamic Light Scattering and c) poly dispersity for G-NPs solution at different pHs
and time
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The time dependent UV-Vis spectral analysis is congruent with the zeta potential and particle size
analysis (Figure 4.8). One can observe at pH 3 (and 4, though less so) a drop off in the absorption

of the surface plasmon band at 520 nm, and a maintenance of it at pH 4.5 and above (Figure 4.8a).

The reduction in the maximum adsorption at pH 3 sees a concomitant rise of a new broad
absorption band at Amax= "680 nm (Figure 4.8d,e), which is related to the aggregation and fusing

of the of G-NPs cores.*>™#’

Interestingly, it should be noted that although at pHs 5-7 a relatively small increase in particle
size was noted by DLS, there is no reduction of the surface plasmon band (520 nm), or any
absorption band forming at 680 nm. Thus, one might conclude that these particles are stable at
higher pHs, and the ‘apparent’ small increase in particle size by DLS is not due to aggregation, but

some other physical parameter,3947,48
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In the G-NP/surface self-assembling experiments reported later the total immersion time
for G-NPs to self-assemble on the Alk and Ar-amine SAM was 2 (Figure 4.8d). Thus, the results
obtained from ZP and DLS at 2 h are plotted in Figure 4.9Error! Reference source not found..
Clearly, any departure from pH ~4.5 leads to some form of particle aggregation (DLS), which is
most marked at lower pHs where the ZP also reduces markedly. This behavior is in good
agreement with the UV-Vis data, where only at pHs 3 and 4 do you see a decrease in the surface
plasmon at 2 hours, and indeed the tell-tale emergence of the surface plasmon at 680 nm at 6 h

(Figure 4.8e) for the particles at pH 3 suggesting G-NPs fusing.

A

ZP (mV)
3

0 . ; . ; . ; . ;
0 10 20 30 40 50
Particle size (nm)

Figure 4.9: The Zeta Potential and Particle Size measurements for G-NPs solution after 2 h of changing the pH at
different values
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4.3.3. Characterization of the deposition of G-NPs on Alk and Ar-amine SAM at
different pHs: Atomic Force Microscopy and QCM Analysis

Figure 4.6 highlights not only how the electrostatic interactions between the G-NPs will
be modulated by the pH of the colloidal solution, but also how their adsorption onto an -NH,/-
NHs* terminated surface will be modulated. At lower pHs the surface will be cationically charged,
as result of protonation of the amine (Figure 4.6 a, lower structure) and, at higher pHs the surface
will be neutral (Figure 4.6¢, lower structure). Clearly, the adsorption between the G-NPs and the
surface will be dependent on (i) the pK; of the surface, (ii) the pKa of the absorbing species, and
the pH of the subphase. As such the absorption will be maximized at some intermediate pH where
their electrostatic attraction between the anionic charge on the G-NPs is matched by the cationic

charge of the surface.

In order to investigate this phenomenon atomic force microscopy (AFM) and a quartz crystal
microbalance were used to investigate the adsorption behavior of the G-NPs to the Alk-amine
and the Ar-amine SAM, as a function of the pH of the G-NPs colloid solution. Clearly the two
amines have different pKas (Alk-amine = ~7.5,21:222545-52 Ar-amine = ~5.91%°354), and as such will

have different G-NPs adsorption profiles.

4.3.3.1. Atomic Force Microscopy (AFM) Analysis

In this section the Alk-amine and Ar-amine SAMs surfaces, as well as a bare Au surface,

before and after immersion in the G-NPs dispersion for 2 h, at pHs between 3 and 7, were
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studied.'?>1%1> The surfaces were imaged by AFM to investigate the final coverage. For all
surfaces, 3-4 samples were analysed. A 2 h immersion time was chosen based on the fact that
for all pHs the divergence in the change of the surface plasmon absorbance from t=0 to t=2h was
minimal (Figure 4.8a,d), though clearly at pHs 3 and 4 the ZP has dropped considerably at 2 h
(Figure 4.9) relative to the higher pHs studied. Therefore, certainly beyond 2 h aggregation was
occurring, and upto 2 h further examination was needed, in order to determine a time frame in

which to sense the G-NPs as function of time with the QCM and then via the MEMS sensor.

Initially bare gold substrates were immersed in the G-NP solution at pHs 3, 4 and 5 (Figure
4.10) for 2 h. Clearly, there is no noticeable deposition of G-NPs at pH 4 and pH 5, whilst at pH 3
there is considerable deposition. As observed in Section 4.3.2.3, at pH 3 the G-NPs are aggregating
considerably within the dispersion over 2 hours, and therefore this deposition at pH 3 is related
to the aggregation of G-NPs, whilst at pHs 4 and 5 this is not the case, and very little non-specific
deposition is observed.>> As noted earlier in Figure 4.6a the lowering of the pH protonates the
carboxylate moieties, and as a result the negative charge is reduced leading to the G-NP
aggregation.*1°%>7 Therefore, deposition of G-NPs at pH 3 is due to the agglomerates of G-NPs
settling at the bottom of the vial and on top of the Au substrate. The aggregation of the G-NPs in
the colloidal solution also happens at pH 4, but the impact is much reduced over 2 h, than it is at

pH 3 (Figure 4.8).
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Figure 4.10: Deposition of G-NPs on bare Au at pH 3, pH 4 and pH 5, and 2 h immersion (control experiments)

4.3.3.1.1 Deposition of G-NPs on Alk-amine and Ar-amine SAM at pHs 3-7 (2 h Immersion)

The AFM images in Figure 4.11 show the self-assembled G-NPs on the Alk-amine SAM after
2 h immersion at pHs 3 through to 7.

The number of particles per unit area is tabulated in Table 4.1 as function of pH.
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Figure 4.11: 5 x5 um AFM images for G-NPs deposited onto Alk-amine SAM at different pHs (2 h)

Table 4.1: The number of G-NPs deposited on Alk-amine and Ar-amine SAM at pH 3—7 obtained by AFM (Figure

4.11 and Figure 4.13)

No. of G-NPs/25 um?

pH Alk-amine SAM Ar-amine SAM
3 2820 +220° 3685+ 127°
4 3631 +350° 1960 + 129°
5 5800 + 250 2650 + 140
6 2300+ 63 610 + 105
7 2103 +55 100 + 12

@ Multilayer structure, see Figure 4.11 and Figure 4.13

Clearly, Figure 4.11 shows a qualitative higher density of particles at pH 3-4 than pH 5, yet the

guantitative analysis in Table 4.1 implies the density at pHs 3 and 4 is lower than pH 5. To
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rationalize this anomalous result, one needs to examine the images in at high resolution, as shown
in Figure 4.12. At this higher magnification one can see that at pHs 3 and 4 the particle density is
indeed high, not because of a full monolayer formation, but because of multilayer formation, and
particles are overlayed on each other. Thus, the image capture software was only capturing the
top layer of nanoparticles, resulting in an apparent low particle density for pHs 3 and 4 in Table

4.1.8
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Second layer 0
First layer P iy ones o e ewm an o e

35 nm

PRV
»ow

[um]
i
»

3

® Vob

ﬁ’

[um] (bm) [um)

Figure 4.12: Expanded AFM images from Figure 4.11 at pH 3, 4, and 5 on Alk-amine SAM. At pHs 3 and 4 one can
observe G-NPs on top of each other, presumably because of particle aggregation in the dispersion prior to
deposition/self-assembly on the surface, whereas at pH 5 the particles are not aggregated

The same conditions were used to self-assemble G-NPs on Ar-amine SAM (Figure 4.13), and the

particle density for each pH is also tabulated in Table 4.1.
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Figure 4.13: 5 x 5um AFM images for G-NPs deposited onto Ar-amine SAM at different pHs (2 h)

Once again it can clearly be seen that at pHs 3 and 4 there are larger aggregates depositing on

the surface, whilst at pHs 5 and above discrete particles can be observed. Thus, it could not be

rely on the data at pHs 3 and 4, in terms of using it to determine the number of particles being
deposited on the SAM at 2 h.

The data displayed in Figure 4.14, shows the number of particles per unit area as a function of
pH. Bearing in mind that at pHs 3 and 4 at extended immersion times the mechanism of
deposition is not the same as at higher pHs (aggregation followed by deposition), then one can

see that at pH 5 and above where only (sub)monolayer G-NPs are depositing:

1. the number of particles self-assembled decreases for both amino terminated

SAMs as pH increases, and
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2. The number of particles per unit area is greater for the Alk-amine SAM at
corresponding pHs.

From the pKas of Alk-amine = ~7.5,%1:222>4952 Ar-gmine = ~5.91%°35% one can deduce the cause

of the decreasing amount of attachment of G-NPs on the amine SAMs with increasing pH (pH

5-7). The degree of SAM deprotonation will increase with increasing pH, subsequently leading

to less favourable attachment conditions. In fact by applying Henderson-Hasselbalch

equation,®>® one can calculate that 99% of the amine SAMs will be deprotonated at pH =~9.5
and ~7.9 respectively. Although, this explains the decrease in G-NPs attachment between pH

5 to 6. However, as the G-NPs attachment remains similar between pH 6 and 7, this suggests
there must be another interaction involved in the self-assembly of the G-NPs to the surface.

In relation to the Ar-amine SAM the situation is similar in that the number of particles

decreases with increasing pH, but there is a reduction over rang pH 5 to pH 7, where it almost

falls to zero. This behavior tells us that in contrast to the Alk-amine SAM there is no significant
other interaction holding the G-NPs to the surface. Clearly this difference in behavior must be a

result of the pK; difference of the Alk-amine SAM relative to the Ar-amine SAM. Indeed, one

would expect the Alk-amine SAM to be more protonated than the Ar-amine SAM, and therefore

have greater number of particles self-assemble per unit area. However, it is not clear why the

Alk-amine SAM would have G-NPs adhered to it after full deprotonation, relative to the Ar-amine
SAM. Factors that will play into this differential behavior could potentially be differences in

hydrogen bonding capacity of the Alk-amine relative to the Ar-amine, and the more hydrophobic

nature of the Ar-amine SAM, relative to the Alk-amine SAM (Table 3.1, Chapter 3).
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Figure 4.14: A histogram showing the difference between the number of G-NPs deposited on Alk and Ar-amine at
different pHs (using AFM), 2 h)

Further analysis into the forces present between the charges of the G-NP and the SAM
and using a combination of Coulomb’s law (equation 4.1) and Henderson-Hasslebach
equation,®V®2 it is possible to predict the attraction between the two surfaces. Assuming a pKa
value of the Alk-amine of ~7.5,21222549-523nd a pK, value of the citrate as 3.13, 4.76 and 6.40. An
estimation of the magnitude of the attractive or repulsive interaction between them in solution
at various pH is shown in Table 4.2.°86263

F = Ke q1q2/r? (Equation 4.1)
Where k. represents the Coulomb’s constant (~9.0 x 10° N.m?/C?), g: and gz represent the signed
magnitude of the charges, and r (5 nm, estimated) represents the distance between the charges,
and F represents the force of the interaction between the charges. F is negative (attractive) when
the gz and g2 have opposite signs and it will be positive (repulsive) when gz and g; signs are the

same.
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Table 4.2: Electrostatic force between citrate passivated G-NPs and Alk-amine SAM deposited on Au surface (5
nm as separated distance) in solution at various pH ranging from 3-7 and at room temperature. Assuming pKa
values of citrate (3.13, 4.76 and 6.40), and pK. = ~7.5 for Alk-amine SAM

Alk-amine SAM/Au? Citrate passivated G-NPs®
pH g1 (C) x 1072 g2(C) x 1072 F(N) x 10722
3 99.997 44.320 4.095
4 99.968 103.316 9.542
5 99.685 165.972 15.286
6 96.935 222.899 19.963
7 75.975 279.338 19.608

9 It is assumed that the concentration of Alk-amine SAM is 0.1 mM of thiol solution which was used to prepare
this SAM.

b1t is assumed that the concentration of citrate passivated G-NPs is 0.78 mM which was used to prepare G-NP
colloidal solution.

The largest charge value is seen at pH 6. At this point most of the citrate is triply deprotonated.
As pH increases above this point it approaches the pK; value of the ammonium Alk-amine, thus
the ammonium moieties are deprotonated and hence the number of amine moieties (no charge)
present on the surface increases. Therefore, the overall charge of the system decreases, and thus

the force decreases.

4.3.3.1.2 Recyclability of the Alk-amine and the Ar-Amine SAMs

As the deposition of the G-NPs on Alk-amine and Ar-amine SAMs relies upon protonation
states to induce electrostatic interactions, in principle it should be possible to have a recyclable
process, whereby the G-NPs adhered to the surface can be removed by raising the pH, and then
re-adhered by lowering the pH.

To investigate whether the surface could be reused, a set of G-NPs deposited on the Alk-
amine functionalized surfaces (deposited at the optimum pH 5) were immersed in aqgueous NaOH

(200 mM ) solution for 2 h. After immersion the SAM surface was washed with copious amounts
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of UHQ water then the Alk-amine was reactivated again by immersion in aqueous HCI (500 mM,
pH~1) for 2 h to reprotonate the amine groups. After immersion, the SAM surface was washed
with copious amount of UHQ water modified to pH 5 and then immersed in fresh G-NPs solution
for 2 h at pH 5. AFM was used to image the surface after each step and the results are shown in

Figure 4.15. It can be seen clearly that the deposited G-NPs can be removed, and the SAM surface

can be reactivated.
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Figure 4.15: 5 x 5 um AFM images of deactivation of Alk-amine SAM for new deposition of G-NPs at pH 5

Similar behavior was observed for Ar-amine SAM at pH 5 (Figure 4.16). However, on both
SAMs the coverage of the deposited G-NPs after activation was (Alk-amine 2870 + 200 NPs/25
umZand Ar-amine 1230 + 95 NPs/25 um?) lower than the first time (Alk-amine 5800 + 250 NPs/25

um?2 and Ar-amine 2650 + 140 NPs/25 pum?). This finding confirms that the amine-functionalized
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SAMs can be reused and hence provide a promising system for sensing nanoparticles.
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Figure 4.16: 5 x 5 um AFM images of deactivation of Ar-amine SAM for new deposition of G-NPs at pH 5

4.3.3.2. Quartz Crystal Microbalance (QCM) measurements

QCM was used to measure the absorption of G-NPs deposited on Alk-amine and Ar-amine SAM
at different pHs (4, 4.5, 5, 5.5, 6) as function of time. It should be noted that:

1. initial experiments at pH 3 resulted in the deposition of G-NPs aggregates inside
the plastic tubing [Pump Tubing (ICP), Yellow/Blue/Yellow, Heat treated,
temperature range (-50° to +74°C), medical grade PVC, and High chemical
resistance (particularly milk acids, alkalis and salt solutions), and is highly

recommended for concentrated and diluted solutions of HCl and NaOH], that was
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being used to deliver the particles to the QCM chip, backing up the results in
section 4.3.2.3 where aggregation was observed in the AFM experiments. Thus,
no further experiments at pH 3 were carried out.

2. at pH 7 there was little evidence of G-NPs deposition on the QCM (see Appendix
B2, Figure B2.1).

Therefore, pH 4.5 and pH 5.5 were added to the values of pHs studied in the QCM analysis
presented in this section to follow the effect of pH on G-NPs deposition.

Figure 4.17 presents the G-NPs deposition on the Alk-amine and Ar-amine SAM at pH 5 on the
QCM sensor (fundamental frequency of 10 MHz). The method on deposition and sensing was:

1. UHQ water at pH 5 was injected (60 pL/min) for 20 mins to obtain a stabilized
baseline signal,

2. Followed by the injection (60 uL/min) of the G-NP dispersion at pH 5 for 1 h, by
which time the QCM response had plateaued, and taken as maximum deposition
of the G-NPs,

3. Followed by the injection (60 pL/min) of UHQ water at pH 5 to remove any
physisorbed layer from the surface for 40 mins.

The final QCM response was a drop in resonant frequency of Af = -944 Hz. Using the Sauerbrey®*
equation (Equation 4.2) the mass of G-NPs deposited on the two amine can be calculated.

Am = -CAf (Equation 4.2)
Where C represents the mass sensitivity constant of quartz crystal sensor (4.5 ng/Hz.cm?), fois the

fundamental frequency (10 MHz), and Af represents the frequency change (fa — fo), where f;,
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represents the frequency upon analyte binding.
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Figure 4.17: QCM Response of G-NPs adsorption on Alk--amine SAM by QCM at pH 5 and room temperature,
together with a schematic highlighting the methodology

A control experiment was performed to investigate the deposition of G-NPs at pH 5 on

bare Au (pH 5 was chosen due to this pH represents the optimum pH for G-NPs deposition). Figure

4.18 confirms that very few particles attached to bare Au and the number of these particles can

be neglected.

162



a) Bare Au b) G-NPs/Bare Au

35nm

[um]
[um]

o

[bm] A [vm]

Figure 4.18: 5 x 5 um AFM images of a control experiment a) bear Au, and b) of depositing G-NPs at pH 5 on bare
Au of a QCM-sensor

4.3.3.2.2 QCM frequencies of G-NPs deposited on Alk-amine and Ar-amine SAM at different

pHs

The deposition of G-NPs at different values of pHs (4, 4.5, 5, 5.5 and 6) on both Alk-amine
and Ar-amine SAMs were followed by the reduction in resonant frequency of the QCM as function
of time, and in addition the QCM sensor surfaces were imaged using AFM (Figure 4.19 and Figure
4.20, respectively) at the end of each experiment.®®
For the Alk-amine SAM the largest response was observed at pH 5% (Figure 4.21), with a waning
frequency increase either side of pH 5, with the exception of pH 4, in line with the conclusions
found earlier with respect to particle aggregation at pH 4 and 3.

It is noteworthy to see that
(i) the time required for a complete binding between citrate passivated G-NPs and amine

groups-terminated SAM is “20 min (Figure 4.19a and Figure 4.20a), which is shorter than the time
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(2 h) published from previous studies, and which was used for the AFM experiments earlier in this
chapter.1?141>

(i) it can be seen in the static deposition AFM images (Figure 4.12, pH 4) compared to
these dynamic QCM deposition AFM images (Figure 4.19b, pH 4) that the G-NPs deposition and
degree of aggregation on the Alk-amine SAM is much less and presumably due to both the
reduced contact time between the G-NPs dispersion and the Alk-amine SAM functionalized in the
QCM experiment, and the dynamic nature of the flow of the G-NP dispersion across the QCM
sensor chip, which will inhibit the sedimentation of any aggregated G-NPs.
The same procedure for deposition of G-NPs on the Alk-amine SAM using QCM was followed to
investigate the changes in the frequencies of QCM-sensor after deposition of G-NPs on the Ar-

amine SAM and these surfaces were also analyzed using AFM (Figure 4.20).
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Figure 4.19: a) Measured frequencies by QCM, and b) combined 5 x 5 um AFM images of G-NPs deposition on

Alk-amine SAM at different pHs
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The analysis of the Ar-amine SAM system is consistent with the Alk-Amine SAM, with one
clear difference being the change of frequency at pH 4 is slightly greater than pH 5, which is
related to a greater degree of G-NP aggregation (Figure 4.20b), on pH 4, Ar-amine SAM compared
to Figure 4.19b, pH 4, Alk-amine SAM, which may have resulted from a slightly lower pH than 4
being used in the Ar-amine SAM experiment. Moreover, interestingly a kink is observed for the
Ar-amine SAM at pH 4 after 25 min of G-NPs deposition (Figure 4.20). This kink is not observed at
other pHs as well as for the Alk-amine SAM at all pHs. From Figure 4.20, the presents of aggregates
can be observed which are not observed in the other AFM images corresponding to the different

pHs for both Ar-amine and Alk-amine SAMs.
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Figure 4.21a, shows the changes in the frequencies of G-NPs deposited on both amine
SAMs as a function of pH and it confirms that pH 5 represents the optimum condition for G-NPs

deposition, if it is assumed that the pH 4 systems are voided due to particle aggregation.
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Figure 4.21: (a) Change in frequencies upon G-NPs deposition on the Alk and Ar-amine SAM (1 cm?) as function of
pH on the QCM, and (b) number of G-NPs deposited on the Alk and Ar-amine SAM (25 um?) as function of pH on
the QCM (calculated via the Sauerbrey equation and scaled from 1cm? to 25 um?)
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4.3.3.3. Translating the SAMs Technology to the MEMS Micro-Paddle: Laser Vibrometer

measurements

As the maximum adsorption of G-NPs passivated with citrate was observed at pH 5, by both AFM
and QCM techniques, on the two SAMs, as well observing that the adsorption of G-NPs at pH 5
on the Alk-amine SAM was higher than the Ar-amine SAM, it was decided to use pH 5 conditions

on only the Alk-amine SAM when employing the MEMS micro-paddle.

The micro-paddles were fabricated using Focused lon Beam (FIB) and one is shown in Figure
4.22a. The micro paddle consists of a Silicon Nitride (SizNs, 500 pm?) membrane with a thickness
of "500 nm, and a "30 nm of Au ad-layer.®’” The dimensions of the micro paddle are shown in
Figure 4.22a. The Alk-amine SAM was formed under the conditions highlighted earlier in this

thesis.

Mass of Particles Adsorbed Via Laser Vibrometry: A single experiment was performed to
measure the resonance frequency of the micro-paddle covered with the Alk-amine SAM prior to
and after the deposition of G-NPs at pH 5, and the difference in the resonance frequency was
related to the mass of G-NPs.'%%8 For the frequency measurements purposes, the micro-paddle
was mounted in a glass vacuum chamber (0.001 mbar) and it was excited using an external
piezoelectric disc. The vibration was recorded using a laser vibrometer. Figure 4.22b plots the
change in resonant frequency before and after G-NP self-assembly to the Alk-amine surface,
showing a change resonance frequency (Af) for the micro-paddle of 6.5 kHz. The mass of

deposited G-NPs on Alk-amine SAM at pH 5 was calculated to be 10.46 pg and according to the
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Equation 2.8, where the mass sensitivity (S) of the micro paddle is determined to be 1.61 fg/Hz.5%7°
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Figure 4.22: a) SEM image of micro paddle, and b) laser vibrometer signals of a micro paddle before and after G-
NPs deposition on Alk-amine SAM at pH 5

Mass of Particles Adsorbed Via SEM Image: The deposition of G-NPs on the micro-paddle
covered with the Alk-amine SAM before and after the self-assembly of the G-NPs was captured
using Scanning Electron Microscopy (SEM). The SEM image in Figure 4.23a represents the surface
of micro paddle before the G-NPs deposition, and Figure 4.23b after G-NPs deposition at pH 5,
and from which the number of G-NPs was calculated to be 840 + 42 NP/um? (calculated from
three different areas). Based on the total area of micro paddle which is “352 um? (716 x 22 pum),
the total number of G-NPs deposited on the Alk-amine SAM is 2.957 x 10° NPs, which is equivalent
to 10.08 + 0.50 pg, assuming the mass of a single 14.50 nm diameter G-NP is 3.41 x 10''” g, which

is very similar to the mass calculated by laser vibrometry (10.46 pg).”®
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Figure 4.23: SEM image of a) before, and b) after G-NPs deposited on an Alk-amine SAM functionalized surface of
a micro paddle

4.4. Conclusion

Using a modified Frens procedure, a diluted dispersion of citrate passivated G-NPs has been
prepared, and the results from UV-Vis, DLS and TEM confirm that the G-NPs have a pseudo-
spherical shape with an average diameter of 15 nm and a narrow SPR spectra at Amax = 520 nm.
A study of particle stability as a function of pH for the G-NPs solution has been performed using
ZP, DLS and UV-Vis to observe the degree of G-NPs aggregation in reveal that G-NPs aggregate at
pH 3 and pH 4 relative to pH 5 and greater.

Using AFM and QCM, the optimum conditions of G-NPs deposition on the Alk-amine and Ar-amine
SAM have been investigated, and the maximum coverage of G-NPs has been found to be at pH 5.
The coverage of G-NPs on the two amine SAMs at pH 3 and pH 4 is related to the aggregation of

particles in the dispersion prior to deposition on the surface, due to the reduction in the
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electrostatic repulsion between the particles, as a result of the reduction in the negative charge
of carboxylate groups of the citrate anions (protonation).

G-NPs passivated with citrate have been deposited at pH 5 on Alk-amine SAM functionalized
micro paddle (MEMS resonator) and the resonance frequencies before and after deposition of
the paddle in the solution of G-NPs at pH 5 were measured and the mass of the deposited G-NPs
was calculated. The results obtained from this study revealed that this system is an excellent

model for use as resonators in the field of MEMS devices for sensing nanoparticles.

4.5. Future work

The prepared system in chapter 4 successfully detected the mass of G-NPs and the future
work will be to increase the sensitivity of the micro paddle by reducing the thickness, changing
the dimensions of a micro paddle®7%7! or increasing the mechanical Q factors ( increase the
quality of the resonance signal from the background noise)’>73 in order to detect the masses of
analytes which are lighter than G-NPs. For example, the micro paddle with mass sensitivity of 1.61
fg/Hz and dimensions ~352 um? (~16 x ~22 um)’° which was successful to detect G-NPs and was
not able to detect the deposited mass of NeutrAvidin on binary SAM ( chapter 2) with laser
vibrometer setup even though the sensitivity is close to predicted sensitivity of 1.25 fg/Hz.”°
Therefore, another micro paddle with mass sensitivity of 55 ag/Hz and dimensions ~80 um? (~8 x
~10 um)® 7! was used to predict the minimum and maximum deposited mass of NeutrAvidin; and
the number of NeutrAvidin molecules deposited on this micro paddle were calculated to be

6.90 x 107 Neutravidin/cm? and 3.99 x 10'2 Neutravidin/cm? respectively.
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4.6. Experimental

4.6.1. a. Chemicals Supplied

e Gold (Ill) chloride trihydrate was purchased from Sigma-Aldrich with purity 99.9%.
e Sodium citrate tribasic dihydrate was purchased from Sigma with purity 99.0%.
e HNO399% (w/w) was purchased from Sigma-Aldrich.
The rest of chemicals which were used in this study for cleaning Au substrates or for preparing

the two amine SAMs, are stated in chapter 2 (Section 2.10.1) and chapter 3 (3.7.1).

4.6.2. b. Au Substrates Supplied

1. The polycrystalline Au substrates for AFM are the same type of Au which were used in
chapter 2 (Section 2.10.2). This type of Au substrate was used to deposit the two amine
SAMs on and after to deposit G-NPs on the two SAMs. The deposited G-NPs on the two
amine SAMs were characterised by AFM.

2. The Au substrate for QCM-sensor is the same which is used in chapter 2 (Section 2.10.2).
This type of Au substrate was used to deposit the two amine SAMs on, thereafter to
deposit G-NPs on the two SAMs. The deposited G-NPs on the two amine SAMs were
characterised by AFM.

3. The Au substrate for micro paddle was prepared by a PhD student from Mechanical
Engineering, University of Birmingham. This Au substrate consists of a “30 nm of Au layer,

on top of a "500 nm SizN2 membrane, and had lateral dimensions of 7 x 7 mm. This type
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of Au substrate was used to characterize the SAM and G-NPs by laser vibrometer.

4.6.3. SAM formation

4.6.3.1. Cleaning Au substrate for AFM and QCM Prior to SAM formation of the two amines

The same procedure was followed to clean the Au substrate for AFM and QCM which was
described in chapter 3 (Section 3.7.3.1). The Au coated paddle was cleaned via exposure to UV
plasma (USA, Model No. 342-220) for 1.5 h, and not piranha solution due to the possibility of
damaging the membrane of SisNs of the paddle. After cleaning, the Au surface was washed with
copious amount of HPLC EtOH, and immediately immersed in 0.1 mM of degassed HPLC ethanolic

solution of Alk-amine thiol.

4.6.3.2. Preparation of Alk and Ar-amine Self-Assembled Monolayers

The same procedure was used to prepare a monolayer of the two amine SAMs on the two
types of Au substrates (AFM, QCM and Laser Vibrometer) as was described in chapter 3, Section

3.7.3.2.

4.6.3.3. Preparation of gold Nanoparticles passivated with citrate

All the glassware before usage was immersed in Aqua regia solution3° (3:1, concentrated
37% HCl: 99% HNOs) for ~1 h at room temperature, (Caution: Aqua regia solution is an extremely
corrosive), followed by rinsing with a copious amount of UHQW and finally dried in an oven at
150 °C. The gold nanoparticles passivated with citrate (G-NPs) colloidal solution were synthesised

by a modified method to the one described by Frens?® (diluted method). Gold(lll) chloride
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trihydrate (ChloroAuric acid) (10 mg, 0.025 mmol) was dissolved in UHQW (100 mL) and forming
a pale-yellow solution which was heated under reflux for 1 h, with stirring. Sodium citrate tribasic
dihydrate, HOC(COONa)(CH2COONa);- 2H,0, (23.5 mg, 0.08 mmol) was dissolved in UHQW (2 mL)
and added rapidly to the vortex of the refluxing solution. Within 1 min the pale-yellow mixture
converted first to a colorless solution, then to dark violet, and then finally to burgundy after 2
min. The dispersion was left heating and rapidly stirring under reflux for 5 mins and then rapidly
stirred until the dispersion had cooled to room temperature. A purification step was performed
after cooling the solution using a centrifuge (at 3500 rpm for 10 min) to remove larger sedimented
material and recovering the supernatant with the dispersed G-NPs. The centrifugation was
repeated three times and the supernatant retained. The purified G-NPs solution was stored for
further characterisation and application in the refrigerator (2 °C) at pH 4.5.147475  The particle

diameter was 14.50 £ 0.95 nm (TEM).

4.6.3.4. Deposition of G-NPs on Alk and Ar-amine SAMs at different pH

After completing the steps in the section 4.6.3.3, the Au substrate then was immersed for
2h in (3 mL) G-NPs solution which was modified with range of different pHs (3-7), (Figure 4.24)
by adding 10-50 pL of stock solution (50 mM HCl or 50 mM NaOH). The change in the pH values
of G-NPs solution were monitored with a digital pH meter (IQ 150 Scientific Instrument). After
immersion, the Au substrate was removed from the vial and was rinsed with UHQW which was
modified to the above range of pHs, dried under a stream of N gas, and then stored, for
characterisation by AFM, for 24 h in the freezer (-20 °C) in a clean dry vial, which was capped and

sealed with parafilm and covered in foil.
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Figure 4.24: Deposition of G-NPs on Alk-amine SAM for 2 h at room temperature

4.7. Surface characterisation

4.7.1. Atomic Force Microscopy (AFM) measurements

A NanoWizard Il AFM (JPK Instruments, UK) was used to image the topography of the
surfaces before and after deposition of G-NPs onto one of the two amine SAMs, using non-contact
or tapping mode in air, using an uncoated Si cantilever (PPP-NCL, Windsor Scientific, UK, nominal
length 225 + 10 um, width 38 + 7.5 um, thickness 7 + 1 um, tip height 10-15 um, tip radius <10
nm and spring constant 21-98 N/m. The scan size was 5 x 5 um, employing a pixel density of 512
x 512. Three to four Au substrates were analysed, with and without G-NP deposition, scanning

six areas on each, in order to observe the uniformity of the distribution of the deposited G-NPs.
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4.7.2. Quartz Crystal Microbalance (QCM) measurements

All QCM were performed on OpenQCM (Novaetech, Italy) Figure 4.2. A one flow cell with
two independent parallel flow channels were used to carry out the G-NPs binding experiments. A
gold-coated AT-cut QCM-sensor, covered with one of the two amine SAMs was installed on the
QCM holder (HC-48/u). All the experiments were performed at a flow rate of 60 pl/min. The
UHQW and was modified with different pHs (4, 4.5, 5, 5.5 and 6), by adding 50 mM of HCI or 50
mM of NaOH, was flowed (60 pl/min) over the SAM for 20 min to obtain a baseline, followed by
G-NP solution (60 pl/min) for 60 min, followed finally by the UHQW was modified with different

pHs (60 pl/min) for ~40 min to wash any physisorbed G-NPs from the surface. This experiment

was repeated 3-4 times for reproducibility of the QCM measurements.
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Figure 4.25: Schematic of QCM system for G-NPs deposition on Alk and Ar-amine SAM at different pHs
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4.8. G-NPs colloidal solution characterization

4.8.1. Transmission Electron Microscopy (TEM)

The obtained images from transmission electron microscopy (TEM) for G-NPs passivated
with citrate were observed using an electron microscope (JEOLJEM-1200EX and a JEOL JEM-2100)
fitted with a Gatan camera. Two samples of TEM Formvar/carbon film-coated Cu-grids with 200
mesh (Ager Scientific) were prepared by applying one drop (10 puL) of synthesised G-NPs solution,
which was stabilized at pH 4.5'%74 (at this pH G-NPs colloidal solution is stabilized for around one
year without any sing of aggregation) (see Appendix B, Figure B1.1), on each grid and they were

left to be dried under vacuum for 24 h.

4.8.2. UV-Vis spectrophotometer measurements

The obtained spectra of UV-Vis were observed from a Varian Cary 50 UV0902MO053 UV-
Visible spectrophotometer, which was operated for all samples G-NPs passivated with citrate at

wavelengths 340-800 nm and using a 1 cm length of quartz cuvette.

4.8.3. Dynamic Light Scattering (DLC) measurements

DLS measurements were performed using a Particle Analyzer (Delsa™ Nano Submicron
Particle Size and Zeta Potential) equipped with a laser He-Ne (3.0 mW, 633 nm) and photodiode
detector. After the laser hits the particles, the intensity distribution of the light scattered by these
particles will be detected by the detector and the particle sizes will be generated, and these

results were monitored using Delsa™ Nano Ul software version 3.73. The setting of experimental
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conditions was performed manually and UHQ water was used as a solvent due to the UHQ water
being used to prepare the G-NP colloidal solution. All the measurements were achieved ina 1 cm
path length quartz cell and temperature set at 25 °C. The temperature was controlled by a
thermo-electric Peltier heater/cooler element. The DLS machine was allowed to settle for 1 min
between the sample being placed in the sample chamber and the measurements being taken, to
allow the sample to equilibrate at 25 °C. The cell was cleaned by using of Aqua regia solution,
washed with UHQW followed by HPLC ethanol and dried with N gas. After cleaning, the G-NPs
solution at the required pH was injected immediately and slowly in the cleaned cell to prevent
the formation of air bubbles, which would interfere with the measurements. After each

measurement, the procedure of cleaning the quartz cell was repeated for each pH.

4.8.4. Zeta Potential (ZP) measurements

ZP was measured in the same machine as DLS, and same conditions to the DLS experiments
were used to measure the ZP for each pH of the G-NP solution. Also, the same procedure of
cleaning the quartz cell was followed. The only difference is the principle of the required
measurement for each technique. For ZP no laser is used, and instead positive and negative
electrodes are used to measure the charge of the G-NPs surfaces after changing the pH of the G-

NPs solution.
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APPENDIX A

Appendix Al: Shows the calculated XPS data of N 1s/Au 4f ratio of TEG and BUT SAMs (pure and

8 mixed) deposited on Au surface at R.T and mole fraction of X*BUT on the Au surface.

Table Al1.1: Shows the calculated XPS data of N 1s/Au 4f ratio of TEG and BUT SAMs (pure and 8 mixed)
deposited on Au surfaces at R.T. and mole fraction of X*tYT on the Au surface.

X*BYT Surface N 1s/Au 4f x 107
0 0

27.0+£2.0 0.273 £0.024
29.0+£0.6 0.321 £0.036
47.0+£2.0 0.521 £ 0.090
58.6+1.0 0.591 £ 0.084
62.9+1.0 0.883 £ 0.057
66.0+0.5 1.045 £ 0.034
74.7 £3.0 1.037 £0.073
84.6+2.0 1.090 £ 0.038

100 0.679 £ 0.079
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Appendix A2: SPR response of NeutrAvidin deposition on 66 X*8UT for 2h.

Wash PBS Wash PBS
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Figure A2.1: Shows the SPR response for 66 X*8T SAM on Au surface at room temperature
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Appendix A3: Calculate the coverage of pure or mixed BUT and TEG SAM on Au surface, and the

number of biotin required to immobilize NeutrAvidin on pure or mixed BUT and TEG SAM.

Coverage of pure BUT and TEG SAM

The coverage of the pure BUT (Bgur) and TEG (B1es) on Au surface were calculated according to

the following equation A3.1

Osur = M/T (Equation A3.1)

M: represents the average thickness which was measured by ellipsometry for each SAM

T: estimated thickness of each SAM and can be calculated by using equation A3.2.

T = L*cos30 (Equation A3.2)

T: Estimated thickness of the BUT and TEG

L: Theoretical thickness of each SAM (BUT and TEG) which was calculated using ChemBio Draw

30: where 30 is in degrees, and assuming this is an appropriate angle for the SAM molecules if

present in a well-formed monolayer.

For the Au (111) surface, it is assumed that the packing density is four SAM molecules per nm?2.
Based on these information, and by applying equation A3.1 then A3.2, the Bgur and Bt on Au

surface is shown in table A3.1.

Table A3.1: shows the calculated Gsur and ©rec SAMs on Au surface

SAM L (nm) Cos(30) T (nm) M (nm) BOsam = (M/T) BOsamx 4 (nm?)
BUT 4.50 0.87 3.92 2.92+0.20 0.748 £ 0.05 2.99+0.10
TEG 3.10 0.87 2.69 2.21+0.10 0.83 £ 0.06 3.30+0.04
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Coverage of mixed BUT and TEG SAM

The coverage for mixed SAMs was calculated by using the ratios of the mixed SAMs which was
calculated by using the results from contact angle after applying the Cassie equation 2.2 (see table
2.3). Accordingly, multiply these ratios with the coverage of pure SAMs which was calculated

according to equation A3.2 and was reported in table A3.1, and the results are reported in table

A3.2.

Table A3.2: Shows the calculation of the coverage of the mixed BUT and TEG SAMs

XBYT Surface

Bsut X 4 (nm?)

XBUT Surface x (©sur x 4)

0 2.99+0.10 0
0.27 £0.02 2.99+0.10 0.807 £ 0.059
0.29 £ 0.006 2.99+0.10 0.867 £0.018
0.47 £0.02 2.99+0.10 1.405 £ 0.059
0.585 +0.02 2.99+0.10 1.749 £ 0.030
0.629 £ 0.01 2.99+0.10 1.884 £0.030
0.66 £ 0.005 2.99+0.10 1.973 £0.015
0.747 £ 0.03 2.99+0.10 2.234 £0.089
0.846 +0.02 2.99+0.10 2.533 £0.059

1 2.99+0.10 2.990 £ 0.024

Table A3.3: Shows the calculation of the coverage of the mixed TEG and BUT SAMs
X6 Surface Orec x 4 (nm?) XBYT Surface x [Orec x 4]
1 3.300+0.04 3.300+£0.023
0.73£0.02 3.300+0.04 2.409 + 0.066
0.71 £ 0.006 3.300+0.04 2.34£0.02
0.53+0.02 3.300+0.04 1.749 £ 0.066
0.415 £ 0.02 3.300£0.04 1.369 £ 0.033
0.371+£0.01 3.300£0.04 1.224 £ 0.033
0.34 + 0.005 3.300+0.04 1.122 £ 0.017
0.253£0.03 3.300+0.04 0.8349 + 0.099
0.154 £ 0.02 3.300+0.04 0.508 + 0.066
0 3.300+0.04 0
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Table A3.4: Shows the ratio of BUT required to immobilize NeutrAvidin

(BUT/cm?) x 104 (Neu/cm?) x 102 BUT/Neu
0 0.103 £ 0.025 0
0.807 + 0.059 0.702 £ 0.064 115.000 + 13.538
0.867 £ 0.018 0.853 + 0.089 101.653 +10.850
1.405 +0.059 2.030+£0.158 69.227 £6.128
1.749 + 0.030 2.160+£0.123 80.979 £ 4.830
1.884 £+ 0.030 2.310+£0.141 81.416 £5.118
1.973 £0.015 2.560 + 0.152 77.086 £ 4.600
2.234 +0.089 2.800+0.164 79.768 + 5.655
2.533 +£0.059 2.840+0.172 89.173 £5.779
2.990 £ 0.024 2.670+£0.226 111.985 £9.512

Table A3.5: Shows the ratio of BUT and TEG on the Au surface

(BUT/cm?) x 10 (TEG/cm?) x 104 BUT/TEG

0 3.300 +0.023 0
0.807 + 0.059 2.409 + 0.066 0.335+0.026
0.867 + 0.018 2.34£0.02 0.370 £ 0.008
1.405 + 0.059 1.749 + 0.066 0.803 + 0.044
1.749 + 0.030 1.369 + 0.033 1.277 £0.035
1.884 + 0.030 1.224 +0.033 1.542 +0.045
1.973 £0.015 1.122 +0.017 1.758 + 0.027
2.234 +0.089 0.8349 + 0.099 2.675 +0.308
2.533 +0.059 0.508 + 0.066 5.016 + 0.600
2.990 +0.024 0 0

197




Appendix A4: Synthesis of TEG which is used in chapter two as spacer

Chemicals and Materials. Commercially available chemicals and solvents were purchased from
Aldrich Chemicals and Fisher Chemicals and were used as received. Thin-layer chromatography
(TLC) was carried out on aluminum plates coated with silica gel 60 F254 (Merck 5554). The TLC
plates were dipped in potassium manganate dip and dried with a heat gun. Column

chromatographic separations were performed on silica gel 120 (ICN Chrom 32-63, 60 A).

NMR. 1H Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker AC 300 (300.13
MHz) spectrometer. 13C NMR spectra were recorded on a Bruker AV 300 (75.5 MHz) using
Pendent pulse sequences. All chemical shifts are quoted in ppm to higher frequency from Me4Si
using either deuterated chloroform (CDCls) as the lock, and the residual solvent as the internal
standard. The coupling constants are expressed in Hertz (Hz) with multiplicities abbreviated as

follows; s = singlet, d = doublet, dd = double doublet, t = triplet, g = quartet and m = multiplet.

Mass Spectrometry (MS). Low and high resolution Electrospray Mass Spectrometry was

performed on a micromass Time of Flight (TOF) instrument using methanol as the mobile phase.

Infrared Spectroscopy (IR). The IR spectra were recorded as thin solid films on NaCl discs using a
Perkin EImer 1600 FT-IR.
Elemental Analysis. Elemental analysis was carried out on a Carlo Erba EA 1110 (C H N)

instrument.
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Synthetic Procedures

TEG was synthesised through a multistep synthetic route (Scheme 1). The commercially available
tetraethylene glycol was alkylated with allyl bromide at reflux in basic conditions to obtain 1.
Compound 1 was converted to 2 in the presence of thioacetic acid and AIBN heated at reflux for

1 h. Deprotection of 2 was performed in mild acidic condition at reflux for 4 h to obtain TEGT.

(a) (®)
o < Ao
3 9 3
1 2

()
AcS ﬁ‘/oé/\o)/\/OH —> HS ﬁ\/o{/\o)’\/o"'
9 3 9 3
3 4

(TEG)

Scheme 1. Synthesis of TEG; (a) 11-Bromoundec-1-ene, NaOHq), reflux, 20 h, 79%, (b) Thioacetic acid, AIBN, PhMe,

reflux, 20 h, 80% and (c) 0.1 M HCI, MeOH, reflux, 4h, N, atm, 90%.
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Synthesis of TEG

1-Allylundec-11-oxy tetraethylene glycol (1). A mixture of tetraethylene glycol (16.30 g, 84.02
mmol) and 50% aqueous NaOH (0.64 g, 16.00 mmol) was heated under reflux under an N;
atmosphere for 0.5 h. Followed by the addition of 11-bromoundec-1-ene (1.95 g, 8.37 mmol), the
reaction mixture was heated for a further 20 h. The organic layer was extracted with Et,0 (3 x 50
ml), dried (MgSO0a), filtered and concentrated in vacuo. The crude product was purified by column
chromatography on silica gel (eluent: EtOAc) and solvent removed in vacuo to give a colourless
oil (2.30 g, 79%). Vmax/cm (film): 3436brm, 3075m, 2926s, 2853s, 1640m; 'H NMR (300 MHz;
CDCl3; MesSi) 61 6.91-5.74 (m, 1H, -OCoH1sCHCH3), 5.09-4.89 (m, 2H, -OCsH1sCHCH?), 3.76-3.58
(m, 16H, -OCH2CH;0-), 3.42 (t, J= 6.20 Hz, 2H, -OCH2C10H19), 2.56 (s, 1H, OH), 2.02-1.96 (m, 2H, -
O(CH2)sCH2C2H3), 1.62-1.50 (m, 2H, -OCH2CH»(CHz)7C2H3), 1.40-1.25 (m, 12H, -
O(CH2)2(CH2)sCH2CHCH,) ; 13C NMR (75 MHz; CDCls; MesSi) 8¢ 140.0, 114.9, 73.3, 72.4, 71.2, 70.9;
62.6, 30.4, 30.3, 30.2, 29.9, 29.7, 26.9 (ESMS): 369 ([M + Na]*, 100%); HRMS: found 369.2611.

Calc. mass for C19H3g0OsNa: 369.2617.

1-Thioacetylundec-11-oxy tetraethylene glycol (2). To a solution of 1 (2.67 g, 7.72 mmol) in PhMe
(25 ml), thioacetic acid (1.17 g, 15.39 mmol) and AIBN (catalytic amount) were added. The
solution was heated under reflux for 1 h. The reaction mixture was quenched by addition of 1M
NaHCOs3 (50 ml) and the organic layer extracted with EtOAc (3 x 25 ml). The combined organic

layers were washed with 1 M NaHCOs3 (3 x 25 ml) and brine (25 ml). The organic layer was dried
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(MgS0.), filtered and solvent removed in vacuo to yield a colourless oil (2.61 g, 80%). Vmax/cm™
(film): 3464 brs, 2925s, 2855s, 1692s; 1H NMR (300 MHz; CDCls; MeaSi) &4 3.74-3.55 (m, 16H, -
OCH:CH;0-), 3.45 (t, J = 6.20 Hz, 2H, -OCH2(CH2)10SAc), 2.81 (t, J = 7.20 Hz, 2H, -O(CH2)10CHSAc),
2.31 (s, 3H, -SAc), 1.62-1.50 (m, 4H, -OCH, CH2(CH2)sCH2CH,SAc), 1.33-1.23 (m, 14H, -
O(CH2)2(CH2)(CH2)2SAc); 13C NMR (75 MHz; CDCls; MeaSi) 8¢ 196.0, 72.7, 71.7, 70.8, 70.5, 70.2,
61.9, 30.8, 29.6, 29.3, 29.0, 26.2; (ESMS): 445 ([M + Nal*, 100%); HRMS: found 445.2613. Calc.

mass for C>1H4206SNa: 445.2600.

1-Mercaptoundec-11-oxy tetraethylene glycol (TEG). A solution of 2 (2.27 g, 5.38 mmol) in 0.1 M
HCl methanolic solution (100 ml) was heated under reflux under N, atmosphere for 4 h. The
reaction was concentrated in vacuo. The crude product was purified by column chromatography
on silica gel (eluent: EtOAc) to yield a colourless oil (1.84 g, 90%). Elemental analysis found: C,
59.86%; H, 10.72%. Calc. for C1gH400sS: C, 59.96%; H, 10.59%; Vmax/cm-1 (film): 3464brs, 2925s,
2854s; 1H NMR (300 MHz; CDClz; Me4Si) 6H 3.75-3.56 (m, 16H, -OCH2CH20-), 3.50-3.42 (m, 2H,
-OCH2(CH2)10SH), 2.52 (g, J = 7.50 Hz, 2H, -O(CH:),CH,SH), 1.68-1.50 (m, 4H, -
OCH2CH2(CH2)7CH2CH2sH), 1.4-1.23 (m, 15H, -O(CH2)2 (CH2)7(CH2)2SH) ; 13C NMR (75 MHz; CDCls;
MesSi) 6C 74.4, 74.0, 72.5, 72.2, 71.9, 63.6, 35.9, 31.3, 30.9, 30.2, 27.9, 26.5; (EIMS): 403 ([M+

Na]+, 100%); HRMS: found 403.2492. Calc. mass for C19H400sSNa: 403.2494,
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APPENDIX B

Appendix B1: Checking the stability of G-NP colloidal solution by UV-Vis

1
- 0.8
3
©
—
o 0.6
‘C’ BaselLine
.g 0.4 Fresh prepared
8 After-six months
0
< 0.2 — After-one year
0

340 400 460 520 580 640 700 760
A (nm)

Figure B1.1: Shows the UV-Vis for synthesised G-NPs @ pH 4.5, fresh prepared, after-six months and after-one
year
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Appendix B2: Frequency measurement by QCM of G-NPs deposition on AlK-amine SAM at pH 7.

a) H,0 G-NPs H,0 b)

A
v

0 —pH7 pH 7

-200

35nm

-400

4f (Hz)
[um]

-600

-800

-1000
] 20 40 60 80 100 120
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Figure B2.1: a) Measured frequency by QCM and b) combined 5 x 5 um AFM images of G-NPs deposition on Alk-
amine SAM at different pH 7
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Appendix B3: Calculate the concentration of G-NPs

Based on TEM results, the diameter of synthesised G-NPs, herein is ~¥15 nm and the assumption
is that the G-NPs have a spherical shape and have the same diameter. Thus, the average number
of gold atoms (Nave) for a single G-NP was calculated according to the following equation B.1.%°

Nave = [TONaD3/6M (Equation B3.1)

Nave: represents the average number of gold atoms
p: density of gold (19.3 g/cm?3)
Na: Avogadro number (6.022 x 10%3 atom)
D: the average diameter of the G-NPs
M: Atomic weight of Au (Aw = 197 g/mol)
Nave = 10.4258 x 10* represents the number of gold atoms per a single G-NP
To calculate the conc. of G-NPs, it is assumed that the reduction of gold atom to G(lll) a 100%
occurs and the following steps should be applied:
Molcos = wt/Aw (Equation B3.2)
Number of moles of gold only which were used to synthesis G-NPs passivated with citrate herein
= weight of gold only (0.005 g)/Aw of gold (197 g/mol)
=2.54 x 10™ mol
Conc. of G-NPs (diameter 15 nm) = No. of mol of gold only / (Number of gold atoms x V ml),
V: Represents the volume of UHQW which was used for synthesising G-NPs (0.102 L).
=2.54 x 10 mol/(104258 x 0.102 L)

=2.38nM
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