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Abstract 

Light-addressable potentiometric sensors (LAPS) and scanning photo-induced 

impedance microscopy (SPIM) have been extensively applied as chemical sensors and 

biosensors. This thesis focuses on the investigation of LAPS and SPIM for 

electrochemical imaging based on two different semiconductor substrates, silicon on 

sapphire (SOS) and indium tin oxide (ITO) coated glass. 

Firstly, SOS substrates were modified with 1,8-nonadiyne self-assembled organic 

monolayers (SAMs), which served as the insulator. The resultant alkyne terminals 

provided a platform for the further functionalization of the sensor substrate with various 

chemicals and biomolecules by Cu(I)-catalyzed azide alkyne cycloaddition (CuAAC) 

‘click’ reactions. The CuAAC reaction combined with microcontact printing (µCP) was 

successfully used to create chemical patterns on alkyne-terminated SOS substrates. The 

patterned monolayers were found to be contaminated with the copper catalyst used in the 

click reaction as visualized by LAPS and SPIM. Different strategies for avoiding copper 

contamination were tested. Only cleaning of the silicon surfaces with an 

ethylenediaminetetraacetic acid tetrasodium salt (EDTA) solution containing 

trifluoroacetic acid after the ‘click’ modification proved to be an effective method as 

confirmed by LAPS and SPIM results, which allowed, for the first time, the impedance 

of an organic monolayer to be imaged.   

Furthermore, the 1,8-nonadiyne modified SOS substrate was functionalized and patterned 

with an RGD containing peptide, which was used to improve the biocompatibility of the 

substrate and cell adhesion. By seeding cells on the peptide patterned sensor substrate, 

cell patterning was achieved. Single cell imaging using LAPS and SPIM was attempted 

on the RGD containing peptide modified SOS substrate. 

Finally, an ITO coated glass substrate was used as a LAPS substrate for the first time. The 

photocurrent response, the pH response, LAPS and SPIM imaging and its lateral 
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resolution using ITO coated glass without any modification were investigated. 

Importantly, single cell images were obtained with this ITO-based LAPS system.  
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1. Introduction 

1.1 Background and motivation 

Cells, as the basic structural, functional and biological unit of all known living organisms, 

have been extensively investigated since they were discovered by Robert Hooke in 1665 

with the first optical microscope. Over the past centuries, optical microscopy has 

developed significantly, especially the invention of super-resolved fluorescence 

microscopy, which has brought optical microscopy into the nanodimension and enabled 

the visualisation of the pathways of individual molecules such as proteins inside living 

cells with the help of fluorescent molecules [1, 2]. However, fluorescence labelling may 

have side effects on cellular health and a time-resolved measurement on cellular dynamic 

processes may cause photobleaching. Other live-cell imaging methods include 

electrochemical imaging approaches, which have become more and more attractive in 

recent years, as they are label-free techniques, being able to detect the electrical properties 

of living cells (cell surface charge and cell impedance), which are not accessible to optical 

imaging methods. 

Light-addressable potentiometric sensors (LAPS) and scanning photo-induced 

impedance microscopy (SPIM) are electrochemical imaging techniques based on 

photocurrent measurements at electrolyte-insulator-semiconductor (EIS) field-effect 

capacitors. By generating photocurrents locally with a focused light-source, they provide 

information such as surface potential, ion concentrations and electrical impedance with 

lateral resolution without the need for a probe or a patterned substrate. In contrast to 

micro-fabricated arrays of electrodes or field-effect transistors, any spot on a featureless 

EIS substrate can be addressed with light. Hence, these techniques possess great potential 

for biological imaging applications, particularly where there is an interest in investigating 

processes taking place at the interface between cells and surface – an area generally not 

accessible to other electrochemical techniques. 
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LAPS and SPIM have been used to measure cell responses, such as cellular metabolism, 

extracellular potentials, ionic currents, and cell impedance before, but single cell imaging 

has not been realized because of a lack of resolution and sensitivity. The main aim of this 

project was to develop substrates suitable for imaging single cells with LAPS. Initially, 

the focus was on silicon on sapphire (SOS) substrates modified with organic monolayers 

due to the good resolution and high sensitivity which have been achieved recently [3, 4]. 

Later, indium tin oxide (ITO) coated glass substrates were proposed and investigated as 

alternative semiconductor chips for LAPS and SPIM imaging. 

1.2 LAPS and SPIM 

1.2.1 Principle of LAPS/SPIM 

Hafeman et al. [5] developed LAPS by combining the scanned light pulse technique 

(SLPT) with an electrolyte-insulator-semiconductor (EIS) structure in 1988. A basic setup 

for photocurrent measurements at EIS field-effect capacitors and a simple equivalent 

circuit describing the system are shown in Figure 1.1a and b. By applying a DC voltage 

between a reference electrode immersed in the electrolyte and the semiconductor, a 

depletion or inversion layer with capacitance CSC is formed at the semiconductor-insulator 

interface. Electron-hole pairs generated by a light source focused into the semiconductor 

diffuse to the space charge layer where they separate in the field (see local current source 

iP in Figure 1.1b) and cause a current iPhoto to flow in the outer circuit, which charges the 

capacitive structure. Modulating the intensity of the light source results in an AC 

photocurrent of the modulation frequency that depends on the applied DC voltage as 

shown in Figure 1.1c.  
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Figure 1.1 (a) Basic setup for LAPS and SPIM measurements; (b) equivalent circuit for 

photocurrent measurements: iP is the photocurrent generated in the space charge layer, 

CSC is the DC voltage dependent capacitance of the space charge layer, and iPhoto the 

current measured in the external circuit; (c) LAPS measure changes in the surface 

potential (shift from curve A to B) by monitoring the shift of the I-V curve at a constant 

current or the change in the current at a constant voltage. SPIM monitors changes in the 

maximum photocurrent (shift from curve B to C), which are directly related to the local 

impedance of the illuminated part of the sensor chip. 

The position of the photocurrent-voltage (I-V) curve on the voltage axis depends on the 

potential difference between insulator surface and solution, an effect that has been 

exploited for the measurement of various ion concentrations including pH [6, 7], charged 

molecules such as DNA [8], cell surface charges [9] and extracellular potentials [10]. This 

measurement mode is known as LAPS. LAPS images can be recorded either by 

monitoring photocurrents at a constant DC voltage in the depletion region of the I-V curve 

or by monitoring voltage changes while the photocurrent is kept constant.  

Another measurement mode known as SPIM exploits the dependence of the maximum 

photocurrent observed in inversion on the local impedance of the insulator or anything in 

contact with the insulator [11]. Hence, recording photocurrent while applying a DC 

voltage corresponding to the saturation region of the I-V curve can be used to generate 

impedance images of the surface. 

In complex systems where both the impedance and surface potential might change at the 
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same time, recording LAPS images becomes more complicated as changes in the 

maximum photocurrent caused by local impedance changes will also change the 

photocurrent corresponding to a particular charge state of the surface. In these cases, 

recording the phase shift between modulated light and photocurrent can be used as an 

alternative measurement mode [12, 13] as the phase has been shown to be relatively 

independent of local impedance changes [3] and is less sensitive to the fluctuation of light 

intensity and distribution of defects in the silicon substrate [12-14].  

Spatial resolution and measurement speed are the two most important properties of LAPS 

and SPIM imaging for biological applications and will be explored in the following 

sections. 

1.2.2 Spatial resolution of LAPS/SPIM 

The two main factors that limit the resolution of LAPS and SPIM are the lateral diffusion 

of minority charge carriers out of the illuminated area in the semiconductor substrate and 

the quality of the light focus for charge carrier excitation. The resolution has been 

investigated theoretically and experimentally for front and back side illumination of the 

EIS structure. Front side illumination is not practical for biological applications as 

irradiating living cells or microorganisms may adversely affect their normal activity, and 

light scattering in the electrolyte solution may degrade the spatial resolution. The 

discussion below will therefore concentrate on the case of back side illumination, which 

has been adopted for most recent LAPS and SPIM investigations.  

Lateral resolution has been defined differently depending on the experimental techniques 

used to determine it. Frequently, a photoresist pattern is deposited onto the insulator. 

Resolution can be defined as the distance required for achieving a photocurrent drop to 

1/e of the total drop when scanning from an area with high photocurrent to an area with 

low photocurrent [4, 15] or the smallest size of the pattern that LAPS can resolve [16]. In 

other publications, resolution was determined by scanning a focused laser beam across 
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the edge of a metal gate and measuring the decay of the photocurrent outside the gate area 

[11, 17].   

1.2.2.1 Optimisation of the semiconductor substrate 

Theoretical calculations have shown that the resolution for a thick semiconductor 

substrate is determined by the bulk diffusion length of charge carriers [18]. This is 

problematic in single crystalline silicon where the bulk diffusion length can be hundreds 

of micrometres. An improvement in the resolution can be obtained by limiting charge 

carrier generation to the space charge layer, which is difficult to achieve with back side 

illumination. Increasing the doping concentration in silicon also results in a higher spatial 

resolution [19-21]. The impurities work as scattering centres for free carriers, leading to 

a short recombination lifetime and thus a smaller diffusion length of the minority charge 

carriers, e.g. for n-type silicon with a resistivity of 0.014 Ω⋅cm, a diffusion length of 14 

µm was determined from a measurement of the photocurrent decay outside the gate area 

[18]. However, with a higher concentration of dopants in the semiconductor, more 

minority charge carriers produced by illumination will recombine resulting in a reduction 

of the photocurrent and, hence, a loss of sensitivity.  

Direct semiconductor materials, which have smaller bulk diffusion lengths compared to 

the traditionally used single crystalline silicon, such as GaAs [22], GaN [23] and 

amorphous silicon [17, 24, 25], have been investigated as possible LAPS substrates. 

Moritz et al. [22] measured a diffusion length of 3.1 µm using GaAs as the LAPS 

substrate and a resolution of less than 1 µm with amorphous silicon [17], which has been 

reported to have a diffusion length of 120 nm [26]. However, the problem of the poor 

quality of the insulators that can be deposited on these materials, which result in a large 

number of interface states and high leakage currents, has not been solved to date. Zhou et 

al. [27, 28] demonstrated the use of an amorphous silicon n-i-p/SiO2 photodiode structure 

for SPIM measurements and achieved a resolution of about 10 µm. As the photocurrent 
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is not generated at the insulator/semiconductor interface, a good quality insulator is not 

required in this case. However, the resolution was strongly dependent on the modulation 

frequency due to the conductivity of the topmost semiconducting layer in the diode 

structure. The n-i-p/SiO2 substrates can only be used for local impedance measurements, 

but not for LAPS as the photocurrent does not change significantly with the applied DC 

voltage.  

Thinning single crystalline silicon is currently the most effective method for improving 

the spatial resolution of LAPS [4, 6, 11, 15, 16, 21, 29-31]. With a thicker substrate, the 

charge carriers generated by light illumination travel a longer distance to the space charge 

region, causing a larger lateral spread and thus a decreased resolution. By thinning the 

silicon from 500 µm to 100 µm and further to 20 µm, spatial resolutions of 300 µm, 

100 µm and 10 µm were achieved by Nakao et al. [29]. However, very thin silicon is 

fragile and not easy to handle. This problem can be solved by the use of silicon on 

insulator (SOI) or silicon on sapphire (SOS) with a thin device layer. Ito employed a 

0.5 µm thick silicon film on the transparent substrates sapphire and quartz to achieve a 

resolution of 5 µm [16], although in this system, the semiconductor substrate consisted 

of doped islands functioning like a microelectrode array rather than a homogenous LAPS 

substrate. Krause et al. [11] reported the use of an SOI substrate with a 7 µm thick device 

layer where a window was etched into the handle to obtain a free-standing silicon 

membrane accessible to back side illumination with light of short wavelengths. The 

effective diffusion length of minority charge carriers was measured to be 13 µm. The 

disadvantage of these devices was that the thin silicon membrane was easily distorted 

making the devices difficult to handle.  

Thin, single crystalline silicon layers on a transparent substrate such as sapphire offer the 

advantage of mechanical stability while at the same time making the silicon layer 

accessible to back side illumination with a wide range of different wavelengths. 

Measuring the decay of the photocurrent outside the gate area, a diffusion length of 
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0.57 µm was measured with a 1 µm thick silicon layer on sapphire [11]. The best 

resolution reported to date for a LAPS/SPIM experiment with back side illumination is 

0.8 µm obtained with an SOS substrate with a 0.5 µm thick silicon layer [4, 15]. Initial 

use of this substrate was fraught with problems as it is difficult to grow a standard thermal 

oxide on SOS most likely due to a mismatch of the thermal expansion coefficients of 

silicon and sapphire resulting in a large number of interface states and high leakage 

currents. Hence, alternative insulators have been used with SOS including a good quality 

anodic oxide [15] and, more recently, self-assembled organic monolayers [4]. The high 

resolution was not only due to the choice of semiconductor substrate, but also due to the 

optimized optical setup, which will be discussed in the next section.   

1.2.2.2 Optical setup 

The focus and the wavelength of light are important aspects for achieving good lateral 

resolution with LAPS. Decreasing the spot size of the light source is a direct way to 

enhance the resolution of LAPS. Nakao et al. [30] employed a focused laser beam of 

1 µm as the illumination source for LAPS for the first time, making the transition from a 

macroscope to a microscope. The effect of the wavelength of light on the resolution has 

been investigated theoretically and experimentally [4, 15, 19, 20, 29].  

LAPS resolution in bulk silicon. Despite the short diffusion lengths measured with thin 

silicon layers in SOI and SOS, a lot of effort has been directed at the improvement of the 

resolution using bulk silicon substrates. To a large extent, this is due to a cost 

consideration as bulk silicon lends itself much more to the mass production of cheap 

sensor devices. For bulk silicon substrates, increasing the wavelength leads to improved 

resolution as light with longer wavelength can travel deeper into the silicon and thus 

generate charge carriers nearer to the space charge region [19]. Krause et al. [11] 

attempted to confine charge carrier generation to the space charge layer using a two-

photon effect in silicon. For single photon absorption, charge carriers are produced 
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throughout the bulk of the silicon. Using a laser with energy smaller than the bandgap of 

silicon, two-photon absorption is required for generating electron-hole pairs, thus limiting 

charge carrier generation to the focus of the laser. Placing the focus close to the space 

charge region, a significant improvement in the resolution was expected. However, using 

a 1560 nm femtosecond laser, this approach resulted in an improvement of the resolution 

of only 31% compared to the results obtained using a 632 nm He-Ne laser, indicating that 

a large number of charge carriers were still created outside the space charge layer. Using 

an objective with a larger numerical aperture to focus the laser was proposed for further 

improving the resolution. 

Recently, improvement of the resolution of LAPS by using a ring of constant illumination 

around the modulated light probe has been suggested for thick silicon substrates 

(200 µm)  [32]. The constant illumination is meant to suppress the lateral diffusion of 

charge carriers by enhanced recombination in the area of constant illumination. 

Simulations suggest that improvement in resolution is possible, but would be limited to 

50 µm for a 200 µm thick silicon substrate due to the flooding of the central illuminated 

area with charge carriers through lateral diffusion causing a decrease of the amplitude of 

the photocurrent because of enhanced recombination. Experiments using fibre-optic 

illumination verified an improvement of the resolution from 92 µm without to 68 µm with 

a ring of constant illumination [33].  

LAPS resolution in thin silicon substrates. An improvement of the resolution with 

decreasing wavelength was reported for silicon substrates of 50-200 µm thickness by 

Guo et al. [19], who attributed this effect to a thinning of the space charge region, as 

longer wavelengths can penetrate deeper into the silicon and produce larger carrier 

concentrations in the space charge region around the illuminated point. In the same paper, 

Guo et al. also showed that decreasing the light intensity led to an improvement in the 

resolution because of a reduction in the carrier concentration in the space charge region.  

The wavelength dependence of the resolution was also investigated for SOS substrates 



9 

 

with silicon layers of 0.5 and 1 µm thickness [4, 15]. Focusing the laser beam through the 

solid sapphire substrate required a microscope objective with correction to minimise 

spherical aberration and achieve the best possible focus. In a wavelength range from 

405 nm to 1064 nm an improvement of the resolution with decreasing wavelength was 

observed. For these ultrathin silicon layers, the penetration depth of the laser becomes 

less important and the wavelength dependence is more likely due to the Rayleigh criterion 

for a focused laser beam: 

𝑟 =
0.61𝜆

𝑁𝐴
 

where r is the resolution, λ the wavelength and NA the numerical aperture of the 

microscope objective used.  

At 405 nm, a resolution of 1.5 µm was obtained measuring photocurrent changes while 

scanning a focused laser beam across an SOS substrate with an SU-8 photoresist pattern 

(Figure 1.2) [15]. Further improvement of the resolution to 0.8 µm was observed using a 

two-photon effect for charge carrier excitation with a femtosecond laser at 1250 nm 

(Figure 1.2 b). The non-linear absorption improved the effective focus of the laser beam 

and drastically reduced any effects from light outside the central focus of the laser beam.  
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Figure 1.2(a) Photocurrent image of an SU-8 pattern on an SOS substrate with a 0.5 µm 

thick silicon layer and an anodic oxide and (b) photocurrent line scans across the edge 

of the photoresist at different wavelengths[15]. 

1.2.3 Temporal resolution  

A typical experimental setup for high-resolution LAPS and SPIM imaging is shown in 

Figure 1.3 [3]. The stationary laser beam is focused into the semiconductor through a 

microscope objective. The LAPS substrate is mounted on an XYZ positioning system that 

allows imaging by moving the sensor with respect to the laser beam. Alternatively, the 

laser beam can be scanned across the sensor with a pair of galvano mirrors when imaging 

small areas [6]. The major problem with this approach is the low measurement speed due 

to the fact that the two-dimensional images are obtained by scanning pixel-by-pixel, and 

each photocurrent value needs to be measured in each spot. Furthermore, the frequency 

used in LAPS is in the order of kHz which makes this technique time-consuming. A 

typical scan time at a resolution of 128x128 pixels is about 3 min when 10 ms of sampling 

time is spent for each pixel. This slow imaging speed makes it difficult to use this setup 

for the investigation of fast processes such as chemical phenomena or visualizing the 

activity of biological systems.  

   a      b 

   

-6 -4 -2 0 2 4 6

0.2

0.4

0.6

0.8

1.0

 405 nm

 633 nm

 1064 nm

 1250 nm

I 
/ 
I 0

X / m  

scan direction X

electrolyte

SU8

laser

sapphire

SiO2

Si

contact



11 

 

 

Figure 1.3 Experimental setup for high-resolution LAPS and SPIM measurements [3]. 

(VAC – AC voltage, RE – reference electrode, CE – counter electrode, WE – working 

electrode, SAM – self assembled monolayer) 

Das et al. [34, 35] developed a fast measurement system based on a gimbal-less two-axis 

electrostatic comb driven micromirror for scanning a focused laser beam across the LAPS 

substrate from the back side (Figure 1.4). This system was able to measure the 

spatiotemporal change of pH in a solution with a speed of 16 frames per second (fps). In 

addition, a chemical image with 200,000 pixels of a photoresist pattern on the sensor 

surface was generated within 40 s. To avoid mechanical movement altogether, 

commercially available projectors and displays were suggested to illuminate different 

spots on the LAPS substrate [24, 36-38]. A digital micromirror device (DMD) [36], a 

pico-projector based on digital light processing (DLP) [24], an OLED display [38, 39] 

and a liquid crystal based projector [37] were employed to address different spots on the 

sample. All these devices have the advantage that they are capable of addressing a large 

number of measurement spots. While the modulation frequency for the DMD and the 

liquid crystal projector have to date been limited to maximum values of 720 Hz and 30 Hz, 

respectively, resulting in relatively long sampling times, a customized driver circuit 

allowed for modulation frequencies of 1 kHz to 16 kHz for an OLED display [40]. 
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Figure 1.4 High-speed laser scanning setup for LAPS using a two-axis analogue 

micromirror [34]. (PDMS - polydimethylsiloxane, DAQ – data acquisition) 

A different approach for increasing the imaging speed is the use of arrays of light sources 

to illuminate different spots on the LAPS substrate simultaneously. Zhang et al. [41] first 

introduced this method by illuminating the LAPS chip with three light pointers, each 

modulated at a different frequency. A fast Fourier transformation (FFT) algorithm was 

used to restore individual signals from a superposition of the signals at different 

frequencies. This frequency division multiplex has been used for the development of a 

number of fast imaging systems. Wagner et al. [42] employed a 4x4 LED array with each 

LED modulated at a different frequency for fast simultaneous measurement of 16 sensor 

spots. A combination of multiple light sources modulated at different frequencies and 

mechanical scanning was proposed by Miyamoto et al. [43], who scanned a linear LED 

array with 3.6 mm spacing across a LAPS substrate to achieve fast imaging. A scan time 

of 6.4 s at a resolution of 16 pixels×128 lines was reported. The measurement spot density 

for this approach was increased by miniaturising the light sources using an array of 

vertical cavity surface emitting lasers (VCSELs) with a pitch of 250 µm [44]. Recently, a 

high-speed chemical imaging system based on 64 light beams guided by an array of 

optical fibres was developed to measure dynamic pH changes inside a microfluidic 

channel formed on a LAPS substrate (Figure 1.5) [45]. Using optical fibres allows for the 

layout of the light sources to be adapted to a specific measurement problem. Frame rates 
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of 100 fps were achieved using this system. 

 

Figure 1.5 Optical fibres mounted above the LAPS substrate in a microfluidic channel for 

dynamic monitoring of pH changes [45]. 

1.2.4 Applications of LAPS/SPIM 

1.2.4.1 The detection of surface potentials 

As the I-V curve of LAPS responds to the surface potential, the pH could be monitored 

by a potential shift with a pH-sensitive silicon oxynitride insulating layer in accordance 

with the Nernst equation, which has since become a standard test. Potassium ions were 

measured with a Nernstian potential response with a valinomycin containing a K+-

selective membrane. Redox pairs such as ferricyanide-ferrocyanide were also measured 

by depositing metal pads over the insulator. The enzymatic reaction of urea with urease 

was monitored by measuring pH changes caused by the production of ammonia. The 

following section will focus on the applications of LAPS in the detection of pH, ions, 

redox pairs, and enzymatic reactions.  

Ion detection. LAPS has been widely used to detect various ions such as K+, Ca2+, Mg2+ 

[46], Pb2+ [47], Li+ [48], Na+ [49], Cs+ [50], Hg2+ [51], Fe3+, Cr6+ [52, 53], Cd2+ [42, 54], 

F- [55], Cl- [56], NO3
-, and SO4

2- [57] by depositing ion-selective films on the gate 
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insulator. The potential shifts resulting from ion binding were measured. For example, 

polyvinyl chloride (PVC)-based membranes with ion-recognition elements (valinomycin, 

18-crown-6 ether, bis[di-(n-octylphenyl)phosphato]calcium(II) (HDOPP-Ca), N,N′-

diheptyl-N,N′-dimethyl-1,4-butanediamide (ETH1117)) were prepared on an 

Al2O3/SiO2/Si structure to detect K+, Ca2+ and Mg2+ based on a LAPS system [46].  

Redox potentials. LAPS was developed to detect redox potential changes in solution, 

which required a partial gold-deposited layer compared to the conventional EIS structure 

[5, 58]. Different ratios of the redox pair ferricyanide-ferrocyanide could be monitored 

by the potential shift of I-V curves, which can be further used in the detection of enzymatic 

reactions involving redox active species. The distribution of the redox potential with a 

gold layer on the insulator cannot be determined, as the redox potential would be the same 

everywhere on the gold. Oba et al. [59] demonstrated that redox potentials in the presence 

of ferricyanide-ferrocyanide could also be measured without the presence of a gold layer, 

even though the mechanism of potential formation was not clear in this case.  

Enzymatic reactions. Enzymatic reactions have been monitored by LAPS based on pH 

[60] and redox potential sensing [58]. LAPS has been used to detect enzymes, the 

substrates, the products and the inhibitors of enzymes and the rate of enzymatic reactions. 

The investigations included urease [61], acetylcholinesterase (AchE) [62-64], ethanol 

dehydrogenase (ADH) [65], glucose oxidase, penicillinase [66-68], horseradish 

peroxidase (HRP) [58], α-chymotrypsin, butyrylcholinesterase [69], β-D-

fructofuranosidase, α-D-glucosidase, and glucokinase [70]. Seki et al. [66] used a pH-

sensitive surface for the detection of urea, penicillin and glucose by immobilizing urease, 

penicillinase and glucose oxidase, respectively, on the insulator. Enzymatic reactions in 

organic media were also recorded using LAPS [69].  

LAPS have been used as detectors in Enzyme Linked Immunosorbent Assays (ELISA). 

A commonly used model employed urease as the label to produce a LAPS signal (Figure 

1.6) [71]. Immunosensors with LAPS detectors were applied to the measurement of 
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various antigens including an antibody to the Hepatitis-B virus envelope protein [72], 

asialofetuin [73], DNA [74], plasmids [75], Newcastle disease virus [76], Venezuelan 

equine encephalitis virus [77], spores and cells [78], E.coli [79-81], salmonella [82], B. 

subtilis [71], and terbuthylazine [83]. Redox based HRP was also used as a label enzyme 

in the model to detect 2,4-dichlorophenoxyacetic acid (2,4-D) [65, 84]. 

 

Figure 1.6 The sandwich ELISA model used in LAPS. (F – fluorescein, b – biotin) 

Cellular Metabolism. Cellular metabolism produces acid as an excretion in the form of 

protons, lactic acid or CO2 through glycolysis and respiration. The extracellular 

acidification response to cellular metabolism could be monitored with pH-sensitive LAPS 

[7, 42, 65, 85-89], and the influence of drugs, toxins or growth factors on cellular 

metabolism could be evaluated [90-94], which was called a microphysiometer. Seki et al. 

[95] developed a LAPS microbial assay for tryptophan sensing based on extracellular pH 

changes. The sensor detected the acidification rate of E.coli WP2, which was dependent 

on the growth of E.coli WP2 and tryptophan concentrations. A multichannel 

microphysiometer based on multi-LAPS was developed to measure several extracellular 

ions concentrations (H+, K+, Ca2+) simultaneously in living cells under the influence of 

drugs [96]. 
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Extracellular potentials and ionic currents. Tanaka et al. [97] applied LAPS to the 

measurement of the membrane potential of Aplysia’s neural cells. The sensor output 

photocurrent related to the surface potential decreased along with the cell membrane 

potential. However, the surface potential shift was only 1.3% of the change of the 

membrane potential.  

Parak et al. [18] raised the question whether LAPS can detect extracellular potentials of 

cardiac myocytes, which have already been demonstrated with field-effect transistors and 

substrate-integrated microelectrodes. Time dependent LAPS photocurrent signals that 

correlated with contractions of cardiac myocytes were observed. Unfortunately, the LAPS 

substrate was illuminated from the front in this case, making it impossible to separate 

effects from changes in the extracellular potential and the shape of the cells during the 

mechanical contractions.  

In 2003, Ismail et al. [98] developed a poly-L-ornithine and laminin (PLOL) coated 

SiO2/Si structure to improve the sensitivity and biocompatibility for neural cells, which 

made LAPS sensitive enough to measure the small change of surface potential due to the 

extracellular transients of the neural action potential. Later, LAPS was shown to be 

capable of detecting small surface potential that could be correlated to extracellular 

potentials or averaged ion currents of neuronal cells upon periodic stimulation [10]. Very 

small surface potential changes of about 10 µV were reported, which were thought to be 

due to insufficient attachment of the cells to the sensors surfaces. 

Xu et al. [99] studied extracellular action potentials of single living rat cortical neurons 

under acetylcholine as stimulus. The extracellular potential LAPS system was used as an 

olfactory cell-based biosensor for odorant stimulus monitoring (acetic acid, glutamic acid, 

butanedione) [100-102]. Mouse embryonic stem cells were cultured on the surface of the 

LAPS and induced to differentiate into cardiac myocytes and neurons. Extracellular 

potentials of the cells were recorded, and the characteristic effect of cardiac stimulants 

(isoproterenol) and relaxants (carbamylcholine) on the cardiomyocytes was 
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investigated [103], although front side illumination of the LAPS again made it impossible 

to distinguish between extracellular potentials and shape changes in the beating cardiac 

myocytes. The cardiac cell-based biosensor was also used for detection of heavy metal 

toxicity (Hg2+, Pb2+, Cd2+, Fe3+, Cu2+, Zn2+) through extracellular potentials by LAPS 

[104]. The same setup was used to detect extracellular potentials of taste receptor cells 

and their response to taste stimuli of NaCl, HCl, MgSO4, sucrose, glutamate, and acidic 

sensation [105, 106].  

Label-free detection of proteins, DNA and cells by potential shift. Recent research 

results suggested that the immobilization of charged molecules and cells onto the LAPS 

surface could directly induce a change of the surface potential. This has been applied to 

the detection of proteins, DNA and cells by potential shift directly without labels. Alpha 

fetoprotein (AFP) was detected by a surface potential change caused by binding to 

immobilized antibodies on a membrane. The response to 400 µg/L of AFP was about 

11 mV [107]. Jia et al. [108] developed phage-modified LAPS to detect the cancer marker 

hPRL-3 in a concentration range of 0.04 – 400 nM with a maximum response of 10 µV, 

and cancer cells (mammary adenocarcinoma) in the range of 5 × 103 – 5 × 105 /mL with 

a maximum response of 60 µV, respectively. L-DOPA-activated LAPS were applied to 

detect unlabelled rabbit anti-mouse IgG [109]. LAPS has also been used for the detection 

of four tumour markers (AFP, carcinoembryonic antigen, cancer antigen 19-9, and 

Ferritin) [110] and human IgG [111]. Non-labelled DNA biosensors based on LAPS were 

developed to detect the hybridization of probe DNA and target DNA [8, 112-116]. 

Potential shifts were caused by the intrinsic negative charge of DNA. Using anti-ATP 

aptamer as recognition element immobilized on the surface of LAPS, local ATP secretion 

from a single taste receptor cell can be detected by measuring the potential shift [117]. 

Hg2+ was detected with an aptamer modified LAPS. The surface potential was influenced 

by the aptamer’s morphology and charge [118]. A carboxylated graphene oxide (GO-

COOH) modified LAPS substrate was developed for the label-free detection of 

circulation tumour cells by measuring potential shifts [119]. 

javascript:popupOBO('CHEBI:59132','C2AN35188A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=59132')
javascript:popupOBO('CHEBI:59132','C2AN35188A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=59132')
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The surface potential shift of LAPS has been related to the Nernst potential due to ion 

binding to surface states of the insulator, to ion exchange equilibria with ion selective 

membranes, to redox potentials, to extracellular potentials or ionic currents of excitatory 

cells, and further to the surface charge status of immobilized molecules and cells in a 

broad sense. 

1.2.4.2 The detection of local impedance 

SPIM has been applied to the measurement of local impedance [11, 27, 120]. The 

potential of the technique for interrogating sensor arrays was demonstrated by depositing 

an array of polymer dots of cellulose acetate and an α-chymotrypsin sensitive poly (ester 

amide) on a SPIM substrate and monitoring their enzymatic degradation by recording 

changes in the maximum photocurrent and impedance [28].  

Yu et al. [121] used impedance measurement with SPIM to monitor the cell adhesion of 

rat kidney cells, which showed a 10% change of impedance. The real-time monitoring of 

cellular impedance and cellular acidification for cell growth and metabolism were 

combined into one sensor named light-addressable potentiometric and cellular impedance 

sensor (LAPCIS) [122]. 

SPIM was also used for the characterization of microcapsules [3] and yeast cells [9] on 

organic monolayer modified silicon on sapphire (SOS) surfaces. The use of organic 

monolayers as the insulator decreased the impedance of the insulator substantially and 

resulted in an improved sensitivity for local impedance changes.  

1.2.4.3 Multichannel detection 

The sensing area of LAPS depends on the illuminated area, which is natural for 

multichannel detection [5, 123]. This was achieved experimentally for pH detection [124] 

and impedance measurements (see section 1.2.4.2.) [28] of selected areas at the same time 

with a single semiconductor device. Stein et al. [85] monitored metabolic activity of two 



19 

 

different co-cultured cellular populations seeded on different segments of one LAPS 

device. Yu et al. [88] designed a multifunctional integrated LAPS system for 

simultaneously detecting cell acidification and extracellular potential of cardiac myocytes. 

Yoshinobu et al. [125] developed a portable 4-LED LAPS to detect four different ion 

species by integrating different ion-selective materials on the sensing surface. Jia et al. 

[110] described a label-free multi tumour marker parallel detection system based on 

LAPS (see section 1.2.4.1).  

A handheld 16-channel ‘chip card’-based LAPS device for the simultaneous real-time 

measurement of 16 sensor spots (see section 1.2.3.) was used for the detection of different 

Cd2+ concentrations and metabolic activity of Chinese hamster ovary (CHO) cells at 

different locations of the sensor surface [42, 126-128]. 

1.2.4.4 LAPS imaging 

In 1994, Nakao et al. [6] first constructed a two-dimensional (2-D) pH-imaging sensor to 

observe H+ distribution produced by colonies of yeast (Figure 1.7) and later E. coli [129] 

through scanning a laser beam focused to a spot of ~1 µm diameter. The scanning-laser-

beam LAPS imaging system was applied to urea imaging using the pH change caused by 

the reaction with urease [130], redox potential imaging of K3Fe(CN)6/ K4Fe(CN)6 [59], 

and dynamic imaging of the Belousav-Zhabotinsky reaction [131]. Yoshinobu et al. [132] 

applied the pH-imaging sensor to the visualization of ionic diffusion in an electrochemical 

system. The diffusion coefficients of ions were investigated, which demonstrated the 

applicability of the pH-imaging sensor in the quantitative analysis of chemical dynamics. 
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Figure 1.7 A pH image of colonies of yeast. Each dark region corresponds to a colony 

[6]. 

Tanaka et al. [97] measured the extracellular potential of Aplysia’s neural cells. A 

photocurrent image of the cultured cells was related to the surface potential shift and the 

charge of the cells. SPIM and LAPS using organic monolayer modified SOS substrates 

were used for the imaging of microcapsules (diameter ~ 10 µm) with high lateral 

resolution (Figure 1.8) [3]. The same substrates were shown to be sensitive enough to 

image patterned self-assembled organic monolayers obtained by microcontact printing 

(µCP) [4, 133, 134]. Modifying SOS substrates with an inert monolayer of 1,8-nonadiyne 

resulted in a pH-insensitive surface which was used for imaging both, the surface charge 

and the impedance of colonies of yeast cells [9].  

High-speed LAPS imaging was used to record a movie of the pH distribution inside a 

microfluidic channel at 100 fps (Figure 1.9) by illuminating 64 points simultaneously 

using optical fibres (also see section 1.2.3) [45]. The visualization of the catalytic reaction 

of urease in a microfluidic channel by high-speed LAPS imaging was achieved using an 

OLED panel as the light source [135]. 
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Figure 1.8 Microcapsules attached on a COOH-terminated SOS substrate. (a) SPIM 

image measured at 0.9 V, (b) corresponding optical image [3]. 

 

Figure 1.9 Visualization of buffering action at 100 fps. (a) Injection of 10 mM NaOH 

solution into phosphate buffer and (b) Injection of 10 mM HCl solution into phosphate 

buffer [45]. 
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1.3 Modification of silicon surfaces with self-assembled organic monolayers 

(SAMs)  

“Self-assembled organic monolayers are ordered organic molecules assemblies that are 

formed spontaneously by the adsorption of a surfactant with a specific affinity of the 

molecules to a substrate” [136]. The SAM molecules contain head groups, backbones and 

end groups (Figure 1.10), where the head groups are the reactive sites with a strong 

affinity for the substrate, backbones play an important role in the ordering and packing of 

the molecules on the surface and end groups can be tuned to control the surface properties. 

Silicon is the most widely used semiconductor material. Modification of silicon with 

SAMs has been employed for various applications, such as surface passivation [137-141], 

electronics [142-145], sensors [146-148] and biomedical devices [149-152]. One of the 

most studied SAMs on silicon is the alkylsiloxane monolayer formed on silicon dioxide 

surfaces [153-158]. However, it suffers from reproducibility and stability problems 

related to the siloxane polymerization and the facile hydrolysis of the Si-O-Si bond [159-

162]. To solve these problems, deposition of SAMs directly on oxide-free silicon has been 

developed, which is mainly achieved by hydrosilylation and a halogenation/alkylation 

approach on hydrogen-terminated silicon surfaces (H-Si), which will be discussed 

hereafter. 

 

Figure 1.10 Schematic representation of the structure of SAMs deposited on solid 

substrates [136]. 

end group

head group

backbone

substrate
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1.3.1 Deposition of SAMs on oxide-free silicon surfaces  

1.3.1.1 Hydrosilylation on H-Si  

Direct hydrosilylation of H-Si surfaces is one of the most appealing approaches to deposit 

SAMs on oxide-free silicon. The H-Si surfaces are typically prepared by chemical etching 

silicon in fluoride-containing solutions, such as dilute (< 10%) hydrofluoric acid or 40% 

ammonium fluoride solutions [159, 163, 164]. Hydrosilylation can be generally classified 

into thermal hydrosilylation, photo-activitated hydrosilylation and electrochemical 

hydrosilylation according to the reaction conditions (see Figure 1.11).  

 

Figure 1.11 Schematic representations of (a) native oxide removal on silicon surfaces and 

(b) hydrosilylation of H-Si. (R represents functionalized or non-functionalized 

hydrocarbon chain, Δ, hν and ΔV represent thermal-activated, photo-activated and 

electrochemical processes, respectively ) [165] 

Thermal hydrosilylation on H-Si was first reported by Linford et al. [166] who prepared 

alkyl monolayers on non-oxidized H-Si surfaces by the pyrolysis of diacyl peroxide 

([CH3(CH2)nC(O)O]2, n = 10 or 16). In their later report, 1-alkenes were grafted onto H-

Si surfaces in the presence of a diacyl peroxide radical initiator at 100-200 °C for 1 h 

[167]. The results from Infrared (IR) spectroscopy and X-ray reflectivity (XRR) showed 

Δ and hν

(ΔV)
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that the monolayers were highly stable and densely packed on silicon surfaces. Based on 

the deuterium labelling experiments, they proposed a radical chain mechanism as 

depicted in Figure 1.12. First, the silicon radical is formed through the cleavage of a Si-

H bond by the diacyl peroxide-derived radical. Then the alkenes react with the silicon 

radical to form the Si-C bond and a secondary alkyl radical, which will abstract the 

hydrogen from another Si-H bond and generate a new silicon radical to react with the 

alkenes. Similarly, high-quality SAMs have also been obtained from alkynes at elevated 

temperature [168-171], where the silicon radicals are generated by the homolytic cleavage 

of Si-H bond, which will then react with the alkynes as described above. It has been found 

that alkynes are more reactive and form more densely packed monolayers on H-Si 

surfaces than alkenes [172-174]. Functionalized alkenes, such as undecylenic acid, have 

also been successfully immobilized on H-Si surfaces via thermal hydrosilylation, which 

produced a carboxyl-terminated monolayer, allowing for further derivatization with 

diverse biomolecules [175-179]. It is worth mentioning that Gooding’s group 

demonstrated the formation of a robust and well-defined alkyne-terminated monolayer on 

non-oxidized silicon surfaces through the reaction with a commercially available distal 

diyne (1,8-nonadiyne) at 170 °C for 3 h [140, 170, 180-184]. The resulting alkyne groups 

provided a powerful platform for a further Cu(I)-catalyzed azide alkyne cycloaddition 

(CuAAC) ‘click’ functionalization.          

 

Figure 1.12 Mechanism of hydrosilylation of alkene on H-Si [166, 167]. 

Photo-activated hydrosilylation has also been widely used to modify Si-H surfaces [185-
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188]. Terry et al. [185] firstly reported the reaction of 1-pentene with Si-H surfaces under 

the activation of UV (Hg lamp, λ = 185 and 253.7 nm) for 2 h. The mechanism was 

initially believed to be that the Si-H bond was broken by the UV irradiation, the energy 

of which was greater than Si-H bond energy (~3.5eV or λ < 350 nm), producing a silicon 

radical and initiating the radical chain reaction. Interestingly, visible light can also be 

employed to activate the attachment of unsaturated hydrocarbon chain on porous silicon 

as reported by Stewart et al. [189] and on crystalline silicon surfaces as discovered by de 

Smet et al. [190]. An alternative exciton-mediated mechanism was proposed since the 

photon energy of visible light was not enough to promote the homolytic dissociation of 

surface Si-H bonds [189, 191-193]. In this mechanism, the excitons generated in the 

semiconductor substrate with visible light initiated the reaction. The above two 

mechanisms are depicted in Figure 1.13. Although the mechanism of the photochemical 

hydrosilylation is indefinite, its advantages are obvious, such as the good surface 

coverage of the monolayers [187], high chemical stability [194] and as it allows for the 

fabrication of patterned SAMs with optical lithography [195, 196]. It is noteworthy that 

this method has also been successfully applied to modify other semiconductor materials, 

such as GaN [197]. 

 

Figure 1.13 Schematic illustration of the two mechanisms, (top) radical-based mechanism and 

(bottom) exciton-mediated mechanism, for photochemical hydrosilylation of H-terminated Si 

surfaces [198].  

λ < 350 nm 

λ > 350 nm 
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Additionally, SAMs have been deposited on Si-H surfaces using an electrochemical 

method [199, 200]. Villeneuve et al. [199] reported the electrochemical formation of 

phenyl layers on Si-H surfaces by reduction of commercially available aryl diazonium 

salts. The mechanism was proposed as follows: 

N ≡ 𝑁+— Ar— X + 𝑒− → ⦁Ar— X + 𝑁2 (1) 

≡ Si— H + ⦁Ar— X →≡ Si⦁ + H— Ar— X (2) 

≡ Si⦁ + ⦁Ar— X →≡ Si— Ar— X (3) 

≡ Si— H + H2O + 𝑒− →≡ Si⦁ + 𝐻2 + OH− (4) 

≡ Si⦁ + H2O + 𝑒− →≡ Si— H + OH− (5) 

where X is either a nitro group or a bromine atom, and ≡Si–H refers to the HF etched Si 

surface. Reaction (1) illustrates the formation of an acyl radical (•Ar-X) in an acid 

aqueous solution. The generated acyl radical then abstracts hydrogen from Si-H surface 

in reaction (2), resulting in a silyl radical which reacts with a second acyl radical to form 

the ≡Si–Ar-X bound (reaction (3)). It should be noted that reaction (4) explained the 

observed molecular hydrogen evolution with a Heyrovsky mechanism [201]. The 

resultant silyl radical might also participate in reaction (3) or react with a water molecule 

to generate more Si-H bonds. This method forms a very stable organic layer on silicon 

surfaces with no detectable oxidation which resists the etching of 40% HF solution. The 

big difference between this approach and the thermal hydrosilylation and photochemical 

hydrosilylation is that the reaction was performed in an aqueous solution and generates a 

non-oxidized surface. As the Si-C bond is inert to 2.5% HF solution, any silicon oxide 

formed during the process can be dissolved in HF solution, resulting in a non-oxidized 

surface. The cathodic potential applied prevented the degradation and oxidation of the 

surface.    
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1.3.1.2 Halogenation/alkylation on H-Si 

Another important approach to deposit SAMs on non-oxidized silicon surfaces is a two-

step reaction involving the halogenation and alkylation of H-Si surfaces, which was 

initially reported by Bansal et al. [202]. In their report, H-Si surfaces were chlorinated by 

PCl5 in chlorobenzene using benzoyl peroxide as the radical initiator at a temperature of 

80-100 °C to produce the chloro-terminated silicon surfaces (Si-Cl), which were then 

alkylated by alkyl lithium reagents (RLi, R = C4H9, C6H13, C10H21, C18H37) or alkyl 

Grignard reagents (RMgX, R = CH3, C2H5, C4H9, C5H11, C6H13, C10H21, C12H25, C18H37; 

X = Br, Cl). The X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared 

spectroscopy (FTIR) results showed the high quality of the organic monolayers formed 

on silicon surfaces. Additional chemical and electrical stability tests also demonstrated 

the robustness of the organic monolayers. The advantage of this two-step method is its 

ability to produce a fully passivated non-oxidized silicon surface by reacting all the Si-H 

sites with single methyl or acetylene groups, which is not accessible for most other surface 

modification methods [138, 140, 202]. Alkylation on Si-Br or Si-I surfaces has also been 

performed [165, 203, 204]. However, the most commonly used halogenated silicon 

surfaces are Si-Cl surfaces, which have been alternatively prepared by reacting Si-

surfaces with Cl2 either thermally or photochemically [203]. Figure 1.14 represents the 

two-step chlorination/alkylation route on H-Si surfaces. The Si-Cl surfaces have also been 

reported to react with ammonia or primary amines to generate Si-N bond [205-209], or 

primary alcohols to produce Si-O-C bond [209-211]. In addition, the halide-terminated 

silicon surfaces have been further functionalized with alkyne groups [138, 212] and azide 

groups [213] by reacting with sodium acetylides and sodium azide, respectively, both of 

which provide a platform for further derivatization with a ‘click’ reaction, which will be 

discussed in detail in the following section.      
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Figure 1.14 Representative modification schemes for Si-Cl surfaces. (RMgX, R = -CnH2n+1 (n = 

1–18), –t-Bu, –i-Pr, –C6H5, –CH=CHCH3); R-OH, R = –CnH2n+1) (n = 12, 18); and R-NH2 (R = 

–C4H9, –C8H17, –C6H5) [140, 165]. 

1.3.2 Further derivatization of SAMs on silicon via ‘click’ chemistry 

To expand the application of the SAMs modified silicon substrates, it is of great 

importance to further functionalize the SAMs through different surface chemistry, among 

which ‘click’ chemistry is one of the most attractive routes and will be reviewed hereafter. 

1.3.2.1 The mechanism of ‘click’ chemistry 

‘Click’ chemistry, especially the CuAAC reaction, has been used extensively to modify 

silicon surfaces [146, 147, 175, 212, 214, 215], due to its many advantages, such as high 

selectivity and yield, mild reaction conditions and good compatibility with various 

solvents, since it was first described by Sharpless’ group in 2001 [216]. The latest 

generally accepted mechanism was proposed by Worrell et al. [217] as depicted in Figure 

1.15. In this mechanism, there are two copper atoms involved in the catalytic cycle, where 

the first copper atom is σ-bonded and the other is π-bonded, forming complex 1. This 

complex coordinates the organic azide, forming complex 2. Then the β-carbon of complex 

1 attacks the N-3 to form the first covalent C-N bound in intermediate 3 through 

Δ

Δ or RT

Δ or RT

Δ

NaC≡CH
or NaN3

RMgX (X= Cl, 
Br, H) or RLi

R-NH2

R-OH
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nucleophilic addition. The formation of the second covalent C-N bound results in the ring 

closure, producing the triazoly-copper derivative 4. The final triazole product is formed 

by protonolysis, accompanying the regeneration of catalytical copper. The click reaction 

can be employed both, on azide-terminated and alkyne terminated silicon surfaces.   

 

Figure 1.15 Cu(I)-catalyzed azide alkyne cycloaddition (CuAAC) ‘click’ reaction 

mechanism [217]. 

1.3.2.2 Click chemistry on alkyne-terminated non-oxide silicon surfaces 

The alkyne-terminated oxide-free silicon surface can be obtained by ethynylation of 

chlorinated silicon surface [138, 212], thermal hydrosilylation of commercially available 

distal diynes [170, 218], or photoactivated hydrosilylation of enynes [219] on H-Si 

surfaces.   

The first report on modifying oxide-free silicon surfaces with click chemistry was 

published by Rohde et al. [212] as shown in Figure 1.16. The acetylene group on silicon 

surfaces was prepared by chlorination of H-Si and subsequent reaction with sodium 

acetylide. A benzoquinone with an azido group was further successfully immobilized onto 

the alkyne-terminated silicon surfaces through the CuAAC reaction, which was validated 

by XPS, FTIR and cyclic voltammetry (CV) results. However, the surface coverage of 

1

23

4

5
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the ‘clicked’ monolayer was only 7%, which was due to the extremely high density and 

rigidity of the acetylene monolayer, making the click reaction only occur at the step edges 

and defect sites.  

 

Figure 1.16 Preparation of alkyne-terminated silicon surfaces through a two-step 

strategy and a further ‘click’ functionalization [212]. 

 

Figure 1.17 A CuAAC ‘click’ reaction on 1,8-nonadiyne modified silicon surfaces [140, 

220]. 
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Gooding’s group simplified the preparation of alkyne-terminated oxide-free silicon 

surfaces by direct immobilization of commercially available 1,8-nonadiyne on H-Si, 

which was further functionalized with various azides in satisfactory yields (> 40%) as 

outlined in Figure 1.17 [140, 170, 181, 182, 214].  

An alternative ‘clickable’ monolayer was proposed by Qin et al. [219] through 

photoactivated hydrosilylation of α, ω-alkenynes where the alkynyl terminal was 

protected with a trimethylgermanyl (TMG) group, which can be deprotected in protic 

solvents in the presence of Ag+ or Cu+ to form the acetylene group, allowing for the 

further functionalization via CuAAC reaction. Importantly, Cu(I) used in the click 

reaction also induced the deprotection of the TMG group, making the two steps combine 

in one pot. Figure 1.18 showed the various functional moieties that have been prepared 

through this strategy.  

 

Figure 1.18 Preparation of TMG-terminated film and its deprotection and a further one-

pot ‘click’ functionalization [219].         

1.3.2.3 Click chemistry on azide-terminated silicon surfaces 

The azide group on the oxide-free silicon surface was commonly prepared by a two-step 

halogenation/azidation process [213, 221]. For instance, Marrani et al. [221] immobilized 
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11-bro-1-undecene on H-Si by photochemical grafting and then reacted it with NaN3 to 

substitute C-Br, forming azide-terminated silicon surfaces, which were further 

functionalized with ethynylferrocene through a CuAAC reaction as shown in Figure 1.19. 

The success of the surface modification was verified with XPS measurement and cyclic 

voltammetry, which showed an efficient charge transfer reaction to the ferrocene redox 

head group. 

 

Figure 1.19 A ‘click’ reaction on azide-terminated silicon surfaces [221]. 

1.4 Chemical patterning on silicon surfaces 

Patterning silicon surfaces is a fundamental method to maintain a high signal-to-noise 

ratio for many biosensors where the patterned areas act as sensing elements that interact 

directly with analytes such as biomolecules, viruses, bacteria or cells, while the 

background of the substrate stays inactive to analyte deposition. Various methods have 

been used to chemically pattern silicon surfaces. According to the pattern dimension, 

patterning methods can be classified into micropatterning and nanopatterning methods. 

Since the best resolution is 0.8 µm so far for LAPS and SPIM [4, 15], which are the focus 

of this thesis, we will mainly discuss the micropatterning methods, among which the most 

commonly applied techniques are photolithography and microcontact printing (µCP).  
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1.4.1 Photolithography 

Photolithography has been widely used as a microfabrication technique in the 

semiconductor industry. A standard procedure for photolithography is shown in Figure 

1.20. Generally, a photoresist pattern is obtained by partially exposing a surface covered 

with a photoresist through a photomask under photoirradiation and then the photoresist 

of the exposed area for a positive photoresist, or unexposed area for negative photoresist, 

can be removed through the process of development in a specific developer. Furthermore, 

the photoresist patterned substrate can be either selectively etched to form physical 

patterns or chemically functionalized to generate chemical patterns on the substrate.  

 

Figure 1.20 Standard procedure for photolithography to create physical and chemical 

patterns on a substrate [222]. 

Falconnet et al. [223] developed a chemically patterning method using photolithography 

combined with molecular assembly to obtain a functional micropatterned surface. 

Recently, Zhu et al. [224, 225] reported the chemically patterning of a 1,8-nonadiyne 

modified porous silicon surface with two different azido species (N3-OEG-OCH3 and N3-

OEG-OH) by a combination of photolithography of a photoresist with ‘click’ chemistry. 
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The patterned surface was further verified through the conjugation of fluorescein 

isothiocyanate labelled bovine serum albumin (FITC-BSA) and gelatine, respectively, 

which were then characterized by a fluorescent microscope and an optical reflectivity 

measurement. In addition, surface patterning of protein [226], peptides [227], DNA [228] 

and cells [229] were also achieved by photolithography.  

However, the disadvantages of this technique are also obvious, such as the expensive 

equipment and sophisticated facilities, which limit its widespread use in research labs. 

Photolithography is not suitable for the patterning on substrates with films that are 

sensitive to UV-irradiation, photoresists and solvents used for the development of patterns 

[230]. Recently, Wang et al. [133] demonstrated that patterning silicon surfaces modified 

with SAMs with photolithography not only introduced chemically bonded contaminants, 

but also decreased the coverage of the monolayers on silicon which was further validated 

by XPS and LAPS results.  

1.4.2 Microcontact printing  

Microcontact printing (µCP) as a very powerful alternative micropatterning method has 

been extensively used to pattern various substances ranging from small molecules [133, 

231, 232] and polymers [233, 234] to biomolecules, such as DNAs [235, 236] and 

proteins [237-239], and even further to cells [240-242]. It was firstly developed by Kumar 

et al. [243] in 1993, who reported the application of a elastomeric stamp made of 

polydimethylsiloxane (PDMS) with micro-meter features to pattern hexadecanethiol on 

gold coated silicon surfaces, which served as etching templates for further selective 

removal of unprotected metal to form microstructured gold electrodes. Figure 1.21 shows 

the general process of µCP.  
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Figure 1.21 General process of µCP [244]. (a) A PDMS precursor is poured into a 

microstructured master and (b) cured and (c) peeled off; (d) PDMS stamp is immersed 

into an ‘ink’ solution; (e) the inked stamp is brought into focal contact with the substrate; 

(f) the stamp is removed.   

Various reactions have been performed successfully via µCP, including the 

aforementioned ‘click’ reaction. Nandivada et al. [245] first reported the µCP of an azido-

biotin onto an alkyne-modified polymer film through a CuAAC ‘click’ reaction. The 

obtained biotin patterns were further imaged by the binding of streptavidin. A copper-free 

‘click’ reaction via µCP was demonstrated by Rozkiewicz et al. [231] by printing alkynes 

(1-octadecyne and fluorescent alkyne lissamine rhodamine) onto azido-terminated SAMs 

on silicon, which was validated by further characterization with AFM, XPS, ellipsometry 

and fluorescent microscopy (see Figure 1.22). In their later report, acetylene-modified 

DNAs were also patterned on an azido-terminated glass substrate using a similar method 

[236]. However, this copper-free method usually suffers from limited reaction conversion 

[246]. Amines have also been printed onto aldehyde-terminated SAMs via µCP by the 

same group [247]. Based on this reaction, cytophilic proteins were covalently patterned 

on aldehyde-modified gold and glass substrates where Hela cells were then incubated and 

cellular patterns were obtained [238]. In addition, amines have also been printed on 

anhydride and epoxide modified substrates and thiols have been printed on alkene-

terminated substrates [233, 248-250]. 
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Figure 1.22 (a) Click chemistry via the µCP of 1-octadecyne on azido-terminated SAMs; 

(b) AFM image of the line patterned 1-octadecyne monolayer; (c) fluorescent image of 

printed fluorescent alkynes on the azido-terminated surface [231]. 

1.5 Electrochemical methods for live cell imaging 

Live-cell imaging has been used to investigate the structural organization and dynamic 

processes of living cells or tissues, which can be achieved with optical microscopes and 

electrochemical imaging methods. The latter one has been more and more attractive in 

recent years, as they are label-free techniques with resolved spatial resolution, making it 

possible to investigate cells locally and the heterogeneous cellular activities.    

One of the powerful electrochemical method used for cells imaging is scanning 

electrochemical microscopy (SECM), which is based on the detection of local 

electrochemical current by scanning a microelectrode or nanoelectrode across the 

(a)

(b) (c)
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surface [251-254]. Wang et al. [253] reported the application of SECM to image the 

morphology of human umbilical vein endothelial cells (HUVECs) and detect the 

morphology change of a single cell after a stimulation to release nitric oxide. 

Takahashi et al. [252] demonstrated the topographic and electrochemical imaging of 

single cells simultaneously using SECM. However, the scanning probe in the electrolyte 

may disturb the local environment and the physiological process of the living cells.  

Scanning ion conductance microscopy (SICM) is another effective electrochemical 

technique to image cells. Although it was originally used to map surface topography, it 

has been developed to image surface charge of single cells by probing the properties of 

the diffuse double layer at the cellular interface [255-259]. The basic principle of this 

technique is based on the detection of the ionic current that passes between a quasi-

reference counter electrode (QRCE) in an electrolyte solution filled nanopipette and a 

QRCE in the bulk electrolyte solution when a modulated bias potential is applied between 

these two QRCEs [260]. Perry et al. [259] reported the use of SICM to image the surface 

charge distribution along with the topography of single Zea mays root hair cells and 

human adipocytes (see Figure 1.23). 
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Figure 1.23 (a) Schematic representations of SICM for mapping single cells; (b) Optical 

microscope image of a human adipocyte cell on a collagen support with the SICM scan 

region indicated by white dashed lines and corresponding normalized DC ion current 

images at (c) negative (−0.4 V) and (d) positive (0.4 V) tip biases. The results 

demonstrated a negative surface charge distribution of the human adipocyte cell.[259] 

Plasmonic-based electrochemical impedance microscopy (P-EIM) has been another 

crucial electrochemical imaging technique as a fast, non-invasive and scanning-free cell-

based biosensor, since it was developed by Foley et al [261]. The principle of this 

electrochemical imaging technique is based on the sensitive response of surface plasma 

resonance to local surface charge densities, which can be detected optically. Figure 1.24 

shows the experimental setup of the P-EIM and an EIM image of Hela cells, which 

matches with the corresponding bright-field and SPR images. Wang et al. [262] reported 

the application of P-EIM to image the impedance of single cells and further monitor the 

dynamics of individual cellular apoptosis and electroporation with submicrometre spatial 

resolution and millisecond time resolution. Recently, the P-EIM was employed to 

investigate the dynamic and transient calcium signalling under agonist stimulation in 

single Hela cells [263] and the fast initiation and propagation of action potential within 

b
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single neurons [264].  

  

Figure 1.24 (a) Setup of the P-EIM; (b) bright-field, SPR and EIM images of Hela cells 

[263].   

In addition, LAPS have also been applied as an electrochemical imaging method to study 

the cellular metabolism and cell surface charge and impedance as described in section 1.2, 

which will be further investigated in chapter 5.     
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2. Experiments 

2.1 Materials 

Silicon-on-sapphire (SOS) with a 1 μm thick silicon (100) layer (boron doped, 0.1 Ω⋅cm) 

on a 475 μm thick sapphire substrate was purchased from Monocrystal, Russia. Double 

polished silicon (100) (boron doped, 10-30 Ω⋅cm, 500 μm thickness) was purchased from 

Si-MAT, Germany. All chemicals and reagents were purchased from Sigma-Aldrich and 

used as received without further purification unless otherwise noted. Zero grade argon 

(BOC online, UK) was dried and purified through an oxygen/moisture trap (Agilent 

Technologies, USA). 1,8-Nonadiyne was redistilled from sodium borohydride under 

reduced pressure (95 °C, 25 to 32 Torr), and stored under an argon atmosphere prior to 

use. Dichloromethane (DCM) was redistilled before use. Ultrapure water (18.2 Ω cm) 

was collected from a three-stage Millipore Milli-Q 185 water purification system 

(Millipore, USA) and used to prepare solutions. Table 2.1 shows the chemicals and 

reagents that have been used in this work. 

Table 2.1 Chemicals and reagents 

Chemical name Grade 

Hydrogen peroxide  Semiconductor grade, ≥30%  

Sulfuric acid  Semiconductor grade, 95-97%  

Hydrofluoric acid  Semiconductor grade, 49-51%  

Hydrochloric acid  ACS reagent, 37%  

1,8-Nonadiyne  98%  

Sodium borohydride  99.99%, trace metals basis  

Sodium ascorbate  ≥98%  
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Copper(II) sulfate pentahydrate  ACS reagent, ≥ 98.0%  

N, N, N′, N′-Tetramethylethylenediamine 

(TMEDA)  

≥99.5%, purified by redistillation  

Copper(I) bromide (CuBr) 99.999%, trace metals basis 

Tetrakis(acetonitrile) copper(I) 

hexafluorophosphate (Cu(CH3CN)4](PF6)) 

97% 

Tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA)  

97% 

3-Azido-1-propanamine 
technical, ≥90% (GC) 

4-azidophenyl isothiocyanate (API) 
97% 

Ethylenediaminetetraacetic acid 

tetrasodium salt hydrate (EDTA) 

98% 

Trifluoroacetic acid (TFA) ≥99% 

Ethanol (EtOH)  absolute, Puriss., ≥99.8%  

Dichloromethane (DCM) HPLC  

Sodium chloride (NaCl)  ACS regent, ≥ 99%  

Potassium chloride (KCl)  ACS reagent, ≥99%  

2.2 Surface preparation methods 

2.2.1 Preparation of an ohmic contact on the SOS substrate 

Firstly, the SOS wafer was cut into 0.7 cm × 0.7 cm sized sample using a diamond tipped 

cutter and the dust on their surface was blown away with nitrogen. Then the sample was 

rinsed in 10% HF for 30 s and washed with ultrapure water and blown dry with nitrogen. 
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In order to form the ohmic contact, some 30 nm Cr and 150 nm Au were thermally 

evaporated onto one corner of the samples using an Edwards Coating System E306A and 

subsequently heated to 300 °C for 5 min on a hot plate.  

2.2.2 Assembly of 1,8-nonadiyne monolayer 

The assembly of the 1,8-nonadiyne monolayer followed a procedure reported 

previously[133, 170]. Firstly, 1,8-nonadiyne was redistilled from sodium borohydride 

under reduced pressure (95 °C, 25 to 32 Torr), and stored under an argon atmosphere 

prior to use. Then SOS or silicon substrate was cleaned in a hot piranha solution 

(3:1 H2SO4 (96%)/H2O2 (30%), caution: highly corrosive) at 100 °C for 30 min and then 

rinsed copiously with ultrapure (Milli-Q) water. The cleaned SOS or silicon sample was 

transferred to a 2.5% HF solution and chemically etched for 90 s to obtain an H-

terminated surface (caution: HF is highly corrosive). 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 bubbles evolved from the solution. Then, the 

freshly prepared H-SOS or 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 

functionalized surface (surface 1, Figure 2.1) was then rinsed with copious amounts of 

redistilled DCM and blown dry with nitrogen.  

 

Figure 2.1 Schematic representation of surface modification of SOS or Si substrate with 

1,8-nonadiyne. 
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2.3 Characterization methods 

2.3.1 Water contact angle measurement 

Contact angle measurement is a technique used to determine the wettability of a solid 

surface by a liquid, which can be used to indicate the occurrence of a chemical reaction 

on a monolayer when the terminal functional group changes [265-268]. The contact angle 

is the angle measured between the liquid-solid interface and the liquid-vapour interface, 

which can be obtained by firstly capturing the image of a droplet on a solid surface with 

a camera and then measuring the angle between a tangent line from the three-phase 

contact point along the droplet and the solid surface [268]. Generally, if the water contact 

angle of a solid surface is greater than 90°, the surface is considered to be hydrophobic 

and shows a low affinity to water. When the contact angle of a solid surface is smaller 

than 90°, the surface is considered to be hydrophilic and shows a higher affinity to water 

(Figure 2.2). 

In this work, the water contact angle measurements were performed using a Drop Shape 

Analysis System (Krüss DSA100, Germany). 1 µL of ultrapure water was carefully 

deposited onto sample surface, and three spots were measured on each sample and 

averaged.  

 

Figure 2.2 Schematic representation of (a) hydrophilic surface and (b) hydrophobic 

surface. 
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2.3.2 Ellipsometry  

Ellipsometry is a non-destructive and sensitive method widely used to detect the thickness 

and optical properties of thin films [154, 269]. Generally, this technique measures the 

change in the polarization state of the light beam. As illustrated in Figure 2.3, linearly 

polarized incident light was changed to elliptically polarized light after it was reflected 

by the sample surface. This polarization change can be characterized by the ellipsometric 

parameters Ψ and Δ with the following equation: 

ρ = tan(𝛹) ∙ 𝑒𝑖∆ =
𝑟𝑝

𝑟𝑠
 

where 𝑟𝑝 and 𝑟𝑠 are the reflectivity of the light polarized parallel and perpendicular to 

the plane of incidence, respectively, which are the functions of the refractive index of the 

material; ρ is the ratio of these two reflectivities and is a complex number; tan(𝛹) is 

the amplitude of the reflectivity ratio and Δ is the phase shift. An ellipsometer can directly 

measure the values of Ψ and Δ as functions of wavelength. In order to acquire the optical 

properties and the thickness of the films, optical models need to be built to fit the data. 

 

Figure 2.3 The principle of ellipsomotry [270]. 

In our work, an alpha-SE® Spectroscopic Ellipsometer (J.A. Woollam Co. Inc., USA) and 

CompleteEASE software (J.A. Woollam Co. Inc., USA) for data collection and analysis 

were used to measure the thickness of monolayers on silicon surfaces. A He-Ne laser 

(632.8 nm) and an angle of incidence of 70˚ were adopted. The optical constants 

(refractive index (n) and imaginary refractive index (k)) of the substrate were determined 
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from a freshly etched H-Si (n = 3.877, k = 0.051). The model used to determine the 

monolayer thickness was built as a single layer absorbed on the H-Si substrate using the 

Cauchy model in the software. The refractive index of the organic monolayer was set to 

1.46 in this work [167]. At least three measurements were taken at different spots on each 

sample and averaged. 

2.3.3 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), has been widely used to characterize the chemical 

composition and chemical states of sample surfaces [271-274]. It measures the kinetic 

energy of photoelectrons (𝐸𝑝) that escape from sample surfaces following the excitation  

by the mono-energetic X-rays as depicted in Figure 2.4 [275, 276]. Since the energy of 

the X-rays (ℎ𝑣) is known, the binding energy (𝐸𝑏) can be obtained from the following 

equation: 

𝐸𝑏 = ℎ𝑣 − 𝐸𝑝 −  𝜑 

Where 𝜑 is the work function (energy required to remove electrons from Fermi level to 

vacuum level) of the analyzer. According to the peak position of the binding energy, the 

elemental species and chemical states can be recognized. The intensity of the binding 

energy indicates the ratio of the different elements and chemical bonds.    

 

Figure 2.4 Principle of XPS. 
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In our work, XPS experiments were performed on modified SOS surfaces at the nanoLAB 

of Newcastle University, UK, using a Kratos Axis Nova spectrometer with CasaXPS 

software. Samples used for XPS measurements were all with homogenous surface 

modification prepared either by immersing the whole sample in the reaction solution or 

with flat, featureless PDMS stamps. Survey scans were carried out over a 1100-0 eV range 

with a 1.0 eV step size, a 100 ms dwell time, and an analyser pass energy of 100 eV. High-

resolution scans were run with a 0.1 eV step size, a dwell time of 100 ms, and the analyser 

pass energy set to 20 eV. The scan regions were Si 2p (97-107 eV), C 1s (278-294 eV), 

N 1s (392-408 eV), O 1s (526-542 eV) and Cu 2p3/2 (926-938 eV). 

2.3.4 Electrochemical impedance spectroscopy (EIS) 

The electrochemical impedance spectroscopy (EIS), also known as AC impedance or just 

impedance spectroscopy, has been used to characterize electrodes and interface 

processes[277, 278]. Generally, it measures an output alternating current (AC) flowing 

through an electrochemical cell after the application of an AC voltage to the 

electrochemical cell. The AC signal is applied over a range of frequencies. The impedance 

in an EIS measurement is usually determined by the following equation: 

Z(ω) =
𝑉0 sin(𝜔𝑡)

𝐼0sin(𝜔𝑡+𝜑)
= 𝑍0

sin(𝜔𝑡)

sin(𝜔𝑡+𝜑)
= 𝑍′ + 𝑗𝑍′′     

Where V0 and I0 is the amplitude of the applied AC voltage and output AC current, 

respectively, ω = 2πf is the radial frequency of the AC voltage (f is the frequency 

expressed in Hz), φ is the phase shift between the input AC voltage and the output AC 

current, and Z0 is the amplitude of the impedance. The EIS results are usually displayed 

in the forms of Bode plots and Nyquist plots. The Bode plots illustrate the impedance and 

phase shift as the functions of frequency, which are associated with the resistive and 

capacitive properties of an electrochemical system. In general, impedance measured at 

very low phase shift near 0° is related to resistances, while impedance measured at very 

high phase shift around 90° is associated with capacitance. The Nyquist plot displays the 
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imaginary impedance component (𝑍′′) against the real impedance component (𝑍′). Each 

point on the Nyquist plot is the impedance measured at one frequency. Its main drawback 

is that it is difficult to tell what frequency is used to record that data point.  

In this work, all the EIS measurements were performed performed in a 10 mM phosphate 

buffer solution at pH 7.4 containing 137 mM NaCl and 2.7 mM KCl, using an Autolab 

PGSTAT30/FRA2 (Windsor Scientific Ltd., UK) with a three-electrode system including 

a platinum electrode as the counter electrode, an Ag/AgCl electrode as reference electrode.  

2.3.5 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) is a research technique based on the 

phenomenon of nuclear magnetic resonance to measure the structure, dynamics, reaction 

rate and chemical environment of molecules. The resonance frequency can be changed 

by the intramolecular magnetic field around an atom in a molecule, thus allowing the 

detection of the detailed information of the electronic structure of a molecule and the 

functional groups. In this work, 13C NMR spectra were recorded using a Bruker Avance 

400 MHz spectrometer employing DMSO-d6 as the solvent. Chemical shifts were 

referenced to the residual carbon peak of DMSO-d6 at 39.5 ppm. 

2.3.6 Electrospray ionization mass spectrometry (ESI-MS) 

Mass spectrometry (MS) is an analytical technique extensively used to measure the 

molecular weight of chemical species by ionizing them and then sorting the ions based 

on their mass-to-charge ratio. Electrospray ionization (ESI) is a soft ionization method 

which produces ions by applying a high voltage to a liquid in an electrospray to generate 

gas phase ions. The advantage of the ESI-MS is that it creates very little fragmentation 

and can always observe the molecular ions. In this work, Agilent LC-MS, comprising a 

1100 Series LC and SL Ion Trap MSD was used for the ESI-MS measurement. 
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2.4 LAPS and SPIM setup 

LAPS/SPIM measurements were carried out in an electrolyte solution. Samples were 

fixed on a custom built cell as depicted in Figure 2.5. An O-ring with an inner diameter 

of 1 mm or 3 mm determined the area of the measurement. An Ag/AgCl electrode was 

used as a reference electrode (RE), a platinum electrode as a counter electrode (CE) and 

a metal contact on the semiconductor substrate as the working electrode (WE). A laser 

illuminated the backside of the semiconductor.  

 

Figure 2.5 Schematic representation of the sample holder for photocurrent measurements. 

The whole LAPS and SPIM measurement setup is shown in Figure 2.6. A laser diode 

module LD1539 (Laser 2000, λ=405 nm, max. 50 mW) and a femtosecond Cr-Forsterite 

laser (DEL MAR PHOTONICS, λ=1250 nm, 80 fs pulses, 200 mW, 80 MHz) were used. 

The modulation frequency was 1 kHz for all LAPS/SPIM measurements on SOS 

substrates. The beam profile of the laser diode module was improved by using a spatial 

filter and a collimator lens. The infrared laser was modulated by a chopper and was passed 

through a beam expander. All lasers were focused onto the semiconductor substrate using 

an LD Plan-NEOFLUAR 40× objective with a correction ring (Zeiss, numerical aperture 

0.6), which allowed to correct for spherical aberration caused by focusing through a solid 
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substrate. The sample holder (shown in Figure 2.5) was mounted onto an M-VP-25XL 

XYZ positioning system with a 50 nm motion sensitivity on all axes (Newport, UK). A 

white light illuminated the sensor from the front side to obtain an optical image of the 

sensor surface from the CMOS camera. The photocurrent was measured using an EG&G 

7260 lock-in amplifier. The control program used for the measurements was written in 

LabView by Dr Shihong Jiang [15]. 

 

Figure 2.6 Experimental setup for LAPS/SPIM measurements. 
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3. Copper contamination of self-assembled organic monolayer modified 

silicon surfaces following a ‘click’ reaction characterized with LAPS and 

SPIM 

3.1 Introduction 

‘Click’ chemistry, especially the Cu(I)-catalyzed azide alkyne cycloaddition (CuAAC) 

reaction, has been used extensively to modify silicon surfaces [146, 147, 175, 212, 214, 

215], due to its many advantages, such as high selectivity and yield, mild reaction 

conditions and good compatibility with various solvents, since it was first described by 

Sharpless’ group in 2001 [216]. However, few investigations have been made on the 

copper residue that remains on silicon surfaces after ‘click’ reactions despite its 

potentially detrimental effect on biological systems and contamination issues in other 

applications [279, 280]. X-ray photoelectron spectroscopy (XPS) is one of the most 

widely used methods to characterize copper ions on silicon surfaces. Gooding’s group 

showed that a Cu 2p3/2 emission at ∼933 eV was present in the XPS spectra when there 

was a trace of residual copper following a ‘click’ reaction on alkyne-terminated silicon 

surfaces [170]. However, following rinsing of the modified samples with dilute aqueous 

hydrochloric acid (HCl) solution, copper could no longer be detected by XPS [182, 183, 

224, 225, 281]. 

Patterning silicon surfaces is a fundamental method to maintain a high signal-to-noise 

ratio for many biosensors where the patterned areas act as sensing elements that interact 

directly with analytes such as biomolecules, viruses, bacteria or cells, while the 

background of the substrate stays inactive to analyte deposition. The two most widely 

used methods for chemically patterning silicon surfaces modified with self-assembled 

organic monolayers are photolithography [224, 225, 282] and microcontact printing (µCP) 

[232-236, 283]. We have recently reported that photolithography not only introduces 

chemically bonded contaminants, but also decreases the coverage of the monolayers on 
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silicon [133]. Meanwhile, our group has also demonstrated that the strategy of combining 

µCP with ‘click’ chemistry on alkyne terminated surfaces is non-destructive and efficient.  

Light-addressable potentiometric sensors (LAPS) and scanning photo-induced 

impedance microscopy (SPIM) have been reported to be highly sensitive to the surface 

contamination on self-assembled organic monolayers [133]. In this chapter, LAPS and 

SPIM were used to study the copper(I) residue that remains on alkyne-terminated silicon 

surfaces following ‘click’ reactions, as well as the electrochemical properties of the 

functionalized organic monolayers. Firstly, the silicon on sapphire (SOS) sensor 

substrates were modified with 1,8-nonadiyne self-assembled organic monolayers, serving 

as the insulator for LAPS and SPIM with high sensitivity [133]. The subsequent CuAAC 

‘click’ reaction combined with µCP created a pattern with both ‘clicked’ areas and 

unreacted alkyne-terminated areas to allow 2D imaging of the electrical properties 

(surface charge and impedance) of ‘click’ modified surfaces with LAPS and SPIM.  

3.2 Experimental methods 

3.2.1 Materials.  

SOS with a 1 μm-thick silicon (100) layer (boron doped, 0.1 Ω·cm) on a 475 μm-thick 

sapphire substrate was purchased from Monocrystal, Russia. Double-polished silicon 

(100) (boron doped, 10−30 Ω·cm, 500 μm thickness) was purchased from Si-MAT, 

Germany. All chemicals and reagents were purchased from Sigma-Aldrich, unless 

otherwise noted. The following reagents were used as received: hydrogen peroxide 

solution (30 wt % in H2O2, semiconductor grade), sulfuric acid (95.0−98.0%, 

semiconductor grade), hydrochloride acid (ACS reagent grade), tetrasodium salt hydrate 

of ethylenediaminetetraacetic acid (EDTA, 98%), ethanol (100%), sodium ascorbate 

(98%), copper(II) sulfate pentahydrate (99%), N,N,N′,N′-tetramethylethylenediamine 

(TMEDA, ≥99.5%), copper(I) bromide, tetrakis(acetonitrile) copper(I) 

hexafluorophosphate [Cu(CH3CN)4](PF6), 97%], tris[(1 benzyl-1H-1,2,3-triazol-4-yl)- 
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methyl]amine (TBTA, 97%), 3-azido-1-propanamine [azido-NH2, technical, ≥90% (GC)], 

and dimethyl sulfoxide (DMSO, ≥99.5%). Dichloromethane (DCM) was redistilled 

before use for cleaning. 1,8-Nonadiyne (98%) was redistilled from sodium borohydride 

(99.99%) and stored under argon. A Sylgard 184 poly(dimethyl siloxane) (PDMS) kit was 

purchased from Dow Corning. For photocurrent measurements and cyclic voltammetry, 

10 mM phosphate buffer solution at pH 7.4 containing 137 mM NaCl and 2.7 mM KCl 

was used. All solutions were prepared with ultrapure water (18.2 Ω·cm) from a three-

stage Milli-Q 185 water purification system (Millipore, USA). Argon was dried and 

purified through an oxygen/moisture trap (Agilent Technologies, USA). 

3.2.2 Preparation of silicon master and PDMS stamp 

The master and PDMS stamps were prepared following a previously reported protocol [4, 

232, 250]. Briefly, a silicon master with patterns was prepared by UV photolithography. 

In this work, the master was provided by Dr Julien Gautrot’s group. The PDMS stamps 

were fabricated by curing a mixture of PDMS resin and curing agent (184 silicone 

elastomer, Sylgard 184) in a ratio of 10:1 (w/w) on the surface of the master at 60 °C for 

12 h. Subsequently, the cured PDMS was peeled off from the master. The patterns of the 

PDMS stamp consisted of circular islands with (i) a diameter of 100 µm and 40 µm gaps, 

and (ii) a diameter of 40 µm and 30 µm gaps. 

3.2.3 Cleaning of the PDMS stamp 

The cured PDMS stamp was cleaned with a soxhlet extractor prior to use as reported 

previously to remove the uncross-linked fragments or other contaminants which can 

contaminate the silicon substrate during the microcontact printing process [284]. The 

soxhlet extractor was commonly used to extract lipid from a solid material. In our 

experiment, the extractor was connected with a round bottomed flask and a condenser as 

shown in Figure 3.1. Absolute ethanol was used as the solvent to remove the contaminants 

in the PDMS stamp. When the solvent was heated, its vapour went up to the condenser 
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from where it flowed down to the extractor chamber where the PDMS stamp was placed. 

Once the chamber has filled with the warm solvent, it would be emptied by siphon action 

and all of the solvent would flow back into the flask. The cycle was repeated overnight 

many times to make sure all the contaminants were washed away. After the extraction, 

the PDMS stamp was weighed dry prior to use. 

 

Figure 3.1 Schematic representation of cleaning the PDMS stamp with a soxhlet extractor. 

3.2.4 Patterning of SOS surfaces with microcontact printing combined with ‘click’ 

chemistry 

First, SOS surfaces were modified with 1,8-nonadiyne as described in section 2.2 before 

the patterning process. Figure 3.2 illustrates the process of ‘click’ chemistry on surface 1 
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generator: 40 kHz/100 W) for 30 s to make the stamp surfaces hydrophilic. Then, they 

were immersed in the ‘click’ solutions for 30 min. Herein, three alternative ‘click’ 

solutions, displayed as solution A, B and C, were employed, consisting of (A) the azido-
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NH2 (10 mM, ethanol/water 2:1), copper(II) sulfate pentahydrate (1.1 mol% relative to 

the azide), sodium ascorbate (10 mol% relative to the azide) and TMEDA (0.45 mM), (B) 

the azido-NH2 (10 mM, DMSO), CuBr (10 mol% relative to the azide) and TMEDA 

(20 mol % relative to the azide), (C) the azido-NH2 (10 mM, DMSO), tetrakis(acetonitrile) 

copper(I) hexafluorophosphate [Cu(CH3CN)4](PF6) (10 mol% relative to the azide) and 

tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] (TBTA) (10 mol% relative to the azide), 

respectively. The soaked stamps were dried under nitrogen gas and placed onto the 

alkyne-terminated surface for 3 h at room temperature. The reactions were carried out in 

a sealed Petri dish in the presence of a moistened tissue. After removing the stamps, the 

unreacted reagents were removed by rinsing the substrate consecutively with copious 

amounts of DMSO, ethanol, water. The resultant corresponding ‘click’ modified surfaces 

are referred to as surfaces 2a, 2b and 2c. Then the samples were rinsed in either a 0.5 M 

hydrochloric acid solution for 2 min, or EDTA (0.05% w/v, pH 7.4) for 24 h to remove 

the copper residue and rinsed with copious amounts of water. To characterize the ‘clicked’ 

surface properly, chemically homogeneous surfaces (surface 2a*, 2b*, and 2c*) were also 

prepared using a flat featureless PDMS stamp following the same procedure. As control 

experiments, inks (‘click’ solutions A, B and C) without azide were printed on surface 1 

using the same procedure in Figure 3.2, indicated as control surfaces a, b and c. 

 

Figure 3.2 Schematic illustration of the µCP of ‘click’ chemistry: azido-NH2 was printed 

on 1,8-nonadiyne modified surface 1 and ‘click’ reactions occurred exclusively in the 
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contact area (surface 2: an array of chemical pattern, surface 2*: a homogeneous surface 

functionalized with azido-NH2 by a flat featureless PDMS stamp). For ellipsometry 

measurements, the above surface modification was carried out on silicon substrates. 

3.2.5 Surface characterization 

The water contact angle, ellipsometry and XPS measurements were carried out to 

characterize the surface modifications as described in section 2.3.  

Cyclic voltammetry was performed in a 10 mM PBS solution (pH=7.4) described above 

using an Autolab PGSTAT30/FRA2 (Windsor Scientific Ltd., UK) with a three-electrode 

system including a platinum electrode as the counter electrode, an Ag/AgCl electrode as 

reference electrode, and a modified SOS substrate as the working electrode. The scan rate 

was 50 mV/s.  

3.2.6 LAPS and SPIM measurement 

The LAPS/SPIM setup has been shown in section 2.4. In this work, the sensor chips used 

for LAPS measurements were all based on SOS substrates. LAPS measurements were 

carried out using the focused and electronically modulated diode laser LD1539 (Laser 

2000, λ= 405 nm, max. 50 mW, focused spot diameter ~1 µm). The modulation frequency 

was 1 kHz. 

3.3 Results and discussion 

3.3.1 Characterization of 1,8-nonadiyne monolayer and ‘click’ functionalization by 

µCP  

1,8-Nonadiyne monolayers were characterized by water contact angle, ellipsometry and 

XPS. As shown in Table 3.1, a water contact angle of 86˚ which indicated a hydrophobic 

monolayer, and an ellipsometric thickness of 9.2 Å for an alkyne-terminated surface are 
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comparable to literature results [133, 181, 182]. XPS spectra of the modified SOS surface 

(Figure 3.3a) showed the presence of Si, C, and O, which is in good agreement with 

results published previously [170, 181, 214]. The high-resolution narrow scans of XPS 

provide information on surface bonding. The C 1s narrow scan included a main C-C peak 

(~285 eV), and two small peaks from Si-C=C (~284 eV) and C-O (286.5 eV) (Figure 

3.3b). The binding energies observed were consistent with the results reported elsewhere 

[170, 181]. The alkyne-terminated organic monolayers on silicon surfaces provide a 

platform for further functionalization via CuAAC ‘click’ chemistry. 

Table 3.1 Contact angles and ellipsometry thicknesses of different surfaces 

Surface ‘Click’ catalyst 
Water contact 

angle ( °) 

Ellipsometry 

thickness (Å) 

1 SOS-nonadiyne — 86±1 9.2±0.3 

2a* SOS-NH2 CuSO4/sodium ascorbate 56±2 14.9±0.5 

2b* SOS-NH2 CuBr 55±2 14.3±0.6 

2c* SOS-NH2 [Cu(CH3CN)4](PF6)  56±3 15.2±0.4 
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Figure 3.3 (a) XPS spectrum of samples modified with 1,8-nonadiyne (i), and 3-azido-1-

propanamine without any further cleaning to remove the copper residue (ii), with further 

cleaning with 0.5 M HCl for 2 min (iii),and with further cleaning with 0.05% EDTA/TFA 

for 24 hours (iv). Narrow scans of (b) C 1s of surface 1, (c) N 1s and (d) C 1s of 

surface 2a*. 

For ‘click’ conditions A, the water contact angle of the ‘clicked’ surface (surface 2a*) 

decreased to 56˚ (Table 3.1) due to the amino moieties, which is in agreement with 

previously reported values [182]. The ellipsometric result shows that after the ‘click’ 

reaction, the thickness of the monolayer increased to ~14.9 Å, which is comparable to the 

thickness of 15.3 Å determined from X-ray reflectivity (XRR) analysis [182]. The 

successful ‘click’ reaction was also demonstrated by XPS results. The presence of an N 1s 

peak at ~401 eV in the XPS survey spectrum (Figure 3.3a) indicated the formation of a 

triazole. The narrow scan signal of the N 1s region (Figure 3.3c) was deconvoluted and 

fitted to two peaks at 400.2 eV and 401.8 eV, which were assigned to C-NH2/N-N=N, 
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and N-N=N, respectively. The ratio of the peaks areas is about 2.6:1, which is slightly 

smaller than the stoichiometric ratio of 3:1, but is consistent with literature results [182, 

183]. The absence of a peak at 403 eV, which corresponds to the central electron-deficient 

nitrogen in the azido groups, showed that there was no physisorption of azide on the 

silicon surface. The narrow scan from the C 1s region (Figure 3.3d) was deconvoluted 

into three peaks assigned to Si-C=C (284.2 eV), C−C (285.3 eV) and C−N/−O (286.8 eV) 

[182, 183]. An increased ratio of C−N/−O to Si-C=C was due to the successfully bonded 

amino group on silicon surfaces. After ‘click’ modification, a copper peak at ~933 eV 

was only visible when the sample was not rinsed with either HCl or EDTA solutions 

(Figure 3.3a). The narrow scan of Cu 2p3/2 could be fitted to only one peak at 933.2 eV 

(Figure 3.4) which is consistent with copper(I) [170]. No copper peak was visible after 

rinsing with either reagent. Two alternative strategies for ‘click’ modification were 

verified with water contact angle and ellipsometry results (Table 3.1, entries 2b and 2c). 

 

Figure 3.4 Narrow scan of Cu 2p3/2 of surface 2a*. 

3.3.2 The effect of the PDMS stamps for µCP on LAPS and SPIM images  

LAPS and SPIM have been validated to be very sensitive techniques to detect the 

properties of surface electrical potential and impedance, respectively, with spatial 

926 928 930 932 934 936 938

In
te

n
s
it
y
 (

a
.u

.)

Binding Energy (eV)



59 

 

resolution. To ensure that no artefacts were introduced by the µCP, control experiments 

with uncleaned and cleaned blank PDMS stamps on a 1,8-nonadiyne modified SOS 

sample were carried out. Figure 3.5a showed the SPIM image on a control sample with 

an uncleaned PDMS stamp at a bias voltage of 0.8 V, which is identical to the pattern on 

the PDMS stamp used. The time for one scan was about 15 min (area 400 µm x 400 µm, 

step size 4 μm). There was an increase of the maximum photocurrent which corresponded 

to a lower impedance on the contact area compared to the rest 1,8-nonadiyne modified 

surface. Figure 3.5c showed a positive shift of +16 ± 2 mV of the I-V curves on the contact 

area compared to the rest 1,8-nonadiyne modified surface corresponding to a more 

negatively charged surface on the contact area than the rest 1,8-nonadiyne modified 

surface. These SPIM and LAPS results indicated that the uncleaned PDMS stamp 

introduced contaminants or damaged the monolayer, which could be explained by the 

following two assumptions. One is that the uncross-linked fragments in the uncleaned 

PDMS stamp acted as a glue which peeled off parts of the insulating 1,8-nonadiyne 

monolayer in the contact circular area and then decreased the impedance. The resultant 

oxidation of the contact area rendered it more negatively charged than the intact 1,8-

nonadiyne modified area. The other assumption is that there was some platinum catalyst, 

which was used to catalyse the crosslinking reaction to form the PDMS stamp, left in the 

contact area, which decreased the impedance of the monolayer. The platinum catalyst was 

in the form of PtCl4
2- which caused the positive shift of the I-V curves on contact area 

compared to the 1,8-nonadiyne modified area. While after cleaning PDMS stamp with 

the soxhlet extractor, neither SPIM (Figure 3.5d) nor LAPS images (Figure 3.5e) showed 

any patterns, confirming that the cleaned PDMS stamp did not leave any residue or 

damage the monolayer. Thus all the PDMS stamps were cleaned prior to use.  
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Figure 3.5 (a) SPIM images at a bias voltage of 0.8 V on control sample with uncleaned 

blank PDMS stamp, (b) the corresponding I-V curves on modified spots and blank 1,8-

nonadiyne modified area, (c) normalized I-V curves. (d) SPIM image and (e) LAPS image 

of control sample with cleaned blank PDMS stamp at bias voltages of 0.8 V and 0.5 V, 

respectively, and (f) corresponding I-V curve. 

3.3.3 Copper residue visualized with LAPS and SPIM.  

Figure 3.6a shows the SPIM image of surface 2a after rinsing in 0.5 M HCl solution for 

2 min measured at 0.8 V, which is identical to the pattern on the PDMS stamp used. At 

the selected voltage, the photocurrent was greater on the ‘click’ reaction modified spots 

than on the blank 1,8-nonadiyne modified area (also see Figure 3.6b), which was 

unexpected, as the thickness of the modified spot increased after the ‘click’ reaction, 

which should have resulted in a reduced capacitance and thus a decreased photocurrent. 

In addition, there was also a negative shift of -86 ± 5 mV on the ‘click’ reaction modified 

spots compared to the blank 1,8-nonadiyne modified area in the lower part of the 

normalized I-V curves (Figure 3.6c), which was much bigger than a previously reported 

shift of -50 mV caused by positively charged amino groups [133]. Whilst this is an 

empirical observation, we speculated that this effect was the result of residual positively 
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charged copper(I) ions remaining associated with the monolayer, which consequently 

increased its conductivity thereby increasing the local photocurrent and causing the 

negative shift of the I-V curves. The increase in the maximum photocurrent indicates that 

copper(I) is not simply adsorbed onto the surface of the monolayer, but that it enters the 

monolayer. The appearance of a step in the I-V curve after µCP indicates the presence of 

different surface charges within the illuminated spot on the sample due to incomplete 

coverage caused by the printing process with an insufficient contact of the elastomeric 

PDMS stamp with the rough SOS substrate (surface roughness ~ 5 nm). This is in 

agreement with results reported previously for the µCP of polyelectrolytes on monolayer 

modified SOS surfaces [4]. 

 

Figure 3.6 The SPIM image of a 1,8-nonadiyne modified SOS sample patterned with 3 

azido-1-propanamine with a ‘click’ reaction (surface 2a) after cleaning with (a) HCl 

solution and corresponding (b) I-V curves (Imax-on = 101.3 ± 2.7 nA, Imax-off = 91.7 ± 0.6 

nA) and (c) normalized curves. 

To verify this, a control surface a was prepared by printing the copper catalyst without 

azide on the 1,8-nonadiyne modified surface following the procedure set out in Figure 

3.2, and rinsing with 0.5 M HCl solution for 2 min. The corresponding SPIM image at a 

bias voltage of 0.8 V, also showed an increased photocurrent on modified spots compared 

to the blank 1,8-nonadiyne modified area (Figure 3.7a and b). The I-V curves shifted by 

- 23 ± 2 mV in the lower part, again indicating positive charge on the modified spots 

(Figure 3.7c). Thus, the presence of a copper(I) residue on the surface after the ‘click’ 

reaction despite cleaning with hydrochloric acid solution was verified using LAPS and 
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SPIM, although there was an absence of Cu 2p3/2 emission at ~933 eV in the XPS spectra 

(Figure 3.3a), demonstrating that LAPS and SPIM are highly sensitive in detecting the 

presence of copper ions. The copper(I) ion residue was also confirmed by a cyclic 

voltammogram obtained from the control surface a, which showed a peak at 0.24 V, 

corresponding to the oxidation of copper(I) on the surface [285], while no peak was 

observed in the cyclic voltammogram measured on a blank 1,8-nonadiyne modified 

surface (Figure 3.8). Integration of the oxidation peak yielded a surface concentration of 

1.1×10-11 mol/cm2.  

 

Figure 3.7 SPIM images at a bias voltage of 0.8 V on (a) control surface a, (d) control 

surface b and (g) control surface c after rinsing with 0.5 M HCl for 2 min, and the 

corresponding I-V curves (b) (Imax-on = 98.1 ± 1.1 nA, Imax-off = 79.4 ± 1.6 nA), (e) (Imax-on 

= 98.7 ± 2.6 nA, Imax-off = 87.7 ± 1.0 nA), (h) (Imax-on = 124.4 ± 2.3 nA, Imax-off = 108.6 ± 1.3 

nA) on modified spots (red) and non-modified 1,8-nonadiyne areas (black) and 
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normalized I-V curves (c), (f), (i). 

To investigate if a copper(I) residue was also found in 1,8-nonadiyne monolayers for 

‘click’ reactions in organic solvents with subsequent cleaning with HCl solution, ‘click’ 

conditions using CuBr and TMEDA in DMSO, which have frequently been used to 

immobilize water-immiscible molecules via ‘click’ reactions on alkyne-terminated 

surfaces [146, 175, 183, 281], were tested and investigated with LAPS and SPIM. Figure 

3.7d shows the SPIM image of control surface b after rinsing with HCl solution at a bias 

voltage of 0.8 V, which also displayed a greater photocurrent on modified spots than the 

unmodified area of 1,8-nonadiyne (also see Figure 3.7e), indicating a smaller impedance 

on modified spots and, hence, the presence of trapped copper ions in the monolayer, 

which enhanced its conductivity. The nature of the entrapment is not known. It is possible 

that copper(I) ions are chelated by the terminal alkyne group of the monolayer or that 

they penetrate deeper into the monolayer. The corresponding normalized I-V curves 

shifted by -27 ± 2 mV in the lower part for the modified area (Figure 3.7f), resulting from 

the positively charged copper ions, which was also comparable to the shift of -23 mV 

obtained from the previous control surface a after rinsing with HCl. 

 

Figure 3.8 Cyclic voltammograms of control surface a after rinsing with HCl (red solid 

line) and a blank 1,8-nonadiyne modified surface (black dashed line) in 10 mM PBS 
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solution (pH 7.4) with a scan rate of 50 mV/s. 

3.3.4 Strategies for avoiding a copper(I) residue after ‘click’ modification.  

A residue of copper(I) ions in the monolayer following ‘click’ modification is undesirable 

because it can interfere with the subsequent function of the device, as clearly 

demonstrated by the LAPS and SPIM measurements presented above, and because copper 

ions could adversely affect biological systems. Several strategies were investigated to 

avoid copper contamination of the monolayer. It was hypothesized that if a stable, bulky 

copper(I) complex with a large counter ion was employed as the catalyst, it might prevent 

copper from entering the monolayer. Therefore tetrakis(acetonitrile) copper(I) 

hexafluorophosphate was combined with the bulky ligand tris[(1-benzyl-1H-1,2,3-

triazol-4-yl)methyl] (TBTA) [286-288] and the complex used to catalyze the CuAAC 

reaction. Again, an increased photocurrent on the ‘click’ modified spots in the SPIM 

image (Figure 3.7g and h) and a shift of -22 ± 2 mV in the lower part of the corresponding 

normalized I-V curves (Figure 3.7i) with respect to the 1,8-nonadiyne modified area on 

control surface c were observed, revealing the existence of a copper residue in the 

monolayer. From the above experiments, it was apparent that rinsing the samples with 

HCl after ‘click’ modification was insufficient to remove the copper(I) residue 

completely, irrespective of the type of copper catalyst or the solvent used for ‘click’ 

modification.  

Another common method used for removing copper after a ‘click’ reaction has been 

rinsing the surface with a 0.05% w/v EDTA solution (pH=7.4) for 24 hours [180, 181, 

289]. It is noteworthy that both HCl and trifluoroacetic acid (TFA) were used to adjust 

the pH of the tetrasodium salt of EDTA solution to be 7.4 in our study, abbreviated as 

EDTA/HCl and EDTA/TFA solutions below. Figure 3.9a shows the LAPS image of 

control surface a following rinsing with EDTA/HCl at a bias voltage of 0.5 V. The 

corresponding I-V curves displayed no maximum photocurrent difference (Figure 3.9b), 
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but again a small voltage shift of -10 ± 1 mV in the lower part between modified spots 

and the blank 1,8-nonadiyne modified area (Figure 3.9c) indicates that whilst more copper 

has been removed compared to the cleaning method with aqueous HCl solution, there is 

still residual copper in the monolayer. This result also reveals that the photocurrent 

measurements are more sensitive in detecting surface charges than impedance. The LAPS 

and SPIM results observed after rinsing the control surface with an EDTA solution 

obtained by adjusting the pH of a solution of the disodium salt of EDTA to 7.4 with 

sodium hydroxide were similar to those after rinsing with EDTA/HCl. In contrast, no 

pattern was observed in the SPIM image at 0.8 V (Figure 3.9d) and the LAPS image at 

0.5 V (Figure 3.9e) of the control surface after rinsing in EDTA/TFA solution for 24 

hours. Thus, rinsing samples after a ‘click’ reaction with an EDTA/TFA solution is clearly 

more effective in removing copper residues than an EDTA/HCl solution or an EDTA 

solution without HCl. We assume that the presence of trifluoroacetate ions in the EDTA 

solution is required to remove copper ions from the film, possibly going through the 

intermediate of a copper(I) trifluoroacetate alkyne complex [290]. 

 

Figure 3.9 (a) LAPS image of control surface a rinsing with EDTA/HCl for 24 hours at a 

bias voltage of 0.5 V, (b) the corresponding I-V curves on modified spots and blank 1,8-

nonadiyne modified area (Imax-on = 104.5 ± 1.4 nA, Imax-off = 105.0 ± 3.6 nA), and (c) 
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enlarged I-V curves with a voltage shift of -10 mV. (d) SPIM image and (e) LAPS image 

of control surface a rinsing with EDTA/TFA for 24 hours at bias voltages of 0.8 V and 

0.5 V, respectively, and (f) corresponding I-V curve. 

3.3.5 SPIM and LAPS measurements of a click modified sample after removal of the 

copper residue. 

Figure 3.10a shows a SPIM image of surface 2a after rinsing in EDTA/TFA solution for 

24 hours at a bias voltage of 0.8 V. A dark pattern was obtained, i.e. on the ‘click’ 

modified spots, the photocurrent was smaller than on the blank 1,8-nonadiyne modified 

area, indicating an increased impedance, as expected. The corresponding I-V curves 

measured on ‘click’ modified spots and off the ‘click’ modified area (1,8-nonadiyne 

modified background) are shown in Figure 3.10b. A decrease of ~10% of the maximum 

photocurrent was obtained in the ‘click’ modified area, corresponding to a capacitance of 

0.86 ± 0.06 µF/cm2 calculated using an equivalent circuit model and simplified equation 

described previously [3]. This is around 1.6 times smaller than the capacitance of the 

organic monolayer of 1,8-nonadiyne alone (1.44 µF/cm2), which is in agreement with the 

thickness ratio of the 1,8-nonadiyne monolayer to the ‘click’ modified monolayer 

measured by ellipsometry. There was a negative shift of -65 ± 5 mV on the ‘click’ 

modified spots compared to the 1,8-nonadiyne modified area (Figure 3.10c), which equals 

the shift difference between the sample with ‘click’ reaction after cleaning with HCl 

solution and the corresponding control sample, demonstrating the successful removal of 

the copper residue. The potential shift (-65 mV) for this NH2-terminated surface was 

greater than previously reported values (-50 mV) for surfaces modified with a longer 

amino group terminated monolayer of 11-azido-3,6,9-trioxaundecan-1-amine. The 

hydrophilic nature of the 11-azido-3,6,9-trioxaundecan-1-amine may have allowed 

electrolyte to enter the monolayer and partially screened the positive charge of the amino 

groups in contrast to the more hydrophobic 3-azido-1-propanamine used in this work 

[291].  
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Figure 3.10 (a) The SPIM image of a 1,8-nonadiyne modified SOS sample patterned with 

3-azido-1-propanamine with a ‘click’ reaction (surface 2a) after cleaning with EDTA/TFA 

solutions, and corresponding (b) I-V curves (Imax-on = 100.2 ± 0.1 nA, Imax-off = 112.9 ± 2.1 

nA) and (c) normalized curves. 

3.4 Summary 

In this study, we have shown that HCl is not effective in removing the copper residue after 

‘click’ reactions on alkyne-terminated self-assembled organic monolayers on silicon 

surfaces, which, although not detectable by XPS, was characterized successfully by LAPS 

and SPIM. A voltage shift of -23 mV in the depletion region and the increased maximum 

photocurrent in the inversion region of the photocurrent curves for the control sample, 

where only the copper(I) catalyst without azide was printed onto the sample, indicated a 

positively charged surface and a decreased impedance resulting from copper(I) ions in 

the monolayer. The presence of the copper(I) residue was also confirmed by the oxidation 

peak in the cyclic voltammogram on the control sample. The copper residue was 

completely removed by rinsing samples in a tetrasodium salt of EDTA solution, the pH 

of which was adjusted to 7.4 with TFA, after the ‘click’ reaction. The success of the ‘click’ 

reaction was confirmed using LAPS and SPIM. The surface charge properties of the 

amino group introduced via ‘click’ reactions by µCP was shown by a voltage shift of 

- 65 mV in the depletion region of the photocurrent curves. The impedance of the ‘clicked’ 

monolayers was detected using SPIM. It is envisaged that the high sensitivity of LAPS 

and SPIM to surface charges and impedance demonstrated in this study makes them 

promising techniques to measure the electrical properties of biomolecules on surfaces. 
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4. Patterning osteoblasts on silicon on sapphire substrate in serum-free 

medium 

4.1 Introduction 

Controlling cell adhesion on surfaces has attracted more and more attention in recent 

years due to its great significance in cell biology [292-294], tissue engineering [295-297], 

drug delivery devices [298, 299], cell-based biosensors [300, 301], and biochips [302-

304]. Various methods have been developed to realize the manipulation of cell adhesion, 

including physically or chemically patterning the substrate surfaces by photolithography 

[226, 227, 229, 282, 305], soft lithography [237, 306-308], plasma lithography [304, 309], 

laser ablation [310], laminar-flow patterning [311] and electrochemical patterning [312-

314].  

One particularly impressive approach to control cell adhesion and patterning is the 

immobilization of RGD (Arg-Gly-Asp) containing peptides to selected areas of the 

substrate [315-317]. Various RGD containing peptides have been used to functionalize 

substrates to enhance cell adhesion, including linear peptides and cyclic peptides [318-

322], since their first discovery by Ruoslahti et al [323] as a cell binding site in fibronectin. 

Verrier et al. [319] compared the function of RGD containing peptides with different 

structures (linear and cyclic) in cell adhesion. They cultured human bone marrow stromal 

cells on cell-culture plates coated with various peptides. The results of cell adhesion 

assays demonstrated that cells preferred to adhere to surfaces containing cyclic peptides 

compared to linear ones. Another advantage of the cyclic RGD containing peptides is 

their high stability and specificity compared to the liner RGD containing peptides, which 

are susceptible to chemical degradation [324].  

In this work, a cyclic-(RGDfK) peptide was chosen as the ligand to control cell 

attachment because of the presence of the ε-amino group of the lysine side chain which 

is easily functionalized [316] in addition to the aforementioned advantages. A 
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biofunctional linker, 4-azidophenyl isothiocyanate (API), was used to modify this cyclic-

RGDfK peptide with an azide group [289], allowing a CuAAC ‘click’ reaction to be 

performed on the 1,8-nonadiyne modified SOS substrate as described in Chapter 3. To 

pattern the SOS substrate with cyclic-RGDfK peptide, a ‘click’ reaction combined with 

microcontact printing was performed as demonstrated in Chapter 3. Cellular patterning 

was achieved by seeding cells on the substrate patterned with the cyclic-RGDfK peptide 

in serum-free medium, which has been used to prevent the surface chemical patterns from 

being covered by the proteins adsorbed from the serum containing medium [229, 325]. 

4.2 Experimental methods 

4.2.1 Materials 

SOS with a 1 μm-thick silicon (100) layer (boron doped, 0.1 Ω·cm) on a 475 μm thick 

sapphire substrate was purchased from Monocrystal, Russia. Double-polished silicon 

(100) (boron doped, 10−30 Ω·cm, 500 μm thickness) was purchased from Si-MAT, 

Germany. All chemicals and reagents were purchased from Sigma-Aldrich, including the 

cell culture materials of Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine 

Serum (FBS), penicillin-streptomycin, Dulbecco’s Phosphate Buffered Saline (DPBS, 

pH 7.4, 10 mM phosphate buffer solution containing 137 mM NaCl and 2.7 mM KCl) 

and Trypsin-EDTA, unless otherwise noted. Cyclic-RGDfK peptide (≥ 95%) was 

purchased from GenScript.Inc. Before its modification, the peptide was purified with a 

StratoSpheres Solid Phase Extraction tube (Agilent Technologies) to remove the TFA salt. 

Actin staining reagent Alexa Fluor® 633 Phalloidin was purchased from Lift technologies 

Ltd. Osteoblasts MG63 (Human osteosarcoma cell line) were provided by Dr Karin 

Hing’s group. 

4.2.2 Modification of cyclic-RGDfK peptide with 4-azidophenyl isothiocyanate (API) 

The peptide was modified with 4-azidophenyl isothiocyanate (API) through the reaction 
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of the primary amino group of the peptide lysine residue with the isothiocyanate group to 

form the azido-peptide as displayed in Figure 4.1a. Briefly, API (11 mg, 60 µmol) was 

dissolved in DMSO (1mL) to make a solution (60 mM). Then the same molar equivalents 

of peptide were added to the API solution and the mixture stirred at room temperature for 

24 h. The mixed solution was used directly for further ‘click’ reactions on the 1,8-

nonadiyne modified surfaces without any further purification. To confirm the reaction had 

occurred, the crude mixture was characterized by 13C NMR spectroscopy (when the 

reaction solvent used was d6-DMSO) and electrospray ionization mass spectrometry 

(ESI-MS). For ESI-MS, the mixture was diluted with ultrapure water 100 times. 

4.2.3 SOS or Si surface functionalization with cyclic-RGDfK peptide 

Firstly, the substrate was modified with 1,8-nonadiyne as described in section 2.2, which 

provides an acetylene bond for the CuAAC ‘click’ reaction. Subsequently, the peptide 

modified substrate was obtained through a typical ‘click’ process as illustrated in Figure 

4.1b. The 1,8-nonadiyne modified silicon substrate was placed in a vessel containing the 

‘click’ solution D of the azido-peptide (10 mM, DMSO), CuBr (10 mol% relative to the 

azide) and TMEDA (20 mol % relative to the azide) for 24 hours in the dark at room 

temperature. The unreacted reagents were removed by rinsing the substrate consecutively 

with copious amounts of DMSO, ethanol and water. A further rinsing with 0.05% (w/v) 

EDTA/TFA solution for 24 h to remove copper residues. 

4.2.4 Surface patterning with cyclic-RGDfK peptide via µCP 

To pattern the surface with cyclic-RGDfK peptide, a ‘click’ reaction combined with µCP 

was carried out following the same procedure described in section 3.2.4, but with ‘click’ 

solution D as the ‘ink’ as displayed in Figure 4.1b. The pattern of the PDMS stamp 

consisted of circular islands with a diameter of 100 µm and 40 µm intervals. To 

characterize the peptide modified surface prepared by µCP properly, a chemically 

homogeneous surface was prepared using a flat featureless PDMS stamp following the 
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same procedure.  

 

Figure 4.1 (a) Modification of cyclic-RGDfK peptide with API; (b) surface functionality 

with cyclic-RGDfK peptide via CuAAC ‘click’ reaction. 

4.2.5 Cell culturing and adhesion 

Osteoblasts (human osteosarcoma cell line) were provided by Dr Karin Hing’s group and 

cultured with DMEM medium supplemented with 10% fetal bovine serum and 1% 

penicillin-streptomycin solution in a humidified atmosphere with 5% CO2 at 37°C with 

the medium changed every two days. At confluence, cells were passaged by trypsinization 

and then maintained in the medium. To assess cell adhesion on the RGD peptide modified 

surface, SOS substrates modified with amino groups which were prepared in Chapter 3 

and had a similar water wettability (the water contact angle was 56±2°) and 1,8-nonadiyne 

monolayers were used as control surfaces. Before seeding cells, samples were sterilized 

with 70% ethanol and rinsed thoroughly with sterilized water and sterilized PBS solution 

and blown dry. For cell adhesion assay and cell staining, samples were placed in a 24 well 
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petri dish. Then cells were washed twice with DPBS solution and trypsinized in a 0.05% 

trypsin-EDTA solution and centrifuged at 1800 rpm for 5 min. After removing the 

supernatant, cells were dispersed in serum-free medium (DMEM supplemented with 1% 

penicillin-streptomycin solution). Then cells were seeded onto samples at a concentration 

of 5x104 /mL in serum-free medium. Substrates with cells were incubated at 37°C with 

5% CO2 for 24 h for further cell adhesion assay and cell staining experiments. The same 

incubation protocol was used for both homogeneous and patterned RGD peptide modified 

substrates. 

4.2.6 Cell staining of actin  

To prepare samples for staining of actin, substrates with adherent cells were rinsed twice 

with DPBS solution and then fixed in 1 mL of 4% formaldehyde in DPBS for 10 min at 

room temperature. After three washes with DPBS, cells were permeabilized by incubation 

in 1 mL 0.2% Triton X-100 in DPBS for 3 to 5 min and then washed with DPBS three 

times. To block the non-specific binding, substrates were cultured with 5% BSA in DPBS 

for 30 min, followed by three washes with DPBS. Actin staining was obtained by using 

phalloidin labelled with Alexa Fluor® 633 dye, which shows optimal excitation at 632 nm 

and emission at 647 nm (red). Substrates were incubated with 0.5 mL phalloidin solution 

(10 µL phalloidin, 0.5 mL of 5% BSA/DPBS) for 1 hour at room temperature and then 

washed with DPBS five times.  

4.2.7 LAPS and SPIM measurement 

The LAPS and SPIM setup has been shown in section 2.4. In this work, the sensor chips 

used for LAPS measurements were all based on SOS substrates. The femtosecond laser 

was used for LAPS/SPIM measurements. The modulation frequency was 1 kHz. For 

single cell imaging with LAPS/SPIM, cells were seeded onto a homogenous RGD peptide 

modified SOS substrate in the assembled LAPS chamber at a concentration of 

2.5x104/mL and incubated at 37°C with 5% CO2 for 24 hours. Before LAPS measurement, 
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the cell culture medium was replaced with DPBS. A white light illuminated the sensor 

from the front side to obtain an optical image of the cells from the camera.  

4.3 Results and discussion 

4.3.1 Functionalization of peptide with azide group 

13C NMR and ESI-MS were used to characterize the reaction of peptide with API. 

13C NMR spectra were recorded using a Bruker Avance 400 MHz spectrometer 

employing DMSO-d6 as the solvent as shown in Figure 4.2a. The sample concentration 

was approximately 47 mg/mL. Chemical shifts were referenced to the residual carbon 

peak of DMSO-d6 at 39.5 ppm. The 13C NMR spectrum in DMSO-d6 for the modified 

peptide clearly shows one additional peak at 180.5 ppm, which corresponds to the C=S 

bond [326], compared to 13C NMR in DMSO-d6 for the starting materials of peptide and 

API, indicating the successful coupling of peptide with API.  

Figure 4.2b shows the ESI-MS spectrum of the mixture of API and peptide after the 

reaction. There is an obvious peak at 780.2, which is consistent with the molecular weight 

expected for the azido-peptide. Meanwhile, there are no obvious peaks around 176.2 and 

603.7, which correspond to the starting materials, API and peptide, respectively, 

indicating the high yield of the coupling reaction of API with the peptide. 
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Figure 4.2 (a) 13C NMR spectra of the starting materials and the product of azido-peptide; 

(b) ESI-MS spectrum of the unpurified azido-peptide. 

4.3.2 Characterization of RGD peptide modified SOS or Si substrate 

The success of the 1,8-nonadiyne modification has been demonstrated in section 3.3 by 

water contact angle, ellipsometry and XPS, which were also used to characterize the RGD 

peptide modified substrates. As displayed in Table 4.1, the water contact angle of RGD 

peptide modified substrate decreased to 57±3°, which was due to the hydrophilic property 

of the RGD peptide. The ellipsometric thickness of the RGD peptide functionalized 

monolayer increased to 2.17 ± 0.03 nm, indicating the success of the ‘click’ reaction. 
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Figure 4.3 shows the XPS results of the RGD peptide modified SOS substrate. There is 

an obvious N 1s peak at ~ 401 eV in the XPS survey spectrum (Figure 4.3a), revealing 

the successful attachment of the azido-peptide. The narrow scan signal of the N 1s region 

(Figure 4.3d) was deconvoluted and fitted to three peaks at 398.8 eV, 400.2 eV and 

401.5 eV, which were assigned to C=N, C-N/N-N=N, and N-N=N, respectively [182, 

327]. The absence of a peak at 403 eV, which corresponds to the central electron-deficient 

nitrogen in the azido groups, shows that there was no physisorption of the azide onto the 

silicon surface. The narrow scan from the C 1s region (Figure 4.3c) was deconvoluted 

into four peaks assigned to Si-C=C (283.8eV), C−C (285.0 eV), C−N/−O (286.7 eV) and 

C=O (288.7 eV) [322]. Importantly, there was a negligible amount of SiOX detected in 

the 101-104 eV region [170] in the narrow scan of Si 2p (Figure 4.3b) on the peptide 

modified surface, indicating a high-quality surface. The surface coverage of the 1,8-

nonadiyne monolayer on SOS surface was calculated to be 46% relative to the surface Si-

H sites according to the atomic ratio of C:Si (~ 0.38) derived from XPS result using the 

model proposed by Cicero et al. [186], which was comparable with a surface coverage of 

48% as the literature reported [183]. Using the same model, the surface coverage of the 

cyclic-RGDfK peptide monolayer was calculated to be 15% relative to the surface Si-H 

sites based on the atomic ratio of carbon (34.62 %) to silicon (50.66 %), indicating a 33% 

conversion of the surface acetylenes to corresponding triazoles. This low conversion 

could be caused by the steric hindrance of the cyclic-RGDfK peptide. For the peptide 

modification via µCP, similar results were obtained from water contact angle, ellipometry 

( see Table 4.1) and XPS (see Figure 4.3a), indicating the capability of using µCP to 

perform CuAAC ‘click’ reaction on SOS or Si surface. While the surface coverage for the 

peptide modified monolayer prepared via µCP was estimated to be 12% relative to the 

surface Si-H sites, with the atomic ratio of carbon (29.84%) to silicon (54.63%) using the 

same model already mentioned, which was slightly smaller than that prepared by a ‘click’ 

reaction in solution. This could be caused by the insufficient contact of the PDMS stamp 
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with the rough SOS substrate (surface roughness ~ 5 nm). 

Table 4.1 Contact angle and ellipsometric thickness of 1,8 nonadiyne modified substrate 

and peptide modified substrate. 

Surface Water contact angle ( °) Ellipsometry thickness (Å) 

SOS-nonadiyne 86±1 9.2±0.3 

SOS-peptide 57±3 21.7±0.5 

SOS-peptide* 58±2 21.4±0.4 

*surface prepared by µCP using a flat featureless PDMS stamp. 

 

 

Figure 4.3 XPS spectra of (a) 1,8-nonadiyne modified surface (black line) and cyclic-

RGDfK peptide modified surface prepared with a ‘click’ reaction in solution (red line) 

and via µCP (blue line) ; narrow scans of (b) Si 2p and (c) C1s and (d) N 1s of cyclic-

RGDfK peptide modified surface. 
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4.3.3 The pH response of the peptide modified SOS surface with LAPS 

The pH sensitivity of the peptide modified substrate was tested with LAPS. Figure 4.4 

shows the normalized I-V curves measured in a series of buffered solutions with pH range 

from 3 to 9.5, and the corresponding calibration curve. The pH sensitivity was only 

26 mV/pH, which was much smaller than the Nernstian response of 59 mV/pH, but 

similar to the pH response of 30 mV/pH on undecylenic acid modified SOS substrate [4]. 

This low pH sensitivity could be due to the low density of surface reactive sites on the 

peptide modified surface, which is caused by the low surface coverage of the peptide 

monolayer as calculated in section 4.3.2. 

 

Figure 4.4 (a) LAPS I-V curves of peptide modified SOS substrate at different pH values; 

(b) the pH sensitivity of the peptide modified surface (R
2
=0.9886). 

4.3.4 Cell adhesion 

After culturing cells on samples for 24 h, samples were washed with DPBS solution twice 

to remove the unattached and loosely-attached cells. The number of cells on the cyclic-

RGDfK peptide modified sample surface (see Figure 4.5a) was much higher than that on 

the NH2-terminated surface (see Figure 4.5b) and alkyne-terminated surface (see Figure 

4.5c), indicating that functionalization with cyclic-RGDfK peptide did enhance cell 

adhesion. 

0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

I/
I m

a
x

E/V

 pH 9.5

 pH 8.4

 pH 7.3

 pH 6.0

 pH 4.5

 pH 3.0

2 3 4 5 6 7 8 9 10
0.55

0.60

0.65

0.70

0.75

E
/V

pH

(a) (b)

26 mV/pH



78 

 

 

Figure 4.5 Optical images of osteoblasts cultured on (a) cyclic-RGDfK peptide modified, 

(b) NH2-terminated and (c) alkyne-terminated surfaces. 

The cytoskeleton architecture also showed a big difference on these three surfaces with 

different functionalities as demonstrated in Figure 4.6. The cells were well spread on 

cyclic-RGDfK peptide modified surface compared to the alkyne-terminated and NH2-

terminated surfaces. The actin filaments in the cells cultured on cyclic-RGDfK peptide 

were well-aligned along the long axis of the cells, while in the cells cultured on NH2–

terminated and alkyne-terminated surfaces, the actin was unevenly distributed or 

presented a thick layer at the cell borders, indicating improved adhesion of osteoblasts on 

the cyclic-RGDfK peptide modified surface compared to the NH2–terminated and alkyne-

terminated surfaces [328].   

 

Figure 4.6 Fluorescent images of actin stained by Alexa Fluor® 633 Phalloidin in 

osteoblasts cultured on (a) cyclic-RGDfK peptide modified, (b) NH2-terminated and (c) 

alkyne-terminated surfaces. 

4.3.5 Cell patterning 

To pattern the osteoblasts, an SOS substrate patterned with cyclic-RGDfK peptide via 

µCP was used to culture cells. Figure 4.7a shows the optical image of the pattern of 
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osteoblasts obtained after seeding cells on the cyclic-RGDfK peptide patterned substrate 

and incubating for 24 hours at 37°C with 5% CO2 at a concentration of 5x104 /mL in 

serum-free medium, which was in agreement with the pattern on the PDMS stamp of 

100 µm dots separated by 40 µm gaps (see Figure 4.7b). Most cells were attached and 

confined to the circular island area, indicating that cells prefer the cyclic-RGDfK peptide 

modified surface to the alkyne-terminated surface. As a control experiment, cells were 

seeded onto a homogenous cyclic-RGDfK peptide modified surface following the same 

protocol as described above, where no cell pattern was formed (see Figure 4.5a). Thus, 

this cell patterning also in turn validated the success of the chemical patterning of cyclic-

RGDfK peptide on the SOS substrate.  

 

Figure 4.7 Optical images of (a) osteoblasts patterns on patterned cyclic-RGDfK peptide 

modified SOS substrate and (b) patterns on PDMS stamp used in µCP cyclic-RGDfK 

peptide with 100 µm dots separated by 40 µm gaps.  

4.3.6 Single cell imaging with LAPS/SPIM  

LAPS and SPIM measurement based on SOS substrates using a femtosecond laser with 

two-photon effect as the light source has been demonstrated to be possible with very high 

resolution (0.8 µm) [4, 15] and has been successfully applied to image the impedance of 

collapsed microcapsules with unprecedented detail by our group [3], therefore the same 

photocurrent measurement system was used in this work. Before LAPS and SPIM 
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measurement of a single cell using the femtosecond laser, its two-photon effect was 

validated as reported previously [11]. The photocurrent dependence on the light intensity 

was measured using the femtosecond laser at 1250 nm and a diode laser at 405 nm, 

respectively. Figure 4.8 displays the double logarithmic plots of photocurrent versus 

intensity for both lasers, which showed linear relationships. A slope close to 1 was 

obtained for the diode laser, indicating its single photon effect as expected. In contrast, 

the slope for the femtosecond laser was close to 2, demonstrating its two-photon effect. 

 

Figure 4.8 Photocurrent dependency on the light intensity of the diode laser and 

femtosecond laser. 

To make sure that the optical image obtained from the camera is aligned with the 

photocurrent image measured with the femtosecond laser, a calibration experiment was 

performed using a 1,8-nonadiyne monolayer modified SOS sample with an SU 8 

photoresist pattern prepared by photolithography. Figure 4.9a showed the SPIM image of 

the photoresist pattern measured with the femtosecond laser at a bias voltage of 0.8 V, 

which matches the optical image obtained from the camera as displayed in Figure 4.9b, 

revealing a good alignment of the femtosecond laser and the camera. The small 

photocurrent on the photoresist coated area was due to the high impedance of the 

photoresist. 
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Figure 4.9 (a) SPIM image of the photoresist pattern measured with the femtosecond laser 

at a bias voltage of 0.8 V and (b) corresponding optical image from the camera. 

Figure 4.10 shows the photocurrent imaging results of single osteoblasts cultured on 

cyclic-RGDfK peptide modified SOS substrate with the femtosecond laser. However, 

there were no photocurrent contrasts on and off cells both, in the SPIM image which was 

measured at a bias voltage of 0.8 V (see Figure 4.10a) and in the LAPS image measured 

at 0.6 V (see Figure 4.10b), although there was a clear optical image of the osteoblasts 

from the camera (see Figure 4.10c), which could be ascribed to the poor sensitivity of the 

peptide modified surface to surface charge difference and the low impedance of single 

cells compared to the high impedance of the SOS substrate.  
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Figure 4.10 (a) SPIM image and (b) LAPS image of the osteoblasts cultured on cyclic-

RGDfK peptide modified SOS substrate at a bias voltage of 0.8V and 0.6V with 

femtosecond laser, respectively, and corresponding (c) optical image of the osteoblast 

from camera and (d) I-V curve.  

A series of similar experiments attempting to image single cells with LAPS and SPIM 

were also attempted on 1,8-nonadiyne and 3-azido-1-propanamine modified SOS 

substrates and with another cell type (rat neuroblastoma B50) cultured on the 

aforementioned surfaces (peptide modified, alkyne-terminated and NH2-terminated SOS 

substrates) using the same photocurrent measurement system. However, none of the 

LAPS and SPIM results showed any photocurrent contrast of cells images, indicating that 

LAPS and SPIM based on organic monolayers modified SOS substrates using a two-

photo effect for charge carriers generation were not sensitive enough for the detection of 

the surface charge and the impedance of single cells. This could be explained by the gap 

between the cell and the substrate in contrast to the LAPS images of multilayer yeast cells 
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which have been reported by our group recently [9], where the yeast cells were pushed 

against the substrate using agarose gel to make a close contact of the cells with the 

substrate. The LAPS measurements were carried out using an electrolyte solution with 

high ionic strength (~150 mM), and under this condition the Debye length was less than 

1 nm [291], which makes it difficult to detect the surface charge of single cells.   

4.4 Summary 

In summary, cyclic-RGDfK peptide was successfully modified on the substrate via a 

CuAAC ‘click’ reaction, which was validated by the water contact angle, ellipsometry 

and XPS results. The cell adhesion assay showed that there were more cells attached on 

the cyclic-RGDfK peptide modified surfaces compared to the amine-terminated and 

alkyne-terminated monolayers modified surfaces, demonstrating that this RGD 

containing peptide does enhance the attachment and affinity of the cells on the surface. 

An SOS surface patterned with the cyclic-RGDfK peptide was obtained by µCP 

combined with the CuAAC ‘click’ reaction. Furthermore, cell patterning was achieved by 

culturing cells on the cyclic-RGDfK peptide patterned SOS substrate, which in turn 

verified the success of the chemical patterning of cyclic-RGDfK peptide via µCP on SOS 

substrates.  

Photocurrent imaging of single cells (both osteoblasts and neurons) with LAPS and SPIM 

using a femtosecond laser with a two-photon effect as the light source was attempted on 

the cyclic-RGDfK peptide modified SOS substrate, 1,8-nonadiyne modified SOS 

substrate and 3-azido-1-propanamine modified SOS substrate, respectively. However, no 

photocurrent contrast was observed on and off cells in both LAPS and SPIM images for 

all of the attempts, which is attributed to the poor sensitivity of the present LAPS and 

SPIM system to single cells surface charge and impedance. Despite the failure of the 

direct imaging of the electrical parameters of single cells, the surfaces developed could 

be adapted for measuring metabolites and ion concentrations in the future.  
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To solve the aforementioned problems, an alternative semiconductor material was 

proposed and in the following chapter the preliminary data on photocurrent imaging of 

single cells with this substrate are presented. 
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5. Preliminary results of single cells imaging using light-addressable 

potentiometric sensors with ITO coated glass as the substrate 

5.1 Introduction 

Live-cell imaging methods that have been used to investigate the structural organization 

and dynamic processes of living cells or tissues non-invasively comprise optical 

microscopies and electrochemical imaging methods. Optical microscopy, especially 

fluorescence microscopy, is most widely performed in live-cell imaging for the study of 

the physiological state of cells, cellular transport or cell growth [329]. Electrochemical 

imaging methods are alternative techniques for live-cell imaging, including scanning 

electrochemical microscopy (SECM) [251, 330], scanning ion conductance microscopy 

(SICM) [257, 258], plasmonic-based electrochemical impedance microscopy (P-EIM) 

[262], and light-addressable potentiometric sensors (LAPS) [331]. They can map 

parameters such as Faradaic current, ion conductivity, local impedance, extracellular 

potentials and charges, which cannot be measured with optical microscopy. SECM maps 

local electrochemical current by scanning a microelectrode across the surface, while the 

SICM maps the ion conductance by scanning a nanopipette. Plasmonic-based EIM 

monitors local impedance by measuring the surface plasmon resonance (SPR) response 

to an applied ac signal. LAPS measures the local photocurrent in response to the surface 

potential by illuminating the semiconductor with a focused, modulated laser beam 

without the need for scanning microtips or labels, which would be highly advantageous 

for the non-invasive imaging of cells.  

Traditional semiconductor materials used as LAPS substrates include bulk silicon which 

was the first and most commonly used semiconductor substrate in LAPS and SPIM [5]. 

Sensor substrates based on thin silicon [16, 29], porous silicon [332], and amorphous 

silicon [17, 25, 27, 28], silicon on insulator (SOI) [11] and ultra-thin silicon on sapphire 

(SOS) [4, 15] were developed to improve the photocurrent response and the resolution. 
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Other semiconductor materials such as GaAs [22], GaN [23], and TiO2 [333] were also 

investigated as alternative sensor materials for LAPS and light-addressable electrodes. So 

far, the best resolution of sub-micron (0.8 µm) was achieved by our group using an SOS 

as LAPS substrate and a focused femtosecond laser with a two-photon effect as the light 

source. However, using this LAPS measurement system failed to image the electrical 

parameters of single cells as demonstrated in Chapter 4. Thus, it is of great importance to 

seek alternative substrate materials for LAPS imaging.        

In this work, indium tin oxide (ITO) coated glass was investigated as a new substrate 

material for LAPS and SPIM imaging. ITO is a heavily doped n-type semiconductor with 

a large bandgap of around 3.5 eV to 4.3 eV [334]. It is widely used as transparent 

conducting oxide because of its electrical conductivity, optical transparency and the ease 

to be deposited as films. In this work, a photocurrent of blank ITO could be excited by 

the UV part of a 405 nm diode laser that has been commonly used as a light source in 

LAPS. The mature ITO coated glass is cheap, robust, stable and easy to be modified, 

making it a suitable substrate for LAPS and SPIM imaging. It could significantly expand 

the application of LAPS imaging for general use. The photocurrent response, the pH 

response, LAPS and SPIM imaging and its lateral resolution using ITO coated glass 

without any modification were investigated in this work. Importantly, single cell imaging 

using LAPS based on ITO coated glass as the substrate was realized for the first time. 

5.2 Experimental methods 

5.2.1 Materials 

Indium tin oxide (ITO) coated glass (50 Ω/cm2) was purchased from Diamond Coatings 

Limited, UK. All chemicals were purchased form Sigma-Aldrich, including the cell 

culture materials of Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine Serum 

(FBS), penicillin-streptomycin, Dulbecco’s Phosphate Buffered Saline (DPBS, pH 7.4, 

10 mM phosphate buffer solution containing 137 mM NaCl and 2.7 mM KCl) and 
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Trypsin-EDTA. All solutions were prepared using ultrapure water (18.2 MΩ·cm) from a 

Milli-Q water purification system (Millipore, USA). Osteoblasts MG63 (Human 

osteosarcoma cell line) were provided by Dr Karin Hing’s group. Rat neuroblastoma B50 

cells were obtained from Professor Gleb B. Sukhorukov’s group and were originally 

purchased from Sigma-Aldrich. 

5.2.2 Preparation of ITO coated glass 

The ITO coated glass was cut into 1 cm × 1 cm pieces. They were cleaned by 

ultrasonication for 15 min with acetone, isopropanol, and ultrapure water. After drying 

with nitrogen, the ITO coated glass was kept at room temperature before use. 

5.2.3 Cell culturing on ITO 

Osteoblasts MG 63 and rat neuroblastoma B50 were cultured in a cell culture flask with 

DMEM supplemented with 10% FBS and 1% penicillin-streptomycin solution in a 

humidified atmosphere with 5% CO2 at 37°C with the medium changed every two days. 

At confluence, cells were passaged by trypsinization and then maintained in the medium. 

Before seeding cells, ITO coated glass substrates and LAPS chamber were sterilized with 

70% ethanol and rinsed thoroughly with sterilized water and sterilized DPBS solution and 

blown dry. Then cells were trypsinized in a 0.05% trypsin–EDTA solution and centrifuged 

at 1800 rpm for 5 min. After removing the supernatant, cells were dispersed in the cell 

culture medium described above. For single cell imaging with LAPS, cells were seeded 

onto the ITO coated glass surface in the assembled LAPS chamber at a concentration of 

2.5x104/mL and incubated at 37 °C with 5% CO2 for 24 hours. Before LAPS measurement, 

the cell culture medium was replaced with DPBS. 

5.2.4 Linear Sweep Voltammetry 

Linear sweep voltammetry (LSV) was carried out in 10 mM PBS buffer pH 7.4 containing 

137 mM NaCl and 2.7 mM KCl using an Autolab PGSTAT30/FRA2 (Windsor Scientific 
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Ltd, UK) using a platinum electrode and a Ag/AgCl electrode as the counter and reference 

electrodes, respectively. The scan rate was 5 mV/s. A diode laser (λ = 405 nm, max 

500 mW) was used as the light source.   

5.2.5 LAPS measurement 

The LAPS setup has been shown in section 2.4. In this work, the substrate was ITO coated 

glass. The diode laser LD1539 (Laser 2000, λ = 405 nm, max 50 mW) was used for charge 

carrier generation. The modulation frequency was 10 Hz. A white light illuminated the 

sensor from the front side to obtain an optical image of the cells from the camera. 

5.3 Results and discussion 

5.3.1 The photocurrent response of ITO coated glass 

The blank ITO coated glass showed an obvious photocurrent using LSV at anodic 

potentials with chopped 405 nm diode laser illumination (Figure 5.1a). Based on a 

bandgap of 4.3 eV to 3.5 eV, charge carriers in ITO should be excited at wavelengths 

below 288 nm to 354 nm, which indicated that charge carrier excitation was caused by 

the UV part of the wavelength distribution of the diode laser. This was also confirmed by 

a UV-Vis spectrum of the ITO coated glass (Figure 5.1b) which shows that the material 

is transparent to visible light and only absorbs light at wavelengths < 430 nm. Compared 

to a negligible background dark current, the photocurrent under illumination increased 

with the applied potential. An impedance spectrum of the ITO in PBS (Figure 5.1c and d) 

was dominated by a double layer capacitance of 13.2 µF/cm2 over a large range of 

frequencies demonstrating the blocking nature of the ITO-solution interface in the dark. 

This provided the basis for using ITO coated glass as a substrate for LAPS and SPIM. 
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Figure 5.1 (a) LSV curves of ITO coated glass in the dark and with chopped illumination; 

(b)UV/Vis absorption spectra of ITO coated glass surface; Bode plots of (c) magnitude 

and (d) phase of ITO coated surface in 10 mM pH 7.4 PBS buffer at the open circuit 

potential in the dark. The equivalent circuit inset comprises a serial combination of the 

solution resistance (R) and a constant phase element (Q), which represents the double 

layer capacitance for a circular surface area with 3 mm diameter (13.2 µF/cm2). 

5.3.2 The pH response of ITO coated glass 

LAPS has been developed for the detection of pH, ions, redox pairs and enzymatic 

reactions [335]. As the photocurrent-voltage (I-V) curve of LAPS responds to the surface 

potential, the pH could be monitored by a potential shift with a pH-sensitive layer, which 

has become a standard test. The I-V responses of ITO coated glass were measured in a 

series of pH phosphate buffer solutions (pH 4-9) with 0.1 M KCl using the LAPS setup 

shown in Figure 5.2. The ITO coated glass sensor showed an average pH sensitivity of 

70 mV/pH at a constant photocurrent of 10 nA (Figure 5.2), making this a promising pH 
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imaging sensor that could be adapted for other biochemical analysis with LAPS. After 

measuring I-V curves in buffer solutions from pH 4 to 9 in sequence, the I-V curve 

returned to its initial positon when the pH was changed back to 4, showing good 

reversibility and stability of ITO coated glass for pH sensing. It is worth noting that the 

pH sensitivity of 70 mV/pH in this case is a non-Nernstian response. In contrast to 

traditional LAPS measurements where the semiconductor substrate is insulated, the ac 

photocurrent measured with blank ITO originates from the anodic photocurrent shown in 

Figure 5.1a, which is affected by the pH dependent kinetics of the photoelectrochemical 

oxidation reaction [146, 336]. 

 

Figure 5.2 (a) LAPS I-V curves of ITO coated glass at different pH values; (b) the pH 

sensitivity of the ITO coated glass (R2=0.98). 

With such a high pH sensitivity (70 mV/pH), the ITO-based LAPS was applied to detect 

the cellular metabolism of a layer of osteoblasts by monitoring the photocurrent change 

caused by the pH change of the environment which was induced by metabolic products 

(carbon dioxide or lactic acid). In this experiment, osteoblasts were seeded on the sensor 

substrate at a concentration of 5x105 /mL to keep a high density of cells attached on the 

sensor substrate (Figure 5.3a) following the same procedure described in section 5.2.3. A 

control substrate was prepared without any cells, but incubated with cell culture medium 

for 24 hours. For LAPS measurement, DPBS with 1 mM phosphate was used as the 

electrolyte solution and an unfocused blue laser was used as the light source illuminating 
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the entire measurement area. Figure 5.3c shows a series of I-V curves recorded before and 

after adding 40 µL 1 M glucose solution in the LAPS chamber which contained 4 mL 

electrolyte solution for 60 min with cells attached on the ITO coated glass surface. Figure 

5.3d displays the voltage shift versus the time of before and after adding the glucose at a 

constant current value of 10 nA. At the time of 0 min, glucose was added to the electrolyte 

solution. Then the I-V curves continued shifting to the right which corresponded to a 

decreasing pH referring to the I-V curves shown in Figure 5.2a, due to the released acid 

product during the glycolysis. About 40 min after adding glucose, the I-V curves became 

stable, when the glycolysis reached a steady state. The maximum voltage shift was + 51 

mV, corresponding to a pH change of 0.73 unit. However, the pH change of the DPBS 

with 1 mM phosphate electrolyte solution after adding the same amount of glucose for 1 

hour with cells cultured in a petri dish was only 0.08 pH unit measured by pH meter. Thus 

it can be concluded that the pH change estimated from the LAPS measurement resulted 

from the change of the hydrogen ion concentration at the interface between the cells and 

the sensor surface, but not the pH change in the bulk electrolyte solution. For the control 

experiment, the I-V curves remained stable before and after adding glucose solution 

(Figure 5.3b). Thus, ITO-based LAPS was shown to be suitable detect the local pH 

change induced by cellular metabolism.  
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Figure 5.3 (a) optical image of an osteoblast monolayer cultured on ITO coated glass 

surface; (b) I-V curves on control sample (only cell culture medium incubated ITO coated 

glass substrate) before and after adding glucose solution for 60 min; (c) I-V curves on 

osteoblasts covered ITO coated glass substrate before and after adding glucose solution 

for 60 min and (d) corresponding voltage shift versus the time of before and after adding 

the glucose at a constant current value of 10 nA.  

5.3.3 LAPS and SPIM imaging of ITO coated glass 

Figure 5.4a shows the LAPS I-V characteristics of ITO coated glass with an unfocused 

laser source modulated at 10 Hz in pH 7.4 phosphate buffer. The ac photocurrent 

increased with the bias voltage and reached a plateau at about 2.3 V. At voltages greater 

than 2.5 V, the photocurrent dropped to zero because of the production of oxygen bubbles 

on the ITO surface at high positive potentials. In the following experiments, 2 V or an 

even lower voltage of 1.5 V was, therefore, chosen as the general measurement voltage. 

To investigate the effect of the modulation frequency on the photocurrent, both the 
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photocurrent and background ac current under dark condition at 2 V were measured from 

10 Hz to 10000 Hz. As shown in Figure 5.4b, the ac photocurrent decreased with 

increasing frequency while the dark current increased, which was caused by the 

background noise. The signal to noise ratio of the photocurrent decreased with increasing 

frequency. At frequencies greater than 10000 Hz the photocurrent could not be 

distinguished from the background dark current. 10 Hz was chosen as the measurement 

frequency in this work. To increase the measurement speed, higher frequencies up to 

1000 Hz could also be used, albeit at the cost of a decreased signal to noise ratio and, 

therefore, somewhat reduced LAPS and SPIM imaging quality. 

 

Figure 5.4 (a) LAPS I-V curve of blank ITO in pH 7.4 PBS buffer at 10 Hz with an 

unfocused laser source; (b) The frequency dependence of photocurrent and background 

AC current under dark condition. 

To investigate the light-addressability of ITO coated glass, the blank ITO sample was 

used for photocurrent imaging. The modulated laser beam was focused through the glass 

substrate onto the ITO layer. A scan of the photocurrent with the distance of the sample 

from the microscope objective (z axis) was used to find the laser beam focus (Figure 5.5b). 

The photocurrent reached a minimum in focus as the amount of photo-generated carriers 

decreased with the decrease of the illuminated area when focusing. The focused spot 

diameter was about 1 μm. The LAPS I-V curve in focus showed similar but lower 

photocurrent response compared to the unfocused laser source (Figure 5.5c). A typical 
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100 × 100 pixel photocurrent image of a circular area of blank ITO sealed with a rubber 

O-ring is shown in Figure 5.5a.   

 

Figure 5.5 (a) The LAPS image of blank ITO at 2 V and 10 Hz with a focused laser beam; 

(b) z axis line scan of the photocurrent around the focus; (c) the LAPS I-V curve in focus 

at 10 Hz. 

To characterize the lateral resolution, a poly (methyl methacrylate) (PMMA) dot was 

deposited from a 2% (w/v) polymer solution in anisole onto the ITO coated glass surface 

and allowed to dry. Figure 5.6a shows the SPIM area scan of the PMMA dot on the ITO 

coated glass surface measured at a bias voltage of 2 V and a modulation frequency of 

10 Hz with a focused laser beam. The polymer dot is clearly visible as a reduction in 

photocurrent in the coated area. In the polymer dot covered area, the photocurrent 

decreased to nearly zero because of the high impedance of the PMMA dot. For lateral 

resolution measurements, a photocurrent line scan across the edge of polymer film was 

carried out with the focused laser beam and 1 μm step size (Figure 5.6b). The full width 

at half maximum (FWHM) value of the first derivative of the edge response is a typical 

indicator of the lateral resolution [21]. As shown in Figure 5.6c, the FWHM lateral 

resolution was about 2.3 μm, which is comparable to ultra-thin silicon on sapphire 

illuminated with a 405 nm blue laser, which showed a resolution of 1.5 μm [15]. The good 

lateral resolution can be attributed to the small thickness of the ITO coating in the order 

of hundreds of nanometers resulting in a small effective diffusion length of minority 

charge carriers and the high quality focus of the laser beam.  
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Figure 5.6 (a) The LAPS image of a PMMA dot at 2 V and 10 Hz with a focused laser 

beam; (b) x-axis photocurrent scan across the edge of the PMMA dot; (c) the first 

derivative of (b) with FWHM of 2.3 μm 

To validate the surface potential imaging using ITO-based LAPS, a polycation of poly 

allylamine hydrochloride (PAH) dot was drop coated from a 20% (w/w) aqueous solution 

onto the ITO coated glass surface and allowed to dry. Figure 5.7a shows the LAPS images 

at 1.5 V with a modulation frequency of 10 Hz on the PAH dot coated ITO surfaces with 

a focused laser beam. At the selected voltage, an obvious white dot which corresponds to 

a greater photocurrent on the PAH dot than the blank ITO surface can be observed from 

the LAPS image shown in Figure 5.7a, which could be caused by a lower impedance or 

more positive charge of the PAH dot than the blank ITO surface. To verify this, 

electrochemical impedance measurements were carried out on an ITO sample before and 

after coating the 20% (w/w) PAH aqueous solution on the entire ITO surface. While the 

impedance spectra (Figure 5.7c) of ITO surfaces before and after PAH coating showed 

no difference at 1.5 V at a frequency of 10 Hz, which revealed the photocurrent difference 

between on the PAH dot and the blank ITO coated glass substrate was not resulting from 

the impedance but the surface charge. It is worth mentioning that there was a negative 

voltage shift of the I-V curves on the PAH dot compared to the blank ITO surface as 

displayed in Figure 5.7b, while the I-V curves of pH response shown in Figure 5.2a 

demonstrated a positive voltage shift for a lower pH value, which indicates a different 

response mechanism to traditional LAPS measurements. A possible explanation for this 

is that the positive surface potential introduced by the PAH increases the local potential 

-1500 -1000 -500 0 500 1000 1500

-1500

-1000

-500

0

500

1000

1500

 

 

 

8.0

6.0

4.0

2.0

0

X/µm

Y
/µ

m

I/
n
A

(a) (b) (c)

-30 -20 -10 0 10 20 30

0.0

0.2

0.4

0.6

0.8

1.0

I/
I m

a
x

x/m
-30 -20 -10 0 10 20 30

0.0

0.2

0.4

0.6

D
e

ri
v
a

ti
v
e

x/m



96 

 

and enhances the anodic process on the electrode surface, while a decrease in pH 

decreases the local OH- concentration thereby reducing the rate of the anodic process and 

causing a shift of the I-V curve in the opposite direction. Thus, the ITO-based LAPS was 

successfully applied to imaging surface potentials. 

 

Figure 5.7 (a) LAPS image of ITO coated glass surface with a PAH dot at 1.5V with a 

frequency of 10Hz and (b) corresponding I-V curves on the PAH dot (red) and on the 

blank ITO (black); (c) Bode plots of ITO coated glass surface before (black) and after 

(red) coating with a complete PAH layer at 1.5V. 

5.3.4 Cell imaging with LAPS and SPIM 

Figure 5.8a showed the LAPS image of four osteoblasts on ITO coated glass surface at 

1.5 V and a frequency of 10 Hz, which matched the optical image obtained from the 

camera (Figure 5.8e). The photocurrent on the cell was smaller than on the bare ITO 

surface, which could be caused by the negative charge of the cell surface or the impedance 

of the cell. While the impedance spectra (Figure 5.8f) of ITO surfaces before and after 

culturing a complete layer of osteoblasts (shown in Figure 5.3a) showed no difference at 

1.5 V at the frequency of 10 Hz, which revealed that the photocurrent difference on the 

cell and off the cell was not due to the impedance but the negative surface charge of the 

cell. This charge effect-induced LAPS imaging of the cells on ITO coated glass surface 

was also confirmed by the LAPS image of the phase mode (Figure 5.8c) measured at 

1.5 V and a frequency of 10 Hz, which was reported to be free from the variation of the 

maximum photocurrents obtained at the inversion voltage [12, 13]. The phase angle on 
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the cell was larger than on the blank ITO, also indicating the negative surface charge of 

the cells. 

 

Figure 5.8 (a) LAPS image of osteoblasts on ITO coated glass surface at 1.5 V with a 

frequency of 10 Hz and corresponding (b) I-V curves on cell (point A red and B blue) and 

off cell C (black),(c) Δphase angle image,(d) Δphase angle-voltage curves, (e) optical 

image and (f) Bode plots of ITO coated glass surface at 1.5V before (black) and after (red) 

culturing a layer of osteoblasts. 

It is also worth noting that the LAPS image of cells shown in Figure 5.8a presents a clear 
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smaller than the photocurrent on the cell edge. I-V curves displayed in Figure 5.8b were 

measured at different points on a cell (points A and B) and off the cell (point C). There 

was a bigger positive voltage shift of I-V curves on point A than on point B compared to 

the I-V curve obtained on point C off the cell, which indicated a higher negative charge 

density in the cell centre than the cell edge, demonstrating that ITO-based LAPS was 

successfully applied to imaging the surface charge distribution of a single cell. 

Besides imaging osteoblasts, rat neuroblastoma cells were also visualized with ITO-based 

LAPS. Figure 5.9a shows the LAPS image of three neurons attached on the ITO coated 

glass surface at 1.5 V and a frequency of 10 Hz, which matched the corresponding optical 

image in Figure 5.9c. There was an obvious photocurrent contrast on the neurons and on 

the blank ITO coated glass surface. Figure 5.9b shows the I-V curves on the cell centre 

point D and on the cell edge point E and off the cells point F. The value of the positive 

shift of I-V curve measured on point D in the cell centre compared to the I-V curve on 

point F off the cell was greater than that of the I-V curve on point E on the cell edge 

relative to the I-V curve on point F off the cell, which demonstrated more negative charge 

in the cell centre than the cell edge. The maximum voltage shift of I-V curves on the 

neuron compared to off the neuron is + 197 mV obtained from Figure 5.9b, which is 

slightly smaller than the maximum voltage shift of I-V curves (+ 218 mV) recorded on 

the osteoblast relative to off the osteoblast (see Figure 5.8b), indicating a higher negative 

charge density on the surface of osteoblasts than on the surface of neurons. It is important 

to note that there were some medium contaminants on the sensor substrate shown in the 

optical camera image (Figure 5.9c), while the LAPS image only showed the photocurrent 

signal from the neurons, further proving that the photocurrent signals were from cells. 
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Figure 5.9 (a) LAPS image of neurons on ITO coated glass surface at 1.5V and a 

frequency of 10Hz and corresponding (b) I-V curves on cell (point D red and E blue) and 

off cell F (black) and (c) optical image. 

5.4 Summary 

ITO coated glass was tested as a substrate material for LAPS and SPIM imaging. It 

showed an obvious photocurrent when illuminated with a 405 nm diode laser. The 

unmodified ITO coated glass surface showed a repeatable pH response in LAPS 

measurements and was successfully applied to detect the pH change of cellular 

metabolism in the surface attachment area of the cells. Local photocurrents were produced 

by scanning a focused laser beam across the sample for LAPS and SPIM imaging. Good 

lateral resolution of 2.3 μm was obtained using a PMMA dot deposited on ITO as the 

model system. Surface potential imaging with the ITO-based LAPS was verified using a 

PAH dot patterned ITO surface. There was a negative shift of the I-V curves on the PAH 

dot compared to the blank ITO surface, which was opposite to the shift direction of I-V 

curve recorded for a lower pH, indicating a different response mechanism compared to 

traditional LAPS measurement. Herein, we conclude that the photocurrent of ITO-based 

LAPS is affected by the anodic oxidation process. The positive surface potential 

introduced by the PAH increases the local potential and enhances the anodic process on 

the electrode surface, while a decrease in pH decreases the local OH- concentration 

thereby reducing the rate of the anodic process and causing a shift of the I-V curve in the 

opposite direction. Furthermore, surface charge imaging of a single cell was realized 
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using LAPS for the first time.  

The mature, commercial ITO coating technology reduces the cost compared to previously 

used, expensive semiconductor substrates. The ITO coated glass does not need an extra 

insulating layer and an ohmic contact as ITO has good electrical conductivity, which 

further simplifies the application of ITO coated glass. This simple, low-cost and robust 

substrate material is therefore likely to make the LAPS and SPIM imaging technology 

attractive for widespread use as chemical sensors, biosensors and cell-based biosensors.  
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6. Conclusions 

LAPS and SPIM based on different substrate materials were successfully employed to 

image organic monolayers and single cells in this work.  

Initially, SOS substrates modified with 1,8-nonadiyne self-assembled organic monolayers, 

were used as sensor chips for LAPS and SPIM. The alkyne-terminated surfaces were 

further functionalized with an azido molecule (3-azido-1-propanamine) via a Cu(I)-

catalyzed azide alkyne cycloaddition (CuAAC) ‘click’ reaction. A surface patterned with 

this azide was obtained by combining the CuAAC ‘click’ reaction with microcontact 

printing (µCP). In this work, it was established for the first time that alkyne-terminated 

surfaces modified with CuAAC ‘click’ reactions were contaminated with copper residues, 

which were not detectable by XPS, after the ‘click’ modified surfaces were rinsed with 

hydrochloride acid (HCl) solution, which has been frequently used to remove copper 

residues in the past. The copper residue was found and visualized with LAPS and SPIM, 

which showed negative voltage shifts of I-V curves and increases in the maximum 

photocurrent on the copper contaminated areas, corresponding to positive charges and 

decreased impedance induced by the copper contamination, respectively. Different 

strategies were then tested to avoid the copper contamination, including using stable, 

bulky copper(I) complex with a large counter ion to prevent the copper from entering the 

monolayer and rinsing the ‘clicked’ surface with different copper-removal solutions. The 

copper residue was completely removed by rinsing samples in a tetrasodium salt of 

ethylenediaminetetraacetic acid (EDTA) solution, the pH of which was adjusted to 7.4 

with trifluoroacetic acid (TFA), after the ‘click’ reaction. The ‘clicked’ monolayer was 

then characterized with LAPS and SPIM, showing a negative voltage shift of I-V curves 

due to the positively charged amine groups and a decreased maximum photocurrent due 

to the increased impedance compared to the unreacted 1,8-nonadiyne surface, for the first 

time. It is envisaged that the high sensitivity of LAPS and SPIM to surface charges and 

impedance demonstrated in this study makes them promising techniques to measure the 
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electrical properties of biomolecules on surfaces. 

Furthermore, the SOS substrate was functionalized with an RGD containing peptide, 

which was used to culture cells for the following electrochemical imaging of single cells 

using LAPS and SPIM. In this work, cyclic-RGDfK peptide was successfully 

immobilized on the SOS substrate by firstly modifying the cyclic-RGDfK peptide with 

an azido group by a linker molecule, 4-azidophenyl isothiocyanate (API), followed by a 

CuAAC ‘click’ reaction, which was validated by the water contact angle, ellipsometry 

and XPS results. The cell adhesion assay demonstrated that this RGD containing peptide 

enhanced the attachment of the cells on the substrate. An SOS surface patterned with the 

cyclic-RGDfK peptide was obtained by µCP combined with the CuAAC ‘click’ reaction, 

which was addressed for the first time. Then cell patterning was achieved by culturing 

cells on the cyclic-RGDfK peptide patterned SOS substrate, which in turn verified the 

success of the chemical patterning of cyclic-RGDfK peptide via µCP on SOS substrates. 

LAPS and SPIM imaging of single cells using this cyclic-RGDfK peptide modified SOS 

substrate and a two-photon effect for charge carrier generation was attempted. However, 

no photocurrent contrast was observed on and off cells in both LAPS and SPIM images, 

which was attributed to the poor sensitivity of the present LAPS and SPIM system to 

single cells surface charge and impedance.  

To solve the aforementioned problem, an alternative semiconductor material of ITO 

coated glass was proposed and investigated as a new substrate material for LAPS and 

SPIM imaging for the first time. An obvious photocurrent was observed when the ITO 

coated glass substrate was illuminated with a 405 nm diode laser. The unmodified ITO 

coated glass surface showed a repeatable pH response in LAPS measurements and was 

successfully applied to detect the pH change of cellular metabolism in the surface 

attachment area of the cells. Local photocurrents were produced by scanning a focused 

laser beam across the sample for LAPS and SPIM imaging. Good lateral resolution of 

2.3  μm was obtained using a poly(methyl methacrylate) (PMMA) dot deposited on ITO 
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as the model system.  

Surface potential imaging with the ITO-based LAPS was verified using a polycation of 

poly allylamine hydrochloride (PAH) dot patterned ITO surface. It was found that 

introducing a positive surface charge with PAH and a decrease in pH caused the I-V curves 

to shift in opposite directions, indicating a different response mechanism compared to 

traditional LAPS measurement. It was therefore concluded that the photocurrent of ITO-

based LAPS was affected by the anodic oxidation process. The positive surface potential 

introduced by the PAH increased the local potential and enhanced the anodic process on 

the electrode surface, while a decrease in pH decreased the local OH- concentration 

thereby reducing the rate of the anodic process and causing a shift of the I-V curve in the 

opposite direction. Furthermore, surface charge imaging of single cells was realized using 

this ITO-based LAPS system for the first time. Two types of cells including osteoblasts 

and rat neuroblastoma cells were tested. LAPS images showed negative surface charges, 

and a charge distribution of a higher charge density on the cell centre compared to the cell 

edge, for both types of cells.  
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7. Future work 

To continue this project, there remains a lot of work to do. The cyclic-RGDfK peptide 

modified SOS substrates used for LAPS measurement could be adapted for measuring 

the release of metabolites such as H+ from single cells by adding some glucose to the 

electrolyte solution, even though the electrical parameters such as impedance and surface 

charge of single cells could not be detected. In terms of the cellular patterns achieved in 

chapter 4, there were still some cells adhering on areas off the cyclic-RGDfK modified 

islands. To fully control the cell attachment only in the patterned area, a cytophobic 

molecule of poly(ethylene glycol) can be immobilized on the off-pattern area to block the 

cell attachment. 

Although single cells electrochemical imaging using LAPS has been achieved with ITO, 

there remain some problems to be solved. For example, the mechanism of using ITO-

based LAPS to image the surface charge of single cells is still not understood thoroughly, 

since the measurement was carried out using an electrolyte solution with high-ionic 

strength (~150 mM), and under this condition the Debye length was depressed to less than 

1 nm. Another issue is that the impedance of single cells has not been detected by SPIM 

using the same system. Since the impedance of cells on substrates is usually considered 

to be a measure of cell adhesion on a substrate, modifying the ITO substrate with 

cytophilic proteins or the RGD containing peptide to improve cell adhesion would be an 

option to realize the impedance imaging of single cells. The stability of the ITO coated 

glass substrate under the illumination of a focused light with a bias voltage was also a 

problem, which could be caused by the hole accumulation at the surface of ITO, which 

induced composition changes in ITO. This photodegradation problem of ITO might be 

solved by modifying ITO surface with redox agents.  

Despite the existing problems, using LAPS to image single cells is a novel 

electrochemical imaging method, which can be further applied for the investigation of the 

metabolic processes of single cells, the differentiation or proliferation of cells on different 
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types of surfaces to aid the development of tissue engineering materials and for the high-

throughput screening of drug induced cell responses, and as a diagnostic tool to 

distinguish healthy and diseased cells. 
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