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Abstract

Light-addressable potentiometric sensors (LAPS) have become attractive in many
chemical and biological sensor applications. This thesis introduces the use of self-
assembled organic monolayers (SAMS) as the insulator in LAPS and scanning photo-
induced impedance microscopy (SPIM) for the first time. Two types of monolayer
assemblies with alkenes (1-octadecene or undecylenic acid) and alkynes (1, 8-
nonadiyne) were immobilised on hydrogenated silicon on sapphire (SOS) or silicon
through thermal hydrosilylation. Further derivations were performed on the 1, 8-
nonadiyne monolayers via “click” reactions. The monolayers were characterised by
water contact angle, ellipsometry and X-ray photoelectron spectroscopy (XPS).
LAPS/SPIM measurements with SAM-modified SOS showed the same good spatial
resolution that was previously obtained with a conventional SiO, insulator on SOS,
but also a significant improvement in the accuracy of LAPS and the sensitivity of
SPIM.

Surface potential imaging using LAPS insulated by SAMs was validated by studying
micropatterns of poly(allylamine hydrochloride) (PAH), poly(styrene sulfonate) (PSS)
and DNA on a PAH template. Two potential strategies for chemically patterning
SAMs on oxide-free SOS or Si substrates were investigated and compared.
Microcontact printing (uCP) followed by “click” chemistry is a mild and efficient
means of modifying the surface, whereas the combination of photolithography and
“click” chemistry is not. LAPS was also shown to be extremely sensitive to surface

contamination.

LAPS/SPIM insulated by SAMs can also generate impedance images with high
resolution and high sensitivity. Microcapsules labelled with gold nanoparticles (AuNPS)
integrated with a femtosecond laser were used for the validation. In contrast, capsules
without AuNPs showed no SPIM response at all, indicating that the impregnation with

AUNPs can significantly increase the impedance of microcapsules.

Finally, new instrumentation to integrate two-photon fluorescence microscopy with
LAPS/SPIM was proposed. Preliminary results have shown that the new technique is
promising to produce two-dimensional electrochemical images and two-photon

fluorescent images of the cell-attachment area with subcellular resolution.
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1. Introduction

1.1 Background and motivation

It is well known that computers and brains both work electrically but they use different
charge carriers (electrons in computer chips and ions in brains). Due to the two
different information processors, neuroelectronic devices that can transfer information
between the human nervous system and semiconductor-based electronics remain in
their infancy. Nevertheless, the scaled down project of understanding the neuron-
semiconductor interface has made great progress over the last three decades. To record
the electrical information of neural cells or slices of brain tissue on a solid substrate,
methods such as optical recording with membrane-bound voltage-sensitive dyes [1, 2],
extracellular recording with microelectrodes and field-effect transistors (FETS) [3]
have been developed. However, voltage-sensitive dyes suffer from phototoxicity,
which prohibits their long-term use [4]. Microelectrodes and FETs are non-invasive
techniques and have successfully been used to monitor extracellular action potentials
[5] and the impedance of cells [6-8]. However, due to the geometrical restrictions,
microelectrodes or FETs are limited to effective sites for measurements [9]. These
active sites have diameters of a few pm and are typically separated by 50 pm to
250 pm, making it impossible to investigate subcellular features. In addition, it is hard
to control the cell coverage on these active areas and many cells may grow altogether
outside the active sites. To improve this situation, a multi-transistor-array (MTA)
system using a 1 mm? array of 128 x 128 sensor transistors was introduced. It was
shown that MTA recording enables the imaging of neuronal activities at a resolution of
7.8 pm [5, 10]. However, the manufacturing of MTA is complicated and expensive,

and the resolution of measurements is still limited.

Light-addressable potentiometric sensor (LAPS)/scanning photo-induced impedance
microscopy (SPIM) overcomes these problems. Based on an electrolyte-insulator-
silicon (EIS) field-effect structure, multi-sites on LAPS/SPIM chips can be addressed
by scanning a focused light beam across the sensor substrates, providing information
of surface potentials and impedance with lateral resolution. The flat and featureless
spatial sensor substrates are of benefit for growing of cells, and the fabrication of
LAPS/SPIM is much simpler and cheaper than that of FETs. So far, LAPS has been

used successfully for the measurement of extracellular action potentials [11, 12] and



extracellular pH changes [13]. All of the above LAPS measurements suffered from
poor, ill-defined resolution of about 10-100 pm. Using silicon-on-sapphire (SOS)
substrates and a two-photon effect, submicrometer resolution was achieved [14]. This
progress in resolution could contribute to the development of a platform for imaging
the ion channel activity and metabolic behaviour of a single cell. Meanwhile, the
sensitivity of SPIM has also been improved by using a thin anodic oxide (~7 nm) as
the insulator [14]. However, the preparation of the thin anodic oxide is a multi-step

process with low throughput.

In this work, we sought to advance the technique of LAPS/SPIM further through the
replacement of the insulator with an ultrathin organic monolayer. Self-assembled
monolayers (SAMSs), which are directly grafted onto silicon without an intervening
layer of silicon dioxide, are stable and can be prepared with mild and highly efficient
methods [15]. Their excellent insulating effects have been demonstrated in
electrochemical impedance measurements [16]. The selective control of surface
chemistry and the small thickness are expected to extend the applications of field-

effect devices in the fields of chemical and biological sensors [17-20].

The main goal of this project is to develop methods for surface modification and
patterning on SOS or Si that allow the use of organic monolayers as the insulator in
LAPS and SPIM measurements. To validate the feasibility of SAMs and the surface
potential imaging, polyelectrolyte patterns and chemical molecular patterns were used.
To demonstrate the high resolution of impedance imaging, polyelectrolyte
microcapsules labelled with gold nanoparticles (AuNPs) were addressed and mapped
using SPIM measurements. We also sought to develop a novel technique to integrate
LAPS/SPIM and two photon fluorescence microscopy in a way that allows
simultaneous recording of electrochemical and optical images of single neuronal cells,
for example, to measure extracellular potentials and impedance changes in neurons
following stimulation and to investigate cell responses to semiconductor substrates in

the cell surface attachment area with micrometre resolution.
1.2 Semiconductor fundamentals

1.2.1 Fundamental properties

A semiconductor conducts electricity better than an insulator, such as rubber, but

worse than a conductor such as a metal. The unique electric conductive behaviour of a
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semiconductor is determined by its unique electronic band structure. Since the energy
gap between these bands is 0.1-3 eV, very little energy is required for the electrons to
transfer from the almost fully occupied valence band to the almost empty conduction
band. In the semiconductor, there are always two types of bandgap: a direct bandgap
and an indirect bandgap (see Figure 1.1). In a direct gap, the maximal energy state of
the valence band and the minimal energy state of the conduction band are at the same
value of the crystal momentum (k-vector), thus making the smallest energy transition
occur without changing the crystal momentum. In an indirect gap, however, the
maximum energy of the valence band is at a different value of k-vector to the
minimum energy of the conduction band, and then a change in momentum is required
for the smallest energy transition. Typical examples for direct bandgap semiconductors

are GaAs, InP and InSb and for indirect bandgap semiconductors are Si and Ge.
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Figure 1.1 Energy bandgap diagram for (a) direct and (b) indirect bandgap.

In a semiconductor, the thermal equilibrium concentrations of free electrons (n,) and

holes (p,) follow the Law of Mass Action:
n? = ngpy = N.N [_—Eg] Equati
i = NoPo = NNy exp |- (Equation 1.1)

Where n; is the intrinsic carrier concentration; N, and N,, are the effective density of
states in the conduction band and valence band; E, is the bandgap energy; k is the

Boltzmann constant; T is the temperature.

In an intrinsic semiconductor, no impurities are added and the number of electrons and

holes are equal to n;. The Fermi energy level lies in the centre of the energy band gap.



Figure 1.2 shows the intrinsic concentration of carriers for silicon, germanium and

gallium arsenide as a function of temperature [21].
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Figure 1.2 Intrinsic carrier concentration as a function of temperature (reproduced
from Ref [21]).

For an extrinsic semiconductor, we still have the relationship shown in Equation 1.1.
However, the concentrations of electrons and holes and the position of the Fermi level
may be changed with the doping of impurities. Figure 1.3 shows the carrier
concentration as a function of temperature in silicon doped with 10'® cm™ donors and

10" cm acceptors.
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Figure 1.3 Electron concentration versus temperature for silicon doped with 10*® cm™

donors and 10" cm™ acceptors (reproduced from Ref [22]).



The movement of free electrons and holes allows the conduction of current in
semiconductors. Usually, there are two transport mechanisms related to the motion of
charge carriers. One is referred to as carrier drift, which is due to an externally applied
electric field. The other one is called carrier diffusion and is caused by carrier density

gradients.
1.2.2 Light absorption by semiconductors

In real applications, most semiconductors are in a state of non-equilibrium. This can be
caused by illuminating with light or applying a bias voltage. When light irradiates the
surface of a semiconductor, some of it will be reflected back, some will be absorbed by
the bulk, and some will be transmitted. Due to uniform absorption, the intensity of
light depending on its travel distance in the semiconductor is:

F(x) = F(xp)e~*>*=*0) (Equation 1.2)

Where F(x,) is the light intensity at a surface point x,; a is the light absorption
coefficient, which is strongly related to the wavelength of light and the energy bandgap

of the semiconductor:

__Amyn,

a=— (Equation 1.3)

n, = c/cy (Equation 1.4)

Where n, is the index of refraction; ¢ is the speed of light in vacuum (~3 x10% m/s); ¢,
is the speed of light in the semiconductor; y is the absorption index of the

semiconductor.

The distance 1/« is called the light penetration depth. Figure 1.4 shows the absorption

depth related to the light wavelength in different semiconductors.
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Figure 1.4 Absorption depth depending on light wavelength for different

semiconductors [23].

A photon with sufficiently large energy may lead to photoelectron emission in
semiconductors. In this process, after absorbing the photon energy, the electron can
escape over the surface potential barrier of the material and become a free electron in
vacuum (shown in Figure 1.5 (a)). If the photon energy is smaller than the vacuum
level energy but greater than the bandgap energy, the excited electrons will transfer
from the valence band into the conduction band, generating mobile electron/hole pairs
in the semiconductor (shown in Figure 1.5 (b)). In direct bandgap semiconductors,
since the k-vector equals zero, an electron/hole pair can be easily generated by
absorbing the photon energy. However, in indirect bandgap semiconductors, to
generate the electron/hole pair an electron must interact not only with a photon to gain
energy, but also with a phonon to either gain or lose momentum. Hence, the carrier
generation rate as well as the recombination rate for direct bandgap semiconductors is
much higher than that of indirect bandgap semiconductors, which results in a much

greater penetration depth of light in indirect semiconductors (such as Si).
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Figure 1.5 (a) Photoelectric emission and (b) electron/hole photogeneration in

semiconductors [24].

The generation of electron/hole pairs by light excitation is a non-equilibrium process.
For an n-type semiconductor, where ny > p,, and if the changes of the concentrations

of electrons (An) and holes (Ap) are much smaller than n, [25], then:

din _ dAp

= o, = —AnyAp + g, (Equation 1.5)

Any = Ti (Equation 1.6)

P
Where A is a constant for a given semiconductor; 7, is the lifetime of the minority
carriers, here the holes; g, is the additional generation rate.

Due to the formation of additional electron/hole pairs, the conductivity of the
semiconductor is given by:

o =eg(ng + An)u, + ey(ny + Ap)uy, (Equation 1.7)

Thus, the photoconductivity of the semiconductor can be written as:

Ao = Anu.ey + Apuye, (Equation 1.8)

Where u, and u;, are the electron and hole mobilities; e, is the electron charge.

Photoconductivity induced by band-to-band transition is called intrinsic conductivity.
In a semiconductor doped with impurities, the electron can be excited from the

impurity level located in the bandgap into the conduction band by absorbing photon
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energy which is less than the bandgap energy. We term this extrinsic absorption and

photoconductivity [25].

So far, it was assumed that a single photon is absorbed during the electron transition
from one state to a higher energy state, which means a photon energy hv > Ejy is
required. Here, h is the Planck constant and v is the light frequency. However, if light
(hv < Eg) with ultrashort pulses and high intensity is applied, two photons can be
absorbed simultaneously, resulting in the electron transition. This is a nonlinear
process and the energy absorbed by the electron is equal to the sum of the two photons’
energies. Two-photon absorption will also give rise to free charge carriers and

contribute to the photoconductivity.
1.2.3 Field-effect structures

Figure 1.6 shows the schematic of a metal-insulator-semiconductor (MIS) field-effect
structure, the gate contact of which is isolated from the semiconductor by a thin layer
of insulator. A bias voltage is applied across the insulator. As the insulator is usually
silicon dioxide, the structure is also referred to as metal-oxide-semiconductor (MOS)

structure.

Metal Gate

Insulator

Semiconductor

Metal contact

Figure 1.6 Typical field-effect structure.

For a p-type MOS structure, when the gate voltage (V) equals the flat band voltage
(VEs), the bands are flat (see Figure 1.7 (a)). By applying this voltage, the discrepancy
of work functions between metal and semiconductor can be compensated. There is no

electrical charge in the semiconductor and thus no voltage drop across it.

When Vy < Vg, the majority carriers (holes) are attracted by the negative gate charge
and accumulate at the surface of the semiconductor. Consequently, the bands bend
upwards. Since the thickness of the accumulation layer is very small, the main

potential variation is within the oxide (see Figure 1.7 (b)).
8
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Figure 1.7 Charge distribution and energy band diagrams in an MOS structure (p-type
substrate) for (a) flat band, (b) accumulation, (c) depletion, and (d) inversion
conditions [26, 27]. Vg is the gate voltage; Vrg is the flat band voltage; and V7 is the
threshold voltage, which is related to temperature, the doping level and thickness of

semiconductors.

When Veg < Vg < Vr, the positive charge on the gate repels the holes into the
semiconductor substrate, leaving the immobile ionized acceptors on the surface. The
Fermi level moves and the bands bend slightly downwards (see Figure 1.7 (c)). The
region without mobile charge carrier is termed space charge layer and the width of the
depletion layer is given by:

ZsssoVS

d= v (Equation 1.9)

Where ¢, is the dielectric constant of the semiconductor; ¢, is the electric permittivity
of vacuum (~8.854 <102 F m™); I is the surface potential of the semiconductor; g is

the elementary charge; N, is the doping concentration.

When the bias voltage exceeds the threshold voltage (V1 < V), the minority carriers
(electrons) are attracted to the interface, forming an inversion layer. The Fermi level in
this region crosses the intrinsic Fermi level (E;) and the bands bend more than in
depletion. In the inversion layer, the semiconductor remains in thermal equilibrium and

we have:



v, = ";—Tln(%) (Equation 1.10)

Where n; is the intrinsic hole concentration; N, is concentration of acceptors.

The width of the inversion layer is usually much smaller than the depletion layer. Once
it reaches a maximum value (in strong inversion), it will not change even with a further

increase of the bias voltage.

Considering an ideal MOS capacitor with a perfect insulator without charges and

surface states, the total capacitance C of the device is:

1_dVg_ 1 1 i
@ s + c (Equation 1.11)

Where C,, is the oxide capacitance; C; is the capacitance of semiconductor.

Figure 1.8 (a) shows the capacitance-voltage (C-V) curves of a p-type substrate while
neglecting the contact potential between metal and semiconductor. In accumulation, Cj
is relatively large, i.e. the total capacitance is approximately equal to the insulator
capacitance (C,,). In depletion, the space charge layer acts as a serial dielectric

resulting in a decrease of the total capacitance.
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Figure 1.8 (a) Typical C-V curves measured at high and low frequency and (b) effect
of the contact potential between semiconductor and metal on the C-V curves of a MIS

structure.

When V; = 0, a flat band occurs and the corresponding capacitance is:
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Cra = Cox/(1+ 22 /qzl’v‘z —) (Equation 1.12)

In inversion, if measured at a low frequency (< 100 Hz), the capacitance rises again
after falling to a minimum. This is because the electrons in the inversion layer can
follow the variation of the AC signal at low frequency. Hence, the capacitance is
comparable to the accumulation capacitance and equals to C,, in strong inversion.
However, if measured at a high frequency (> 10* Hz), the capacitance shows no

increase and the minimum capacitance (C,,i,) can be written as:

S S — (Equation 1.13)

Cmin Cox Cs(dmax)

Amax = A (Equation 1.14)

Combining Equations 1.10, 1.13 and 1.14, the following expression can be obtained:

Cmi 1 .
R = (Equation 1.15)
Cox 4£Slen(&)
q’Ng M
Eox
14—
s dox

Where d 4, IS the maximum width of the inversion layer; d,, is the thickness of the
insulator (oxide). Figure 1.8 (b) illustrates real C-V curves considering the difference
of work function of metal and semiconductor. It shows either a negative or a positive

shift along the voltage axis but no changes in shape.

The field-effect transistor (FET) is a transistor based on field-effect structures. It uses
an electric field applied through the gate terminal to control the carriers flow from the
source terminal towards the drain terminal. The working principle and applications
will be discussed in the following section. Typical FETs include the junction field-
effect transistor (JFET), metal-semiconductor field-effect transistor (MESFET) and

metal-insulator-semiconductor field-effect transistor (MISFET) [27].
1.3 Chemical sensors based on field-effect structures

1.3.1 Gas-sensitive field-effect transistors

The initial development of gas-sensitive field-effect transistors was the hydrogen-
sensitive palladium-gate field-effect transistor, which was introduced by Lundstrém et
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al. [28]. In brief, hydrogen molecules absorbed on the palladium gate are dissociated to
hydrogen atoms. Hydrogen atoms diffuse to the metal-silicon dioxide interface and
give rise to a dipole layer. The dipole layer changes the work function difference
between metal and semiconductor and thereby the threshold voltage of the MOS
transistor [29].

The sensitivity and selectivity of transistor are determined by the thickness and the
composition of gate material and the operational temperature. For example, a thick
continuous palladium layer as gate contact is in principle only sensitive to hydrogen or
hydrogen-containing gases [30]. However, thin discontinuous platinum or iridium
gates show a strong sensitivity to ammonia gas in MOS structures [31]. Besides pure
metals, metal phthalocyanine films can be also used as the gate material in the
fabrication of NO; and Cl, gas-sensing transistors [32]. Recently, it was reported that
two-dimensional transition metal dichalcogenides with chemical formula MX; (M =
Mo, W or Ga, and X = S, Se or Te) can be used in FET-based gas sensors [33]. For
example, MoS; films with a single or a few-layers can be used to detect NO, NO,, NH3
and triethylamine gas [34], while multilayer WS, nanoflakes show a very high

sensitivity for ethanol and NH; [33].
1.3.2 Ion-selective field-effect transistors (ISFETSs)

An ISFET is a potentiometric device that has been widely used to detect the activity or
concentration of ions in solution. In an ISFET, a series combination of a reference
electrode, the analyte solution and an ion-sensitive insulator or membrane replaces the
metal gate in the MOSFET [35]. Figure 1.9 (a) shows a schematic representation of an
ISFET [36]. Similar to the MOSFET, a gate voltage (V;) is used to produce a
conductive channel and control the type and the amount of the charge carriers in the
channel, while another voltage (V) is applied between the drain and source to create
the current flow (drain current) through the channel. The effective gate voltage is
affected by the electrical potential difference (E,,;,) at the solid/liquid interface. As a
consequence, the drain current is dependent on E,, as well. E,,, is determined by an
exchange equilibrium of ions between the sensitive membrane and the analyte solution.

Ideally, it can be given by the Nernst equation [37]:

2.303RTlog sol (Equation 1.16)

zcF Amemb

E,=E®+
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Where E© is the standard potential; R is the gas constant; T is the absolute
temperature; z, is the charge of the ion; F is the Faraday constant; ay,; and a,emp are
the chemical activities of the given ion in the solution and in the membrane,

respectively.

Figure 1.9 (b) shows the drain current as a function of the effective gate voltage [36].
By measuring this voltage shift (47), the analyte concentration or composition can be
determined.
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Figure 1.9 (a) Schematic of ISEFT principle; (b) typical gate voltage-drain current

curves reproduced from [36].

Generally, an ISFET with a bare gate insulator (for example: SiO;, SizN4 and Al,O3)
has pH sensitivity, thus can work as a pH sensor [38-40]. Vlasov and Bratov designed
a pH ISFET by thermally growing ZrO; or Ta,Os on the SiO; layer [40]. It showed a
good sensitivity (~56 mV/pH) in the pH range 1-12 and the capability to work in blood
or in the stomach. On the other hand, by coupling with ion-selective membranes or
molecular receptors, ISFETs can be used to detect different ions (CI [41], K* [42],
Cu?* [43], Ca** [44, 45], Fe** [46] and Cd®*/ Pb** [47]) and molecules (CO, [48, 49],
lactic acid [49], H,O, [50], creatinine [51] and urea [52, 53]), or for biological sensing
(such as DNA [54, 55] and proteins [56, 57]). Qu et al. reported a micro-
potentiometric immunosensor based on an ISFET [57]. By assembling the antibodies
to an electrochemically synthesized polypyrrole-gold nanoparticle (PPy-AuNPs) film,
a simple and rapid sensing system for the detection of hemoglobin (Hb) and
hemoglobin-Alc (HbAlc) was obtained. The sensor showed a measurement range of
5-20% of HbAlc/Hb ratio that meets the clinical demand. A DNA methylation

detector using a novel ISFET-based readout circuit was studied by Kalofonou et al.
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[54]. It was shown that by determining the differences between unmethylated genes
found in cancer development and normal methylated genes, one can identify early

signs of cancers through blood circulation.
1.3.3 Electrolyte-insulator-semiconductor (EIS) sensors

An electrolyte-insulator-semiconductor (EIS) sensor is the simplest chemical senor
based on field-effect structures. It is derived from an MIS structure, by replacing the
metal gate with an electrolyte and a reference electrode, similar to ISFETs described in
the last section. However, the drain and source are absent in the EIS sensor, which
makes the fabrication much easier and inexpensive. The working principle is
analogous to an MOS capacitor (see Section 1.2.3). A bias voltage is applied via the
reference electrode and a small AC voltage (~10-50 mV) is applied to measure the
capacitance through an impedance analyser. Two different modes are usually adopted
during measurements: The capacitance-voltage (C-V) and constant-capacitance
(ConCap) mode [58]. A typical C-V curve has three distinguishable regions, which are
accumulation, depletion and inversion that have been described in Section 1.2.3. The
curve shifts along the voltage axis due to the potential changes at the
insulator/electrolyte interface. Thus, by measuring the voltage shift, the analyte

concentration or composition of interest can be determined.

Due to the similar working principle, the results and achievements obtained with
ISFETSs and EIS sensors are fully transferable. For example, an EIS sensor can be also
used for monitoring chemical changes such as pH fluctuation [59], ion-concentration
changes, enzymatic reactions [60], affinity binding of molecules (e.g. antigen-antibody
reaction, DNA hybridisation) as well as potential changes induced by living biological

systems [36].
1.3.4 Scanned light-pulse technique (SLPT)

Scanned light-pulse technique (SLPT) is an imaging technique for chemical sensors
based on an MIS structure. In principle, a modulated and well-focused light beam is
used to generate photocurrents. When the light is switched on, electron/hole pairs
generated by the photon excitation may either recombine at the interface or in the
semiconductor bulk, or accumulate at each side of the insulator resulting in a current in
the outer circuit. Since the total bias voltage is constant, the increase of the potential

difference due to the continuous accumulation of the charge carriers has to be
14



compensated for by a decrease of the surface potential and thereby the potential inside
the space charge layer. Hence, the generation of charge carriers decreases as well as
the external current. The current will go to zero when the generation of charge carriers
is balanced by the recombination. As the light is switched off, a negative current is

produced and it will decrease until the thermal equilibrium is established again.

Figures 1.10 (a) and (b) show the schematic of the modulated light and current
transients as a function of time [61, 62]. In an ideal MIS structure, the surface potential
is related to the bias voltage, the amount of charge carriers in the space charge layer
and the work function of the metal. Figure 1.10 (c) shows the relationship between the
output current transient (1) and the bias voltage (V). The I-V curve shifts with the
presence of the target gas. This is due to the change of the effective work function of
the metal. By scanning a small light beam across the sample, the surface potential at
different sites can be obtained and mapped. Figure 1.10 (d) shows the set-up of SLPT.
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Figure 1.10 Schematic of (a) the modulated light intensity vs. time; (b) photogenerated
current signal (Ip) vs. time; (c) output current vs. bias voltage in air and in target gas
(reproduced from Ref [62]); (d) the SLPT set-up [63].

15



SLPT was initially used to study insulator/semiconductor interfaces. Through this new
technique, images of the spatial variation in interface state concentration and surface
potential have been obtained [61]. It has also been widely used as a gas sensor which
can do both the fundamental chemical sensing and the chemical imaging sensing with
lateral resolution [62-68]. For example, the sensor responses for H, [62, 66], NH3 [68],
C,HsOH, C,H4, CH3CHO [65], H.S [69] and their mixtures [67], by using SLPT have

been reported.

Thanks to the feasibility of combinatorial chemistry methods in SLPT, an artificial
“electronic nose” was developed by replacing the traditional monotonous gate metal
surface with an array of three different metals (Pd, Pt and Ir) [68]. Through this
technique, an artificial “olfactory” map depending on the gas composition and
temperature can be obtained. Lcdfdahl et al. fabricated a metal gate with a thickness
gradient [65], and then investigated the effects of gate metal materials, morphology
and thickness on the responses of different gases with minimal numbers of samples.
The interaction mechanisms between different analyte gases and metal surfaces have

been analysed.

1.3.5 Light-addressable potentiometric sensor (LAPS)/scanning photo-induced

impedance microscopy (SPIM)
1.3.5.1 Principle of LAPS/SPIM

The light-addressable potentiometric sensor (LAPS) is a technique derived from EIS
and SLPT. Based on an electrolyte-insulator-semiconductor (EIS) structure, a bias
voltage is applied between the gate electrode and the semiconductor substrate to create
a depletion layer at the semiconductor/insulator interface [70]. A modulated light scans
across the substrate to generate electron/hole pairs and causes a detectable
photocurrent as in SLPT. The schematic of a LAPS set-up is shown in Figure 1.11 (a) .
Since electron/hole pairs are only generated in the illuminated area, LAPS can record
local changes of the surface potential, thus determining a particular analyte under test
with spatial resolution [70-73]. Krause’s group has shown that the same measurement
technology can be also used to measure the local impedance and termed this technique
scanning photo-induced impedance microscopy (SPIM) [74, 75]. LAPS measures the
potential changes as a shift of the depletion region of the photocurrent voltage (I-V)

curve along the voltage axis, while SPIM measures local impedance changes by
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recording the changes of the maximum photocurrent in the inversion region (see
Figure 1.11 (b)).
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Figure 1.11 (a) Principle of a light-addressable potentiometric sensor (LAPS) [76]; (b)
typical photocurrent-voltage (I-V) curves representing the potential shift (from the
black curve to the blue one) and impedance changes (from the black curve to the

purple one).
1.3.5.2 Resolution of LAPS/SPIM

The spatial resolution in LAPS is limited by the diffusion of minority charge carriers
out of the illuminated region. The density of light-induced charge carriers is much
smaller than that of the majority charge carriers in doped silicon. Due to the density
gradient, only minority carriers diffuse in the silicon bulk and exist for a very short
time (less than 1 ps). The diffusion length within the short lifetime of minority carriers
is defined as the spatial resolution of LAPS [77]. Two methods have been used to
estimate the resolution. One is by using a test pattern, that is, the smallest pattern that
can be recognised by LAPS is referred to as the resolution [78-80]. Alternatively, it has
also been estimated by the average effective diffusion length of charge carriers [14, 81-
83]. Three experimental models have been introduced to measure the effective
diffusion length. One is by scanning a focused laser beam across the edge of the gate
metal [74] (see Figure 1.12 (a)). When the laser is focused onto the metal, only a small
photocurrent is generated because most of the light is absorbed by the metal. While the
laser crosses the edge of the metal, the photocurrent increases suddenly and then it
decays as the light moves further away. The diffusion length can be estimated from the
length of the current decay. The disadvantage of this model is that the measurement is
outside the gate area. The second model is based on a backside illumination. A silicon-

on-insulator (SOI) substrate with a thin epitaxial film of p-type silicon and a 40 nm
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thick thermally grown oxide layer was used [84]. The substrate was coated with a
photoresist pattern and was then coated with another layer of metal [84]. As shown in
Figure 1.12 (b), the photocurrent decreases suddenly when the laser beam moves from
the metal surface to the photoresist surface due to the high impedance of the
photoresist. The disadvantage of this method is that photocurrent changes due to
impedance changes and due to the changes in the reflectivity cannot be separated. The
third model is similar to the second one, but with a silicon-on-sapphire (SOS) substrate
and the measurement was carried out under genuine LAPS conditions with electrolyte
thereby reducing reflection effects caused by the metal layer in previous models (see
Figure 1.12 (c)) [14]. To gain the resolution of a genuine LAPS system, the last model

will be adopted in this work.
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Figure 1.12 Three models for the measurement of the lateral diffusion of light-
generated charge carriers (top) and the corresponding photocurrent line scan showing
resolution value (bottom). (a) is reproduced from Ref [74]; (b) is reproduced from Ref

[84] and (c) is reproduced from Ref [14].

Factors that can influence the spatial resolution of LAPS have been theoretically and
experimentally investigated [83, 85]. In the case of front illumination, the theoretical

spatial resolution rie can be written as [85]:

2
Tihe = ZLLJLL +w? (Equation 1.17)

18



Where L is the diffusion length of minority charge carriers; A, is the penetration depth
of light and w is the parameter of beam width. Equation 1.17 indicates that the lateral
resolution can be improved by decreasing A; and w (i.e. using light with a shorter
wavelength and a better focus) and by decreasing the diffusion length L (i.e. decreasing
the recombination lifetime of the minority charge carriers or increasing the doping

level of semiconductors).

For example, “when a laser with a wavelength of 488 nm illuminates the sample from
the front, 63% of the light would be absorbed within the depletion layer and not be
subjected to much lateral spread” [85]. That means a short wavelength laser results in
an improvement in the resolution. However, if the laser illuminates the back of the
semiconductor, the effect of light wavelength on the resolution is related to the
thickness of the semiconductor. For an ultra-thin semiconductor, the resolution
dependence on the laser wavelength is similar to the front illumination case [14].
However, for a thick silicon substrate, because of the effect of light absorption during
the light travelling through the bulk of silicon, the longer the laser wavelength, the

better is the spatial resolution [78].

The focus of the laser is mainly due to the laser mode, diffraction and spherical
aberration [86]. The laser mode is determined by the laser and beam delivery system.
The diffraction and spherical aberration are affected by the lens shape and the lens
focal length. Krause et al. have estimated a spot diameter (1.3 jum) of the laser with a
wavelength of 430 nm used in SPIM measurements and the effective diffusion length
of minority charge carriers (0.57 pm) in the semiconductor when using a 1 pm thick Si
layer on a SOS substrate [74]. They suggested that submicrometer resolution is
possible by optimizing the optical set-up, such as using an objective lens with higher
numerical aperture [74]. Later, they introduced a two-photon effect strategy to improve
the spatial resolution. That is, using a femtosecond laser with low energy photons
(Ephoton < Eg) rather than a traditionally used laser with high energy photons (Epnoton >
Eg) to generate photocurrents (see Section 1.2.3). If a laser beam is focused into the
space charge layer from the back, light has to travel through the bulk of the
semiconductor. In the case of a single-photon effect, charge carriers are generated
throughout the whole bulk of the semiconductor, causing additional lateral diffusion
and thus poor resolution. However, for the case of the two-photon effect, electron/hole

pairs can be generated only in the focus close to the space charge layer, hence, the
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spatial resolution can be significantly improved (see Figures 1.13 (a) and (b)) [14, 74].
Recently, a novel combined light source has been proposed by Guo et al. to improve
the spatial resolution of LAPS [87]. In this illumination system (see Figure 1.13 (c)), a
single modulated light is used to generate photocurrents as it usually does, and it is
surrounded by a ring of constant light sources to generate a sheath with high

concentration of charge carriers to suppress the lateral diffusion of carriers generated

by the modulated light.
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Figure 1.13 (a) In the case of a single photon effect, charge carriers are generated
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throughout the bulk of the semiconductor and (b) in the case of the two-photon effect
charge carrier generation is confined to a small volume close to the focus [14]. (c)

LAPS set-up with a combined illumination system (reproduced from Ref [87]).

As a direct bandgap semiconductor, GaAs has a smaller diffusion length of minority
charge carriers than normal silicon. The effective diffusion length was shown to be
about 3 pm in a 500 pm thick GaAs substrate [81]. However, it is difficult to obtain a
high quality gate insulator on GaAs with low leakage current. Amorphous silicon, with
a diffusion length of minority charge carriers as short as 120 nm, is another promising
material to improve the spatial resolution [82]. However, it is also difficult to obtain an
insulator with good quality on the surface. As the amorphous silicon was deposited

onto a glass substrate, the multi-reflection in the glass layer limits its application.

Increasing the doping density in a semiconductor can also improve the spatial
resolution. Since doping ions may act as scattering centres for free carriers, they can
reduce the diffusion length of charge carriers [83]. However, attempts to improve the
resolution by increasing the doping level always lead to a significant loss in
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photocurrent intensity. A highly doped semiconductor, which behaves like a metal, has

no space charge layer and thus no photocurrent generation.

Another important way to improve the spatial resolution is reducing the thickness of
the semiconductor. When the thickness is very small, the spatial resolution is no longer
determined by the diffusion length of minority charge carriers but by the thickness of
the semiconductor. This strategy can be used for both cases of front illumination and
back illumination. For example, with back illumination, Nakao et al. have improved
the spatial resolution from 500 pm to 100 pm and finally to 10 pm by reducing the
thickness of silicon from 600 pm to 100 pm and to 20 pm [78, 80, 88]. However, in
this case, “the resolution was determined by the size of differently doped islands in the
silicon resembling a microelectrode array rather than a homogenous LAPS substrate”
[14, 74]. The use of SOI with 7 pm silicon, 1 pm buried oxide and 400 pm silicon
handle has achieved a good resolution of 13 pm with back illumination [74]. The
disadvantage is that after the etching of the back silicon handle layer, the ultra-thin
silicon membrane distorts easily resulting in a difference of the focus distance over the
whole sample. An SOS substrate was also used to improve the spatial resolution. For
instance, a resolution of 5 pm was obtained by using a 0.5 pm silicon-on-sapphire
substrate with back illumination [79], while a submicron resolution of 0.57 pm was

achieved by using a 1 jm silicon-on-sapphire substrate with front illumination [74].

So far, the best resolution measured by using the genuine LAPS set-up with back
illumination is about 0.8 m [14]. This is achieved by using an SOS substrate (0.5 jamn
silicon, 475 pm sapphire) and a femtosecond laser (A = 1250 nm) to generate
photocurrents with a two-photon effect [14]. When a single-photon effect (A = 405 nm)
was used, a resolution of 1.5 pm was obtained. Both of the two measurements were
performed with a microscope objective with a correction ring to correct for spherical
aberration. Since the principle of SPIM is similar to LAPS, the method for improving
resolution exploited in LAPS can be readily used in SPIM [14, 75].

1.3.5.3 Accuracy of LAPS

The structure for LAPS/SPIM can be represented by the electrical equivalent circuit
shown in Figure 1.14 [76]. When LAPS/SPIM is operated with a fixed light source and

at a constant bias voltage and the sensitive layer is absent, assuming the capacitance of
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Cinterface 1S Negligible, the detectable photocurrent | can be written with the simplified

equation [76]:

I=1 Cinsulator (Equation 1.18)

p Cinsulator+CsctCss

Where I, is the photon-induced current; Cingyiator 1S the insulator capacitance; C is
the space charge layer capacitance, which depends on the applied bias voltage thus
making the photocurrent a function of the bias voltage; Cj, is the surface state induced
capacitance. From Equation 1.18, it is obvious that the steepness of the photocurrent-
voltage (I-V) curve is mainly related to the capacitance of the insulator and the density
of the interface states. The greater the insulator capacitance and/or the lower the
interface state density, the steeper are the 1-V curves, resulting in a higher accuracy of
LAPS [89-91]. Even though LAPS has been studied for about 30 years and many
efforts have been made to improve its spatial resolution, very little effort has been

made to improve its accuracy.
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Figure 1.14 Electrical equivalent circuit of a LAPS structure [76].

Due to the good stability and easy fabrication process, insulators typically used in the
semiconductor industry, such as thermally grown silicon oxide and silicon nitride, have
been widely employed in LAPS/SPIM [92]. To obtain a high accuracy of LAPS and a
high sensitivity of SPIM measurements, a thin oxide layer with few defects is required.

As it is impossible to grow good quality thermal oxide on SOS substrates due to the
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different expansion coefficients of silicon and sapphire, a thin anodic oxide (~6.7 nm)

followed by annealing was used to achieve a high accuracy of LAPS [14].
1.3.5.4 Applications of LAPS/SPIM

Thanks to the fact that LAPS belongs to the family of field-effect sensors, all the
results initially achieved with ISFETs and EIS sensors can readily be adapted to LAPS.
Similar to ISFETs, LAPS has been widely used to detect various ions, such as H* [71],
K*, Mg?*, Ca®* [93], Pb*, Cb**, Zn*" [94] cations, as well as NO3', SO,* [72] and F’
[95] anions, by preparing corresponding ion-selective films on LAPS chips and
measuring the potential shifts resulting from ion binding. For instance, a coating that
had been developed for ISFETs was successfully used in LAPS measurements. The
electrode was a combination of Al,O3/SiO, and a PVC-based membrane, which can
detect K*, Ca** and Mg?* based on a LAPS system [93].

It is well known that LAPS was initially designed for biochemical and biological
sensing. Most of these applications, including the detection of urea, penicillin, glucose
[60, 96], tryptophan [97], Escherichia coli colonies activities [98, 99] and cellular
metabolism [100-104], are actually based on the pH sensitivity of LAPS. In 1999, Seki
et al. reported novel potentiometric biosensors based on LAPS [93]. By immobilizing
glucose oxidase, penicillinase and urease on the Al,O3/SiO; films, one can detect
glucose, penicillin and urea, respectively, with a linear relationship between the
analyte concentration and the potential. Later, they developed another potentiometric
microbial assay for tryptophan sensing [97]. Essentially, Escherichia coliWP2, which
require tryptophan for growth, were cultured on a LAPS substrate, and the
acidification rate related to the concentration of tryptophan was monitored. A linear
relation was observed in the range of 0-15 pM tryptophan. Recently, Wu et al.
developed a label-free DNA biosensor based on a multi-spot LAPS system [105]. A
polyelectrolyte layer of PAH absorbed on the SiO; layer was used as the template for
DNA immobilisation and hybridization. The photocurrent curves showed that a high
sensor response (83 mV) was obtained due to the immobilisation of probe single-
stranded DNA (ssDNA). After hybridization, the voltage shifts increased from 5 mV to
32 mV with the increase of the concentration of complementary DNA from 0.1 nM to
5 uM [105].
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There are also many studies focused on the metabolic activity of living cells. In general,
these measurements are operated by measuring the local medium pH changes induced
by metabolic products such as H*, CO, or lactic acid. Taking advantage of having
spatial resolution, Stein et al. cultured two different types of cells on different
segments of one sensor, which is shown in Figure 1.15. One type of cell was wild type
Chinese hamster ovary cells (CHO-K1) without any response to carbachol; while the
other one was transfected muscarinic type cells (CHO-M1), which are sensitive to
carbachol. As expected, the response upon the addition of carbachol to the medium
was observed only in the location cultured with CHO-M1 [100]. Hu et al. introduced a
novel microphysiometer with a constant voltage detection mode to study the metabolic
activity of human breast cancer cells [102]. The results showed a sensitive and rapid

detection in real time by using a microphysiometer.
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Figure 1.15 Schematic of the LAPS set-up for spatially resolved monitoring of cellular

metabolic activity (reproduced from Ref [100]).

On the other hand, as a potentiometric sensor, LAPS can also detect the cell action
potentials in response to stimulus [106-109]. When excitable cells are cultured on
LAPS, cell activities such as ionic currents or mechanical beating can be reflected by
the photocurrent fluctuation in the depletion region. Ismail et al. investigated the
stimulated action potential of ganglion neuron cells of L.stagnalis by using LAPS in
which the insulator surface was coated with a 4 nm thick layer of poly-L-ornithine and
laminin (PLOL) [106]. The results showed that the potential sensitivity of LAPS and
cell adhesion were significantly improved by the coating of PLOL, allowing LAPS to
work as a cell-semiconductor hybrid. Later on, Wang’s group carried out other work
on this application of LAPS [107-109]. For example, they studied the cardiotoxicity
effects from different drugs (amiodarone, levofloxacin, sparfloxacin and noradrenaline)
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on the extension of ventricular action potentials of cardiomyocytes [108]. The rapid
and punctual properties of the sensor indicate that LAPS can be used for high-
throughput pharmacological toxicity investigation. Furthermore, they developed an
olfactory-based biosensor to detect the odorant molecules [109]. Essentially, the
olfactory sensory neurons from 3-day-old Sprague-Dawley rats were cultured on a
LAPS substrate and a sensor response between the extracellular potential firings and

the concentration of diacetyl in the range of 0.1 M to 100 M was observed.

In fact, few of the applications of LAPS discussed above have actually benefitted from
the advantage of spatial resolution. As a chemical imaging sensor, LAPS is expected to
visualize the two-dimensional distribution of a specific chemical species within the
solution or provide two-dimensional maps of living cells or cell signalling. To
implement this application, a new “chemical image scanner” system based on a linear
LED array and frequency division multiplex was proposed to visualize the spatial
distribution of chemical species. A scan time of 6.4 s for an ion concentration image at
a resolution of 16 pixels <128 lines was achieved with the new system [110]. Later, an
organic-LED displace was introduced as the light source in LAPS by the same group
[111]. It enabled a higher measurement resolution and a distinct miniaturisation of the
system. In addition, the measurement time of chemical images was dramatically
reduced by a factor of 40 compared to the traditional display used in LAPS. Figure
1.16 (a) shows an example of a chemical image with the word “LAPS”, which was
written with a polymer resist. The same system was used to visualize an enzymatic
reaction in a microfluidic channel [112]. The spatiotemporal changes of pH
distribution induced by the enzymatic reaction are shown in Figure 1.16 (b). On the
other hand, Krause’s group has obtained impedance images of polymers (poly(methyl
methacrylate) (PMMA) [74] and cellulose acetate [75]) and photoresist [14] with

micron to sub-micron resolution by using a femtosecond laser (see Figure 1.16 (c)).

25



48
75
17 <
= o
T =
X E
a |H 65 <
0 €
= o
5 He 3
: :
1@ 55 &
18 5 -
, i
10 hy 45 Sq
)
0 1 1 | ' — /| 4 f‘w
0 10 20 30 40 50 60 %
rows / pixel
1 pixel ®200 um X-position (pixel)

1 ml/h

(a) (b) (c)

Figure 1.16 Photocurrent images of (a) polymer resist with a measurement spot size of
2 x 1 pixels (1 pixel = 200 pm) and a modulation frequency of 1.74 kHz (reproduced
from Ref [111]); (b) enzymatic reaction in the microfluidic channel recorded at
different flow rates (0.1 ml/h, 0.5 ml/h and 1.0 ml/h) of urea solution (1 pixel =
200 pm) (reproduced from Ref [112]) and (c) PMMA dot on the gate area of a
SOI/SiO; structure with a 7 m thick silicon membrane (top, scale in pm) (reproduced
from Ref [74]) and SU-8 pattern on an SOS substrate with an anodic oxide using two-
photon effect laser with 1250 nm wavelength and 1 kHz frequency (bottom, scale in pm)
(reproduced from Ref [14]).
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1.4 Cell-semiconductor hybrids based on field-effect structures

1.4.1 Cell junctions

Cell junctions are the interactions of cells with other cells or the extracellular matrix
(ECM). They exist within the tissue of some organisms and can be classified into three
categories, which are occluding junctions (tight junctions), communicating junctions
(gap junctions) and anchoring junctions (include adherens junction, desmosomes and
hemidesmosomes) [113]. Occluding junctions chemically seal extracellular pathways
and prevent the movement of small molecules between cells. Generally, they are
present in different types of epithelial cells. Communicating junctions, however, allow
chemical or electrical signals to be transmitted between adjacent cells. Anchoring
junctions offer mechanical contacts of cells to other cells or surrounding extracellular

matrix. Figure 1.17 (a) shows the epithelial cell junctions schematically [114].
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Figure 1.17 (a) Cell-cell and cell-matrix junctions in epithelial cells (reproduced from
Ref [114]) (b) cell adhesion model on extracellular matrix (reproduced from Ref
[115]).

To study the cell-semiconductor hybrids system, it is critical to understand the
interactions of cells with semiconductor surfaces. It is well known that cells attach to
the extracellular matrix through the link of the transmembrane adhesion proteins
(receptor) and the proteins/glycosaminoglycan (ligand) deposited on the substrate.
Common transmembrane receptors include integrins and the CD44 antigen. As the
most versatile type of receptor, after activation, integrins bind various ligand proteins

such as fibronectin, laminin and collagen. CD44 antigen is a cell surface glycoprotein
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that mainly binds to hyaluronic acid and also interacts with other ligands such as
collagens and osteopontin. A model of the cell adhesion to extracellular matrix is
shown in Figure 1.17 (b). These interactions between acceptors and ligands may act as
repulsive spacers and cause a cleft with a certain distance between the cell and

extracellular matrix [115].
1.4.2 Neuron transistors based on field-effect transistors (FETs)
1.4.2.1 Models

As an inert substrate for cell culture, silicon has been widely applied to produce
neuron-semiconductor chips. To study the neuroelectronic interface with
electrochemical measurements, a metal-free field-effect transistor was used. Figure
1.18 shows the typical set-up of a neuron transistor [7]. An AC voltage (V, (t)) with
respect to the electrolyte (ground) was applied to the neuron using a patch pipette
fused to the neuron cell. Bias voltages with respect to the electrolyte were applied to
the bulk silicon (B), source (S), and drain (D). The modulated intracellular voltage
Vi (t) couples through the cell membrane into the junction and eventually affects the
silicon transistor, resulting in a coupling of ionic signals in the neural cell and

electronic signals in the silicon substrate.
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Figure 1.18 Set-up of a neuron transistor [7].

Since a cleft with a certain distance determined by the adhesion proteins always exists
between the cell and substrate, to model the cell-silicon junction circuit, the effect of
the cleft should be taken into account. Two different equivalent electrical circuit
models were introduced by Fromherz’ group to describe the current-voltage

relationship of the neuron transistor [2, 8]. One is a two-dimensional area-contact, and
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the other one is a zero-dimensional point-contact, which are shown in Figures 1.19 (a)

and (b), respectively.
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Figure 1.19 (a) AC circuit of area-contact model and (b) DC circuit of point-contact
model with voltage dependent ion conductance [8]. V},, V; and Vs are the voltages of

cell, junction and silicon with respect to the electrolyte voltage V.
1.4.2.2 Cleft of neuron-silicon junction

In the models presented in Figure 1.19, the capacitances of the cell membrane and
silicon chip are usually known and the ion conductance information of the membrane
can be found from the literature. Hence, it is essential to study the unknown properties
of junctions (such as the resistance and width of the junction) between cell and
transistor. The junction is filled with bulk electrolyte. A small width and a large
specific resistance and contact area are beneficial for achieving a highly sensitive

recording of neuron activity.

The resistance of the junction can be measured through the transistor recording [116-
118]. For example, Weis et al. investigated the junction resistance of a single Retzius
neuron cell cultured on the 16 transistors coated with poly-lysine [118]. When the cell
was stimulated with a modulation voltage V,, by patch pipette, modulation source-
drain currents I, from every transistor were produced and identified with the voltage
of junction V;. A sheet resistance of the junction (46 MQ) was evaluated from the
transfer function V; /V}, with the area contact model recorded by one of the transistors.
In addition, they also investigated the condition of one Retzius cell cultured on one
transistor (see Figure 1.20 (a)), and two types of the transfer function spectra were
obtained (see Figures 1.20 (b) and (c)) [116]. When fitting the spectra with the point-
contact model, type A showed a free cell membrane conductance (0.36 mS cm™) and a
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small sheet resistance (7.7 MQ). However, for type B the membrane conductance and
the sheet resistance increased to 38.5 mS cm™ and 41 MQ, respectively, indicating the

opening of ion channels of the neuron.
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Figure 1.20 (a) Micro-graph of the Retzius neuron cells cultured on 16 channels
transistor; two typical types (A and B) of (b) amplitude and (c) phase spectra of the

voltage transfer function V; /V), recorded by the transistors [116].

The width of the junction can be evaluated from the resulting extracellular voltage
profile using the area-contact model. Once the sheet resistance r; (46 MQ) was known,
the junction width was estimated to be 22 nm using the relationship of r; = p,/d,
(p; = 100 © cm) [118]. Another more direct way to evaluate the junction width is
using fluorescence interference contrast (FLIC) microscopy which was also developed
by Fromherz’ group [1, 2, 119]. For example, a distance of 50 nm between the neural
cells from rat brain and poly-L-lysine modified silicon chip was obtained by FLIC [2].
A similar result (~54 nm) was concluded for nerve cells from rat hippocampus cultured
on the same surface. However, in the case of human embryonic kidney (HEK 293)
cells, which were cultured on a fibronectin modified silicon surface, the cleft width
was around 75 nm [1]. It was demonstrated that by changing the resistivity of the bulk
electrolyte solution, the junction width stays constant, however, the sheet resistance of

the junction changes proportionally [1].
1.4.2.3 Applications

At the early stage, the neuron transistor was used to record the neuronal activity of
individual neural cells or the activity induced by the capacitive stimulation from a
transistor. For example, a bistable switching of the attached membrane conductance
induced by the mechanical deformation of cells was recorded using the neuron-
transistor [120]. The change of the conductance may be due to the activation of ion
channels and/or the self-gating effect within the adhesive cell membrane. The neuron-
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transistor was also used to record action potentials of neurons (i.e. rat hippocampal
neurons [121] or left upper quadrant neurons from the abdominal ganglia of Aplysia
californica [122]) and the activity of ion channels such as recombinant maxi-K (Ca)
channels [123] and voltage-gated EAG K" channels in HEK 293 cells [124]. Moreover,
by capacitive stimulation from the silicon chip, the activation of recombinant NaV1.4
sodium channels [125] and the opening of Kv1.3 potassium channels [126] in HEK293
were recorded. To achieve a high capacitance and thus a sufficient strength of
electrical coupling, thin films of HfO, (10 nm) and TiO, (17 nm) were used as the

insulator, respectively.

Neuronal networks have been successfully interfaced with silicon transistors in order
to monitor the output of synaptically connected neurons [127]. Fromherz’ group has
shown that a semiconductor chip can be directly joined with an excitatory chemical
synapse between two different neurons from pond snails [128]. The snail’s presynaptic
cell was stimulated with a chip capacitor and the action potential of the postsynaptic
cell was recorded with a transistor. This study will benefit the long-term investigations
of memory in neuronal nets and the development of biochips for chemicals interfering
with synaptical activity.

The introduction of the multi-transistor-array (MTA) with an electrolyte-oxide-metal-
oxide-silicon (EOMOS) structure implements the two-dimensional recording of the
activity of neuronal networks or even brain slices [4, 10, 129, 130]. Figure 1.21 (a)
shows the schematic cross-section of a sensor transistor with EOMOS configuration
[129]. Unlike the traditional FET, the chip has a chemically homogeneous and inert
surface of TiO, which benefits cells growth [129]. The sensor transistor with its
intrinsic gate oxide is buried in the chip and it is connected to the chip surface via a
metallic pathway. Figure 1.21 (b) shows the real image of the surface of MTA which
consists of 128 x 128 sensor transistors on 1 mm? with a pitch of 7.8 pm [129]. To
study neuronal networks with a spatial resolution, snail neurons were cultured on the
sensor surface, and a network of neurons (marked with “I”, “lI”, “Il1I”) joined by
electrical synapses was formed (see Figure 1.21 (c)). When neuron “I”” was stimulated
with an impaled micropipette, a burst of action potentials was induced, and then,
postsynaptic neurons “II” and “III” were excited subsequently by coupling via
electrical synapses. Figure 1.21 (d) shows the recording of neuronal excitation of

neuron “I”, “II” and “III” according to time; while Figure 1.21 (e) shows the
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extracellular voltage maps of the neuronal network corresponding to the area marked
in Figure 1.21 (c) and the time marked by arrows in Figure 1.21 (d) [4]. More recently,
MTA was applied to electrically stimulate retinal neurons in epiretinal and subretinal
configuration, offering the possibility of partial restoration of visual function [130].
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Figure 1.21 (a) Schematic cross-section of a sensor transistor with EOMOS
configuration (reproduced from Ref [129]). (b) Scanning electron micrograph of the
surface of multi-transistor array (MTA) which consists of 128 x< 128 sensor transistors
on 1 mm? with a pitch of 7.8 pm (inset: blow up) (reproduced from Ref [129]) (c)
Array of sensor transistors with twelve snail neurons cultured for 24 hours (inset: the
fluorescence micrograph of the marked square area which shows a network of neurons
“I”, “II"”, “IIl"” joined by electrical synapses). (d) Recordings of three selected sensor
transistors beneath the three neurons (the arrows mark the time chosen for plotting the
maps). (e) Extracellular voltage maps of the neuronal network on an area of 375 um %

375 um corresponding to the area marked in (c) (reproduced from Ref [4]).

The ultimate application of neuron transistors is to develop neuroelectronic devices,
which are hybrid systems that can integrate electronic circuits with typical features of
neuronal dynamics and memory. These brain-like devices might be used in medical
treatment such as neuroprosthetics, pharmacological remedies and radiotherapy, which

will potentially affect the whole of society.
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1.4.3 Cell impedance spectroscopy based on FETs

When normal cells attach and spread on an electrode, they can be simply considered as
insulating particles to hinder current flow. The traditional method to measure the cell
insulating effect is electric cell-substrate impedance sensing (ECIS), which was
developed by Giaever’s group. As a commercially available system, it can detect the
cell impedance as a function of frequency and provide cell morphological information
[131]. However, as it is confined by the size of the gold electrode, ECIS can only work
with a layer of cells or a few cells, making the real single cell measurements difficult
[132].

To overcome the restriction, Fromherz and Ingebrandt introduced a transistor-transfer
function (TTF) method based on field-effect transistor (FETs) to observe the cell-
matrix binding event [117, 133]. The experimental set-up is similar to the neuron
transistor described in section 1.4.2. The only difference is that the cell is stimulated by
an electrode in the bulk electrolyte instead of an invasive patch pipette fused to the cell.
Generally, a transistor with 16-channel open-gate FET array was used and each gate
size is smaller than the typical adhesion area of a single cell, which means the signals

from a single cell and/or no cell can be detected simultaneously.

10 pm

Source

(a) (b)

Figure 1.22 (a) The structure of the transistor with 16-channel open-gate FET array
(reproduced from Ref [133]); (b) scanning electron microscopic image of a HEK293
cell attached to the transistor. “S” and “D” represent source and drain. “G” marks

the electrically sensitive part of the transistor (reproduced from Ref [132]).

A typical structure of the transistor and a sample image for a single cell attaching to
the gate of a transistor are shown in Figure 1.22. The TTF method specifically involves
the recording of the transfer function, which is defined by the ratio of the input and
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output voltage signals collected by lock-in amplifier. To simplify the equivalent
electrical circuit (EEC), the point-contact model is always used and the active elements

such as ion-channel activity are neglected.

By using this method, Kiessling et al. concluded the specific resistance of the junction
between a red blood cell and the silicon chip (280 + 60 Q cm) was 4 times larger than
the specific resistance of the bulk electrolyte (74 € cm) [117].

In Ingebrandt’s method, the v,,; was directly transformed from the source-drain
currents [133]. Figure 1.23 (a) shows the EEC for a single cell attached to the transistor,
while (b) shows typical transfer function results of the gates with cell and without cell
based on the circuit model of (a) [133].
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Figure 1.23 (a) Equivalent electrical circuit model for a single cell attached to one
gate of the transistor (b) typical transfer function results for the gates with cell and

without cell using the model of (a) (reproduced from Ref [133]).

By fitting the TTF spectra with the EEC described in [133], cell adhesion related
parameters such as junction resistance R; and the effective membrane capacitance Cy,
(series combination of the free membrane capacitance and attached membrane
capacitance) can be estimated [132-135]. Here, a high R; indicates strong cell adhesion
strength, and a large C,, reflects a flat morphology of cells. Based on this theory, single
HEK?293 cell adhesion events caused by chemical treatments [133], H441 cell death
induced by nanoparticles [135], anti-cancer drug action of HEK293 and H441 cells
[132], and the human T cell adhesion and migration on different pre-treated surfaces
[134] have been investigated. For example, when a HEK293 cell was treated with

trypsin which can gradually detach the cell from the transistor, the transfer function
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values increased, approaching the values without cell attachment. However, if the cell
is treated with AmpB, one can decompose the cell membrane and enhance the cell
fragment attachment with a bigger area, the transfer function decreased. The results
demonstrated the high sensitivity and selectivity of the system to cell-binding status.
Furthermore, they have measured the interactions between single human CD8" T cells
and FET substrates modified with fibronectin, anti-CD3 antibody or anti-LFA-1
antibody [134]. Table 1.1 shows the transfer function fitting results described in [134].
Specifically, when cell migration activity occurred, the transfer function signals
fluctuated which can be recorded by the same system.

Table 1.1 A summary of CD8" cell adhesion related parameters of R; and Cy fitting

from the transfer function with the electric circuit model mentioned above [134].

R; (MQ) Cwm (pF)
Fibronectin 1.23 1.52
CD3 4.71 0.50
LFA-1 2.95 2.16

1.5 Self-assembled organic monolayers (SAMs) on hydrogen-terminated

silicon substrates

Self-assembled monolayers (SAMs), which are directly bonded to silicon without an
intervening layer of silicon dioxide, have been attracting intense attention over the last
two decades [17, 136, 137]. The absence of a SiO, layer allows the direct coupling
between organic molecules and silicon substrates, offering the opportunity to study the
kinetics and mechanisms of the involved grafting reactions systematically, thus
contributing to the design of new reactions in organic or organometallic synthesis
[138]. It is well known that siloxane monolayers (Si-O-Si-R) are unstable and prone to
hydrolytic cleavage in electrolyte solutions [139]. However, a Si-C bond, which is
well-defined and chemically stable, makes their long-term use in ambient conditions
and agueous solution possible. In addition, the selective control of surface chemistry in
hydrosilylation enables the easy and diverse modification and functionalisation of the

silicon surface. This will allow us to take full advantage of intrinsic electronic
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properties of silicon, thus broadening the range of applications in biosensors and

molecular electronics [17-20].
1.5.1 Hydrosilylation methods
1.5.1.1 Hydrosilylation by reaction with unsaturated molecules

Linford et al. reported the first modification of the silicon surface with a covalent
linkage of densely packed alkyl chains in the presence of diacyl peroxides [140]. They
suggested that heat causes the decomposition of diacyl peroxides ([CH3(CH;),C(O)O]a,
n = 16 or 10) to alkyl radicals (CH3(CH,),C(O)O-), and that this is followed by the
grafting onto the silicon dangling bond. They proved that 1-alkenes and alkynes could
also form high-quality monolayers on silicon upon reaction with the free-radical of
diacyl peroxides [141]. The prepared monolayers showed a similar or better stability to
hot solvents, acids and HF solution compared with alkylsiloxane monolayers. The
control experiments indicated that heat (> 150 <C) without initiator can also trigger the
monolayer formation on H-Si. Later, they developed a photochemical method to
produce hydrocarbon monolayers by illuminating with ultraviolet light (350 nm) [142].
A surface propagated radical chain mechanism for the monolayer formation on H-Si
has been proposed, which is depicted in Figure 1.24 [17, 142]. In short, when H-Si is
irradiated with UV-light or initiated with radical precursors, a dangling bond is created.
This silyl radical site can add to unsaturated hydrocarbon molecules and extract

hydrogen from the neighbouring H-Si, thus reaction propagation occurs [141, 142].
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Figure 1.24 Chain propagation mechanism for the reaction of H-Si (111) with
unsaturated hydrocarbon [17, 142].

As mentioned above, hydrosilylation with unsaturated hydrocarbons can be initiated by

various methods, however, the most widely used are thermal-[143-150] and photon-
36



induced methods [151-156]. Regarding the thermal method, the hydrosilylation
reaction time and temperature are different for different types of hydrocarbons. Even
for the same type, the reaction conditions vary from lab-to-lab. For example, a variety
of functionalised and non-functionalised 1-alkenes were successfully modified on the
H-Si (100) surface by heating up to 200 <T for 2 h. The monolayers produced showed
high thermal stability, which provided a new pathway to further functionalise the
silicon surface [143]. Undecylenic acid layers were deposited on hydrogen-terminated
porous silicon at 95 <C. The reaction occurred only at the C=C double bond, leaving
the terminal acid functional group intact [149]. The same monolayer was obtained by
keeping the H-Si (111) in degassed undecylenic acid solution at 180 < overnight [18].
1-Alkenes and 1-alkynes with chain lengths from C;, to Cig were grafted onto H-Si
(111) surfaces at 100 <C for 6 h [150]. The influence of the different linkage groups on
the monolayer was investigated. Results showed the alkenyl monolayers presented a
better quality and surface coverage than the alkyl monolayers. Recently, Gooding and
Ciampi have made significant contributions to the alkenyl monolayer modification and
further functionalisation of silicon [146, 147, 157, 158]. A symmetrical reactant (1, 8-
nonadiyne) was chosen as the starting material and it was covalently bonded onto the
silicon by heating to 170 <C for 3 h. The alkyne-terminated monolayer provides
considerable opportunities for further functionalisation by straightforward and high
yielding copper(l)-catalyzed azide alkyne cycloaddition (CUAAC) “click” reactions
[147].

The photochemical reaction on H-terminated Si surfaces has also been intensively
investigated. A direct photochemical reaction (UV, 6 mW cm? 312 nm) of
undecylenic acid on H-Si (111) surfaces was reported by Faucheux [151, 152]. With
the evidence of IR spectroscopy and AFM, fairly dense monolayers with a surface
coverage of 35% (maximum theoretical value ~50%) were obtained. After washing in
hot acetic acid, the modified surface was atomically smooth and was terminated with
intact carboxyl end groups. Besides undecylenic acid, a series of m-functionalised alkyl
monolayers (such as -(CH,);1CHs, -(CH,)10COOC;Hs and -(CH,);:0H) have been
prepared on oxide-free silicon surfaces through UV-induced hydrosilylation [159].
Interestingly, the reactions of unsaturated molecules (1-alkenes and 1-alkynes) on H-Si
surfaces also occurred under visible light (447-658 cm™) irradiation [154-156]. To
achieve a highly dense monolayer, the reaction time was increased to 10 h, compared

37



with 3 h for UV illumination. This mild technique allows grafting of organic molecules

with photo-labile groups.

Besides these thermal- and photon- induced methods, Perring’s group has reported the
chemical reaction of olefins with H-Si (111) surfaces using a mild method [160, 161].
That is, with the presence of 0.1 mol% of 4-(decanoate)-2, 2, 6, 6-
tetramethylpiperidinooxy (TEMPO-Cyo), monolayers such as 1-octadecene or
undecylenic acid were assembled onto the silicon in one step at room temperature
without UV-light. The effect of TEMPO in the hydrosilylation reaction is not fully
determined, however, the necessity to use it to obtain well-ordered SAMs has been
claimed [160, 161].

1.5.1.2 Hydrosilylation by alkyl Grignard reactions

Bansal et al. published an alternative method referring to a two-step
halogenation/Grignard route to modify H-Si surfaces with organic monolayers [162,
163]. In the first step, Si-Cl bonds were formed by exposing H-Si to PCls for 10-
60 min at 80-100 <C. Subsequently, the chlorine-terminated silicon was transferred to
different alkyl-Grignard (RMgX) reagents for 30 min to 8 days at 80 <C. The XPS and
Fourier transform infrared spectroscopy (FTIR) results demonstrated that oxide free
and diversely functionalised silicon surfaces were achieved by using this simple and
general approach. Electrochemical measurements showed excellent current density-
potential properties, indicating the resistance of monolayers to oxidation. Figure 1.25
shows the schematic of the two-step halogenation/alkylation reaction with Grignard

reagents [162].
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Figure 1.25 Schedule of two-step reaction sequence with Grignard reagents
(reproduced from Ref [162]).

Due to the non-polar character of the methyl group, the reaction with H-Si is hindered

by a high kinetic barrier. However, Dubois et al. explored an electrochemical

activation approach to overcome this barrier with Grignard reagents [164]. When the
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reaction was carried out in an ether/CH3;Mgl solution, over 80% of hydrogen on porous
silicon was substituted by methyl groups in a few minutes. The reaction routes were
also used for the flat silicon surface modification [165]. Based on the experimental
results, a reaction scheme involving a three-step mechanism for the electrochemical

grafting from Grignard reagents was proposed (shown below) [166, 167].
RMgX - R + MgX* + e~ (Equation 1.19 (a))

RX +e-—> R + X~ (Equation 1.19 (b))

=Si—H+ R -= Si'+ RH (Equation 1.20)

= Si'+ R —»= Si — R (Equation 1.21 (a))

=Si'+ RMgX »=Si — R+ MgX*e~ (Equation 1.21 (b))

=Si'"+RX »=Si— X+ R (Equation 1.21 (¢))

=Si— X+ RMgX -»=Si— R+ MgX, (Equation 1.22)

To further study the Grignard-induced hydrosilylation, Boukherroub et al. surprisingly
found that a one-step reaction of an alkyl Grignard reagent (alkylmagnesium bromide)
with a silicon surface was possible [168]. These directly modified surfaces had similar
characteristics to those modified by the photochemical method or the two-step
halogenation/Grignard method. After several weeks, no measurable deterioration was
observed, indicating a good stability of the prepared monolayer [168]. However, since
the surface contamination by metal ions is inevitable, it is difficult to produce really

clean, dense monolayers using Grignard chemistry [169].
1.5.1.3 Electrochemical approaches for hydrosilylation

As an alternative way to generate radicals, an electrochemical method was introduced
for organic monolayer formation on silicon. In this method, the H-Si surface is firstly
electro-initiated, which is followed by the covalent binding of organic molecules to the
silicon substrate. A typical three-electrode electrochemical set-up for monolayer
grafting is shown in Figure 1.26 (a), where the working electrode is the silicon

substrate on which the monolayers are formed [170].
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In 1998, the electrochemical method for hydrosilylation was developed by Allongue’s
group for the first time. They prepared the H-Si (111) surfaces with a direct Si-phenyl
bond by electrochemical reduction of commercially available aryl diazonium salts
[171-173]. By using this method, a variety of functional groups, such as Br, NO,, CN,
NH,, COOH and CnHazn+1 (n = 1, 4, 12) have been introduced to the monolayers and

the following reaction mechanism was suggested [172]:

N=N®—Ar—X+e - Ar — X + N, (Equation 1.23)
=Si—H+Ar — X -»=Si"+ H— Ar — X (Equation 1.24)
=Si'+ Ar' — X »= Si — Ar — X (Equation 1.25)
=Si—H+H,0+e” »=Si +H,+ O0H™ (Equation 1.26 (a))
=Si'"+H,0+ e~ »=Si—H+ OH™ (Equation 1.25 (b))

It was reported that the prepared substrates were capable of resisting HF solution. A
low density of electronic states at the interface of silicon and the organic monolayer
was determined by capacitance-voltage measurements, indicating the possibility for

microelectronics processing and applications of SAM-modified silicon [173].

Robins et al. investigated the electrochemical grafting of alkynes on porous silicon
using different polarity of the bias voltage [174]. The results showed that cathodic
electrografting (CEG) causes alkyne attachment to the H-Si surface, while anodic

electrografting (AEG) produces an alkyl surface (see Figure 1.26 (b)).
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Figure 1.26 (a) Three-electrode electrochemical set-up for electrografting of organic
molecules (reproduced from Ref [170]) (b) schematic for CEG and AEG

electrochemical reactions (reproduced from Ref [174]).
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Cattaruzza et al. compared the covalent bond density of carboxyl-terminated
monolayers on p-Si prepared by thermal and photo-induced and CEG methods [175,
176]. They applied a stepwise procedure with a fluorescent probe to determine the
quality of monolayers. It involved the formation of an amide-terminated monolayer by
the amidation reaction of carboxyl and 7-amino-4-methylcoumarin (AMC), followed
by intensive washing of the surface to remove any physisorbed molecules. The AMC
was then detached from the surface and was quantified by a fluorescence analysis. A
highest carboxyl density was observed for the sample prepared by the CEG method,
which may due to the negative potential protecting the silicon from oxidation.

1.5.2 Further derivation of w-functionalised 1-alkene monolayers

The formation of SAMs on a silicon surface is not only used for the passivation or
chemical stabilisation of the silicon, but also for the modification of surface properties
in a controlled way. For example, the SAM-modified silicon can be further modified
with oligonucleotide chains through covalent binding, thus providing DNA arrays for
biosensing.

Hamers and Smith proposed different cases for the modification of well-defined DNA
on silicon surfaces [177-179]. In one case, w-unsaturated alkyl esters were prepared on
a Si (111) surface using UV-irradiation, and were then saponified to leave a
carboxylate group to electrostatically bind with poly-lysine (PL). Finally, thiol-
modified DNA was attached to the modified surface using the hetero-bifunctional
cross-linker of sulfo-succinimidyl 4-(N-maleimidomethyl)-cyclohexane-1-carboxylate
(SSMCC) (Figure 1.27 (a)) [177]. To simplify the reaction scheme, in the other two
cases, t-butyloxycarbonyl (t-BOC)-protected amines (10-aminodec-1-ene (ADE) or 1-
amino-3-cyclopentene (ACP)) were directly attached onto the silicon surface via a UV-
method, shown in Figures 1.27 (b) and (c) [178, 179]. The hybridization experiments
of the immobilised DNA exhibited excellent specificity, good sensitivity and chemical
stability, indicating that the coupling of nucleic acid as biomolecular recognition

elements to silicon surface was successful [177].
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Figure 1.27 Methods for the immobilisation of DNA on amine-modified silicon
surfaces. Route () is reproduced from Ref [177], (b) is reproduced from Ref [178]
and (c) is from Ref [179].

On the other hand, since a carboxyl-terminated surface can be directly obtained
without any protection step [20, 160, 180], the classical N-ethyl-N'-(3-
dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS) activation
route was used to yield the “activated” ester (Si(CH2)10-COO-N[CO-CH,—CH,—CO])
for further derivatization (see Figure 1.28 (a)) [181, 182]. As expected, an amino-
modified biomolecule, such as DNA, can be reacted with the “activated” ester through
the classical amidation (shown in Figure 1.28 (b)) [18, 20]. Touahir et al. have studied
the various possible reaction paths of EDC/NHS chemistry by infrared spectroscopy
and proposed an optimal reaction condition to maximize the yield of succinimidyl ester
on the silicon surface. ssSDNA oligomers (6-aminohexyl-polyA, 25 mers) or biotin
were successfully anchored onto the activated surface [18]. Voicu et al. described an
approach for patterning the silicon surface with site-directed immobilisation of DNA.
Good specificity and excellent stability were obtained under hybridization and
dehybridization conditions of DNA [20].
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Figure 1.28 (a) Schematic illustration of products from EDC/NHS activation reactions
on carboxyl-terminated surface [181] (b) schematic illustration of the coupling of
ssDNA on a NHS-activated Si surface (left) and the hybridization with the
complementary DNA (right) [18].

1.5.3 Further derivation of SAMs via “click” chemistry

Besides the routes mentioned above, a new surface chemistry which is termed “click”
chemistry can be also used for further surface modifications [147, 148, 183-188]. The
concept of “click” chemistry was first described by Sharpless’ group in 2001 [189] and
covered a wide range of chemical reactions. An ideal “click” reaction occurs under
very mild conditions with high yield and with minimal by-products. Without doubt, the
most well-documented reaction within the suite of “click” reactions is the copper(I)-
catalyzed azide alkyne cycloaddition (CuAAC) reaction. Figure 1.29 shows the
mechanism for CuUAAC reaction suggested by Worrell et al., which involves two
copper atoms in the catalytic cycle [190]. One copper atom is o-bonded to the
acetylide while the second one is n-bonded, forming catalytically active complex 1.
This complex reversibly coordinates an organic azide, forming copper-azide-acetylide
complex 2. Following this step, nucleophilic attack at N-3 of the azide by the B-carbon
of the acetylide forms intermediate 3. The ligand exchange in this intermediate is faster
than the formation of the second C-N bond, which results in ring closure and the
formation of triazolide 4. Finally, triazole product 5 is formed by protonolysis
reactions and the catalyst ligand complex is regenerated for further reaction cycles
[190].
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Figure 1.29 CudAC “click” reaction mechanism [190].

Recently, the CUAAC reaction has been frequently applied to the surface modification
of silicon and allows engineering the architecture and function of materials in an
efficient and modular way [147, 157, 191]. Usually, it involves the formation of the Si-
C bound with a “clickable” platform such as an alkyne on the silicon surface, followed
by a further derivation by CuAAC reaction. Figure 1.30 shows three strategies for
“click” chemistry on silicon substrates using CUAAC reactions [146, 147, 187, 192].

Heath’s group developed the functionalisation approach on the silicon surface with
three steps: chlorination, alkylation and “click” chemistry [192]. The detailed
procedure is shown in Figure 1.30 (a). Specifically, the electroactive p-benzoquinone
molecule was clicked onto the silicon surface and was reduced electrochemically to
yield an amine-terminated group. Molecules such as ferrocene or biotin with carboxyl
groups were then selectively immobilised onto the amine, which provided a way to

covalently bind inorganic or biomolecules onto silicon surfaces.
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Figure 1.30 Different strategies for CUAAC “click” functionalisation of acetylene-
terminated silicon (reproduced from Ref [146, 147, 157, 188]).

Gooding’s group has reported a different “clickable” platform. The commercially
available 1, 8-nonadiyne was grafted onto the H-Si surface, and then different azides
were attached via CuAAC “click” coupling reaction (see Figure 1.30 (b)) [146, 147,
157, 188]. For example, to exploit the electrochemical application of SAM-modified
silicon [146], an azide-substituted analogue of the redox-active species of ferrocene
was immobilised onto the surface to transfer electrons through the organic monolayers.
The results showed that nearly ideal surface electrochemistry of the prepared samples
was achieved. Through prolonged electrochemical cycling measurements, the
monolayer was still shown to be highly resistant to silicon oxidation. In the same
group, ssSDNA was immobilised onto 1, 8-nonadiyne and undecylenic acid-modified
silicon surfaces via “click” chemistry and EDC/NHS chemistry, respectively [193].
Since DNA is highly negatively charged, when impedance measurements were

/4, the charge transfer resistance

performed with a charged redox probe ([Fe(CN)g]
was significantly changed due to the hybridization/dehybridization of DNA. The
results indicated that both types of samples were readily used as electrochemical DNA

sensors, but that the 1, 8-nonadiyne passivated silicon was more stable and able to
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resist surface oxidation during the measurements. Figure 1.31 (a) shows the “click”
chemistry strategy of DNA immobilisation and the Nyquist plots for single-stranded,
complementary and non-complementary target DNA on silicon electrodes with bovine
serum albumin (BSA) as an anti-fouling agent.

Based on the same “clickable” platform, Shamsi et al. prepared an 11 residue peptide
with an RGD (Arginine-glycine-aspartic acid) sequence on silicon in two steps. First,
the peptide was modified with 4-azidophenyl isothiocyanate (API) through the reaction
of the amino group and the isothiocyanate group, and then the azide-modified peptide
was clicked onto the diyne-modified silicon surface [148]. Since RGD peptides are
important in cellular attachment, this approach opens the door to the application of

silicon in cell-based biosensors and tissue engineering.

Furthermore, Qin et al. developed another new versatile “clickable” platform with
trimethylgermanyl (TMG)-protected alkynyl groups on the silicon surface [187] (see
Figure 1.30 (c)). The TMG groups could be easily removed in Cu(l) solutions thus
allowing a single-step CUAAC reaction with good yields. This efficient grafting
scheme was demonstrated by the attachment of oligo(ethylene glycol) (OEG)-azide
onto the TMG-alkyne surface, which resulted in surfaces highly resistant to
nonspecific adsorption of proteins (fibrinogen). They also demonstrated that biotin-
azide and mannose-azide could be clicked to the monolayer platform and could
specifically capture targets of concanavalin A and avidin on silicon surfaces (see
Figure 1.31 (b)).
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Figure 1.31 (a) Schematic for DNA immobilisation on silicon surface via “click”

chemistry method (left) and the impedance spectra for sensors with single-stranded,
complementary and non-complementary DNA measured in a redox solution containing
5 mM ([Fe(CN)e]*™ and 0.1 M KCl at 0.2 V (right) (reproduced from Ref [193]). (b)
Attachment of the biotin-azide and mannose-azide with the OEG-azide on the TMG-
alkynyl-terminated films by CUAAC reaction, followed by back-filling with the OEG-Nj3
and binding with FITC-labeled avidin and concanavalin A (reproduced from Ref
[187]).

1.5.4 Summary

SAMs directly bonded to silicon surfaces via Si-C covalent bonds have attracted strong
interest due to their potential applications in chemical and biological sensors. Of
particular relevance to this work is the use of the organic monolayer as an insulator to
optimize the sensitivity and flexibility of LAPS/SPIM in the application of cell-based
biosensors. Different methods to perform the hydrosilylation and further modifications
on silicon surfaces have been listed above. In this work, the thermal, noncatalyzed
hydrosilylation method is chosen to assemble monolayers on H-Si or H-SOS from

commercially available chemicals of undecylenic acid and 1, 8-nonadiyne, as both of
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the monolayers thus generated have been investigated intensively and reliable reaction
routes to their formations have been established. In addition, the undecylenic acid
monolayer can be further modified easily with biological probes such as DNA
oligomers or proteins though a classical amidation reaction, while the 1, 8-nonadiyne

monolayer can be further functionalised with target molecules via “click” chemistry.

Since it is the first time that a SAM has been used as the insulator in LAPS/SPIM, its
feasibility has to be validated. To estimate the spatial resolution of LAPS/SPIM and to
validate the surface potential imaging, a surface with contrast either in impedance or in
potential should be prepared. In the following section, the typical methods for surface

patterning will be presented.

1.6 Surface patterning methods

1.6.1 Photolithography

Photolithography, which is extensively used in the microfabrication of semiconductors,
is a process to transfer geometric patterns on a mask to the surface of silicon. The
typical procedure of photolithography is shown in Figure 1.32. First, the substrate is
covered with photoresist by spin-coating. After pre-baking, the photoresist is exposed
through a mask to UV-light to cause a chemical change. The sample is then rinsed with
a developer, which can remove some of the photoresist. For a positive photoresist, UV-
exposed parts are soluble in the developer, however, for a negative one, unexposed
regions are soluble. In some applications an etching step is required. A liquid or
plasma chemical agent is used to etch the sample surface which is not protected by
photoresist. Finally, if the photoresist is no longer needed, it can be removed by using

the resist stripper.
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Figure 1.32 Representation of photolithographic processing steps.

Recently, photolithography has been exploited in the fabrication of patterns on silicon

surfaces with various molecules [194-196] or biological components (such as
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antibodies [197], peptides [198, 199] and DNA [200, 201]) for label-free biosensing or
living cells patterning [197, 202, 203]. Zhu et al. have reported a strategy for
chemically patterning 1, 8-nonadiyne monolayer modified porous silicon with two
different species (-OEG-OCHj3 and -OEG-OH) using photolithography with a positive
photoresist followed by surface modification “click” chemistry [194, 195]. Initially, a
metal film was pre-coated onto the 1, 8-nonadiyne monolayer modified-surface in
order to exclude the photoresist from the silicon pores, although, the metal film was
found to have an adverse effect on the efficiency of the “click” reaction and the metal
layer was consequently eliminated [195]. Figure 1.33 shows the improved procedure
for chemically patterning [195]. Firstly, a positive photoresist (AZ6612) pattern was
prepared on the 1, 8-nonadiyne modified porous silicon by photolithography (step a).
Then the first azide species (azido-OEG-OCH3) was attached to the unprotected
regions via “click” reaction (step b). The remaining surfaces including the internal pore
walls were “clicked” with another azide (azido-OEG—OH) (step d) after the removal of
photoresist (step c). Finally, the discretely functionalised substrate was successfully

used for selective positioning of BSA and gelatin (step €).
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Figure 1.33 Procedure for chemical patterning of porous silicon with different azide
species using the combined technique of photolithography and “click” chemistry
(reproduced from Ref [195]).

Antibodies, which are large proteins with three-dimensional (3-D) structure, were
patterned on silicon substrates with a positive photoresist [197]. To preserve the
biological activity, sucrose was used to stabilize the antibody before photoresist
processing was undertaken. Then oxygen plasma was applied to selectively etch the
immobilised antibody uncovered by the photoresist. Marchesan et al. prepared 50 pm-
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deep microwells modified with amino acids or small peptides by using a negative
photoresist SU-8. The process involved three steps, including the bromine-
functionalised thin film formation, microwell fabrication using the standard
photolithography procedure for SU-8 and amino acids or small peptides
immobilisation through displacing the activated bromine [198]. They also exploited the
application of the functionalised microwells in two ways. One is further immobilised
with enzyme horseradish peroxidase (HRP) via EDC coupling to produce a
biochemical assay (see Figure 1.34 (a)), while the other one is modified with an RGD-
peptide which can improve the cell attachment (see Figure 1.34 (b)).

(a) luminol
H,0,
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channels
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] surface SU8top
| wioRGD  surface or
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Figure 1.34 (a) HRP reaction in the wells; (b) HRP luminescence assay with (right) or

without (left) the EDC coupling agent; (c) fluorescent microscopy images of fibroblast
cell adhesion without (left) and with (middle) the RGD-peptide inside of the
microchannels, while the right graph displaying the cell counting within 0.6 mm? of

different areas on the micropatterns (reproduced from Ref [204]).

Instead of the covalent functionalisation schemes which involved very elaborate
procedures for patterning, Prashanth et al. described a non-covalent method based on
electrostatic assembly and lithographic patterning [201]. In brief, polyelectrolyte
multilayers were prepared by alternatively spin-coating polycations and polyanions
onto a photoresist-patterned substrate. After washing off the photoresist, proteins or
DNA were attached onto the polyelectrolyte array via electrostatic absorption. It was
believed that this method could be used for patterning and functionalisation at different

types of substrates including plastics.
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1.6.2 Microcontact printing (uCP)

Microcontact printing (JUCP), which was introduced by Whitesides’s group [205, 206],
has been widely applied to print desired patterns from a master polydimethylsiloxane
(PDMS) stamp onto the host substrate. Unlike photolithography, typical UCP does not
require dust-free conditions or harsh chemical treatments, making it a facile and low-
cost technique in the application of surface chemistry and cell biology [207]. Generally,
a typical procedure of CP starts with the fabrication of a PDMS stamp, and is
followed by inking the stamp in the target solution and then making physical contact
with the substrate. Through |ICP, various materials including antibody [208], cell-
adhesive protein [209-211] or RGD peptide [212, 213], liposomes [214], DNA [215-
217] and SAMs [207, 218, 219] can be patterned onto the substrates surface. Usually,
the binding mechanisms between the ink materials and substrates can be concluded to

be through ionic interactions and covalent binding.
1.6.2.1 lonic interaction

Csucs et al. printed peptide (RGD)-functionalised poly-L-lysine-g-poly(ethylene glycol)
(PLL-g-PEG) onto tissue culture polystyrene (TCPS) or glass substrates through
electrostatic absorption [212]. Furthermore, they modified the non-printed areas with
non-functionalised PLL-g-PEG to resist protein and cell attachment. Both cell types
(human foreskin fibroblasts and fidh epidermal keratocytes) showed highly selective
interactions with the chemically patterned surface. Similarly, to study the cell growth
and viability depending on the local geometry of the substrate, fibronectin- or vinculin-
coated adhesive islands with different size and spaces were prepared using |UCP [209].
This investigation provides an attractive way to regulate the tissue microenvironment

and architecture.

Lange et al. produced DNA arrays using |ICP method. Before patterning, the PDMS
stamp was treated with oxygen plasma and then modified with
(aminopropyDtriethoxysilane to obtain a positively charged surface for DNA
absorption [217]. Figure 1.35 (a) shows the printing procedure and the resultant images.
Besides, Kidambi et al. combined pCP with a layer-by-layer (LBL) assembly
technique to create 3-D patterned microstructure films [207]. Figure 1.35 (b) shows the
stamping process of m-d-poly-(ethylene glycol) (m-dPEG) acid on a
poly(diallyldimethylammonium chloride) (PDAC)/Sulfonated poly(styrene) (SPS)
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multilayer polyelectrolyte template. The results indicated that by adjusting the pH of
the m-dPEG acid ink solution, one can control the transfer efficiency of the patterns
from PDMS stamp to polyelectrolyte films. Using the same approach they also
fabricated the bilayer lipid membrane (BLMs) and liposomes arrays on the patterned
polyelectrolyte multilayer (PEM)/m-dPEG acid substrate [214].

A - Scheme B - Fluorescence image

drop of DNA
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Ink PDMS stamp with
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Figure 1.35 (a) Scheme of CP of DNA (left A) and fluorescence images of the printed
FITC-labelled DNA on glass (right top B) and the AFM images (right bottom C) [217]

(b) scheme of stamping m-dPEG acid on a PDAC/SPS multilayer template [207].
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1.6.2.2 Covalent binding

As mentioned above, the mechanism of CP also includes covalent binding between
the substrate and the ink solution. Huck et al. reported the first example of peptide
synthesis on a silicon surface by pCP of BOC-protected amino acids onto a reactive
amine SAM [213]. Induced by the nanoscale confinement between PDMS stamp and
SAM-modified surface, the amide-bond can be formed without the presence of
catalysts.

. N-(2-aminoethyl)-11-aminoundecyltrimethoxysilane

Methoxypoly(ethylene glycol) amine
Terephthaldialdehyde
<= Protein Col3a1

Silicon substrate

DD Helacells

(a)

Figure 1.36 (a) Scheme of surface modification and cell patterning through |CP of
protein col3al; (b) the microscopy images of the HeLa cells patterns (reproduced from
Ref [211]).

Ravoo and Reihoudt have intensively investigated covalent binding using CP. For
example, they covalently printed cytophilic proteins, which benefit cell adhesion, onto
aldehyde-terminated SAMSs on gold or silicon oxide substrates [211]. Figure 1.36 (a)
shows the schematic representation of surface modification and cell patterning through
MCP of protein col3al, while Figure 1.36 (b) shows the microscope images of the
HeLa cells patterns. Interestingly, they also elegantly demonstrated that a “click”
reaction can be also performed via pCP in copper(l)-free solution within a short
reaction time, thus providing a straightforward way for the fabrication of biomolecular

microarrays on silicon [183, 215, 218]. Taking advantage of the copper-free condition,
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acetylene-modified DNA was directly immobilised onto the azide-substituted SAM-
modified surface using ICP [215]. The effect of the acetylene positions and amounts
on the DNA hybridization was studied (see Figure 1.37) and the results indicated that
acetylene modification at the 5’ terminus produced the maximum hybridization. DNA
modified with more than one acetylene linker showed no hybridization with its

complementary strand.
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Figure 1.37 Immobilisation of DNA with acetylene units in different positions and
hybridization with complementary strands (reproduced from Ref [215]).

1.6.3 Scanning probe-based lithography (SPL)

Scanning probe-based lithography (SPL) is a technology that can not only introduce
specific chemical modifications on substrates, but can also create precise patterns on
the surface with a molecular-level resolution. Based on scanning probe microscopes, it
can be triggered by atomic force microscopy (AFM) such as dip-pen nanolithography
(DPN) and scanning tunneling microscope (STM). Generally, AFM is operated in air
or liquid media under constant-voltage mode, while STM is performed in vacuum, air
or liquid under constant current mode. Schematic for SPL based on AFM and STM are

shown in Figure 1.38 (a) and (b) respectively [220].
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Figure 1.38 Schematic for SPL induced by AFM nanografting (a) and STM desorption
(b) (reproduced from Ref [220]).

DPN, which was first published by Piner et al., was initially applied to immobilise
thiols on a gold surface [221]. Since then, it has been used for fabricating nanopatterns
of molecules such as DNA [222], proteins [223, 224], viruses [225], polymers [226]
and SAMs [227] on a variety of substrates by using chemically modified AFM tips.
For example, Mirkin’s group produced a biologically active protein array by
covalently binding to templates of DPN-generated 11-mercaptoundecanoyl-N-
hydroxysuccinimide ester (NHSC;:SH) SAMs on a gold surface [224]. It was reported
that DPN can also be used with “click” chemistry to produce lithographed monolayers
with azide derivatives on a silicon surface [227].

Among all the SPL approaches, STM-based lithography possesses the highest spatial
resolution providing single organic molecule precision. Perkins et al. produced
patterns of an (aminoethylaminomethyl) phenethyltrimethoxysilane (PED) monolayer
on a silicon surface using STM lithography [228]. These patterns, which were trenches
with ~15 nm width and 3 nm of edge roughness, resulted from the combination of a
passivation process on the silicon surface and STM lithography. When performed at a
very low electron energy (~10 eV), fine lines (~15 nm) modified with alkylthiols and
alkylsiloxanes monolayers can be obtained with STM lithography technology [229].
Besides SAMs, STM lithography has been used successfully to produce patterns of
metal halide films and e-beam resists [230].

1.6.4 Summary

Considering the biosensor applications and the resolution of LAPS/SPIM, a pattern

with extremely high resolution is actually unnecessary. Hence, photolithography and
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UCP are adopted in this work. To measure the lateral resolution of LAPS/SPIM based
on the SAM-modified SOS substrate, a clearly defined edge on the surface has to be
fabricated. For that purpose, films of SU-8 with sharp edges are formed on the surface
of SOS substrates by photolithography. To validate the surface potential imaging, the

comparatively facile and clean method of |UCP is used to fabricate chemical patterns.

Another model system suitable for investigating the impedance and potential-imaging
capabilities of LAPS/SPIM is polyelectrolyte microcapsules. The following section

will present the preparation of microcapsules and their properties.
1.7 Polymeric multilayer capsules

1.7.1 Preparation process

Polymeric multilayer capsules (PMLCs) are based on the layer-by-layer (LBL)
adsorption of oppositely charged macromolecules, such as polyelectrolytes (PE), on
colloidal particles [231]. Here, polyelectrolytes are polymers bearing charged groups
in the repeating units. Once dissolved in aqueous solution, these groups will dissociate
and generate free ions, resulting in an electrically conductive and viscous solution.
Generally, three steps are involved to produce PMLCs (see Figure 1.39) [232]. First,
colloidal templates with specific size and shapes are deposited with polymer “A”
carrying opposite charges. Second, the polymer “A”-coated particles are treated with
an oppositely charged polymer “B” and then again with polymer “A”. The alternating
process is performed until the desired number of polymer layers are formed on the
colloidal templates. After each polymer deposition, the excess polyelectrolyte is
removed by cycles of centrifugation and washing. Finally, the colloidal cores are
dissolved by chemical or thermal treatment and a suspension of hollow PMLCs is
obtained.
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Figure 1.39 Schematic representation of the LbL capsule preparation process
(reproduced from Ref [232]).

1.7.2 Templates and shell compositions

Microcapsules can be constructed on organic or inorganic templates. The most
commonly used organic templates are melamine formaldehyde (MF) [233],
polystyrene (PS) [234] and poly methyl methacrylate (PMMA) [235]. Acidic media or
organic solvents are required to dissolve the polymer cores. For example, 0.1 M HCI
solution was used to dissolve MF cores [233]. Inorganic templates, which can be
decomposed under relatively mild conditions, have been intensively investigated in
recent years. Carbonate particles (such as CaCOj3 [236, 237], MnCOj3 [238] and CdCO3
[239]) and highly monodisperse silicon dioxide (SiO,) particles [240] have been used
as templates for capsule preparation. Among them, CaCO3 can be dissolved in aqueous
ethylene diamine tetraacetic acid (EDTA) [237], while SiO, can be decomposed in
1M HF solutions [240]. Besides the organic and inorganic particles, biological
materials such as living cells [241], liquid droplets such as oil emulsion [242] and even

micro air bubbles have been also used for capsule preparation.

In terms of the shell composition of capsules, the most commonly used materials are
polyelectrolyte pairs. One of the typical examples is poly(allylamine hydrochloride)
(PAH) and sodium poly(styrene sulfonate) (PSS), which can yield stable capsules
constructed on a variety of templates [243-245]. In  addition,
poly(diallyldimethylammonium chloride)/poly(styrene sulfonate) (PDADMAC/PSS)
[246], poly(N-vinylpyrrolidone)/poly(methacrylic acid) (PVPON/PMA) [247] and
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dextran sulfate/protamine (DS/PR) [248, 249] pairs have also been reported as bilayers

in the microcapsule fabrication (see Figure 1.40).
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Figure 1.40 (a) Structures of positively charged polymers of PAH and PDADMAC
which can form a complex with negatively charged PSS through electrostatic
interactions; (b) structure of PVPON/PMA polymer complex formed through hydrogen
bonding.

Due to the unique chemical and physical properties of gold nanoparticles (AuNPs) and
their numerous applications in electrochemical sensing [250-252], medical diagnostic
[253] and drug delivery [254], the idea to combine AuNPs with microcapsules is of
particular interest [255, 256]. Since simply mixing the gold nanoparticles with capsules
causes the coagulation of capsules, a LBL self-assembly method to insert AUNPs in the
polymeric multilayers has been developed by Dong et al. [255].

1.7.3 Properties and applications

Due to the properties of encapsulation and release, PMLCs show promising
applications in the areas of medicine (drug, vaccines or nucleic acids delivery), food
(nutrient preservation) and cosmetics (fragrance protection and continuous release)
industries. A variety of physical and chemical approaches have been exploited to
release entrapped materials. For the physical method, optical activation (including
ultraviolet, visible and infrared light) [257], magnetic field [258], ultrasound [259] and
heat [260] are widely adopted. Regarding the chemical approach, changes in the
environmental conditions of pH [261], ion concentration [262] and enzyme

concentration [263] are effective ways to trigger the release of capsules.
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2. Experiments

2.1 Materials

Silicon-on-sapphire (SOS) with a 0.5 um thick silicon (100) layer (boron doped,
0.05 Q cm) and a 1 pum thick silicon (100) layer (boron doped, 0.1  cm) on a 475 um
thick sapphire substrate was purchased from Monocrystal, Russia. Double-polished
silicon (100) wafer (boron doped, 10-30 Q cm) was purchased from Si-Mat, Germany.
For SOS, unless noted otherwise, that with 1 um thick silicon was used in the work

described in this thesis.

Zero grade argon (BOConline, UK) was dried and purified through an
oxygen/moisture trap (Agilent Technologies, USA). All chemicals, unless noted
otherwise, were purchased from Sigma-Aldrich and were used as received without
further purification. Table 2.1 shows the chemicals and reagents that have been used in
this work. 1, 8-Nonadiyne (98%) was redistilled before use. First, 1, 8-nonadiyne was
mixed with sodium borohydride and stirred under dry argon at room temperature
overnight. Then it was redistilled under reduced pressure (95 <C, 23-30 Torr) and
stored under argon prior to use. Dichloromethane (DCM) was redistilled before use.
Pure water (18.2 Q cm) from a three-stage Millipore Milli-Q 185 water purification

system (Millipore, USA) was used to prepare solutions.
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Table 2.1 Chemicals and reagents.

Chemical name

Grade

Hydrogen peroxide
Sulfuric acid
Hydrofluoric acid
Hydrochloric acid
Acetic acid
1-Octadecene
Undecylenic acid
1,8-Nonadiyne
Sodium borohydride

11-Azido-3,6,9-trioxaundecan-1-amine
4-Azidobenzoic acid solution

Sodium ascorbate
Copper(ll) sulfate pentahydrate

N, N, N’, N’-Tetramethylethylenediamine
(TMEDA)

Poly(allylamine hydrochloride) (PAH, 70 kDa)
Poly(styrenesulfonate sodium salt) (PSS, 70 kDa)
Ethanol (EtOH)
Dichloromethane
Acetone
Sodium chloride
Potassium chloride
Calcium chloride
Magnesium chloride
Phosphate buffer saline (pH 7.4, tablet)
Carbonate-bicarbonate buffer (pH 9.6, capsule)

Trizma basis

Semiconductor grade, > 30%
Semiconductor grade, 95-97%
Semiconductor grade, 49-51%

ACS regent, 37%
ACS reagent, > 99.7%
GC, >95.0%
Puriss., 98-100.5%
98%

99.99% Trace metals basis
Technical, > 90% (GC)

~0.2 M in tert-butyl methyl
ether, > 95.0%

> 98%
ACS reagent, > 98.0%

> 99.5%, purified by
redistillation

Absolute, Puriss., > 99.8%
HPLC
HPLC
ACS regent, > 99%
ACS reagent, 99.0-100.5%
99.99% trace metals basis

BioReagent, > 97.0%

Puriss., >99.7%
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2.2 Methods

2.2.1 Ohmic contact

SOS and silicon wafers were cut into 7 mm > 7 mm pieces using a diamond tipped
cutter. In order to form the ohmic contact, chips were etched in 10% HF solution for
30 s, and then 30 nm chromium and 150 nm gold were thermally evaporated onto the
sample corner through a mask using an Edwards Coating System E306A. Finally,
samples were heated to 300 <C for 5 min to let the deposited chromium and gold

diffuse into the silicon bulk.
2.2.2 Monolayer formation
2.2.2.1 Sample cleaning

The SOS or silicon sample was cleaned in acetone in an ultrasonic bath for 5 min and
blown dry with nitrogen gas. Then it was immersed in a hot piranha solution (3:1
H,SO, (96%)/H,0, (30%)) at 100 <C for 30 min and rinsed copiously with Milli-Q

water.
2.2.2.2 Assembly of alkyl monolayers from undecylenic acid and 1-octadecene

The cleaned SOS or Si sample was transferred to 10% HF solution and chemically
etched for 5 min to obtain a hydrogen-terminated surface (H-SOS/H-Si). During the
sample cleaning and etching, undecylenic acid was deoxygenated under argon in a
Schlenk tube at 90 <C for 30 min and then cooled to room temperature under
continuous bubbling of argon. The freshly prepared H-SOS/H-Si substrate was
transferred into the Schlenk tube with continuous argon bubbling for 30 min. Grafting
was performed overnight at 160 <C adapting a procedure described elsewhere [264].
The modified surface (surface U1) was then rinsed in hot acetic acid at 75 <C and
copious amounts of water. Figure 2.1 shows the process for the monolayer formation.
For the reaction of SOS or Si surface with 1-octadecene, a temperature of 180 <C was
used. After the reaction, the sample (surface O1) was rinsed successively with

tetrahydrofuran and DCM and blown dry with nitrogen.
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Figure 2.1 Process of the undecylenic acid /1-octadecene monolayer formation.
2.2.2.3 Assembly of alkyne-terminated alkenyl monolayers from 1, 8-nonadiyne

Assembly of the 1, 8-nonadiyne monolayer followed the procedure reported by
Gooding’s group [146, 147, 157]. The cleaned SOS or Si substrate was transferred to
2.5% HF solution and chemically etched for 90 s to obtain the H-SOS/H-Si substrate.
During the cleaning and etching time, the redistilled 1, 8-nonadiyne was transferred
into a Schlenk tube and was degassed by freeze-pump-thaw cycles until no gas bubble
evolved from the solution. Then, the freshly prepared H-SOS/H-Si sample was
transferred into the degassed 1, 8-nonadiyne and left for 3 h at 165 <C under an argon
stream. After cooling to room temperature, the functionalised surface (surface N1) was
then rinsed in copious amounts of redistilled DCM and blown dry with nitrogen before

characterisation or further modification. Figure 2.2 shows the process for the 1, 8-

yidg

nonadiyne monolayer formation.

Native oxide layer |]| |I-| |I| H
== 2.5% HF P-Si(100) Ho=—""~"~—=cH P-5i(100)
sapphire 90s sapphire 165°C. 3h sapphire
Surface N1

Figure 2.2 Process of the 1, 8-nonadiyne monolayer formation.
2.2.2.4 Functionalisation of alkyne monolayers via CuAAC “click” reaction

The 1, 8-nonadiyne monolayer-modified SOS or Si sample (surface N1, prepared in
Section 2.2.2.3) was transferred into a vessel containing the “click” solution of the
azide (15 mM, ethanol/water 2:1), copper(ll) sulfate pentahydrate (1.1 mol% relative
to the azide), sodium ascorbate (10 mol% relative to the azide) and TMEDA

(0.45 mM). The reaction was carried out in the dark at room temperature for 24 h. Two
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different azides were used: 1-Azido-3, 6, 9-trioxaundecan-1-amine (azido-OEG-NH,)
yields a surface terminated with amino groups (surface N2), while 4-azidobenzoic acid
gives a carboxyl-terminated surface (surface Al). The unreacted reagents were
removed by rinsing the substrate consecutively with copious amounts of EtOH, then
water and EtOH. Then, the sample was placed in a 0.5 M hydrochloric acid solution
for 2 min to remove the residual copper [265]. Finally, it was washed with copious
amounts of water and ethanol. Figure 2.3 shows the process for “click” modification

on 1, 8-nonadiyne.
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Figure 2.3 Process of CudAC “click” chemistry on 1, 8-nonadiyne-modified SOS.

2.3 Surface characterisation

2.3.1 Contact angle measurements

Contact angle measurement is a technique to measure the ability of a liquid, such as
water or organic solvent, to spread on the solid surface. A contact angle (6) is the angle
between the outline tangent of the droplet and the contact solid surface. It changes with
the change of solid surface materials. For example, when a surface is functionalised
with a material with a better liquid affinity, it has a smaller contact angle. The principle
for this instrument is quite simple. When a drop of liquid is deposited on a solid
surface, its image is captured by a camera under illumination and then the contact

angle is recorded.

In this work, the water wettability of different monolayers-modified SOS samples was
measured by using a Drop Shape Analysis System (Kriss DSA100, Germany). 1 il of

ultrapure water was carefully deposited onto the surface and the advancing contact
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angles were measured immediately. Three spots were measured on each sample and

averaged.
2.3.2 Ellipsometry

Ellipsometry is commonly used to determine a thin film thickness and optical
constants. It offers the advantages of high precision and sensitivity. It is also non-
destructive and easy-to-use. Figure 2.4 shows a schematic representation of the
ellipsometer and the instrument used in this work. Essentially, it measures the change
in the polarization state of the laser beam induced by the reflection from (or
transmission through) the sample, which is defined as the ratio of the reflectivity of p-

polarized light (;,) over s-polarized light (ry):

tan(y) e =p = :—p (Equation 2.1)

Where p is the measured complex reflectance ratio; tan(y) is the magnitude of the
reflectivity ratio; A is the phase difference. Since ellipsometry is an indirect method, a

model analysis must be performed to obtain optical constants of the sample.

analyzer sample

polarizer
4

detector interferometer

elliptically polarized light

(a) (b)

Figure 2.4 (a) Schematic representation of an ellipsometer reproduced from Ref [266];

(b) photographic image of the ellipsometry instrument used in this work.

In this work, an alpha-SE® Spectroscopic Ellipsometer and the CompleteEASE
software (J.A. Woollam Co. Inc., USA) for data collection and analysis were used to
measure the thickness of the organic monolayers assembled on silicon. Even though
this ellipsometer is designed for both opaque and nonopaque substrates, to simplify the
data analysis model, all organic monolayers were immobilised onto opaque Si

substrates instead of transparent SOS substrates for ellipsometry. The wavelength

64



range for measurements was 380-900 nm and the angle of incidence was 70< First,
optical constants of refractive index (n) and imaginary refractive index (k) were
determined from a freshly etched H-Si (n = 3.877, k = 0.051). Then, the monolayer
thickness was modelled as a single layer absorbed on the H-Si substrate using the
Cauchy model in the software, which allows a known index of refraction (1.46) to be
specified at a specific wavelength (632.8 nm). The Cauchy equation describes the

index of refraction using three parameters:

n(A) = A+ -+ (Equation 2.2)

Where A is 1.46, B and C were set between =1 nm? and +0.25 nm*, respectively. The
reported values are the average of at least three measurements taken at different spots

on one sample.
2.3.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive qualitative and
quantitative spectroscopic technique based on the photoelectric effect. As a weakly
destructive technique, it can be applied to measure the surface chemical composition

and chemical state of solid samples, including metals, ceramics and polymers.

In XPS, the sample is illuminated with a soft X-ray source (AlKa or MgKa) under an
ultrahigh vacuum (UHV, P < 10° mbar). Photoelectrons are ionised from the surface
of the solid sample due to the photoelectric effect. The binding energy of electron

Eg can be determined by:

Ep = hv — E;, + @ (Equation 2.3)

Where hv is the photon energy, Ej is the kinetic energy of the emitted photoelectron
and @ is the work function. Since the photon energy of the X-ray is known and the
work function is a constant in practice, after measuring the kinetic energy of the
emitted photoelectron, the electron binding energy, which is associated with elements

and chemical bonds (chemical states), can be determined.

In this work, a Kratos Axis Nova spectrometer (nanoLAB of Newcastle University,
UK) was used to obtain the XPS results. Survey scans were carried out over the 1100-
0 eV range with a 1.0 eV step size, a 100 ms dwell time, and an analyzer pass energy
of 100 eV. High-resolution scans were run with a 0.1 eV step size, a dwell time of
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100 ms, and the analyser pass energy set to 20 eV. For alkyl- or alkynes-modified
substrates, the scan regions were Si 2p (97-107 eV), C 1s (278-294 eV), and O 1s
(526-542 eV). For further “click”-functionalised substrates, additional N 1s (392-
408 eV) and Cu 2ps/2 (926-938 eV) regions were investigated.

The CasaXPS software (nanoLAB of Newcastle University, UK) was used to analyse
the spectra. The background was subtracted using the Shirley routine, and then the
spectra were fitted with a line shape following the mixed Gaussian-Lorentzian (GL)

functions.
2.3.4 Fluorescence microscopy

A fluorescence microscope is an optical microscope that uses fluorescence to generate
an image. When a fluorescent sample is irradiated with a light at a specific wavelength,
it absorbs the light and emits detectable light with a longer wavelength. This
phenomenon is known as Stokes’ shift [267]. The greater the Stokes’ shift, the easier it
is to separate excitation light from emission light. Two spectral filters are used in the
microscopy: one allows only the light with wavelength matching the fluorescent
sample to go through, while the second one separates the weaker emitted light from the
much stronger irradiation light. The sample can either be naturally fluorescent or be

labelled with fluorescent chemicals.

In this work, all fluorescent images were obtained using the Leica Epifluorescence
Microscope DMI 4000B.

2.3.5 Atomic force microscopy

Atomic Force Microscope (AFM) is one of a family of scanning probe microscopes
having a very high resolution. Based on the measurement of atomic forces, such as van
der Waals, capillary, chemical bonding, electrostatic and magnetic forces, it is
commonly used to detect surface morphology, providing the information of surface
roughness, thickness and material distribution. In addition, it can be applied to image
the structure of polymers, nanostructures and intermolecular interactions, or the
structure of biological molecules and cellular components. AFM can also be used to
perform nanolithography, that is, modify the surface deliberately by scratching or

creating desired structures or patterns onto the specimen surface.
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The principle of a general AFM is shown in Figure 2.5. An extremely sharp tip is
mounted on the end of a tiny cantilever spring, which is moved by a mechanical
scanner over the sample surface. If the interaction/force between the tip and the sample
surface changes, the force acting on the tip will also change, causing the varying of the
bending of the cantilever according to Hooke's law. A laser beam pointed at the tip
detects the bending and reflects it to the position-sensitive detector (quadrant
photodiode).

In this work, AFM (Dimension Icon, Bruker, US) in PeakForce TUNA mode was used
to image the patterns produced by pCP and photolithography and the collapsed
microcapsules. In this mode, the instrument automatically optimizes scan parameters,
such as setpoint, gain and scan rate. A Bruker’s PeakForce TUNA tip (Au coating,
spring constant of 0.4 N/m) was used for scanning. Moreover, for local conductivity
measurements of microcapsules, a DC bias voltage at 1 V was applied between the
AFM tip and the sample substrate.

Quadrant photodiode
Position sensitive
detector

Laser beam

@W

Tip

Adjust tip-sample
distance

Sample
surface

4—1—» X-y-Z

Figure 2.5 Schematic representation of the AFM instrument [268].

Piezo
ceramic

2.4 LAPS/SPIM measurements set-up

Figure 2.6 shows the experimental set-up for photocurrent measurements. Lasers used
for LAPS/SPIM measurements include a diode laser LD1539 (Laser 2000, 4 = 405 nm,
1 mW), an infrared laser (Laser 2000, A = 1064 nm, up to 150 mV), and a Cr-Forsterite
femtosecond laser (DEL MAR PHOTONICS, /1 = 1250 nm, 80 fs pulses, 200 mW,
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80 MHz). The 405 nm laser was modulated electronically (see light profile “a” in
Figure 2.6). The other two lasers were modulated using a chopper (see light profile “b”
in Figure 2.6). The modulation frequency was 1 kHz for all photocurrent
measurements except for frequency-dependent measurements. The beam profile of the
405 nm laser was improved using a spatial filter and a collimating lens, while the
beams of the IR laser and femtosecond laser passed through a beam expander. All
lasers were focused onto the silicon layer of the SOS substrate through the same
objective (LD Plan-NEOFLUAR 40%) with a correction ring (Zeiss, numerical
aperture 0.6), which allowed to correct for spherical aberration caused by focussing
through a solid substrate (sapphire). For ~0.5 mm thick sapphire substrates (refractive
index: ~1.77), the correction ring was adjusted to 0.48 mm. The sample holder was
mounted onto an M-VP-25XL XYZ positioning system with a 10 nm motion
sensitivity on all axes (Newport, UK). AC photocurrents were measured using an
EG&G 7260 lock-in amplifier. In all measurements, SOS substrates were used as the
working electrode. A platinum electrode with a serial capacitor of 4.7 JF and a
Ag/AgCI (3 M KCI) electrode in parallel were used as the counter and reference
electrodes. The control software was written in LabView 8.2 version by Dr Shihong
Jiang [14].

For LAPS/SPIM resolution measurements and the imaging of patterns, the 405 nm
laser was used. For the high-resolution electrochemical imaging of microcapsules, the
1250 nm femtosecond laser was adopted. For the imaging of rat B50 neuroblastoma
cells, the 405 nm laser combined with 1064 nm IR laser were used. A digital camera
(EOS 600D, Canon) was integrated to record the in-situ images of the microcapsules

and cells attached to the SOS substrate (see light profile “c” in Figure 2.6).
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Figure 2.6 Experimental set-up for photocurrent measurements.
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3. LAPS/SPIM substrates with self-assembled organic monolayers as

the insulator

3.1 Introduction

Due to the advantage of being label-free and having spatial resolution, LAPS has been
widely used for different kinds of sensors (as described in Section 1.3.5.4). Many
efforts have been made to improve the spatial resolution of LAPS (as described in
Section 1.3.5.2). So far, the best resolution measured by using a genuine LAPS set-up
with back illumination is about 0.8 pm, which was achieved by using an SOS substrate
(0.5 pm silicon, 475 pm sapphire) and a femtosecond laser (A = 1250 nm) to generate
the photocurrent [14]. As mentioned in Section 1.3.5.3, a thinner insulator layer with a
higher capacitance improves the accuracy of LAPS and the sensitivity of SPIM. For
example, by using a thin anodic oxide layer instead of a traditional thermally grown
silicon oxide layer, a higher sensitivity of SPIM can be obtained [14]. However, the

preparation of the thin anodic oxide layer is a multi-step process with low throughput.

Self-assembled monolayers (SAMs), which are ultra-thin films directly grafted onto
silicon, are stable and can be prepared with mild and highly efficient methods. The
preparation methods, advantages and promising applications of SAMs have been
described in detail in Section 1.5. Their excellent insulating properties have been
demonstrated in electrochemical impedance measurements [16]. The small thickness
of SAMs and the selective control of surface chemistry provide the opportunity to
broaden the applications of silicon-based electronic devices in the fields of
biochemical and biological sensors [17-20].

The aim of this study was to advance the technique of LAPS/SPIM further through the
replacement of the insulator with an ultra-thin SAM. First, SOS or Si substrates were
modified with a 1-octadecene monolayer through thermally-induced hydrosilylation.
Since a carboxyl-terminated silicon surface can be directly obtained without a
protection step, as olefinic carboxylic acids react primarily through the alkene moiety
[20, 160, 180], an undecylenic acid monolayer was also prepared on SOS or Si
substrates. Both of the monolayers were used as the insulator in electrochemical and

photocurrent measurements.
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3.2 Experimental section

All chemicals and reagents used in this chapter, unless noted otherwise, were as listed
in Chapter 2. The photoresist SU-8 2000.5 and EC solvent were purchased from
Chestech Ltd., UK. A KARL SUSS MJB3 UV400 mask aligner was used for UV-

exposure.

The processes of 1-octadecene and undecylenic acid monolayer formations on SOS or
Si were as described in Chapter 2. Both SOS substrates with 0.5 um thick silicon and

1 pm thick silicon were used.

The capacitance-voltage (C-V) curve for undecylenic acid-modified SOS was
measured at 1 kHz with a scanning step potential of 0.1 V using an Autolab PGSTAT
30 with frequency response analysis (FRA), while the DC leakage current was
measured in a range of 0-0.9 V with a sweep rate of 0.01 V/s using an Autolab
PGSTAT 30 with general purpose electrochemical system (GPES). This voltage range
was chosen as it was consistent with the range used in LAPS measurements. The
measurements involved a monolayer-modified SOS substrate as the working electrode,
a platinum rod as the counter electrode and an Ag/AgCl (3 M KCI) electrode as the
reference electrode. All measurements were carried out in 10 mM Tris buffer solution
containing 137 mM NaCl and 2.7 mM KCI at room temperature and in the dark.

The set-up for the measurement of pH sensitivity of LAPS was shown in Section 2.4.
Buffers with the following compositions: pH 3-7.5, citric acid/sodium phosphate
dibasic; pH 8.5, trizma base; pH 9.4, carbonate/bicarbonate were used. All buffers
contained 137 mM NaCl and 2.7 mM KCI.

To measure the spatial resolution of LAPS/SPIM, films of SU-8 2000.5 with sharp
edges were formed on SOS substrates by photolithography. The photolithography
process has been described elsewhere [86]. Briefly, SU-8 2000.5 was spin-coated onto
the SAM-modified substrate at 800 rpm for 30 s and then 3000 rpm for 30 s. After
spin-coating, the films were baked at 95 <C for 2 min on a hot plate. The films were
exposed to UV-light (405 nm) through a mask using a mask aligner then baked at
95 <C for another 2 min. The substrate was developed in EC solvent for 20 s. The
spatial resolution of LAPS/SPIM was measured by scanning a focused laser beam
from a monolayer-modified surface to an SU-8-coated part of the sample using back
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illumination while biasing the sample towards inversion (see Figure 3.1 (a)).
Measuring in inversion means that the photocurrent contrast between coated and
uncoated parts of the sample is caused entirely by the difference in impedance of the
monolayer and the SU-8-coated monolayer resulting in a SPIM measurement. The
sharp edge of the photoresist allows a precise evaluation of the resolution. A
photocurrent curve along the x or y direction was obtained and the resolution was
estimated from the distance required to achieve a photocurrent drop to 1/e of the total
drop (see Figure 3.1 (b)).

Organic A
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; Ohmic
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Sample resolution Iin (ON SU-8)
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Laser -
X/ um
(a) (b)

Figure 3.1 (a) Representation of the resolution measurement of LAPS/SPIM (b) typical

photocurrent line scan curve and the resolution estimated from the curve.
3.3 Characterisation of alkyl monolayers on SOS or Si

3.3.1 Contact angle measurements

Figures 3.2 (a) and (b) show water drops on 1-octadecence and undecylenic acid-
modified SOS substrates, respectively. The corresponding advancing contact angles
are listed in Table 3.1 and are comparable with literature values [143, 150, 160] . It is
expected that the water contact angle of an alkyl-terminated surface (~103) is higher
than that of carboxyl-terminated surface (~66<, due to the greater hydrophobicity of
the alkyl groups [160, 269].
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(a) (b)

Figure 3.2 Advancing water contact angle measurements on (a) 1-octadecence- and (b)

undecylenic acid-modified SOS substrates.

Table 3.1 Advancing water contact angles and ellipsometry results of 1-octadecene
(surface O1) and undecylenic acid monolayers (surface U1) on H-SOS/H-Si.

Surface Water contact angle (9 Ellipsometry thickness (A)
01 103 +1 18.5+0.4
Ul 66 +3 10.2 +0.8

3.3.2 Ellipsometry

Figures 3.3 (a) and (b) show the experimental amplitude ratio (Psi (¥)) and phase
different Delta (A) data and the best-fitted models of 1-octadecene- and undecylenic
acid-modified silicon, respectively. The measured thicknesses of the monolayers are
listed in Table 3.1, which are similar to previously reported results [150, 193]. The
thicknesses of the 1-octadecene monolayer (18.5 A) and undecylenic acid monolayer
(10.2 A) are both smaller than the theoretically calculated molecule length for 1-
octadecene (23.1 A) [150] and undecylenic acid (12.2 A) , indicating tilt angles of ~36°

and ~33< respectively, between the axis of the molecule and the surface normal.
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Figure 3.3 Experimental Psi (¥) and Delta (A) and the best-fit models for ellipsometry
measurememts of silicon modified with (a) 1-octadecene (fitting parameters: mean
squared error (MSE) = 4.811; B = -0.02736 £0.041550; C = 0.00273 +0.004696)

and (b) undecylenic acid (fitting parameters: MSE = 0.494; B = -0.01769 £0.008212;

C =0.00189 £+0.00092535).

3.3.3 XPS measurements

As both, 1-octadecene and undecylenic acid were expected to react with the H-SOS/H-
Si in a similar manner and undecylenic acid was considered more useful for further
modification, only the undecylenic acid modified surface was investigated with XPS.
The XPS survey spectrum of the modified SOS surface showed the presence of Si, C,
and O (see Figure 3.4 (a)), indicating the successful modification of monolayers on the
SOS substrate. The high resolution scan evaluates the chemical states of each element
through its core electron binding energies. Precise determinations of binding energies
are made through the use of curve fitting routines applied to the peaks. For all fittings
shown in this thesis, the background was subtracted using the Shirley routine, and then

the spectra were fitted with mixed Gaussian-Lorentzian (GL) functions. The narrow
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scan spectrum of the C 1s region included a main C-C peak (~285.0 eV) and two small
peaks of C-C=0 (~286.1 eV) and C=0 (~289.6 eV) (Figure 3.4 (b)). The binding
energies observed are in good agreement with results reported elsewhere [177, 193]. A
small oxidized silicon signal centred at 103 eV was observed from the high-resolution
Si 2p scan (Figure 3.4 (c)) indicating that the monolayer had some defects with
residual oxide remaining on the surface due to the ingress of air to the SOS substrate.
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Figure 3.4 (a) XPS survey scan of undecylenic acid monolayer-modified SOS (surface
U1). High-resolution scans for (b) carbon and (c) silicon.

3.3.4 Electrochemical measurements of undecylenic acid-modified SOS

An ideal monolayer/silicon interface can be represented by a series of two capacitors
(at high frequency) if the Helmholtz double-layer capacitance is ignored [16]:

Ciot = C;22+Ct (Equation 3.1)

Where Cy is the total capacitance, Cy is the space charge capacitance of silicon and
Cn is the capacitance of the monolayer. In the depletion and inversion regions, the total
capacitance is mainly dominated by Cs, which is significantly smaller than C.
However, in the accumulation region, the total capacitance is determined by the
capacitance of the monolayer. Hence, by measuring the capacitance-voltage (C-V)

curve, the capacitance of the monolayer can be evaluated.

Figure 3.5 (a) shows the C-V curve of an undecylenic acid-modified SOS electrode in
Tris buffer solution. The shape of the curve indicates a low density of interface states
[151]. A clear plateau (~1.7 F cm™) is observed in the accumulation region, which is
in good agreement with a previous report [16] and can be approximated as the
capacitance of the monolayer C,. As expected, the monolayer has a higher capacitance
compared to the ultrathin anodic oxide (~0.3 pF cm™) measured at the same frequency
(1 kHz) [86]. Current density-voltage (J-V) measurements were also performed to
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confirm the insulating properties of the monolayer (Figure 3.5 (b)). Low leakage
current density (< 0.5 A cm™) at inversion voltage (0.8 V, vs. Ag/AgCl) was obtained,
demonstrating the suitability of the organic monolayer as an insulator.
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Figure 3.5 (a) C-V curve (1 kHz, scanning step potential: 0.1 V) and (b) J-V curve
(scanning step size: 0.01 V/s) measured with an undecylenic acid-modified SOS
substrate in 10 mM Tris buffer (pH 7.4) containing 137 mM NaCl and 2.7 mM KCl in
the dark.

3.4 Resolution measurements carried out with different monolayers and

lasers

As previously shown [14], a good lateral resolution of photocurrent measurements has
been achieved using an SOS substrate with an anodic oxide as the insulator. In this
work, further investigations on the possibility of achieving similar results using a
considerably thinner insulator consisting only of an organic monolayer were carried
out. Figure 3.6 (a) shows the photocurrent line scans for an SOS substrate (0.5 pm
thickness silicon) modified with 1-octadecene monolayers at different laser
wavelengths (contributed by Dr Yinglin Zhou [270]) in inversion (0.9 V, vs. Ag/AgClI).
The results clearly show that the resolution obtained using a single-photon effect can
be improved by reducing the laser wavelength since the focus is wavelength dependent.
However, even at a wavelength as short as 405 nm, the resolution was limited to 1.6
pum, presumably due to stray light and multiple reflections in the sapphire substrate,
which can also cause a photocurrent. These effects can be reduced using a two-photon
effect. The substrate modified with a 1-octadecene monolayer showed sub-micrometer
resolution at a wavelength of 1250 nm, which has smaller energy than the band gap of

silicon and can induce a two-photon effect as shown previously [14]. The resolution
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obtained at different wavelengths is comparable to the resolution measured previously
using a SOS substrate with an anodic oxide [14]. The resolution of undecylenic acid
monolayer modified SOS substrates with different silicon thicknesses was also
investigated (see Figure 3.6 (b), contributed by Dr Yinglin Zhou). Undecylenic acid-
modified SOS with a 0.5 pm thick silicon layer showed the same resolution (1.6 pm)
as the 1-octadecene-modified samples with the same silicon thickness. However, using

SOS with a 1 pm thick silicon layer resulted in a somewhat worse resolution of 2.0 pm.
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Figure 3.6 Normalised photocurrent line scans across SU-8 edge (a) at different laser
wavelengths using SOS substrate (0.5 pm thick silicon) with 1-octadecene grafted onto
the silicon as the insulator; estimated resolution: 1.6 pm at 405 nm (Imax = 12 nA),
2.2 Jm at 632 nm (Imax = 27 nA), 3.6 um at 1064 nm (Inax = 60 nA) and 0.8 pm at
1250 nm (Imax = 30 nA) (previous results reproduced from Dr Yinglin Zhou [270]); (b)
at 405 nm laser using SOS substrate with undecylenic acid grafted onto silicon layers
with different thickness; estimated resolution: 1.6 pm for 0.5 pm thick silicon and
2.0 pm for 1 pm thick silicon (previous results reproduced from Dr Yinglin Zhou) and
2.2 pm for 1 pm thick silicon (new results produced in this work). All measurements
were performed in 10 mM Tris buffer (pH 7.4) containing 137 mM NaCl and 2.7 mM
KCI.

Using undecylenic acid is more attractive as it offers the option of functionalising the
surface for different sensor and imaging applications. Meanwhile, using 1 pm thick
silicon in conjunction with a laser wavelength of 405 nm has the advantage that most
of the light is absorbed by the silicon layer excluding any interference of the light with
any biological sample or patterns deposited onto the front side of the sensor. It was
therefore decided to carry out further investigations using undecylenic acid-modified
SOS substrates with a 1 pm thick silicon layer and a laser wavelength of 405 nm for
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LAPS measurements. Before further investigations, the resolution measurement of the
undecylenic acid monolayer-modified SOS substrate was repeated and the result was
compared with the previous result produced by Dr Yinglin Zhou. A photocurrent line
scan across an SU-8 edge at 405 nm wavelength laser with undecylenic acid-modified
SOS (1 pm thick silicon) is presented in Figure 3.6 (b) (purple line), which shows a
similar resolution (2.2 pm) to the previous data (2.0 pm).

3.5 SPIM sensitivity based on SAM-modified SOS

The sensitivity of SPIM is determined by the capacitance of the insulator. When
comparing the photocurrent contrast between SU-8-uncoated and coated areas
measured with different wavelengths, a noticeable difference was observed (see Figure
3.6 (a)). The photocurrent ratios measured with 405 nm and 1250 nm were higher than
the ratios with 632 nm and 1064 nm. This can be explained with the reflection effect of
the deposited SU-8 films. The reflected light can also contribute to the generation of
photocurrent thus reducing the photocurrent contrast. However, for the case of the 405
nm laser, most of the light is absorbed within silicon; while for the femtosecond laser

(1250 nm), photocurrents can only be generated in the focus.

In order to exclude the reflection effect, photocurrent curves at 405 nm wavelength
were used for the evaluation and comparison of the sensitivity of SPIM based on two
different insulators (organic monolayer and anodic oxide). A marked difference of the
photocurrent contrast was observed between them. The photocurrent ratio for uncoated
and coated areas was 12 for the undecylenic acid-modified sample (see Figure 3.6 (b)),
but only 3.0 for the anodic oxide-modified sample used previously [14]. This increase
in the photocurrent contrast is due to the significantly smaller impedance of the
ultrathin organic monolayers compared to the anodic oxide. If considering SU-8 films
as a capacitance, from Equation 1.18, the photocurrent ratio for uncoated and coated

areas in inversion can be written as:

Cm Cm—SU8 H
T, = Equation 3.2
M Cu+Cq Cm-sus+Ca (Eq )

_ Cox Cox-sus H
- —— (Equation 3.3)

Colous = Cnl+Csis (Equation 3.4)
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ox—sug = Cox +Csyg (Equation 3.5)

Where 1, and r,, are the photocurrent ratios based on an organic monolayer and
anodic oxide insulted samples, respectively; C,,, Cox, Csyg and C, are capacitances of
the organic monolayer, anodic oxide, SU-8 film and the depletion layer of silicon. As
the impedance of SU-8 film is very large, which means Csyg is very small, r;,, /1, can

be simplified as:

m — Im Cox% (Equation 3.6)

Tox Cox Cm+Cq

Following the discussion in Section 3.3.4, the capacitance contrast between

undecylenic acid monolayer (1.7 pF cm™) and anodic oxide (0.3 F cm™) was around

5.7, which was larger than the factor obtained in photocurrent contrast (:—m ~ 4). This
ox

discrepancy is actually expected from Equation 3.6 if considering the depletion
capacitance of silicon. Another quantity that may cause the discrepancy could be the
electrolyte resistance. The serial resistance due to the electrolyte (Re) for an
illuminated area of 1.5 pm in diameter can be estimated analogous to microelectrodes
of the same size using Equation 3.7 derived for a cell with spherical symmetry [271]:

Ry = — (1 — LL) (Equation 3.7)

ATTKT

Where « is the conductivity of the electrolyte, r is the radius of the electrode and L,,, is

the distance between working and reference electrodes.

The impedance for the anodic oxide and organic monolayer can be estimated by:

1

/=
2mfCyj

(Equation 3.8)

Where f is the frequency and C;; is the insulator capacitance within the illuminated area.

The electrolyte resistance was estimated to be 76 k€, which is negligible compared to
the impedance of the anodic oxide (29 G() or organic monolayer (5.5 GQ) in the
illuminated area. It is therefore thought that the effects of the depletion capacitance on
SPIM sensitivity cannot be ignored. Nevertheless, the introduction of organic

monolayers indeed shows a significant improvement of the sensitivity.
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3.6 pH sensitivity of undecylenic acid modified SOS substrates

Photocurrent measurements using undecylenic acid-modified SOS substrates displayed
the expected behaviour for good-quality LAPS substrates. The photocurrent curves
(Figure 3.7 (a)) were steep allowing high-accuracy LAPS measurements. The pH
sensitivity of the carboxyl-terminated monolayer-modified SOS surface was
determined by LAPS. Figure 3.7 shows the normalised photocurrent-voltage (I-V)
curves measured in a series of pH buffer solutions and the corresponding calibration
plot. At low pH (3-4) and at high pH (8.5-9.4), no surface potential shift was detected,
while in the pH range of 4-8.5, a linear relationship between voltage and pH was
observed with a sensitivity of 30 mV/pH. An effective surface pK, (~6.3) can be
estimated from the pH sensitive range, which is significantly greater than the value of
undecylenic acid in solution (~4.9). The increase of the effective pK, on a surface is in
agreement with previously reported results [272]. Since the concentration of carboxyl
group on the surface is much higher than that in solution, the electrostatic interactions
of terminal groups hinder the acid dissociation on the surface. Furthermore, the pH
sensitive range (~4.5) is also significantly greater than typical values for undecylenic
acid in solution (~2 pH units), which is consistent with the results reported by Wang et
al. who showed that deprotonation of a carboxylic acid monolayer takes place over 4
pH units at a NaCl concentration of 0.15 M [274]. The pH sensitivity of 30 mV/pH is
significantly lower to the 59 mV/pH predicted by the Nernst equation. This could be
due to activity effects caused by the large surface concentration of carboxylic acid

groups.
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Figure 3.7 (a) Normalised I-V curves of a LAPS structure based on a COOH-
terminated monolayer and (b) corresponding calibration plot for a series of different

pH values ( pH 3.1-7.5: citric acid/sodium phosphate dibasic; pH 8.5: trizma base; pH
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9.4: carbonate/bicarbonate; all buffers (10 mM) contained 137 mM NaCl and 2.7 mM
KCI).

3.7 Summary

In this chapter, SAMs were successfully modified onto H-SOS/H-Si substrates using a
thermal hydrosilylation method. The presence of monolayers on SOS or Si substrates
was demonstrated by water contact angle, ellipsometry and XPS measurements. The
suitability of the organic monolayers as an insulator was confirmed by C-V
charactersation and leakage current measurements. A small leakage current density
(~0.7 A cm™®) measured in inversion and a high capacitance (~1.7 pF cm) of the

undecylenic acid monolayer were obtained.

Photocurrent measurements with a 405 nm laser using the undecylenic acid-modified
SOS substrates displayed the required behaviour for good-quality LAPS substrates.
The pH sensitivity of the carboxyl-terminated surface was 30 mV/pH over a specific
pH range determined by LAPS. Good sensitivity and high spatial resolution (~2.2 pm)
of SPIM were obtained. It was clearly demonstrated that the improvement of the
sensitivity is mainly due to the employment of an organic monolayer with high
capacitance as the insulator. It is the first time that a self-assembled organic monolayer
has been used as the insulator in LAPS/SPIM measurements, which will broaden the
applicability of LAPS/SPIM by offering a high-accuracy/high-sensitivity of
measurements and by introducing a controlled way for surface functionalisation of
LAPS/SPIM chips.
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4. LAPS imaging on SAM-modified SOS with polyelectrolyte and DNA

patterns

4.1 Introduction

As a chemical imaging sensor, LAPS is designed to visualize the two-dimensional
distribution of a specific chemical species in solutions. Unfortunately, so far, few of
the applications of LAPS have actually taken advantage of this ability to map and
image, due to the poor resolution of commonly used LAPS systems. As described in
Chapter 3, high resolution of LAPS/SPIM have been achieved using an organic
monolayer-modified SOS substrate. In this chapter, the capability of the surface
potential imaging of LAPS with a SAM-insulated SOS substrate is investigated.

To validate the LAPS imaging, patterns with potential distributions were required.
Polyelectrolytes, which are charged polymers in aqueous solutions, are normally used
as templates for patterning various biochemical or biological agents. Microcontact
printing (CP), as a facile and low-cost technique, is the most widely used method to
pattern polyelectrolytes through electrostatic attraction [216]. It was reported that
poly(allylamine hydrochloride) (PAH) can be successfully printed on poly(ethylene
glycol) (PEG) silane-coated glass or polystyrene substrates using an unmodified
poly(dimethyl siloxane) (PDMS) stamp [216].

In this work, polyelectrolytes (PAH and PSS) were patterned onto SAM-modified SOS
substrates through the electrostatic attraction using pCP. Two different sensor
substrates were used: One was modified with undecylenic acid (for PAH patterning),
which has been fully studied in Chapter 3; the other one was modified with an amino-
terminated monolayer (for PSS patterning), which involved the formation of an
alkyne-terminated monolayer and then “click” functionalisation. As an ideal way to
modify monolayers with various functional groups, the principle and advantages of
“click” chemistry have been described in Section 1.5.3. Since the printed PAH
structure is stable and positively charged in aqueous solutions, it can be further used as
a template for micropatterning DNA, which is a simple and inexpensive way to
generate a DNA microarray [216]. Surface potential images of the substrates patterned
with PAH, PAH-DNA and PSS were obtained by using LAPS measurements,
indicating that LAPS based on an SAM-modified SOS substrate allows the potential

imaging with good resolution and accuracy.
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4.2 Experimental section

All chemicals and reagents used in this chapter, unless noted otherwise, were as listed
in Chapter 2. A Sylgard 184 poly(dimethyl siloxane) (PDMS) kit was purchased from
Dow Corning.

The master for LCP was prepared following a previously reported protocol [275].
PDMS stamps were prepared by using a 10:1 ratio (v/w) of PDMS resin and curing
agent. After degassing under vacuum, the PDMS was poured over a prepared silicon
master and cured at 50 <C overnight. Subsequently, the cured PDMS was peeled off
from the master, treated in an oxygen plasma (pressure: 0.8 Torr, generator:
40 kHz/100 W) for 30 s to obtain a hydrophilic surface and then cut into 7 mm <7 mm

pieces. The pattern of the PDMS stamp consisted of circular islands with a diameter of

40 pm and 30 pm gaps.

For photocurrent measurements, the 405 nm wavelength laser modulated electronically
and SOS substrates modified with SAMs were used. 10 mM Tris buffer solution
containing 137 mM NaCl and 2.7 mM KCI at pH 7.4 was used as the electrolyte.

4.2.1 PAH and PAH-DNA patterns on an undecylenic acid monolayer modified surface

Mixed isomers of rhodamine B isothiocyanate (RBITC) was purchased from Sigma.
The oligonucleotide sequences were purchased from Shanghai Sangon Biotechnology
Co. Ltd. (Shanghai, China) and have the following sequences: AAG TCC GTG GTA
GGG CAG GTT GGG GTG ACT (TBA), AGT CAC CCC AAC CTG CCC TAC
CAC GGA CT (r'TBA). GeneFinder™ was obtained from Zeesan Biotech (China) to
label the double-stranded DNA (dsDNA). 10 mM phosphate buffer containing
137 mM NaCl and 2.7 mM KCI at pH 7.4 was used to dissolve the DNA and dye.

The method of undecylenic acid monolayer modification was as described in Section
2.2.2.

PAH labelled with RBITC dye was provided by Dr Qiangying Yi and was prepared
following a procedure described elsewhere [276]. Figure 4.1 illustrates the process of
printing PAH on an undecylenic acid monolayer-modified SOS substrate. The PDMS
stamp was dipped in a 5 mg/ml RBITC-PAH solution for 40 min. The soaked stamp
was dried under nitrogen gas and placed onto the substrate for 5 min at room
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temperature. After removing the stamp, the patterned substrate was rinsed thoroughly

with ultrapure (Milli-Q) water to remove unbound or loosely bound PAH.

After LAPS measurements of the PAH pattern, the sample was coated with dsSDNA by
incubating with 24 i of TBA (10 pM) and rTBA (10 pM) in PBS buffer at pH 7.4 for
30 min. The presence of dsSDNA was detected by the GeneFinder™ dye, which binds

specifically to dsDNA.
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Figure 4.1 Illustration of stamping process of PAH islands and DNA on undecylenic

acid monolayer-modified SOS.

4.2.2 PSS patterns on an amino-terminated SOS surface

Methods for 1, 8-nonadiyne monolayer formation and “click” functionalisation with

azido-OEG-NH, on SOS or Si substrates were as described in Section 2.2.2.

Figure 4.2 illustrates the process of printing PSS on a “click”-functionalised amino-

terminated SOS surface. The detailed procedure is similar to the one described in the

last section.
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Figure 4.2 Illustration of stamping process of PSS islands on amino-terminated

monolayer-modified SOS.
4.3 Characterisation of alkenyl monolayers modified on SOS or Si

The successful formation of undecylenic acid monolayers on SOS or Si substrates has
been demonstrated in Chapter 3. Hence, this section only presents the results of surface
characterisation on 1, 8-nonadiyne monolayers and further “click”-functionalised SOS
or Si substrates.

4.3.1 Contact angle measurements

Figures 4.3 (a) and (b) show water drops on a 1, 8-nonadiyne-modified SOS surface
and the surface after “click” chemistry. The advancing contact angle (88 =1 for
alkyne-terminated surface (surface N1) is indicative of a hydrophobic monolayer, as
expected, and is comparable to literature results [146, 147, 277]. Due to the presence
of OEG and amino moieties, the contact angle for the “clicked” surface (surface N2)
decreased dramatically by ~51<(see Table 4.1), which is consistent with previously
reported values [265, 278].
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(a) (b)

Figure 4.3 Advancing water contact angle measurements on SOS surfaces modified
with (a) 1, 8-nonadiyne (surface N1) and (b) OEG-NH, via “click” chemistry (surface
N2).

4.3.2 Ellipsometry

The ellipsometric thickness of 1, 8-nonadiyne monolayer on silicon substrate was
10.6 A, which is smaller than the refined calculated value (12.2 A), indicative of a tilt
angle of ~30<“between axis of molecule and surface normal. After the “click” reaction
with azido-OEG-NH,, the thickness of the monolayer increased to ~16.0 A, which is
comparable to a thickness of ~17.3 A determined from X-ray reflectivity (XRR)
analysis [265].

Table 4.1 Advancing water contact angles and ellipsometry results of 1, 8-nonadiyne
(surface N1) and click-functionalised (OEG-NH,) monolayers (surface N2) on H-
SOS/H-Si. Ellipsometry fitting parameters for surface N1: MSE = 0.585; B = -0.03651
+0.008923; C = 0.00449 +0.001005; surface N2: MSE = 0.880; B = 0.02089 +
0.009465; C = 0.00289 £0.001063.

Surface Water contact angle (9 | Ellipsometry thickness (A)
N1 88 +1 10.6 +0.4
N2 37 +1 16.0 £1.0

4.3.3 XPS measurements

The XPS survey spectrum of the 1, 8-nonadiyne-modified SOS substrate (Figure 4.4
(@)) showed the presence of Si, C, and O, which is in good agreement with published
results [146, 147, 277]. C 1s narrow scan included a main C-C peak (~285.0 eV), and
two small peaks from Si-C=C (~284.1 eV) and C-O (~286.4 eV), respectively (Figure
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4.4 (b)). The C-O peak is attributed to adventitious covalently bound oxygen-bond
contaminants, presumably originating from the 1, 8-nonadiyne [277, 279]. The binding
energies observed are consistent with the results reported elsewhere [193, 277, 279].
The absence of a Si-O peak in the 101-104 eV region of the high-resolution Si 2p scan
(see Figure 4.4 (c)) indicates good quality monolayers that can effectively protect the
underlying silicon substrate from oxidation [146-148].
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Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
Figure 4.4 (a) XPS survey scan of 1, 8-nonadiyne monolayer-modified SOS (surface

N1). High-resolution scans for (b) carbon and (c) silicon.

The successful “click” reaction was demonstrated by XPS results. The XPS survey
spectrum of the OEG-NH,-functionalised SOS surface (see Figure 4.5 (a)) shows an
N 1s peak at ~401 eV, indicative of a triazole formation. The absence of Cu 2ps»
emission at ~933 eV indicates no residual copper catalyst on the surface. The narrow
scan signal of the N 1s region (see Figure 4.5 (b)) was fitted with two peaks at
400.6 eV and 402.2 eV, which are assigned to C-NH,/N-N=N, and N-N=N,
respectively [265, 280]. The ratio of the integrated areas (~2.4:1) is smaller than the
stoichiometric ratio of 3:1 but is comparable to the literature result (~2.6:1) [265]. The
narrow scan from the C 1s region (see Figure 4.5 (c)) was fitted with three peaks
assigned to Si-C=C (284.3 ¢V), C—C (285.3 eV) and C—N/-0O (287.1 eV) [158, 265].
Importantly, no SiOy species was observed in the Si 2p narrow scan, indicating that a

high-quality functionalised surface has been prepared (Figure 4.5 (d)).
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Figure 4.5 (a) XPS survey scan of OEG-NH,-functionalised SOS surface via “click”
reaction (surface N2). High-resolution scans for (b) nitrogen, (c) carbon and (d)

silicon.

4.4 LAPS imaging with PAH and PAH-DNA-patterned carboxyl-terminated
SOS substrates

Figures 4.6 (a) and (b) show the fluorescent microscope image of the RBITC-PAH
pattern on undecylenic acid-modified SOS and the corresponding LAPS image
measured in depletion region at 0.488 V (vs. Ag/AgCl). The fluorescent image
demonstrated a good agreement with the LAPS image of the polyelectrolyte pattern. At
the chosen voltage, the photocurrent was greater on the PAH pattern (bright islands
shown in Figure 4.6 (b)) than on the bare monolayer surface. This corresponds to the

positive charge introduced by the polycationic PAH.
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Figure 4.6 RBITC-PAH dots printed on an undecylenic acid modified SOS substrate (a)
fluorescent micrograph ;(b) corresponding LAPS image; Gene Finder-labelled dsDNA
adsorbed on PAH dots; (c) fluorescence micrograph; (d) corresponding LAPS image;
LAPS images (b) and (d) measured at 0.488 V (vs. Ag/AgCl) with a scan range:
400 pm x 400 pm, step size: 2 um and dwell time: 30 ms. All LAPS images were
measured in 10 mM Tris buffer (pH 7.4) containing 137 mM NacCl and 2.7 mM KCI.

Incubating the PAH patterned substrate with DNA solution is a simple and inexpensive
way to generate a DNA microarray [216]. PAH-DNA binding is due to electrostatic
attraction as DNA carries a negative charge. Figure 4.6 (c) presents the fluorescent
microscope image of the Gene Finder™-labelled dsDNA array coated on PAH, which
demonstrates a selective deposition of DNA. Figure 4.6 (d) shows the LAPS image of
the DNA array measured at 0.488 V. Even though the pattern was still visible, the
contrast between coated and uncoated areas decreased compared to the LAPS image
before DNA coating. Due to the adsorption of the negatively charged DNA, the surface
charge of the coated area became more similar to the surface charge of the undecylenic

acid monolayer, which also carries a negative charge.
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Photocurrent curves for the areas on the pattern and on the undecylenic acid monolayer
before and after DNA adsorption are shown in Figure 4.7. Before dsDNA coating, the
lower part of the photocurrent curve on the PAH pattern shifted by -41 mV compared
to the bare undecylenic acid-modified surface causing a step to appear in the curve.
After dsDNA adsorption, the lower part of the I-V curve shifted by +20 mV. This
shows that the LAPS devices are capable of measuring surface charge effects with
spatial resolution. Adsorbing positively charged PAH to the negatively charged
monolayer at pH 7.4 resulted in a shift of the 1-V curve to negative values. However,
after incubating with negatively charged DNA, a negative surface charge was
introduced resulting in a positive shift of the I-V curve. The directions and orders of
magnitude of the potential shifts due to PAH and DNA adsorption are consistent with
the result measured by Poghossian et al. [273, 281] using capacitance-voltage
measurements at p-Si-SiO,-Ta,0s and p-Si-SiO; EIS sensors.

80.0 - on PAH 15.0
60.0 -
10.0
2 400- z
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20.0 -
0.0 i 0.0
030 045 060 075 0.0 040 045 050 055

E vs. Ag/AgCl/V E vs. Ag/AgCl/V

Figure 4.7 I-V curves for PAH and PAH-DNA patterned on a SAM-modified SOS
substrate (a) and (b) zoomed graph in part “I”. All I-V curves were measured in
10 mM Tris buffer (pH 7.4) containing 137 mM NaCl and 2.7 mM KCI.

When the laser was focused onto the PAH coated part of the sample, a step appeared in
the photocurrent curve (Figure 4.7 (a), part “I”) as the potential shift due to the change
in surface charge appeared only in the lower part “I” of the I-V curves. This indicates
that within the illuminated part of the sample, areas with different surface charges exist.
This behaviour is consistent with incomplete coverage with PAH due to the printing
process and is analogous to steps in capacitance voltage curves found in
electrolyte/LaFs/silicon structures due to defects in the LaF; film [282]. Some of the

surface was coated with PAH exhibiting a positive surface charge, while other parts of
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the surface remained negatively charged due to the undecylenic acid monolayer. Part
“I” of the I-V curves was clearly affected by the charge of the PAH or PAH-DNA,
while part “II” of the I-V curves remained unaffected displaying the behaviour of the
bare undecylenic acid surface within the pattern. AFM images of a PAH dot confirmed
the incomplete adsorption of PAH onto the substrate (Figure 4.8). In some parts of the
PAH dot, the undecylenic acid monolayer was exposed. This incomplete coverage may
be due to the high roughness (~20 nm) of the SOS surface, resulting in a poor contact
with PDMS stamps. The average thickness of the PAH layer estimated from the AFM
data was about 4.5-5 nm.

Bare monolayer
surface

Figure 4.8 AFM analysis of patterned PAH coated on undecylenic acid-modified SOS
substrate (PeakForce TUNA mode; 1 nN PeakForce; 256 % 256 pixels).

4.5 LAPS imaging with PSS-patterned amino-terminated SOS substrates

Figures 4.9 (a) and (b) show the LAPS image of the PSS pattern on amino-terminated
monolayer-modified SOS measured in depletion at 0.44 V (vs. Ag/AgCl) and the
corresponding three-dimensional image. The LAPS image of the PSS pattern showed a
good agreement with the pattern of the PDMS stamp (circular islands with a diameter
of 40 um and 30 pm gaps). As expected, at the chosen voltage, the photocurrent was
lower on PSS (blue islands shown in Figure 4.9 (a)) than on the bare amino-terminated

monolayer surface, which is contrary to the PAH pattern.

Photocurrent curves for the areas on the PSS pattern and on the amino-terminated
monolayer are shown in Figure 4.9 (c). Similar to the PAH pattern results (see Figure

4.7 (a)), a step also appears in the lower part of the 1-V curves, which may due to the
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same reason that the coverage of PSS on the monolayer surface was incomplete. The
lower part of the I-V curve on the PSS pattern shifted by +36 mV compared to the
background of the amino-terminated monolayer caused by the adsorption of negatively

charged PSS to the positively charged monolayer surface at pH 7.4.
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Figure 4.9 PSS dots printed on an amino-terminated SAM-modified SOS substrate (a)
LAPS image; (b) corresponding three-dimensional image measured at 0.44 V (vs.
Ag/AgCl) (scan range: 400 m > 400 pm, step size: 2 jm, dwell time: 30 ms); (c) I-V
curves on PSS and on amino-terminated SAM and (d) zoomed graph. All
measurements were performed in 10 mM Tris buffer (pH 7.4) containing 137 mM
NaCl and 2.7 mM KCI.

4.6 Summary

An amino-terminated monolayer was immobilised onto a hydrogenated SOS or Si

substrate using CuAAC “click” reactions of azido-OEG-NH, to an alkyne-terminated

monolayer. The successes of the thermally-induced 1, 8-nonadiyne monolayer
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formation and the further “click” functionalisation were evidenced by the contact angle,
ellipsometry and XPS measurements. No oxidation of the underlying silicon was
observed from XPS measurements of both samples before and after “click” chemistry,
indicative of a better way to achieve a high quality of organic monolayers on SOS or

Si rather than the assembly of alkyl monolayers from undecylenic acid.

LAPS imaging with carboxyl-terminated and amino-terminated monolayer modified
SOS substrates was validated by using a PAH/PAH-DNA pattern and a PSS pattern,
respectively. The PAH and PSS patterns were prepared using microcontact printing.
DNA adsorption on the PAH template pattern was achieved purely by electrostatic
interactions. LAPS images for PAH, PAH-DNA and PSS patterns were obtained,
which were in good agreement with the corresponding patterns of the PDMS stamp.
The adsorption of PAH (positively charged) caused a higher photocurrent and a
negative voltage shift in the lower part of the 1-V curve in depletion, compared to the
bare undecylenic acid monolayer. Conversely, the presence of DNA and PSS, which
are negatively charged, resulted in a lower photocurrent output and a positive voltage
shift of the lower part of I-V curves in depletion. The voltage shifts in the lower part of
depletion region indicate the capability of LAPS to measure surface charge effects
induced by the adsorption of PAH, DNA and PSS. Moreover, incomplete coverage
with PAH, DNA and PSS was deduced from the partial shifts in the depletion region of
the 1-V curves and confirmed by AFM images for PAH. This indicates that LAPS may
be able to determine the coverage of charged polymers, DNA or other biomolecules.
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5. “Click” patterning of SAMs on SOS or Si and their characterisation
using LAPS

5.1 Introduction

The patterning of chemical and biochemical molecules on silicon surfaces has become
an important aspect of label-free biosensing and cell tissue engineering applications
[283, 284]. Self-assembled monolayers (SAMs), as ultrathin resists modified on silicon
surfaces, provide an effective platform for such chemical patterning. A variety of
techniques have been developed for the formation of patterned SAMs on silicon [206,
220, 285]. The most popular methods are photolithography and pCP, which have both
been used to fabricate patterns with various molecules [194-196, 207, 218, 219] or
biological components (i.e. DNA [200, 201, 215-217] and peptides [198, 199, 212,
213)).

CuAAC “click” chemistry has been established as a reliable, highly selective and
efficient means of directly immobilising various functional molecules onto silicon
surfaces. Therefore, through the combination of “click” chemistry and patterning
techniques, chemically patterned silicon surfaces could be fabricated. In many cases,
organic monolayers on silicon have been patterned by selective removal of parts of the
monolayer by exposure to an electron beam [286], UV [287] or visible light [288]
using the monolayer as resist or by light-induced deposition on silicon surfaces [289].
In many biosensing or electronic device applications, a perfectly passivating
monolayer is required, in which case patterning by photolithography employing a
commercial photoresist would be desirable. However, as a result of the high solubility
of positive photoresist in most organic solvents, the combined technique of “click”
chemistry and photolithography could only be carried out in aqueous solutions, which
may limit the application of this method. Zhu et al. have reported a strategy for
chemically patterning 1, 8-nonadiyne monolayer-modified porous silicon with two
different species (-OEG-OCH; and -OEG—OH) using photolithography with a positive
photoresist followed by a surface modification using ‘“click” chemistry [194, 195].
Initially, a metal film was pre-coated on the 1, 8-nonadiyne monolayer modified
surface in order to exclude the photoresist from the silicon pores, although, the metal
film was found to have an adverse effect on the efficiency of the “click” reaction and

the metal layer was consequently eliminated [195]. To the best of our knowledge, there
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have been no reports on the effects of photoresist processing on the integrity of SAMs
on silicon substrates and the efficacy of their further chemical modification. As an
alternative strategy, Ravoo and Reihoudt have elegantly demonstrated that a “click”
reaction can be also performed via pCP within a short reaction time, thus providing a
straightforward way for the fabrication of biomolecular microarrays on silicon [183,
215, 218]. A siloxane monolayer (Si-O-Si-R) was used as the platform for patterning;
however, it was reported that this monolayer was inherently unstable and prone to
hydrolytic cleavage in electrolyte solutions [139]. This resulted in an additional silicon
dioxide layer, which adversely affects the accuracy of silicon-based bioelectronics
devices and biosensors [145] such as LAPS [270]. Thus, if this method is to find utility
in the fabrication of chemical patterns on hydrogen-terminated silicon surfaces in these

applications, it is essential to eliminate the intervening layer of silicon dioxide [139].

Chapters 3 and 4 have shown that SAMs can be used as the insulator in LAPS/SPIM
measurements, which can improve the accuracy of LAPS and the sensitivity of SPIM
significantly compared to a traditional silicon dioxide insulator. LAPS imaging with
SAM-modified SOS substrates was validated using micropatterns  of
polyelectrolyte/DNA that were physically adsorbed on the sensor surface. As a result
of these advances we wished to exploit the chemical patterning strategy on SAM-
modified oxide-free silicon surfaces in order to image cell-surface interactions on
patterned surfaces using LAPS. 1, 8-Nonadiyne has been successfully used for the
formation of a high-quality monolayer on oxide-free SOS or Si in Chapter 4, and the
resultant alkyne-terminated surface provides an ideal platform for CuAAC “click”
functionalisation [147, 157, 191, 194, 195, 265, 277], it was therefore used in
patterning of a non-oxidized SOS or Si surface. Herein, a comparison of the chemical
patterning methods of photolithography and pCP on non-oxidized silicon surfaces
integrated with “click” chemistry together with LAPS imaging to validate the

molecular patterning were reported.
5.2 Experimental section

All chemicals and reagents used in this chapter, unless noted otherwise, were as listed
in Chapter 2. For photocurrent measurements, a laser with 405 nm wavelength
modulated electronically and SOS substrates modified with SAMs were used. 10 mM
phosphate buffer solution pH 7.4 containing 137 mM NaCl and 2.7 mM KCI was used

as the electrolyte.
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5.2.1 Photolithography on SAM-modified SOS or Si and “click” modification

The positive photoresist S1818 and the developer Microposit 351 were purchased from
Shipley, UK.

The detailed procedures for assemblies of undecylenic acid (surface U1), 1-octadecene
(surface O1) and 1, 8-nonadiyne (surface N1) monolayers on SOS or Si, and the “click”
functionalisation with azido-OEG-NH; (surface N2) on surface N1 have been
described in Section 2.2.2.

Figure 5.1 (a) illustrates the schedule of photolithographic treatment on surface N1 and
the “click” chemistry after the treatment. S1818 patterns were formed on surface N1
with an optimized photolithographic process. First, S1818 was spin-coated onto a 1, 8-
nonadiyne-modified substrate at 500 rpm for 5 s and then 5000 rpm for 60 s. After
spin-coating, the film was baked at 95 <C for 15 min on a hot plate. Then, it was
exposed to UV-light (405 nm) for 20 s through a mask (Figure 5.1 (a), route ii) or was
exposed over the entire surface (Figure 5.1 (a), route iii) using a mask aligner (KARL
SUSS MJB3 UV400). The substrate was then developed in diluted Microposit 351
solution (Microposit 351/water 1:3) for 45 s and washed with pure water and blown
dry. To study the effect of photolithography on the underlying SAMs, the substrate
was then ultrasonically washed with acetone for 5 min to remove any photoresist and
then rinsed with isopropanol and pure water. The UV-exposed parts of surface N3 are
therefore identical to surface N4. Surface N4 was transferred into a “click” solution as
described in Section 2.2.2.4 to produce surface N5. Moreover, the entire surface N1
was either exposed with UV-light for 20 s (Figure 5.1 (a), route vi) or rinsed in diluted
Microposit 351 solution for 40 s (Figure 5.1 (a), route vii) to obtain surfaces N1a and
N1b. In order to further investigate the interaction of the photoresist and organic
monolayers, the same surface treatments were performed on carboxyl-terminated and

alkyl-terminated monolayers to obtain surfaces U2, U3 and O2 (Figure 5.1 (b)).

For ellipsometry and AFM measurements, the photolithographic treatments described
above were also adapted for SAM-modified silicon substrates. For AFM measurements,
the pattern on surface N3 was structured with stripes of 20 pm width (UV-blocked
region) and 10 pm interspace (UV-exposed region), while on surface U2 was patterned
with 7 pm wide stripes (UV-blocked region) and 13 pm interspace (UV-exposed

region). For LAPS measurements, the pattern is shown in Figure 5.1 (c).
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Figure 5.1 (a) Procedure for photolithography on 1, 8-nonadiyne-modified SOS
(surface N1) and “click” chemistry on the surface after photolithography: i) S1818
photoresist was spin-coated on surface N1; ii) S1818-coated substrate was exposed to
UV-light through a mask with patterns and then developed in diluted Microposit 351
solution; iii) the entire S1818-coated surface was exposed with UV-light and then
developed in diluted Microposit 351 solution; iv) samples were ultrasonically washed
in acetone and isopropanol to remove the cured photoresist to obtain surfaces N3 and
N4; v) azido-OEG-NH; was attached onto surface N4 via “click” chemistry; vi) the
entire surface N1 was exposed with UV-light to obtain surface N1a; vii) surface N1
was rinsed in diluted Microposit 351 solution for 40 s to gain surface N1b (b) the same
photolithographic treatment was performed on undecylenic acid/1-octadence-modified
SOS to gain surface U2/02 and U3 (c) the pattern of the mask used for LAPS imaging.
For ellipsometry and AFM measurements, the above surface modifications were

carried out on silicon substrates.
5.2.2 Microcontact printing (LCP) for “click” modification

The master was prepared following a previously reported protocol [275]. The
preparation of PDMS stamps has been described in Section 4.2. The pattern of the

PDMS stamp consisted of circular islands with a diameter of 40 pm and 30 pm gaps.
97



Figure 5.2 illustrates the process of “click” chemistry on surface N1 using UCP. The
PDMS stamp was dipped in the “click” solution containing azido-OEG-NH; (see
Section 2.2.2.4) for 30 min. The soaked stamp was dried under nitrogen gas and placed
onto surface N1 for 3 h at room temperature. The reaction was performed in a closed
Petri dish with a moistened tissue for keeping the PDMS stamp wet. After removing
the stamp, the unreacted reagents were removed by rinsing the substrate consecutively
with copious amounts EtOH, then water and EtOH. Then, the sample was immersed in
a 0.5 M HCI solution for 2 min to obtain surface N6 (Figure 5.2 (a)). To characterise
the “clicked” surface properly, a chemically homogeneous surface (surface N7) was

also prepared using a flat PDMS stamp following the same procedure (Figure 5.2 (b)).

Suak in click solution
for 30 min; blow dry

PDMS stamp -
poly(dimethyl siloxane) contact witl
l surface N1 for3h

(a) (b)

Soak in click solution
for 30 min; blow dry

PDMS stamp
poly(dimethyl siloxane) contact with
surfaceN1 for 3 h

remove stamp
«— .

sapphire
sapphire

Surface N7
Surface N6

N
N

m_ _ ._ m-~ oo
Figure 5.2 Schematic illustration of the UCP chemistry: azido-OEG-NH; was printed
on surface N1 and “click” reactions occurred exclusively in the contact area (surface
N6: an array of chemical pattern, surface N7: a homogeneous surface functionalised
with azido-OEG-NH,). For ellipsometry and AFM measurements, the above surface

modifications were carried out on silicon substrates.
5.3 Photolithography on SAM-modified SOS or Si and “click” chemistry

5.3.1 Photolithography on 1, 8-nonadiyne-modified SOS or Si

Surfaces N1 and N2 were prepared as described in Sections 2.2.2.3 (see Figure 2.2)
and 2.2.2.4 (see Figure 2.3), respectively. To study the potential effects of
photolithography on alkyne-terminated monolayers and the effect on “click” reactions,
surfaces N3-N5 were prepared as described in Figure 5.1 (a). After photolithographic
treatment, which involved spin-coating, UV-exposure, development and removal with
acetone, the contact angle for surface N4 decreased by ~12< indicating a change of the
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surface chemistry (see Table 5.1). AFM measurements showed an obvious trace of the
pattern on surface N3 (Figure 5.3 (a)), indicative of a chemical reaction with
compounds in the photoresist. The average height of the exposed layer, determined
from the AFM topography (Figure 5.3 (b)), was ~4.7 A, which is consistent with the
ellipsometry thickness that showed an increase from ~10.6 A (surface N1) to ~15.5 A
(surface N4) (see Table 5.1).

Table 5.1 Advancing water contact angles and ellipsometry thicknesses of different
surfaces. Ellipsometry fitting parameters for surface N1: MSE = 0.585; B = -0.03651
+0.008923; C = 0.00449 +0.001005; surface N2: MSE = 0.880; B = 0.02089 +
0.009465; C = 0.00289 £0.001063; surface N4: MSE = 1.458; B = -0.05200 +
0.015621; C = 0.00680 £0.001759; surface N5: MSE = 1.688; B = -0.02587 +
0.013578; C = 0.00362 £0.001525; surface N7: MSE = 1.700; B = -0.02463 +
0.017874; C = 0.00397 £0.002002.

Surface Water contact angle (9 | Ellipsometry thickness (A)
N1 88 +1 10.6 0.4
N2 37 +1 16.0 £1.0
N4 76 2 15.5+0.3
N5 52 +4 214 +1.2
N7 46 +2 15.8 0.9
0.4
2.2 nm
0.2
£
g 0.0
§-0.2—
 -1.4nm -0.44
: _ % o 2 4 6 & 10 12
Height Sensor Zoum X (um)
(a) (b)

Figure 5.3 (a) AFM images and (b) topography of 1, 8-nonadiyne-modified silicon
surface after photolithography treatment involving photoresist coating, UV-exposure,
development and finally washing off (surface N3) (PeakForce TUNA mode; 1 nN
PeakForce; 256 x 256 pixels).
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The chemical modification of the surface was also confirmed by XPS measurements
(see Figure 5.4). It was found that the atomic ratios of C/Si and O/Si on surface N4 had
increased by factors of ~1.95 and ~3.5, respectively, compared to the results of surface
N1 (Figure 5.4 (c)). The Si 2p narrow scan showed minor emissions associated with
silicon oxide species (102-104 eV), indicating some oxidized spots were formed in
defective regions of the monolayer due to the photolithographic treatment. The area of
the oxidized silicon peak was estimated to be ~3% of the total Si intensity,
corresponding to ~0.17 monolayers of oxidized silicon [290] (Figure 5.4 (b)). In order
to investigate the cause of oxidation, different treatment steps were carried out on
surface N1. Figures 5.4 (d) and (e) present the Si 2p narrow scans on surfaces only
exposed to UV-light (N1a) and only rinsed with developer (N1b). It can be seen that
surface Nla showed no emission of SiO,, while surface N1b showed a ~0.15 SiO4
fractional monolayer coverage, which reveals that the surface oxidation occurred

following washing with the developer rather than after UV-exposure.
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e o s.o
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Binding Energy (eV) Binding Energy (eV)
(d) (e)

Figure 5.4 (a) XPS survey scan of 1, 8-nonadiyne-modified SOS surface after
photolithographic treatment (surface N4) and (b) high-resolution scan for silicon; (c)
surface atomic ratio of C/Si and O/Si before photolithographic treatment (surface N1)
and after photolithographic treatment (surface N4) evaluated from XPS surveys scans;

XPS high-resolution scans for silicon of (d) surface N1a and (e) surface N1b.

It has been established that during exposure to UV-light, the photoactive compound

diazonaphthaquinone 1 in a positive photoresist (i.e. S1818 or AZ6612 which has been
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used elsewhere [194, 195]) undergoes the loss of N to generate a carbene intermediate
2. The carbene transforms into a ketene 3, which then forms carboxylic acid 4, after
reaction with water [291] (Figure 5.5). The carboxylic acid is then dissolved in alkaline
developer and removed from the surface. However, due to the multi-step nature of the
process and the high reactivity of the intermediates, it has been proposed that
particulate contamination may be a constant problem in photolithography [292].
Presumably, in this case either carbene 2 or the photochemically generated ketene
intermediate 3 undergoes partial reaction with the alkyne-terminated monolayer, the
latter presumably via a [2+2] cycloaddition, resulting in an aromatic-terminated

surface.

o&N2 “ w cel

Figure 5.5 Photoreaction of diazonaphthaquinone [291].

LAPS has been validated to be a very accurate technique to detect the properties of
surfaces, such as the surface potential, with spatial resolution. Figure 5.6 (a) shows the
LAPS image of surface N3 measured at 0.55 V (vs. Ag/AgCl). At the chosen voltage,
the photocurrent was slightly smaller on the UV-exposed region (dark strips shown in
Figure 5.6 (a)) than on the non-exposed region. Since the changes in maximum
photocurrents of the two regions were negligible, the corresponding /-7 curves were
normalised and were presented in Figure 5.6 (b). A positive shift (+21 mV) at the
lower part of the photocurrent curve was observed on the UV-exposed region, which
corresponds to a more negatively charged surface. Whilst this is an empirical
observation, the negative charge may due to two reasons: Firstly, as aromatic
compounds readily participate in intramolecular m-m interactions with neighbouring
molecules, it is possible, that the indene carboxylic acid (4) has been absorbed onto the
surface, resulting in a small negative surface charge in aqueous solution. Alternatively,
the minor quantity of oxidized silicon shown by XPS to be formed after the
photolithographic treatment (see Figure 5.4 (b)) could also contribute to the negative
surface charge. The potential shift appearing only in the lower part of /I-V curves is
analogous to results of polyelectrolytessDNA patterns described in Chapter 4, which

can be explained by the incomplete coverage of the negatively charged species.
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Figure 5.6 (a) LAPS image of 1, 8-nonadiyne-modified SOS substrates following
photolithographic treatment; (b) corresponding normalised I-V curves for UV-exposed
and non-exposed regions on surface N3. LAPS image was measured at 0.55 V, with a
scan range: 400 pm > 400 pm, step size: 2 pm and dwell time: 30 ms. 10 mM
phosphate buffer solution pH 7.4 containing 137 mM NaCl and 2.7 mM KCI was used.

5.3.2 Photolithography on alkyl monolayer-modified SOS or Si

In order to further investigate the nature of the chemistry between the photoresist
intermediates and organic monolayers, the same surface treatments were performed on
carboxyl-terminated and alkyl-terminated monolayers on SOS or Si (see Figure 5.1
(b)). The resultant contact angle for surface U3 increased by ~11°(see Table 5.2),
indicating a change of the surface chemistry. The AFM image of surface U2 showed
an obvious trace of the pattern (Figure 5.7 (2)). The average height of the UV-exposed
layer was determined to be ~8 A (Figure 5.7 (b)), which is consistent with the
ellipsometry results that showed an increase of ~10 A after photolithography (see
Table 5.2), again indicating that the carboxyl-terminated monolayer also undergoes

unwanted chemical modification.
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Table 5.2 Advancing contact angles and ellipsometry thicknesses of undecylenic acid-
modified SOS before (surface U1) and after (surface U3) photolithographic treatment.
Ellipsometry fitting parameters for surface Ul: MSE = 0.494; B = -0.01769 =+
0.008212; C =0.00189 #0; surface U2: MSE = 1.183; B = -0.04500 %0.009360; C =
0.00541 £0.001056.

Surface Water contact angle (9 | Ellipsometry thickness (A)

Ul 66 +3 10.2 +0.4

U3 751 20.2+0.9

1.24
EO.S—
£
D 0.4
I
0.0
0 2 4 6 8 10 12 14
X (um)
(a) (b)

Figure 5.7 (a) AFM image and (b) topography of undecylenic acid monolayer-
modified silicon after photolithographic treatment (surface U2) (PeakForce TUNA
mode; 1 nN PeakForce; 256 < 256 pixels).

Figure 5.8 (a) shows the LAPS image of surface U2 measured at 0.5 V (vs. Ag/AgCl),
which revealed the photocurrent to be greater on the UV-exposed region (bright strips
shown in Figure 5.8 (a)) than that from the unexposed area, which is the opposite of
the result observed for the 1,8-nonadiyne monolayer-modified substrate. The
corresponding normalised photocurrent curves showed a shift by -64 mV for the
surface exposed with UV-light (see Figure 5.8 (b)) and may be due to the reaction of
the carboxylic acid with the ketene, resulting in an aromatic-terminated surface. This
surface has less negative charge compared with carboxyl thus causing a negative

voltage shift of the /-J curve.

In light of this the effect of the photoresist treatment on a saturated hydrocarbon

monolayer, which ostensibly contains little chemically reactive functionality was
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investigated. In this case, a decreased photocurrent in the LAPS image of the UV-
exposed areas following treatment with photoresist was again observed (see Figures
5.8 (¢) and (d)) and, as for the 1, 8-nonadiyne modified surface, a lower photocurrent
indicated a more negatively charged surface in the exposed areas. As there is unlikely
to be any reaction between the monolayer and 3 it would appear to indicate that
carbene 2 has undergone C-H bond insertion [293] or the surface was slightly oxidized
due to the development process, and that this results in a similar effect on the surface

charge as observed for the alkyne-terminated monolayers.
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Figure 5.8 LAPS images of (a) undecylenic-modified (surface U2, bright lines:
exposed to UV) and (c) 1-octadecene-modified (surface O2, dark lines: exposed to UV)
SOS substrates after photolithographic treatment. Corresponding normalised 1-V
curves for UV-exposed and non-exposed regions on (b) undecylenic acid- and (d) 1-
octadecene-modified SOS surfaces. LAPS images measured at 0.5 V (a) with a scan
range: 400 pm > 400 pm, step size: 2 pm and dwell time: 30 ms; while (c) with a scan
range: 800 pm > 800 pm, step size: 4 pm, dwell time: 30 ms. 10 mM phosphate buffer

solution pH 7.4 containing 137 mM NaCl and 2.7 mM KCI was used.
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5.3.3 “Click” chemistry on photolithographically treated 1, 8-nonadiyne-modified SOS or
Si

To check the effect of the photolithographic treatment on the efficacy of CuAAC
“click” modification, surface N4 was subjected to standard “click” modification with
azido-OEG-NH; to generate surface N5, which was characterised. Both the water
contact angle and ellipsometric thickness changed significantly, showing that “click”
modification has occurred to some extent, but these differed significantly from the
values seen for surface N7 (see Table 5.1). The XPS survey scan and N 1s scan also
corroborated the success of the “click” surface modification (Figure 5.9 (a) and (b)).
This indicates that if the terminal alkynes do indeed undergo [2+2] cycloadditions with
ketene 3 during UV-exposure that a number remain viable in the CuAAC reaction.
However, a lower level of nitrogen incorporation into the surface following the “click”
modification of the surface when compared to surface N2, would also be expected.
This would be manifested in a reduced N/C atomic ratio observed in the XPS survey
scan, which is clearly seen (Figure 5.9 (d)). Furthermore, the XPS spectrum at 102-104
eV shows high levels of oxidized silicon species (Figure 5.9 (c)) and the SiOy
fractional monolayer coverage was estimated to be ~0.32. This is double the level
found following photolithography and indicates that chemical modification via this
route results in significant perturbation of the organic monolayer and that it is no

longer able to effectively protect the underlying silicon substrate from oxidation.
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Figure 5.9 (a) XPS survey scan of photolithographically treated and then “click”-
functionalised surface (surface N5) and high-resolution scans for (b) nitrogen and (c)
silicon; (d) atomic ratio (N/C) of surface N2, surface N5 and surface N7 evaluated

from XPS surveys scans.

5.4 Chemical patterning through the combination of pCP and “click”

chemistry

Due to the surface contamination caused by photolithography, a clean and quick
method -puCP- was used to chemically pattern 1, 8-nonadiyne-modified SOS or silicon
substrates. As shown in Figure 5.2, the azide inks were printed onto the alkyne-
terminated SAMs on SOS though “click” reactions to gain surface N6. To demonstrate
that a covalent bond is formed in the nanoscale confinement, a flat featurcless PDMS
stamp was used to produce a homogeneously functionalised surface (surface N7). The
contact angle (46 + 2°) and monolayer thickness (15.8 A) after the CuAAC “click”
reaction via uCP are shown in Table 5.1, which are comparable to the results of
surface N2. The successful coupling was further confirmed by XPS results (Figure

5.10). The N 1s peak shown in Figure 5.10 (b) can be fitted to two peaks at 400.6 eV
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(C-NH,/N-N=N) and 402.2 eV (N-N=N) [265, 280], indicative of triazole formation.
The narrow scan from C 1s region was deconvoluted into three peaks assigned to Si-
C=C (284.2eV), C—C (285.3 ¢V) and C—N/-0O (287.1 eV), which are similar to the
results of surface N2 (see Figure 4.5). The C/N atomic ratio of surface N7 (~0.086) is
close to surface N2 (~0.093), indicating a comparable level of “click” triazole
incorporation on the surfaces (Figure 5.9 (d)). Importantly, the reaction time via pCP is
significantly shorter than the time using the traditional “click” condition (3 h c.f. 24 h).
Encouragingly, negligible amounts of silicon oxide were observed from the Si2p
narrow scan, demonstrating a non-invasive method to functionalize and pattern the

oxide-free silicon surface with SAM:s.
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Figure 5.10 (a) XPS survey scan of the OEG-NH,-functionalised SOS substrate via

CP (surface N7). High-resolution scans for (b) nitrogen, (c) carbon and (d) silicon.

To validate the combined patterning technique, LAPS was used to image the
chemically patterned SOS substrate (surface N6). The LAPS image obtained showed
very good agreement with the patterns of the PDMS stamp. At the chosen voltage

(0.44 V, vs. Ag/AgCl), the photocurrent was greater on the “click”-functionalised
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surface (bright islands shown in Figure 5.11 (a)) than on the 1, 8-nonadiyne monolayer
surface, which corresponds to the positive charge introduced by NH,-terminated
monolayers. Figure 5.11 (b) shows the /-V curves measured on the circular feature
(azido-OEG-NH;) and the background region (1, 8-nonadiyne). The lower part of the
curve on the amino-terminated region shifted by -50 mV compared to the 1, 8-
nonadiyne-modified surface, which is slightly greater than the shift caused by
physically absorbed PAH (-41 mV) as described in Section 4.2.1.
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Figure 5.11 (a) LAPS image of chemically patterned non-oxide SOS substrate with
azido-OEG-NH; on the circular regions and 1, 8-nonadiyne on the background
(measured at 0.44 V, vs. Ag/AgClI, with a scan range: 400 pm > 400 pm, step size: 2
pm and dwell time: 30 ms); (b) corresponding I-V curves of the circular feature and
the background region. 10 mM phosphate buffer solution pH 7.4 containing 137 mM
NaCl and 2.7 mM KCI was used.

As a control, inks without azide were printed onto 1, 8-nonadiyne-modified substrates
by using the procedure described in Figure 5.2. For the sample printed with a flat
PDMS stamp, the contact angle showed no changes and ellipsometry showed an
increase of 1 A, which is within the error of ellipsometry. The sample contacted with a
PDMS stamp structured with patterns showed no photocurrent contrast over the entire

surface measured at depletion voltages.
5.5 Summary

This chapter has demonstrated that pCP followed by “click” chemistry is a mild and

efficient means for chemical patterning on oxide-free silicon or SOS surfaces whereas
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the combination of photolithography and “click” chemistry is not. As evidenced by
XPS spectra, approximately 17% of SiOx monolayers were formed after photoresist
processing on initially oxide-free SAMs and this value was doubled after further
derivatization via “click” reaction. The surface characterisation results and LAPS
images demonstrated that side-reactions between the photoactive compounds in the
photoresist and SAMs occurred, causing undesirable chemical contamination of the
surface. However, uCP was shown to be an effective method to chemically pattern
alkyne-terminated monolayers through “click” reactions. The atomic N/C ratio was
comparable to that of a conventionally formed “click” monolayer, but surface
modification was achieved with a much shorter reaction time. More importantly, no
evidence of surface contamination with silicon oxide species was observed after nCP-
induced “click” reactions. The successful chemical patterning was validated using
LAPS. The voltage shift (-50 mV) in the depletion region of the photocurrent curves
indicated a good sensitivity for the measurement of the surface charge effects induced
by the chemically bonded NH,-terminated molecules. Apart from being suitable for the
measurement of surface charge distribution, LAPS was also shown to be extremely
sensitive to surface contamination. This will broaden the application of LAPS as well
as the other field-effect devices from a sensor technique to a characterisation tool for

SAM-modified silicon substrates.
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6. LAPS/SPIM imaging of microcapsules attached to SAM-modified
SOS

6.1 Introduction

LAPS and SPIM, which are based on different bias voltages (depletion and inversion),
have been developed to produce two-dimensional images of surface potential and
impedance. The results presented in Chapters 4 and 5 have demonstrated the high
accuracy of LAPS for surface potential measurements. However, the high performance
of SPIM on local impedance has not yet been studied. Even though previous work in
our laboratory has shown some impedance images of polymers such as PMMA [74],
cellulose acetate [75] and photoresist [14], it is unconvincing to claim that SPIM
displays high sensitivity due to the thick and highly insulating properties of these
polymer films. Recently, a two-photon effect strategy has been introduced to improve
the spatial resolution of LAPS/SPIM, by using a femtosecond laser with low energy
photons (Epnoton < Eg) rather than the traditionally used laser with high energy photons
(Ephoton > Eg) to generate photocurrents [14, 74]. The reason for resolution
improvement has been discussed in Section 1.3.5.2. In addition, with the introduction
of SAMs as the gate insulator, the sensitivity of SPIM can be significantly improved
(see Chapter 3). Encouraged by all these achievements, it was therefore decided to
assess the performance of the high-resolution set-up in conjunction with SAM-
modified SOS substrates for SPIM imaging, and the results are presented in this

chapter.

As described in Section 1.7, using a simple layer-by-layer (LBL) adsorption method,
polymeric multilayer capsules (PMLCs) can be prepared with desirable size,
composition, surface charge and shell thickness. Due to the series of controllable
properties, PMLCs can be exploited as a model system to study cell-surface
interactions. In this work, gold nanoparticle (AuNP)-modified PMLCs integrated with
SAM-modified SOS substrates were used for the validation of quantitative
measurement using LAPS/SPIM before progressing to cell measurements. The high
resolution and high sensitivity of SPIM imaging using the 1250 nm femtosecond laser

were demonstrated.
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6.2 Experimental section

All the chemicals and reagents used in this chapter, unless noted otherwise, were as
listed in Chapter 2. Monodisperse melamine formaldehyde (MF) microparticles
(~10 pm, disperse in water) were purchased from Microparticles GmbH, Germany. A
suspension of gold nanoparticles (~15 nm, disperse in water) was provided by Dr

Huijuan Chen and was prepared following a procedure described elsewhere [294].

The preparation of undecylenic acid (surface U1), “click”-functionalised azido-OEG-
NH; (surface N2) and 4-azidobenzoic acid (surface Al) monolayers on SOS or Si

substrates has been described in Section 2.2.2.
6.2.1 Microcapsule preparation and characterisation

PMLCs were prepared using the layer-by-layer (LbL) technique. Positively charged
MF microparticles were used as the template, and polyelectrolytes of PSS and PAH
were assembled onto the templates alternatively. Figure 6.1 shows the procedure for
normal PMLC preparation. Firstly, PSS (2 mg/ml in water) was deposited onto MF
particles with 15 min of gentle shaking. The excess polyelectrolytes were removed by
centrifugation (2000 rpm, 2 min) following by washing with pure water three times.
PAH was subsequently adsorbed onto the shell of PSS from a PAH solution (2 mg/ml
in water) using the same procedure. The adsorption cycle was repeated until the
desired number of layers was formed. Finally, hollow capsules were obtained by
dissolving MF cores in 0.1 M hydrochloric acid solution for 30 min and washing by
four centrifugation circles (3500 rpm, 3 min) with pure water. Finally, hollow capsules
with a shell structure of (PSS/PAH), (C2) were prepared.
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treatments
Water wash (@“f Tl
si E ‘
'.
M

© 01MHCI f}‘fﬁ\\

74 - dissolve the core !%\

Figure 6.1 Procedure for the preparation of PMLCs.
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In order to perform SPIM imaging, as well as to improve the visibility of capsules in
the digital camera, an additional gold nanoparticle (AuNPSs) layer was deposited on the
PAH layer in a similar adsorption process. Briefly, the capsules with two bilayers of
PSS/PAH were dispersed in the AuNPs suspension for 15 min. After three washing
steps, the capsules were further coated with additional polyelectrolyte layers. Hollow
capsules structured with (PSS/PAH),-AuNPs-PSS/PAH/PSS (C1-AuNPs) and
(PSS/PAH),-AuNPs-(PSS/PAH), (C2-AuNPs) were obtained. Table 6.1 summarises
the microcapsules used in this work and their corresponding shell structures.

Table 6.1 Hollow microcapsules and the corresponding shell composition.

Microcapsules Shell composition
C2 (PSS/PAH).
C1-AuNPs (PSS/PAH),-AuNPs-PSS/PAH/PSS
C2-AuNPs (PSS/PAH),-AuNPs-(PSS/PAH),

To study the effect of AUNPs on impedance using SPIM, a drop of AuNP suspension
(1 ) was directly deposited onto an amino-terminated surface (surface N2) and air-
dried. The sample was then rinsed with copious amounts of water to remove the

loosely absorbed AuNPs.

Apart from optical microscope and AFM, a scanning electron microscope (SEM, FEI
inspect-F) was used to observe the morphology of capsules. Briefly, the diluted
capsule suspension was dropped onto a SAM-modified SOS surface, air-dried, and
coated with gold. SEM images were then taken with an accelerating voltage of 10 kV
and a spot size of 3.5 nm at a working distance of about 10 mm. The distribution of
AuUNPs in the shell of microcapsules was observed by a transmission electron
microscope (TEM, JEOL 2010) operated at 200 kV. The diluted capsule suspension
was deposited on a carbon-coated copper grid, and air-dried for 2 h. Then, the copper
grid was installed to a sample holder and placed into the vacuum chamber of the TEM

for characterisation.

Zeta potentials of hollow capsules containing AuNPs were measured with a Malvern
Nano ZS zetasizer (Malvern Instruments Ltd, UK). For measurements, a small volume

of sample solution was transferred to a transparent cuvette, diluted with pure water and
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placed in the thermostated cavity. Fifteen measurements were taken on each sample

and averaged.
6.2.2 Photocurrent measurements

The experimental set-up for photocurrent measurements has been shown in Section 2.4.
For measurement, capsules C1-AuNPs or a drop of AuNP suspension and C2 or C2-
AuNPs were randomly absorbed through electrostatic attraction and dried on surface
N2 (NHj-terminated) and Al (COOH-terminated), respectively. A 1250 nm
femtosecond laser was used for SPIM imaging (see light profile “b” in Figure 2.6) and

a digital camera was used to take in situ pictures (see light profile “c” in Figure 2.6).

The correlation between the photocurrent image scanned with the 1250 nm laser and
the optical image recorded by camera was calibrated using an SU-8 pattern deposited
on surface Al. Since the 405 nm and 1064 nm lasers will be used in the following
chapter, their imaging systems were also calibrated using the same method. The
preparation of SU-8 films has been described in Section 3.2. All photocurrent
measurements were performed in a 10 mM PBS buffer pH 7.4 containing 137 mM
NaCl and 2.7 mM KCI.

6.3 Characterisation of 4-azidobenzoic acid-functionalised SOS or Si

The successful formation of the 1, 8-nonadiyne monolayer (surface N1) and its “click”
functionalisation with azido-OEG-NH, (surface N2) has been demonstrated in
Chapters 3 and 4. Hence, this section only presents the characterisation results of the

surface “click”-modified with 4-azidobenzoic acid (surface Al).
6.3.1 Contact angle measurements and ellipsometry

After the “click” reaction with 4-azidobenzoic acid, the substrate became hydrophilic
with a water contact angle of ~58< (see Table 6.2), which is comparable with the
literature result [295]. The ellipsometric thickness increased to ~18.4 A (see Table 6.2),

indicating the success of “click” modification.
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Table 6.2 Advancing water contact angles and ellipsometry results for H-SOS/H-Si
surfaces modified with 1, 8-nonadiyne (surface N1) and further “click ”’-functionalised
with 4-azidobenzoic acid monolayers (surface Al). Ellipsometry fitting parameters for

surface N1: MSE = 0.585; B = -0.03651 £0.008923; C = 0.00449 +0.001005;
surface Al: MSE =3.425; B = -0.10907 +0.028137; C = 0.01551 +0.003213.

Surface Water contact angle (9 | Ellipsometry thickness (A)
N1 88 +1 10.6 +0.4
Al 58 2 18.4 x1.5

6.3.2 XPS measurements

The XPS survey scan (Figure 6.2 (a)) showed the presence of nitrogen species at
~401 eV after “click” functionalisation. A high-resolution scan from the N 1s region
(Figure 6.2 (b)) was fitted to two peaks at 400.5 eV and 402.2 eV, which are assigned
to N-N=N and N-N=N, respectively [265, 280]. The ratio of the integrated areas
(~2.2:1) is comparable to the stoichiometric ratio (2:1). The narrow scan from the C 1s
region (Figure 6.2 (c)) was fitted with three peaks assigned to C—C (285.1 eV),
C—N/-0 (286.7 ¢V) and C=0 (289.5 eV) [158, 265, 295]. The positions of the peaks
are also in consistent with the results obtained from surfaces N2 (see Figure 4.5 (c))
and U1 (see Figure 3.4 (b)). Encouragingly, negligible amounts of SiOy species were
observed in the Si2p high-resolution spectrum, indicative of a high quality of the

modified surface (Figure 6.2 (d)).
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Figure 6.2 (a) XPS survey scan of 4-azidobenzoic acid-functionalised SOS surface via
“click” reaction (surface A1). High-resolution scans for (b) nitrogen, (c) carbon and

(d) silicon.
6.4 Two-photon effect validation and imaging system calibration

In order to confirm a two-photon effect was obtained, surface Al was scanned with the
405 nm and 1250 nm femtosecond lasers, respectively, along the z direction (surface
normal of the substrate) at 0.9 V (vs. Ag/AgCl). The corresponding photocurrent line
scan (see Figure 6.3 (a)) using the 1250 nm laser showed a much sharper peak
compared to the other one, indicating that photocurrents are only generated near the

focus of the laser in silicon, thus resulting in a higher spatial resolution.

Figure 6.3 (b) further highlights the two-photon effect by comparing the double
logarithmic plots of photocurrents versus laser intensities using the two lasers. In this
graph, a slope close to 1 was obtained for the 405 nm laser, indicative of a linear

relationship as expected for the single-photon absorption. However, when measured
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with the femtosecond laser, the slope was close to 2, corresponding to a two-photon
effect.
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Figure 6.3 (a) Photocurrent line scans in z direction (surface normal of the substrate);
(b) laser intensity dependence of the photocurrent using two different lasers. 10 mM
phosphate buffer solution pH 7.4 containing 137 mM NaCl and 2.7 mM KCI was used.

Before LAPS/SPIM imaging, the true correlation between photocurrent images and the
camera image was calibrated and demonstrated. Figures 6.4 (a), (b) and (c) present
images measured in inversion with 405 nm, 1250 nm femtosecond and 1064 nm lasers,
respectively. All three images showed nearly zero photocurrents on SU-8 (black area)
and large photocurrents off SU-8 (bright area) due to the high impedance of the
photoresist. Furthermore, it can be seen that the image taken with the 1250 nm laser
had very sharp edges, revealing the highest spatial resolution, followed by the 405 nm
and 1064 nm lasers. This is consistent with the resolution results in Section 3.5. Figure
6.4 (d) shows the optical picture recorded by camera. From the results, a good

agreement of all SPIM images with the camera image was achieved.
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Figure 6.4 SPIM images of an SU-8 pattern measured at 0.9 V (inversion) using (a)
405 nm laser, (b) 1250 nm femtosecond laser and (c) 1064 nm laser (dark area:
surface with SU-8 film; bright area: bare surface with monolayers); (d) corresponding
optical picture recorded by camera. 10 mM phosphate buffer solution pH 7.4
containing 137 mM NaCl and 2.7 mM KCI was used for photocurrent measurements.

6.5 Photocurrent measurements of microcapsules attached to SAM-

modified SOS
6.5.1 Characterisation of microcapsules containing gold nanoparticles (AuNPs)

Figures 6.5 (a) and (b) show the optical microscope images of microcapsules C2-
AuNPs dispersed in water before and after the removal of the MF core. It can be seen
that the microcapsules are evenly dispersed and their size is consistent with the MF
core size (~10 m). After drying, completely collapsed spheres were observed from
the optical microscope (Figure 6.5 (c)) and SEM image (Figure 6.5 (d)), confirming
the hollow nature of the microcapsules. The gold doping in the shell of microcapsules
was demonstrated by TEM images (Figures 6.5 (e) and (f)). It is shown that gold

nanoparticles (~15 nm) are uniformly distributed over the whole capsule surface
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without aggregation. In order to enlarge the contact area between microcapsules and
sensor surfaces, hollow capsules dried on SAM-modified SOS were used for all
LAPS/SPIM measurements.

S " (b)

Figure 6.5 Optical microscope images of microcapsules C2-AuNPs dispersed in water
(a) before and (b) after the removal of the MF core; (c) optical microscope image and
(d) SEM image of C2-AuNPs dried on surface Al; TEM images of a collapsed
microcapsule (C2-AuNPs) (e) overview and (f) zoomed graph showed the distribution
of AUNPs in the shell of the capsule.

Figures 6.6 (a) and (b) show zeta potential distributions of hollow microcapsules C1-
AuUNPs and C2-AuNPs, respectively. The average zeta potentials were estimated to be
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-19.1 mV for capsule C1-AuNPs due to the negatively charged PSS outer layer, and
+12.1 mV for C2-AuNPs due to the PAH outer layer.
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Figure 6.6 Zeta potential distributions of hollow microcapsules structured with (a)
(PSS/PAH),-AuNPs-PSS/PAH/PSS (C1-AuNPs) and (b) (PSS/PAH),-AuNPs-
(PSS/PAH); (C2-AuNPs).

6.5.2 SPIM imaging of microcapsules C1-AuNPs collapsed on amino-terminated SOS

Figure 6.7 (a) shows the SPIM image of microcapsules C1-AuNPs collapsed on NH,-
terminated SOS (surface N2) measured at 0.9 V (vs. Ag/AgCl) using a 1250 nm laser,
while Figure 6.7 (b) presents the corresponding optical image recorded by camera. The
optical picture demonstrated a good agreement with the SPIM image of microcapsules.
The photocurrents on capsule-attached areas (dark spots marked with crosses in Figure
6.7 (a)) were lower than that on background monolayer surfaces, indicating an increase
of the local impedance. Remarkably, lines with relatively low photocurrents on
capsules were observed from the SPIM image, which correspond to dark lines in the

optical image and may be due to creases in the collapsed microcapsules.
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Figure 6.7 Microcapsules C1-AuNPs attached on an NH,-terminated SOS substrate
(surface N2); (a) SPIM image measured at 0.9 V (vs. Ag/AgCl , scan range: 60 pm x
60 pm, step size: 0.6 pm, dwell time: 30 ms); (b) corresponding optical image
recorded by camera; (c) I-V curves on capsules and on the monolayer-modified
surfaces; (d) normalised I-V curves and zoomed graph in the depletion region: each
data point is an average of the 3 measurements (on and off capsules) and is presented
as mean £SD. 10 mM phosphate buffer solution pH 7.4 containing 137 mM NaCl and
2.7 mM KCI was used.

Figure 6.7 (c) shows the photocurrent curves measured in the centre of capsules
(marked with red crosses) and on monolayer surfaces. To improve the reliability of
results, three different spots were measured for both on and off capsules. The
normalised I-V curves (Figure 6.7 (d)) were then averaged by the three measurements
and were presented as mean =standard derivation (x£SD). Before normalisation, an
average drop (~17%) of the maximum photocurrents was observed on capsule-attached
areas, which resulted from the increase of local impedance. Assuming that the capsule

surface within laser focus can be considered as a homogeneous dielectric with defined
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thickness and dielectric constant, from Equation 1.18, the expressions for maximum

photocurrents without (/,,,4,) and with microcapsules (Iyqx(capsute)) €an be simplified

as below:

Imax = L cmc_:lcd (Equation 6.1)

Cm—c .
Imax(capsule) = Ip oot Cq (Equatlon 6.2)

Chl. = CR1+C; 1 (Equation 6.3)

Where I, is the photo-induced current; Cg4, Cy,, and C, are capacitances of the depletion
layer, organic monolayer and collapsed microcapsule including two overlapping layers
of the shell; C,,_. is the total capacitance of the monolayer in series with the

microcapsule.

Assuming that the photo-induced current is the same in both cases, then the equation

can be written as:

Imax . _Cm_ Cmec*Cd (puation 6.4)
Imax(capsule) CmtCq Cm—c '

From the previous C-V measurements (see Section 3.3.4), C,, and C; can be
approximated to be 1.7 pFcm™ and 0.3 pF cm™, respectively. Thus C. can be
calculated to be ~1.2 pF cm™? When combined with the dielectric constant of
PAH/PSS layer (epanpss = 30) [296], the thickness of the collapsed capsule was

estimated to be ~22 nm.

In parallel, the dried capsule thickness was measured by AFM. Figure 6.8 presents the
AFM image of dried capsule C1-AuNPs and the height profile along the rectangle. A
typical grain-like surface structure was observed in Figure 6.8 (a), which is consistent
with previous studies [245]. The wall thickness of the capsule, which included two
layers of the collapsed shell, was determined from the height difference between the
silicon background (“i”) and a fold-free region (“ii”) marked in (a). From the
topography (Figure 6.8 (b)), a ~19 nm thick wall was measured, which is slightly
smaller than the result (~22 nm) deduced from SPIM measurements. The topography
also showed that folds (“iii”’) are able to double the thickness. Due to the relatively
poor quality of SPIM image (see Figure 6.7 (a)), I-V curves were measured in the

centre of capsules regardless of the folded or unfolded regions. Hence, the maximum
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photocurrents may have contributions from both regions, resulting in a slightly greater
thickness than that measured by AFM.

Height (nm)

0o 2 4 6 8 10
/ um

(b)

Figure 6.8 (a) AFM image of capsule C1-AuNPs dried on a silicon substrate; (b)
topography along the rectangle marked in (a). The AFM thickness of the capsule is
measured by the difference in the average heights of regions marked with “i” and “ii”;
“1ii” represents the height of the folded region of the capsule (PeakForce TUNA mode;
1 nN PeakForce; 1V DC bias; 0.977 Hz scan rate; 512 x 512 pixels).

After normalising, the I-V curves on capsule-attached areas shifted to positive voltages
by 9 mV compared to the bare amino-terminated monolayer surface (see Figure 6.7
(d)), corresponding to the negatively charged outer layer (PSS) of the capsules. Unlike
the case of polyelectrolyte and molecular patterns prepared by pCP, the shift induced
by microcapsule attachment occurs in the whole depletion region, which means the
charge effect introduced by the presence of microcapsules is homogeneous within the
laser spot. The potential shift measured by LAPS is significantly lower than the value
of zeta potential (-15.8 mV) of microcapsules. This is thought to be due to the wrinkled
feature of the dried capsules, which cannot guarantee a perfect contact with the sensor
substrate within the laser focus area, and a gap between capsules and the substrate
would cause a decay of the electric potential. Alternatively, minor oxidation may
happen on the silicon surface during measurements, resulting in some negatively
charged spots and thus a reduction in the potential difference between capsule attached

areas and the bare insulator surface.
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6.5.3 SPIM imaging of microcapsules C2-AuNPs collapsed on carboxyl-terminated SOS

In order to further confirm the origin of the SPIM images and the potential shift,
microcapsules with a positively charged outer layer (C2-AuNPs) combined with a
negatively charged sensor substrate (surface Al) were investigated using the same
laser. Figure 6.9 (a) shows the SPIM image of a microcapsule cluster collapsed on
surface A1 measured at 0.9 V (vs. Ag/AgCI). Similar to the result of capsule C1-
AuUNPs, the SPIM image of C2-AuNPs correlated closely with the optical image (see
Figure 6.9 (b)), and a photocurrent drop due to the increase in local impedance was
also observed. Furthermore, the lines with low photocurrents on the capsules were
even more visible in this case, indicating a higher local impedance and/or a better
quality of the insulator. Again, there is a good agreement between lines with low
photocurrents and dark lines in the optical image probably caused by folds or

overlapping capsules.

The corresponding I-V curves measured on capsules (points marked with “1” to “6”)
and off capsules are presented in Figure 6.9 (c). An average drop (~15%) of the
maximum photocurrents was observed at points “1”, “2” and “3”. However, when
measured at the dark lines, more significant drops (~31% at points “4” and “5”, ~41%
at point “6”) of the maximum photocurrents were obtained. After normalising, the
curves on capsules (averaged by the results at points “1” to “6”) showed a negative
shift of 15 mV (see Figure 6.9 (d)) due to the PAH outer layer of the capsules, which is

consistent with the zeta potential (12.1 mV).
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Figure 6.9 Microcapsules C2-AuNPs attached on a COOH-terminated SOS substrate
(surface Al); (a) SPIM image measured at 0.9 V (vs. Ag/AgCl, scan range: 60 pm x
60 pm, step size: 0.6 pm, dwell time: 30 ms); (b) corresponding optical image
recorded by camera; (c) I-V curves on capsules and on monolayer-modified surfaces;
(d) normalised I-V curves: each data point on capsules is an average of the 6
measurements, while off capsules is an average of the 3 measurements. All data points
are presented as mean £SD. 10 mM phosphate buffer solution pH 7.4 containing 137
mM NaCl and 2.7 mM KCI was used.

By using the same method shown in Equation 6.4, the average thicknesses measured at
the certain points of capsules were calculated to be ~19 nm (points “1”, “2” and “3”),
~48 nm (points “4” and “5”) and ~75 nm (point “6”), respectively. Again, AFM was
performed to compare these values. The image of C2-AuNPs is shown in Figure 6.10
(@). The wall thickness evaluated from the height profile (see Figure 6.10 (b)) was
~25 nm, which is greater than the value of C1-AuNPs (~19 nm) as expected for the
two additional layers of PAH. When comparing the thicknesses measured with SPIM
and AFM, points “17-“3” (~19 nm) correspond to the fold-free regions of capsules

with two overlapped shells (~25 nm, “ii” shown in Figure 6.10), while points “4” and
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“5” (~48 nm) are on the folded regions with four overlapped layers (~51 nm, “iii”’) and
point “6” (~75 nm) is with six layers. These results demonstrated that the dark lines
shown in Figure 6.9 (a) indeed corresponded to the creases in the collapsed capsules. It
was also shown that a higher impedance of the analytic sample (such as folded

capsules with 4 or 6 layers) resulted in a more accurate estimation of the thickness with
SPIM.

Height (nm)

Figure 6.10 (a) AFM image of C2-AuNPs dried on a silicon substrate; (b) topography

along the rectangle shown in (a). The AFM thickness of the capsule is measured by the

difference in the average heights of regions marked with “i” and “ii”’; “iii” represents
the height of the folded region of the capsule (PeakForce TUNA mode; 1 nN

PeakForce; 1V DC bias; 0.977 Hz scan rate; 512 =< 512 pixels).
6.5.4 The effect of gold nanoparticles on the impedance of microcapsules

SPIM measurements have also been performed with microcapsules C2 collapsed on
surface Al using the femtosecond laser. No impedance changes were observed with
the presence of microcapsules, which is completely different from the results obtained
with AuNP-modified microcapsules. A similar investigation has been carried out using
an EIS sensor to measure the changes in capacitance due to the LBL adsorption of PSS
and PAH onto the sensor surface [273]. It was reported that the maximum capacitance
for a p-Si-Si0,-Ta,Os sensor after the adsorption of eight PE layers decreased by only
about 0.7 nF cm™ (~0.7%). Based on this result the capacitance of eight bilayers of
PSS/PAH (collapsed capsule C2) can be estimated to be 7.1 pF cm™ and a maximum

photocurrent drop of 3.5% should be observed with SPIM from Equation 6.4. However,
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because of the inhomogeneous silicon layer of the SOS substrate, the maximum
photocurrents in the background area always fluctuate in a range of 5% (see Figure
6.11), which exceeds the effect expected from the attachment of microcapsules. The
small capacitance changes are probably due to the loose and porous structure of the
polyelectrolyte multilayers [273]. However, if this is the case, a new question is raised:

Why can the microcapsules containing gold nanoparticles be imaged with SPIM?

30_'—I'_'_|'_"_|'_"_|—’_I_'_
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Figure 6.11 SPIM image of a blank COOH-terminated SOS substrate (surface Al)
measured at 0.9 V (vs. Ag/AgClI, scan range: 60 pm > 60 pm, step size: 0.6 pm, dwell
time: 30 ms). 10 mM phosphate buffer solution pH 7.4 containing 137 mM NaCl and

2.7 mM KCI was used.

To study the effect of the AuUNP layer further, local electrical conduction properties of
microcapsules C2 and C2-AuNPs were investigated and compared using a conductive-
probe AFM. Figure 6.12 illustrates the topography images together with local current
images of the two capsules on a silicon substrate. For capsule C2-AuNPs, a clear
image of the local current was obtained (see Figure 6.12 (b)), which is in keeping with
the morphology shown in (a). The local currents on capsule C2-AuNPs were smaller
than the background, indicating a lower conductivity. Figure 6.12 (d) showed no
contrast of local currents between capsule C2 and the silicon background, which
reveals a higher conductivity and thus a lower impedance compared with the capsule
containing gold nanoparticles. These AFM results showed a good agreement with the

SPIM measurements presented above.
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Figure 6.12 AFM images of microcapsules C2-AuNPs: (a) topography image and (b)

local current image; microcapsules C2: (c) topography image, (b) local current image

and (e) topography profile along the rectangle shown in (c) (PeakForce TUNA mode;
1 nN PeakForce; 1V DC bias; 0.977 Hz scan rate; 512 < 512 pixels).
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Generally, conductive gold nanoparticles on an electrode surface improve the
electrochemical kinetics by providing conducting channels that facilitate electron
transfer [250, 251]. This is demonstrated in Figure 6.13, which shows the SPIM image
of a drop of AuNPs on surface N2 and the corresponding I-V curves measured at
different points. As expected, the presence of AuNPs on surface N2 resulted in a
reduction of local impedance and thus an increase of local maximum photocurrents
(see the bright arc area in Figure 6.13 (a)), which is completely different from the

results when AuNPs were integrated within polyelectrolyte multilayers.
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Figure 6.13 (a) SPIM image of an AuNP suspension drop dried on surface N2 and (b)
corresponding I-V curves measured ar different points marked in (a) (“1”-"3": on the
suspension drop, “4”-"6"": on the background surface). 10 mM phosphate buffer
solution pH 7.4 containing 137 mM NaCl and 2.7 mM KCI was used.

In contrast, it was also reported that the absorption of gold nanoparticles on an

34 solution because

electrode can increase the charge transfer resistance in [Fe(CN)g]
of the negative charge and steric hindrance of AuNPs [252]. However, in this study,
since a PBS buffer without any redox couple was used, the electrostatic repulsion
effect should not affect the impedance. Hence, the interactions between AuNPs and
polyelectrolytes (PSS and PAH) probably cause the difference. It was reported that the
assembly of AuNPs on polyelectrolyte multilayers is driven not only by electrostatic
force but also ligand reactions with polyelectrolytes [255]. Hence, the incorporation of
AuNPs can change the physical and chemical properties of microcapsules. For
example, as shown in this work, the shell thickness of microcapsules increased from

~19 nm (C2, see Figure 6.12 (e)) to ~25 nm (C2-AuNPs, see Figure 6.10 (b)) due to
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the addition of an AuNP layer. Similarly, the impedance of microcapsules could also
be changed (enhanced) with the presence of AuNPs. Furthermore, since AuNPs were
covered and separated by polyelectrolyte chains, these highly dispersed particles (see
Figures 6.5 (e) and (f)) may block the pores that exist on the PSS/PAH shell and
significantly improve the loose structure, eventually resulting in the increase of
impedance of microcapsules. Further investigations are required to fully understand the
effect of gold nanoparticles on LBL prepared microcapsules, which are discussed in

the chapter relating to proposed future work.
6.6 Summary

It has been shown that the oxide-free Si/SOS surface can be also functionalised with
carboxyl-terminated monolayers using CuAAC “click” reactions, further
demonstrating a powerful and versatile protocol for silicon-based surface
modifications. The success of the “click” functionalisation was demonstrated by

contact angle, ellipsometry and XPS measurements.

Polymeric multilayer capsules (PMLCs) with constant size, desirable shell layers and
gold nanoparticles were prepared. The hollow nature was demonstrated by optical,
SEM and AFM images. The successful labelling with AuNPs was demonstrated by
TEM.

Using a femtosecond 1250 nm laser with SAM-modified SOS, pure SPIM images of
microcapsules containing AuNPs with high resolution and high sensitivity were
obtained. The adhesion of microcapsules on sensor substrates, which was achieved by
electrostatic attraction, caused a local impedance increase and thus a photocurrent
decrease in inversion. Furthermore, the 1-V curves on capsules showed voltage shifts
after normalisation as the charge of the outer layer. The values of shifts are related to
the zeta potentials of the capsules. Using a simple circuit model, it has been shown that
the wall thickness of capsule C1-AuNPs derived from SPIM measurements (~22 nm)
is comparable to the result measured from AFM (~19 nm). In the case of capsule C2-
AuUNPs, a higher quality SPIM image was obtained and the SPIM thicknesses
measured at different parts of capsules are approximately equal to (~19 nm), double
(~51 nm) and triple (~75 nm) the AFM height (~25 nm), indicating that unfolded (two
overlapped layers) and folded (four or six overlapped layers) regions of capsules were
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characterised, demonstrating that the dark lines with relatively low photocurrents were

due to the creases in the collapsed microcapsules.

In contrast, capsules without AuNPs showed no SPIM response at all, which indicates
that the impregnation with AuNPs can significantly increase the impedance of the
microcapsules. Even though the effect of AuUNPs has not yet been fully understood, the
impedance variation of capsules with and without AuNPs deduced from SPIM was

also verified by AFM conductivity measurements.
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7. Imaging of rat B50 neuroblastoma cells using LAPS/SPIM

7.1 Introduction

Neuroelectronic devices are an emerging highly intelligent technology that can transfer
information between the human nervous system and semiconductor-based electronics.
To make this brain-like system a reality, the neuron-semiconductor interface has to be
fully understood, and great progress to this end has been made over the last three
decades (see Sections 1.1 and 1.4).

The main focus of this work is to study the local surface potential and impedance of
single neural cells with high resolution and high sensitivity. The impedance induced by
single cell adhesion can be measured using a field-effect transistor, which has been
illustrated in Section 1.4.3. Due to the bilayer phospholipid structure, the surface of
cell membrane generally carries net negative charges [297]. It is well known that the
negative cell surface potential associates with many cellular interactions including cell
adhesion [298], migration and communication [299]. It also interacts with local
distributions of ions [300] or charged particles [301]. In addition, the voltage-
dependent ionic channel activity is significantly affected by the surface charge density
in and near these ion channels [302]. Several methods such as electrophoresis [303]
and potentiometric titration [299, 303] have been developed to measure cell surface
charge. However, these measurements can only apply to a cell suspension and the

obtained results are often related to average properties over the entire cell membrane.

LAPS/SPIM overcomes these problems. The advantages and applications of LAPS as
a cell-based biosensor have been described in Sections 1.1 and 1.3.5.4. In particular,
the introduction of a new insulator - SAMs, which can modify and functionalise the
silicon surface in a controllable way, makes field-effect devices even more attractive
and promising cell-based biosensors. In Chapter 6, a two-photon effect strategy using a
femtosecond 1250 nm laser was proposed for high resolution imaging of hollow
microcapsules, with a comparable size (~10 pm) to single cells, which have been used

as a surrogate to simulate cell adhesion behaviour.

In this chapter, the two-photon strategy was further advanced in photocurrent
measurements. That is, to develop a combined technique that can be used to produce

not only local electrochemical images but also a fluorescent image originating from the
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same microenvironment. In principle, a fluorescent dye is excited by a near infrared
laser, resulting in visible light due to two-photon absorption. In LAPS/SPIM, the
visible light can facilitate the generation of more electron/hole pairs in the space
charge layer of silicon, thus significantly enhancing the local photocurrent output. This
technique is aimed to broaden the application of LAPS/SPIM in the field of single cell
imaging and sensing, by relating the local distributions of extracellular potentials and

cell impedance to cell morphology and cytoskeleton.

Due to long-standing practical problems with the 1250 nm femtosecond laser, a
continuous wave IR laser (1064 nm) and a blue laser (405 nm) were employed for two-
photon-excited fluorescence imaging and electrochemical imaging of single neuronal
cells. It will be shown that this sensor system is promising for the production of two-
dimensional electrochemical images of parameters such as local cell impedance under
the opening or closing of ion channels, membrane-surface potential and two-photon

fluorescent images of the cell-attachment area with subcellular resolution.
7.2 Experimental section

All the chemicals and reagents used in this chapter, unless noted otherwise, were as
listed in Chapter 2. Rat B50 neuroblastoma cells were provided by Professor Gleb B.
Sukhorukov’s group and were originally purchased from Sigma. Tetraethylammonium
chloride (TEA, BioUltra, > 99%), 4-aminopyridine (4-AP, > 99%) and reagents for
cell culture including Dulbecco’s Modified Eagles Media (DMEM), Fetal Bovine
Serum (FBS), penicillin, L-glutamine, trypsin, Dulbecco’s Phosphate Buffered Saline
(DPBS) and glucose were purchased from Sigma-Aldrich. Vybrant® Dil (Aex = 549 nm,
Aem = 565 nm) for cell labelling was purchased from Lifetechnologies, UK. Syringe

filters with 0.2 pm pore size for sterile filtration were purchased from VWR.

The method for “click” functionalisation with azido-OEG-NH, of a 1, 8-nonadiyne
monolayer-modified SOS substrate (surface N2) was as described in Section 2.2.2. All
solutions used for cells were prepared with sterilized ultra-pure water, and filtered with

syringe filters.
7.2.1 Cell culture

Rat B50 neuroblastoma cells were cultured in 75 cm? flasks in a culture medium
including DMEM base supplemented with 10% FBS, 1% penicillin and 0.1% L-
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glutamine, in a humidified incubator containing 5% CO, at 37 <C. For passaging, cells
were detached from the flask by incubating with 10% trypsin in DPBS for 5 min. Prior
cell seeding, the sensor substrate (surface N2) and LAPS chamber were sterilized with
70% EtOH then rinsed with sterilized pure water and blown dry. Cell suspension with

culture medium was transferred to the sensor substrate at a cell density of ~10° m™.
7.2.2 Cell staining

Since the fluorescence excitation wavelength (Aex = 549 nm) is close to half that of the
IR laser (1064 nm), Vybrant® Dil was used to stain cells for two-photon absorption.
According to the manufacturer’s instructions, a staining medium was prepared by
adding 5 | of the supplied dye labelling solution to 1 ml of normal culture medium.
Then cells attached on the sensor substrate were incubated with the staining medium
for 15 min at 37 <C. Finally, cells were washed three times with DPBS to remove

unlabelled dye.
7.2.3 Cell measurements using LAPS/SPIM

The experimental set-up for photocurrent measurements has been shown in Section 2.4.
Measurements were performed about 24 h after cell seeding on the sensor substrate.
The cell culture medium was substituted with a test buffer: 20 mM HEPES buffer
solution pH 7.4 containing 137 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, 0.9 mM CacCl,
and 10 mM glucose. A 405 nm laser was used for electrochemical imaging (see light
profile “a” in Figure 2.6) and a 1064 nm laser was used to produce fluorescent images
(see light profile “b” in Figure 2.6). Meanwhile, a digital camera was used to take in

situ optical images (see light profile “c” in Figure 2.6).

To detect the cell response to high concentrations of calcium, 20 mM CaCl, was added
to the test buffer. In another experiment, K™ channel blockers (10 mM TEA and
500 M 4-AP) were used to stimulate cells. In both cases, photocurrents on and off the
cell attached regions were recorded before and after the adding the stimulus using the

405 nm laser.
7.3 Electrochemical and fluorescence imaging of B50 neuroblastoma cells

Figure 7.1 shows the optical and fluorescent images of Vybrant® Dil-labelled rat B50

cells growing on the sensor substrate (surface N2). A good adhesion of cells was
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observed, indicating the suitability of the substrate for cell culture. The average size of
cells is about 20-30 pm, which is much greater than the SPIM resolution (~2.2 m),

and thus making subcellular imaging possible.

Figure 7.1 Images of rat B50 cells growing on an amino-terminated SOS substrate

using (a) an optical microscope and (b) a fluorescence microscope.

The correlation between the photocurrent images measured with 405 nm and 1064 nm
lasers and the optical image recorded by camera has been calibrated and demonstrated
in Chapter 6 (see Figure 6.4). At 405 nm, as most of the light is absorbed by the silicon,
the direct interaction between the laser and the fluorescent dye is excluded, thus
resulting in a pure SPIM image of a single neural cell (see Figure 7.2 (a)). The
photocurrents on the cell attachment area were lower than on the bare organic
monolayer. The corresponding I-V curves measured at points “A” and “B” illustrated
that cell adhesion led to a ~28% decrease of the maximum photocurrents (see Figure
7.2 (b)), indicating the effect of the cell-induced impedance. After normalising, the 1-V
curve measured at “B” showed a positive shift of ~90 mV/(see the inset of Figure 7.2
(b)), which is due to the negative surface charge of cells [301]. The appearance of a
step in the I-V curve in the cell attachment area resulted in uneven shifts within
depletion region, which is similar to the behaviour observed with polyelectrolyte
patterns. As mentioned in Section 1.4, cells attach to the extracellular matrix through
the link of the transmembrane adhesion proteins and the substrate. It means that within
a laser spot, some areas of the cell may be on focal attachment while some areas may
be not, which can cause the uneven I-V shifts. In addition, the interactions between the
adhesion proteins and the substrate cause a cleft between the cell and matrix. The
width of the cleft may differ in different parts of a cell, which can be another reason

for the step in I-V curves and the uneven shifts.
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Figure 7.2 Vybrant® Dil-labelled rat B50 neural cell cultured on surface N2: (a)
SPIM image and (b) corresponding I-V curves (inset: after normalised) using a 405
nm laser; (c) two-photon fluorescent image and (d) corresponding I-V curves using a
1046 nm laser; (e) real-time optical image recorded by camera. 20 mM HEPES buffer
solution pH 7.4 containing 137 mM NacCl, 2.7 mM KCI, 1 mM MgCl,, 0.9 mM CacCl,

and 10 mM glucose was used for photocurrent measurements.

In contrast, when a 1064 nm laser was employed to address the same area of the
substrate, as expected, in places where the cell was attached to the monolayer surface,
the photocurrents were greatly enhanced compared to the bare monolayer surface due
to the additional fluorescence signal (Figure 7.2 (c)). The fluorescent image is in good
agreement with the SPIM image in terms of the size and the shape of the cell. The

significant increase of local photocurrents made the cell easier to identify. Since the
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1064 nm laser can penetrate the 1 pm thick silicon, it can interact with the dye within
the cells. A two-photon absorption of the dye results in the local emission of visible
light (~565 nm). This visible light can work as an additional light source to trigger
much larger photocurrents in silicon than for those places excited by 1064 nm laser
only. Hence, a pure fluorescent image of the labelled cell is produced, which means the
semiconductor substrate is effectively used as a fluorescence detector in SPIM. The
principle of the photocurrent enhancement effect is shown in Figure 7.3. When an IR
laser illuminates a fluorescent dye-labelled cell, two photons can be absorbed
simultaneously resulting in an emission of fluorescence. This fluorescence with a
visible wavelength works as an additional light source from the front side of the silicon,
and effectively induces the local generation of electron/hole pairs in the space charge
layer of silicon. According to the principle of LAPS, the local photocurrent output can
be significantly enhanced and thus a fluorescent cell image can be obtained.

The corresponding I-V curves are given in Figure 7.2 (d), which again showed a step in
cell attachment area. In order to confirm that the two images shown in Figures 7.2 (a)
and (c) were actually from a cell, an optical image (see Figure 7.2 (e)) was taken at the
same position using the camera integrated into the set-up. Interestingly, unlike the case
of microcapsules, the morphology of the cell observed from the camera is related but
not identical to the photocurrent images. This may be due to the fact that the
interaction mechanism between cell and surface is much more complicated than that
between microcapsule and substrate. It indicates that our LAPS/SPIM system may be

able to image the effective cell attachment sites and distinguish them from the cell

optical image.
Vybrant® Dil HI Enhancement of @
labelled cells photocurrents
Visible light induced%@’ Two-photon absorption @
generation of
electron/hole pairs Sapphire Emission of visible 1ight®

1064 nm laser

Figure 7.3 Representation of the enhancement of photocurrents due to two-photon

absorption effect.
136



7.4 Cell responses to high Ca2+ and K* channel blockers

Cell responses to high Ca** stimulation were recorded using photocurrent
measurements with the 405 nm laser. From the results shown in Figure 7.4, it can be
seen that a high concentration of Ca?* (20 mM) in the testing solution caused an
increase in the maximum photocurrents and thus a decrease in local impedance in the
cell attachment area. This may be due to either a weaker cell adhesion or a higher
membrane conductance after the addition of Ca”". It is well known that a small amount
of Ca”* facilitates the attachment of cells to extracellular matrix by modulating the
function of adhesion molecules such as integrins. Hence, 0.9 mM CaCl, was included
in the test buffer solution to facilitate cell attachment. In contrast, a high concentration
of Ca®* (for example: 20 mM) weakens the cell adhesion to the substrate [304, 305]

and this could be a reason for the increase of maximum photocurrents shown here.

Furthermore, the normalised I-V curve in the cell attachment area showed a negative
shift of ~22 mV due to the high Ca®* stimulation. This may be because the negative
cell surface charge is partially neutralised by the high concentration of extracellular
calcium ions. Hahin and Campbell have reported a similar result for high Ca®*
stimulation [302]. In their experiments, Na* and gating currents, which are voltage-
sensitive, were recorded before and after the addition of 40 mM Ca®*, and a voltage
shift of around -30 mV was measured [302], which is comparable to the result
obtained in this work. As a control, a place without cell attachment was also measured
and only a very small shift the of I-V curve was observed after the addition of 20 mM
Ca®*. The small variation may be due to the voltage drift or inevitable error during the

measurements.
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Figure 7.4 1-V curves on and off the cell attachment areas before and after the
addition of 20 mM CacCl, aqueous solution to 20 mM HEPES buffer pH 7.4 containing
137 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, 0.9 mM CaCl, and 10 mM glucose.

In another experiment, cell responses to K* channel blockers were recorded using the
same laser. To obtain more information, photocurrent-frequency (I-f) curves were
measured in inversion (0.9 V, vs. Ag/AgCl). Figure 7.5 shows the I-f results with the
addition of K* channel blockers (10 mM TEA and 500 M 4-AP) [306]. It can be seen
that the maximum photocurrents in the cell attachment area decreased within the
frequency range of 1-10 kHz after the addition of the stimulus. This change in
impedance is due to the fact that after the blockage of ion channels the cell membrane
becomes less permeable to ions and thus less conductive [307]. However, when the
light modulation frequency is very high (e.g. > 10 kHz), the effects of the drug
stimulation on the spectra become less obvious. This indicates that the sensitivity of
SPIM to the activity of living cells is frequency-dependent, which is analogous to the
results from cell-based FETs [132]. As expected, the signals off the cell showed

negligible changes in the maximum photocurrents over the whole range of frequencies.
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Figure 7.5 I-f spectra at 0.9 V (vs. Ag/AgCI) on the cell (solid symbols) and off the cell
attachment area (open symbols) before (triangles) and after (circles) the addition of
K™ channel blocker (10 mM TEA and 500 M 4-AP) to 20 mM HEPES buffer solution
pH 7.4 containing 137 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, 0.9 mM CacCl, and
10 mM glucose.

7.5 Summary

Preliminary work on rat B50 neuroblastoma cell imaging and drug-induced cell
responses using LAPS/SPIM has been carried out. B50 cells were successfully
cultured on the amino-terminated SAM-modified SOS substrates without an additional
bio-anchor. Electrochemical and fluorescent images for a single neural cell were
obtained using the new combined technique with two different laser wavelengths. The
corresponding I-V curves measured with the 405 nm laser showed a reduction of the
maximum photocurrents in the cell attachment area, indicating the increase of local
impedance due to cell adhesion. Meanwhile, a positive shift of the curves along
voltage axis was observed, which can be explained by the effect of the negative
surface charge of neurons. The fluorescent image measured with the 1064 nm laser
showed much higher photocurrents in the cell attachment area due to the two-photon

absorption by the dye and subsequent emission of visible light.

Furthermore, cell responses to high Ca®* and K* channel blockers were investigated
using photocurrent measurements. From 1-V curves, a high concentration of calcium
(20 mM) not only partially neutralised the negative surface charges of cells, but also
weakened their adhesion to the substrate. The effect of K* channel blockers on I-f
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curves indicated that SPIM may be capable of recording the activity of ion channels

due to the local impedance sensitivity.

Initial results of cell imaging look promising. However, the reproducibility and
sensitivity of the combined technique have to be further investigated and improved.
Many factors can affect the results, such as the state of the cell, the external
environment (temperature and atmosphere components), the properties of the substrate
and the quality of the insulator (SAMs). In this work, all cell measurements were
carried out in an open environment, which means neither temperature nor CO,
concentration meets the optimum condition for maintenance of cell viability. In
addition, since cells were cultured in a medium supplemented with 10% serum, a layer
of proteins may deposit on the sensor surface and cause non-negligible effects on cell
signalling and sensing. More discussions about problems and future work will be
presented in more detail in the following chapter.
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8. Conclusions

A new insulator - a self-assembled organic monolayer (SAM) - was introduced into
the LAPS/SPIM system for the first time. The study has shown that using SAMs,
which were assembled on oxide-free silicon-on-sapphire (SOS) surfaces, a comparable
spatial resolution to the use of the traditional insulator (SiO,) has been obtained.
Furthermore, due to the ultrathin insulator, a high accuracy of LAPS and a high
sensitivity of SPIM have also been achieved.

The work started with the modification of H-SOS or H-Si substrates with alkyl
monolayers of undecylenic acid and 1-octadecence using a thermal hydrosilylation.
The presence of monolayers on SOS or Si was demonstrated by water contact angle,
ellipsometry and XPS measurements. Minor SiOx emissions were observed from the
XPS results. A small leakage current density (~0.7 A cm™) measured in inversion
and a high capacitance (~1.7 pF cm™) of the undecylenic acid monolayer indicated the
suitability of the organic monolayers as an insulator. LAPS/SPIM measurements with
a 405 nm laser using undecylenic acid-modified SOS displayed a high spatial
resolution (~2.2 pm). It was clearly demonstrated that the improvement of the
sensitivity of SPIM is mainly due to the employment of an organic monolayer with

high capacitance as the insulator.

Based on the initial success of the alkyl monolayers, another powerful and versatile
protocol involving 1, 8-nonadiyne monolayer immobilisation and its further
functionalisation via the CuAAC “click” reaction was introduced. Encouragingly, no
oxidation of the underlying silicon was observed from XPS measurements, indicative
of a better way to achieve a high quality of organic monolayers on SOS or Si rather
than the assembly of alkyl monolayers. The high performance of LAPS was validated
using a PAH/PAH-DNA pattern and a PSS pattern, which were prepared on COOH-
terminated and NH,-terminated SOS, respectively, using microcontact printing (uCP).
Clear LAPS images for the three patterns due to surface charge effects were obtained.
The adsorption of PAH (positively charged) caused a higher photocurrent and a
negative voltage shift in the lower part of 1-V curve in depletion, compared to the bare
undecylenic acid monolayer. In contrast, the presence of negatively charged DNA and
PSS resulted in a lower photocurrent as well as a positive voltage shift. The partial
shifts in the depletion region of the I-V curves resulted from the incomplete coverage

with polyelectrolytes on the sensor surface, which was confirmed by AFM images.
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This indicates that LAPS may be able to determine the coverage of charged polymers,

DNA or other biomolecules.

During the investigation of potential strategies for chemically patterning SAMs on
oxide-free SOS or Si substrates, LAPS was also found to be extremely sensitive to
chemically bonded molecular patterns and surface contamination introduced by
photolithography, which may broaden the application of LAPS from a sensor
technique to a characterisation tool for SAM-modified silicon substrates. It was shown
that uCP followed by “click” chemistry is a mild and efficient means for molecular
patterning whereas the combination of photolithography and “click” chemistry is not.
As evidenced by XPS spectra, the integrity of 1, 8-nonadiyne monolayer was
compromised after photoresist processing. In addition, the surface characterisation
results and LAPS images demonstrated that side-reactions between the photoactive
compounds in the photoresist and SAMs occurred, causing undesirable chemical
contamination of the surface. In contrast, pCP was shown to be an effective method to
chemically pattern alkyne-terminated monolayers through “click” reactions. The “click”
efficacy was comparable to that of a conventionally formed ‘“click” monolayer,
although with a much shorter reaction time (3 h c.f. 24 h). More importantly, no
evidence of surface contamination with SiOyx was observed after pCP-induced “click”
reactions. The successful chemical patterning was validated using LAPS, indicating
the capability of LAPS for measuring surface charge effects induced by the chemically
bonded NH,-terminated molecules.

Following the demonstration of LAPS imaging, the performance of SPIM was also
investigated using a femtosecond 1250 nm laser with SAM-modified SOS. Instead of
regular patterns, polymeric multilayer capsules (PMLCs), which were randomly
attached to SAM-modified SOS through electrostatic attraction, were used as the
model system for validation. Pure SPIM images of microcapsules containing gold
nanoparticles (AuNPs) with different outer layers (PSS and PAH) were obtained. It
was shown that the adhesion of microcapsules caused a local impedance increase and
thus a photocurrent decrease in inversion. The whole 1-V curves on capsules showed
voltage shifts after normalisation due to the charge of the outer layer and the values of
the shifts were related to the zeta potentials of the capsules. Using a simple circuit
model, it has been shown that the wall thicknesses of the fold-free and folded regions

of capsules derived from SPIM measurements are comparable to the results measured
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by AFM. Conversely, capsules without AUNPs showed no SPIM response at all, which
means that the impregnation of gold nanoparticles in microcapsules significantly
increased the impedance. The impedance variation of capsules was also verified by

conductive AFM measurements.

Finally, a new combined technique which can provide both electrochemical and
fluorescent images scanned with two different lasers has been developed. Using this
technique, preliminary work on rat B50 neuroblastoma cell imaging and drug-induced
cell responses has been carried out. B50 cells were successfully cultured on the amino-
terminated SAM-modified SOS substrates without an additional bio-anchor.
Electrochemical images due to cell adhesion were obtained using a single-photon
excitation of photocurrents at 405 nm, while fluorescent images of the same cell were
obtained using a 1064 nm laser. The latter showed a significant increase in the local
photocurrent due to the two-photon absorption by a fluorescent dye within the cells.
Furthermore, cell responses to high Ca®* and K* channel blockers stimulations were
investigated using the 405 nm laser. After the addition of 20 mM Ca?*, the maximum
photocurrents increased and the I-V curves negatively shifted along voltage axis,
which means that a high concentration of Ca** weakens the cell adhesion to the
substrate and partially neutralises the negative cell surface charges. The effect of K*
channel blockers on I-f curves indicated that SPIM may be applicable to record the

activity of ion channels due to the local impedance sensitivity.
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9. Future work

To go further with this project, there still remains a lot of work to do. Regarding the
insensitivity of LAPS/SPIM to microcapsules without AuNPs (see Section 6.5.4), a
more homogeneous substrate such as SOI could be used instead of SOS. The effect of
AuUNPs on the impedance of microcapsules needs to be further studied, probably by
changing the doping density, doping position within the shell, the size and the shape of
the gold nanoparticles.

In terms of the new combined technique proposed in Chapter 7, further investigations
are inevitably required to improve the reproducibility and controllability of the
experiments. This is particularly so for the continuous wave IR laser (1064 nm)
excitation, as the probability of simultaneous absorption of two photons is extremely
low compared to the femtosecond laser (1250 nm). Since the technical problems with
the femtosecond laser have been resolved very recently, it should be the preferred
option for fluorescence imaging. Many factors can affect the success of fluorescence
imaging, such as the dye concentration and distribution within cells, the contact area
and distance between cells and the sensor substrate as well as the laser intensity and
quality of the focus. Besides the application of providing high-resolution images of
cell morphology and cytoskeleton, the two-photon effect strategy combined with
LAPS/SPIM can also be used as a fluorescence detector to access the cell-matrix
adhesion sites which cannot be imaged by other more traditional instruments, such as

image ion channel activities, focal adhesion or extracellular potentials.

As stated above, the introduction of a 1, 8-nonadiyne monolayer on hydrogen-
terminated silicon surfaces allows facile and diverse modifications of the surface using
CuAAC “click” reactions. Besides the modifications with molecules terminated with
amino or carboxyl functional groups that have been performed in this work, “click”
reactions are also capable of directly attaching various target biomolecules (i.e. DNA,
peptides and aptamers) to silicon surfaces. For example,
DNA molecules can be assembled on SOS or Si substrates and subsequently, with the
combination of LAPS/SPIM, a label-free and reusable DNA array to detect

hybridization and dehybridization due to the charge effect could be fabricated.

Another potential application is to develop a high-sensitivity cell-based biosensor

using modified substrates; examples include a LAPS substrate modified with an RGD
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peptide, which is of benefit for cell adhesion, or a substrate assembled with aptamers
with specificity to target integrin heterodimers to capture cells by affinity interaction
between aptamers and target cells. In both cases, it is possible to bind cells to SOS
substrates in the absence of proteins (serum), which will improve the communication
between the cells and the sensor surface. The RGD peptide immobilisation on SOS
substrates has been achieved and initial progress on cell experiments has been made
within our group. The work on aptamers is currently being undertaken within our

group as well.

Finally, based on the patterning strategy (“click” chemistry with uCP) that has been
established in this work, several biomolecules of interest could be incorporated in a
highly controlled way onto the same SOS or Si substrate. For example, with an array
functionalised with different DNA sequences, a high throughput multi-spot DNA

sensor could be fabricated.
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