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Figure 1 Schematic representation of signal transduction in Label-free (left) and Labelled assays 

(right). In a Label-free assay (left) a signal is generated directly through interaction with the analyte, 

and a molecular capturing element (blue) that is immobilised onto a transducer surface. In labelled 

“sandwich” assays (right) the analyte is sandwiched between a detector and a capture agent (e.g. 

antibodies), one of which is immobilised on a solid surface (capture element). The signalling moiety 

attached to the immobilised detector element (green) transduces the formation of the complex into 

a detectable output signal. 32 

Figure 2 An example calibration curve showing the relative figures of merit that can be extracted. 37 

Figure 3 Figure showing normal distribution of a set of blank values and how this effect the 

separation of the LOD and LOQ. The area under the curves at α signifies the values corresponding to 

false positives and β signifies the false negatives. 39 

Figure 4 Distribution of available electronic states or energy levels. The y axis represents energy 

whilst the x-axis represents the density of available states of a certain energy for each material. The 

shading represents the distribution of filled states (black = all states filled and white = no states 

filled). 46 

Figure 5 The Gaussian distribution of localised states that form the energy levels of the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for an 

organic semiconductor. 48 

Figure 6 OFET (a and b) and electrolyte gated transistors (EGTs) architectures reported in the 

literature as possible biosensors: c) ISOFET; d) EGOFET; e) OECT. The red circle indicates the different 

interfaces involved in the detection of biomolecules.50 51 

Figure 7 Molecular structures of selected high mobility p-type OSCs. 53 

Figure 8, Band structures showing the distribution of holes and the energy level alignment across the 

metal–insulator–(p-type) semiconductor structure at different gate voltages. (a) zero gate bias (VGS = 

0), (b) accumulation (VGS < 0) and (c) depletion (VGS >0) modes.51 The arrow points towards the 

region of the accumulated charges at the interfacial channel region where 2D charge transport is 

confined. 55 

Figure 9 A diagram showing the work function of several metals and the HOMO/LUMO levels of 

several p-type organic semiconductors relative to the vacuum level in eV.68 57 

Figure 10 Schematic structure of a classic BGBC OFET showing the shape of the conductive channel 

in blue, together with the evolution of a current-voltage characteristic for the device with fixed VG in 

different operating regimes: a) in the linear regime; b) at pinch-off; d) in the saturation regime. 60 
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Figure 11  Current-voltage (IDS-VDS) curves of DPPTTT p-channel OFET at different VGS gate voltages. 

The linear region (VDS<VGS−VT), saturation region  (VDS>VGS−VT) and pinch-off at VDS=VGS−VT are 

labelled.51 61 

Figure 12  Transfer characteristic of a typical p-type EGOFET device showing the extractable 

parameters in the saturation regime. ISD (black – solid lines) is plotted in a semi-log scale (left) 

highlighted are IOn and IOff used in calculating the IOn/IOff ratio. A linear fit to ISD plotted in a square 

root scale (blue – right) gives the gradient (A) and intercept (B) from which the mobility (µ) and 

threshold voltage (VT) are calculated through Equation 9-5. 62 

Figure 13 Electrochemical reactions of water. Standard potentials vs. Standardised Hydrogen 

Electrode (SHE). The difference of these two voltages provides the electrochemical window of water 

as 1.23 V 65 

Figure 14 Illustration of the ion distribution in the Stern model. Showing the Helmholtz layer (HL), 

the Gouy-Chapman diffuse layer and the bulk electrolyte (above), and spatial distribution of the 

potential between the gate and the semiconductor in an electrolyte-gated transistor (below)50 66 

Figure 15 Representation of the change in transfer characteristic and parameters caused by sensing 

for different FET biosensors. The devices are operating in the saturation regime and the IDS vs VG 

curves represent measurement taken before (blue) and after (red) a binding event. The architecture 

of each device is shown below. A) An EGOFET device modulated by the change in capacitance of the 

biolayer and VT, but μsat is constant; B) An FBI transistor, the effective gating capacitance remains 

constant and μsat and VT change; C) An ISFET, only VT varies as μsat and Ci remain constant. 69 

Figure 16 Scheme of the most commonly used immobilisation strategies for bio-recognition 

elements in biosensors.103 77 

Figure 17 Chemical structure of the regioregular poly(3-hexylthiophene)  (P3HT) (a) and the 

carboxylated poly[3-(5-carboxypentyl)thiophene-2,5-diyl] (P3PT-COOH) derivative (b). 80 

Figure 18 Polymers used for the deposition of ultra-thin-films onto the surface of the OSC containing 

the reactive functional groups required for in-situ covalent attachment of the recognition elements.

 82 

Figure 19 Scheme showing procedure for EGOFET biosensor device fabrication developed by Mulla 

and co-others.114 The device uses an Au source and drain contacts and PBTTT deposited as the 

device organic Semiconductor (OSC). (a) Initial device structure on the substrate. (b) PAA is spin-

coated onto the OSC and crosslinked by UV radiation. (c) Biotinalyted phospholipids are covalently 

attached to the surface using EDC/NHS amine coupling. (d) Aqueous sample containing analyte in 

PBS is applied and the electrolyte used to gate the EGOFET device using a gold gate electrode. Image 

reproduced from Ref.114 with permission from The Royal Society of Chemistry. 83 
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Figure 20 Schematic representations of gate (top) and OSC functionalised (bottom) EGOFET sensors 

demonstrated by B. Piro and co-workers used in displacement immunoassays.121,122 84 

Figure 21 (a) Cartoon representation of antibodies (blue) immobilised on a sensing interface and 

bound to an analyte (orange) in Schenk model.165 Approximate Debye length shown by dashed line. 

(b) A more realistic representation of antibody alignment, depicting a more random orientation 

relative to the surface. 89 

Figure 22 The cellular domain structure of HER2, composed of an extracellular domain (ECD), 

transmembrane domain (TD) and a tyrosine kinase domain which is the target for the drug 

Lapatinib.27 The ECD is itself composed of four individual domains and the two cysteine-rich domains 

CR1 and CR2 are the targets for monoclonal antibody therapies Pertuzumab and Trastuzumab. HER2 

can be cleaved by proteases at specific sites to produce the soluble ECD and a truncated receptor. 96 

Figure 23 Fluorescence image of a typical pattern of immobilisation. Picture taken from conventional 

interphase FISH protocol completed on a patient sample with a microscope slide after 14 hours of 

hybridisation. The probe used was LSI D13S319 for detecting 13q14.3 deletions, present in malignant 

cells.38 102 

Figure 24 Schematic representation of the developed gate functionalised EGOFET biosensor devices. 

The gold gate electrode was functionalised using carboxylic acid terminated thiol-based self-

assembled monolayers (SAMs) followed by EDC/NHS coupling of the relevant biorecognition 

element. The resulting biorecognition layer is shown in red and schematic structures of the two 

different SAM layers used are shown in Figure 45 and Figure 46. Au source and drain electrodes are 

patterned onto a glass substrate followed by spin-coating of the OSC. 106 

Figure 25 Schematic representation of the developed bilayer EGOFET device. Au source and drain 

electrodes are patterned onto a glass substrate followed by spin-coating of the OSC and PMMA-

based co-polymer containing carboxylic acid groups (shown in red). 107 

Figure 26 Chemical structures for p-type OSC used in devices. a) PBTTT-C14 b) DPPTTT. 108 

Figure 27 Film thicknesses determined by Dektak of PMMA COOH 10 % in anisole deposited on glass 

substrates at 2000 rpm. 112 

Figure 28 Film thicknesses determined by Dektak of Commercial high molecular weight PMMA and 

PMMA COOH 10 % in n- butyl acetate and toluene. The samples were prepared by spinning PMMA 

solutions on DPPTTT films on glass substrates. 113 

Figure 29 Optical microscope images at x100 magnification of a pristine DPPTTT (left) and a DPPTTT / 

PMMA COOH 10 % film (right). 114 
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Figure 30 AFM tapping mode 2 µm scans of spin-coated thin films on glass substrates of a) Pristine 

DPPTTT (RMS roughness = 1.2 nm); b) DPPTTT / PMMA COOH 10 % film (RMS roughness = 0.6 nm).

 114 

Figure 31 AFM tapping mode 1 µm scans of spin-coated thin films on glass substrates of a) Pristine 

PBTTT (RMS roughness = 2.7 nm); b) PBTTT / PMMA COOH 10 % film (RMS roughness = 0.6 nm). 115 

Figure 32 SEM images of spin-coated PBTTT films deposited on glass substrates (a) Pristine PBTTT 

film; (b) PBTTT film covered by a PMMA COOH layer (b). The samples were prepared by spinning 

PMMA COOH 10% in n-butyl acetate on PBTTT. The images were obtained by tilting the sample by 

55°. 116 

Figure 33 FT-IR spectra of PMMA/PMMA-COOH. (6A, 6B, 6C). 127 

Figure 34 OFET biosensor architecture (a & b). The red circle indicates interfaces available for 

functionalisation and detection of biomolecules. Picture of water gated field effect transistor as 

fabricated in OMIC (c). 128 

Figure 35 1H NMR spectra of PMMA COOH copolymers 6A-C. 133 

Figure 36 1H NMR spectra for PMMA 10% mol. (6A), showing the showing the resonances compared 

to calculate the experimental loading in the polymer. 134 

Figure 37 Formation of amide bonds can be achieved by EDC/NHS coupling reaction through the 

formation of highly reactive intermediates 1 and 2. 136 

Figure 38 AFM tapping mode 2 µm scans of the DPPTTT / PMMA COOH 10 % films; a) Pristine; b) 

after incubation in PBS for 2 hours; c) after antibody functionalisation by EDC/NHS. White lines on 

the images signify the areas displayed below in line scans. Root mean squared (RMS) roughness of 

the films is shown in Table 8. 137 

Figure 39 AFM tapping mode 500 nm scans of the DPPTTT / PMMA COOH 10 % films; a) after 

incubation in PBS for 2 hours (RMS roughness = 0.4 nm); b) after antibody functionalisation by 

EDC/NHS (RMS roughness = 1.7 nm). White lines on the images signify the areas displayed below in 

line scans. 138 

Figure 40 Scheme showing the procedure for fluorescence binding assay.  (a) Cleaned SiO2 substrate. 

(b) COOH functionalised Co-polymer spin-coated onto the substrate surface.  (c) Primary HER2 

antibody covalently attached to the surface. (d) Fluorescently labelled secondary antibody 

immobilised. (e)  Substrates are probed by fluorescent microscopy. (f) Relative intensity of the 

fluorescence is extracted from images in imageJ. 140 

Figure 41 Fluorescent microscope images and corresponding 3D plots of intensity: left, FITC-labelled 

secondary antibody (no primary antibody) on PMMA COOH 10% (control); right, FITC-labelled 

secondary antibody after primary antibody immobilisation on PMMA COOH 10% surface. Z axis 
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represents the fluorescence emission intensity; X and Y axes are the 2D substrate surface in units of 

pixel from the original image. 140 

Figure 42 Results from fluorescent binding assay to determine the concentration of primary 

antibody used in immobilisation procedure. 141 

Figure 43  Results from controls in the fluorescent binding assay for PMMA co-polymer. Negative 

controls are shown as unfilled bars and hash filled bars indicate assay where strong fluorescence 

signal is expected. The assay used a 270 nM solution of HER2 antibody as the primary antibody and a 

75 nM solution of fluorescently labelled secondary antibody. 142 

Figure 44 Results from fluorescent binding assay for PMMA co-polymer, comparing fluorescence 

between COOH loadings in PMMA co-polymer and use of complementary and non-complementary 

pairs of antibodies. The assay used 270 nM solutions of primary antibodies and 75 nM solutions of 

fluorescently labelled secondary antibodies. 144 

Figure 45 Scheme showing the procedure for the immobilisation of the THC sensing OBP onto the 

gold gate electrode used in the EGOFET sensor. A self-assembled monolayer (SAM) is prepared on 

the surface of the bare gold gate electrode. The OBPs are then covalently attached to the carboxylic 

acid bearing SAM by EDC/NHS coupling with a free amine group on the protein. 146 

Figure 46 Scheme for the formation of the BioSAM from the chemSAM. 147 

Figure 47 2D schematic representation of the BioSAM on gold gate electrode and the formation of 

hydrogen bonds between the amide groups of neighbouring chains (red arrows), leading to a dipole 

moment. 148 

Figure 48 AFM tapping mode 2 µm scans of the thermally evaporated gold substrates; left) as 

prepared gold substrate (RMS roughness = 2.13 nm); middle) after ChemSAM formation (RMS 

roughness = 2.39 nm); right) after antibody functionalisation by EDC/NHS (RMS roughness = 2.7 nm). 

White lines on the images signify the areas displayed below in line scans. 149 

Figure 49 AFM tapping mode 2 µm and 1 µm scans of the template-stripped ultra-flat gold films; a) 

after ChemSAM formation, 2 µm scan (RMS roughness = 0.49 nm); b) after ChemSAM formation, 1 

µm scan (RMS roughness = 0.46 nm); c) after antibody functionalisation by EDC/NHS, 2 µm scan 

(RMS roughness = 1.62 nm); d) after antibody functionalisation by EDC/NHS, 1 µm scan (RMS 

roughness = 1.81 nm). White lines on the images signify the areas displayed below in line scans. 149 

Figure 50 Transfer characteristic of a representative PBTTT EGOFET device using water droplet and 

W pin as the gate electrode. Source and drain electrode where patterned using a shadow mask. ISD 

(black – solid lines) and IG (black – dotted lines) plotted in a semi-log scale (left). ISD plotted in a 

square root scale (blue – right) from which characteristic parameters are extracted from the 

saturation regime. 153 
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Figure 51 Transfer characteristics showing the variation of performance of four PBTTT EGOFET 

devices fabricated on the same substrate with ISD and plotted in a semi-log scale. The devices were 

operated using water droplet and W pin as the gate electrode and source and drain electrode were 

patterned using a shadow mask. 154 

Figure 52 Variation in device parameters extracted from transfer characteristics of fabricated from 

concentrations of PBTTT varying from 3 -7 mg/ml. The EGOFET water droplet gated devices were 

measured using a W tip as the gate electrode. The averages and errors are taken from 12 devices 

fabricated on 3 different substrates for each concentration. 155 

Figure 53 Intra-substrate variation in device parameters extracted from transfer characteristics of 

fabricated from concentrations of PBTTT varying from 3 -7 mg/ml. The EGOFET water droplet gated 

devices were measured using a W tip as the gate electrode. The averages and errors are taken from 

4 devices fabricated on 3 separate substrates for each concentration. 156 

Figure 54 Output characteristic for PBTTT bilayer device in DI water VDS 0.05 to -0.5V and VGS 0 to -

0.7V in 0.1V steps. The migration in x axis intercept at higher gate voltages is highlighted in the inset.

 157 

Figure 55 Transfer hysteresis performance of single layer device analysed using the 3-point probe 

station and a 4µl droplet as the gating electrolyte. (Left)-Averaged transfer hysteresis and standard 

deviation of 4 devices on the same substrate. (Right)- Averaged transfer hysteresis of 4 devices over 

10 repeat cycles. The extracted parameters are shown in Table 12. 158 

Figure 56 Charts showing mean device performance as a function of PBTTT ratio. The devices have 

different blends of PBTTT and PMMA, with standard deviation shown across the 4 devices on each 

substrates a) Ion/Ioff ratio; b) VT ; c) Ion d) mobility expressed as µ*C. 160 

 Figure 57 Optical microscope images of phase separation in devices. A) 100% PBTTT; B) 70% PBTTT/ 

30% PMMA Blend; C) 50% PBTTT/ 50% PMMA Blend. 161 

Figure 58 Transfer Characteristic DPPTTT EGOFET device using water droplet and W pin as the gate 

electrode. Source and drain electrode where patterned using a shadow mask. ISD (black – solid lines) 

and IG (black – dotted lines) plotted in a semi-log scale (left). ISD plotted in a square root scale (blue – 

right) from which characteristic parameters are extracted from the saturation regime. 162 

Figure 59  Transfer characteristic displaying the effect on electrical performance of spin-coating n-

butyl acetate onto a DPPTTT device. The device was operated using 4 ul water droplet and W tip 

gate electrode. 163 

Figure 60 Transfer characteristics of water droplet gated DPPTTT devices operated with a tungsten 

gate electrode. Displayed are pristine OSC device and bilayer devices: DPPTTT (black), DPPTTT / 

PMMA COOH bilayer (red) and DPPTTT / PMMA bilayer (blue). a) ISD plotted in a semi-log scale. b) ISD 
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plotted in a square root scale from which characteristic parameters for VT and µ*C are extracted 

from the saturation regime. 164 

Figure 61 Transfer characteristics of water droplet gated DPPTTT devices with three different gate 

electrodes: Pt (blue), Au (red), W (black). a) ISD (left – solid lines) and IG (right – dotted lines) plotted 

in a semi-log scale. b) ISD plotted in a square root scale from which characteristic parameters for VT 

and µ*C are extracted from the saturation regime. The extracted parameters are displayed in Table 

13. 166 

Figure 62 Transfer characteristics of water droplet gated PBTTT devices with three different gate 

electrodes: Pt (blue), Au (red), W (black). a) ISD (left – solid lines) and IG (right – dotted lines) plotted 

in a semi-log scale. b) ISD plotted in a square root scale from which characteristic parameters for VT 

and µ*C are extracted from the saturation regime. The extracted parameters are displayed in Table 

13. 167 

Figure 63 Transfer characteristics of water droplet gated DPPTTT/PMMA COOH devices with three 

different gate electrodes: Pt (blue), Au (red), W (black). a) ISD (left – solid lines) and IG (right – dotted 

lines) plotted in a semi-log scale. b) ISD plotted in a square root scale from which characteristic 

parameters for VT and µ*C are extracted from the saturation regime. The extracted parameters are 

displayed in Table 13. 167 

Figure 64 Threshold voltage as a function of the theoretical work function of the gate material used 

in water droplet gated EGOFET devices with three different gate electrodes: Pt (5.65 eV), Au (5.4 eV), 

W (4.65 eV). a) DPPTTT based devices. b) PBTTT based devices. A linear fit is plotted for both OSCs. 

Pristine OSC devices are plotted in red and OCS/ PMMA COOH 10% bilayer devices are plotted in 

black. Errors are displayed as the standard deviation across 4 devices. 168 

Figure 65 Transfer characteristics comparing typical DPPTTT (left) and PBTTT (right) EGOFET devices 

using source and drain electrodes patterned by evaporation using a shadow mask (red) and 

photolithography defined IDE design (black), with 60 µm channel length. Devices operated with 

water droplet and Au wire as the gate electrode.  ISD (solid lines) and IG (dotted lines) plotted in a 

semi-log scale (left). ISD plotted in a square root scale (blue – right) from which characteristic 

parameters are extracted from the saturation regime. 170 

Figure 66 Transfer characteristics and output characteristics of typical DPPTTT EGOFET devices using 

an 8 µl water droplet and Au wire as gate electrode with varying channel lengths: a) 10 µm IDE; b) 20 

µm IDE; c) 40 µm IDE; d) 60 µm IDE; e) 60 µm shadow mask design. 172 

Figure 67 Transfer characteristic  comparing typical  DPPTTT EGOFET devices  of varying channel 

lengths using source and drain electrodes patterned by photolithography defined IDE design (L= 60, 
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40, 20, 10 µm, W = 16.9 mm)and evaporation using a shadow mask (L= 60 µm, W = 1 mm). Devices 

operated with DI water droplet and Au wire as the gate electrode. 173 

Figure 68 Variation in key transfer characteristics parameters DPPTTT EGOFET devices of varying 

channel lengths: a) Variation of maximum IDS as a function of device geometry factor; b) Variation of 

VT against device channel length; c) Variation of µ*C against device channel length. Errors are 

displayed as the standard deviation across 4 devices. 174 

Figure 69 Schematic showing a patterned glass substrate with four separate wells of 30 µl for 

holding the aqueous gating medium in the EGOFET device (left). Inset the photolithographically 

defined interdigitated source and drain electrodes with a channel lengths of L= 20 µm and channel 

width of W= 16.9 mm used in these devices. 176 

Figure 70  Three-dimensional structure of the constructed Electrolyte-gated OFET device. 177 

Figure 71 Exploded view of all the components – left PTFE block with gate electrodes, lower right the 

sensing chamber that contains 4 compartments that form 4 EGOFET devices, top – block containing 

spring loaded contacts that make the electrical connections to the devices. Inset- PTFE block holding 

4 gate electrodes. 178 

Figure 72 Transfer I-V curves (IDS vs. VG at VD=-0.4V) displaying the change in the device performance 

before and after the completion of the HER2 calibration curve for one device. The black (before) and 

red (after) curves show the measurement recorded with a bare Au gate, and the blue curve was 

recorded using the functionalised Biosam gate before the calibration curve measurements are taken.

 179 

Figure 73 EGOFET HER2 BioSAM sensing transfer characteristics (IDS vs. VG at VD=-0.4V). Displayed are 

the measurements collected for the calibration curve for one of the devices in response to increasing 

concentrations of analyte covering the range 1 x 10-18 M to 1 x 10-8 M for HER2 ECD (a) and negative 

control VEGF (b). The measurements are displayed with IDS in the linear scale on the left and as √IDS 

on the right which is used to extract VT and µ*C. 181 

Figure 74 EGOFET HER2 antibody BioSAM calibration curves of device response vs ligand 

concentration covering the range 1 x 10-18 M to 1 x 10-8 M. a) The relative change of the IDS current 

(∆𝐼/𝐼0); b) the relative change of the VT (∆𝑉𝑇/𝑉𝑇0); c) the relative change of the µ*C (∆𝜇𝐶/𝜇𝐶0). 

The blue squares are the responses for HER2 ECD as the ligand. The red circles are the responses to 

VEGF protein used as a negative control. The green triangles are the responses to a blank assay 

performed under the same conditions with PBS solutions but no analyte. A trend line has been fitted 

for the HER2 ECD responses (blue) using the Hill equation. From this the LoD is calculated as ~1 x 10-

18 M from the concentration equating to a signal response of -5.8%. 182 

Figure 75 The chemical structures of the cannabinoids of interest THC, CBD and CBN. 186 
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Figure 76 The effect of solvent and solubilising agent on EGOFET OBP-Lipoic acid SAM device 

response measured as ∆𝐼/𝐼0 from 0.1 µM concentration of THC. The recovery to the baseline I0 

value is investigated to the reversible nature of the response. The solvent used are DI water, 2% 

solution of isopropanol (IPA) in DI water and 0.0035% w/v TweeN-20 detergent in water. Each 

solvent system was used for all measurements (I0, I and recovery) in that group. 187 

Figure 77 EGOFET biosensor with OBP-Lipoic acid SAM sensing transfer characteristics (IDS vs. VG at 

VD=-0.4V). Displayed are the measurements collected for the calibration curve for one of the device 

each in response to increasing concentrations of analyte covering the range 1 x 10-14 M to 1 x 10-8 M 

for: (a) THC; and the negative controls (b) CBD and (c) CBD. The measurements are displayed with IDS 

in the linear scale on the left and as √IDS on the right which is used to extract VT and µ*C. 189 

Figure 78 EGOFET biosensor with OBP-Lipoic acid SAM calibration curves of device response vs 

ligand concentration covering the range 1 x 10-14 M to 1 x 10-7 M. Top) The relative change of the IDS 

current (∆𝐼/𝐼0); Middle) the relative change of the VT current (∆𝑉𝑇/𝑉𝑇0); Bottom) the relative 

change of the µ*C (∆𝜇𝐶/𝜇𝐶0). The blue squares are the responses for THC as the ligand. The red 

circles are the responses to CBN used as a negative control. CBD is investigated as a second control 

analyte shown by orange diamonds.  The green triangles are the responses to a blank assay 

performed under the same conditions with PBS solutions but no analyte. 191 

Figure 79 EGOFET biosensor with OBP-Lipoic acid SAM calibration curve of device response ∆𝐼/𝐼0 vs 

ligand concentration covering the range 1 x 10-14 M to 1 x 10-7 M. A trend line has been fitted for the 

THC responses (blue) using the Hill equation. From this the THC LoD is calculated as 1.6 x 10-14 M 

from the concentration equating to a signal response of -5.6%. 192 

Figure 80 Flow cell design V1. Clockwise A) 3D rendered image showing acrylic top cover (pink), laser 

cut tape (blue) and gold plated gate electrode pins. B) Exploded CAD image of the flow cell 

components in isometric view. C) Picture showing constructed flow cell. Gold plated pins are used as 

gate electrodes and their position fixed within the CNC milled acrylic top cover. Holes are placed 

through the acrylic and tape to allow access to the source and drain contact pads. The bottom 

surface of the pin serves as the gate electrode surface, which is fitted flush with the acrylic top cover 

and mounted onto the substrate with the double sided adhesive to give a controlled gate height of 

280 μm. The double sided tape has a laser cut design to produce a sealed flow cell of 51.8 mm2 in 

area and controlled chamber volume of 14.5 µl. The flow cell is accessed by inlet and outlet holes to 

which stainless steel tubing is inserted for connection to a syringe or micro-pump station. 197 

Figure 81 Images comparing liquid filling different designs of microfluidic flow cell with the water 

stained blue for visualisation purposes. Left: Original single chamber design as depicted in Figure 80, 
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showing example of bubble formation. Right: Flow cell design V2 with two separate chambers as 

depicted in Figure 82, showing a typically filled chamber. 198 

Figure 82 Flow cell design V2. The modified flow cell design features a two chamber design to 

improve fluid flow and reduce bubble formation. Each chamber has a width of 2.5 mm and a volume 

of 7 µl. 199 

Figure 83 Design for characterisation platform. a) 3D rendered image of top plate housing spring 

loaded micro-pins that are positioned to contact the S/D contact pads. b) 3D rendered image of 

bottom plate with flow cell fitted with gate electrodes and inlet/outlet tubing. c) Picture of 

characterisation platform and interface box for connection to Agilent. d) Top down picture of 

characterisation platform including and gate electrode receptacles. Wiring from the connections on 

the characterisation platform is neatly minimised by the mounted printed circuit board (PCB), that is 

connected to a coaxial cable by a 12 pin Molex connector. The coaxial cabling provides screening 

from external interference when connecting the connecting the platform with a cable interfacing 

box which allows for simple cable connection to the Agilent for device characterisation. 200 

Figure 84 Transfer hysteresis of single layer device with DI water comparing the reproducibility of 

the characterisation platforms over a short period of time. Left – As analysed using the 3 point probe 

station and a 4µl droplet of DI water as the gating electrolyte. The device was analysed at regular 

timed intervals and after 10 mins the initial droplet was removed and replaced with a second 

droplet; Right – As analysed with the characterisation platform using a flow cell device. Source and 

drain electrode where patterned using a shadow mask (W = 1 mm, L = 60 µm). VDS = -0.5V was used 

for device operation. 201 

Figure 85 Comparing performance of PBTTT devices analysed by water droplet (left) and in a flow 

cell (right). Displayed are the averaged transfer hysteresis and standard deviation of 4 devices on the 

same substrate. Droplet-based devices were analysed using the 3 point probe station, W gate 

electrode and a 4µl droplet as the gating electrolyte. The flow cell devices were analysed with the 

characterisation platform. Source and drain electrode where patterned using a shadow mask (W = 1 

mm, L = 60 µm). VDS = -0.5V was used for device operation. 202 

Figure 86 Comparing performance of PBTTT devices analysed by water droplet (black) and in a flow 

cell (red ISD (solid lines) and IG (dotted lines) are displayed on a linear scale (left graph) and plotted in 

a semi-log scale (right graph). Droplet devices are analysed using the 3 point probe station, W gate 

electrode and a 4µl droplet as the gating electrolyte. The flow cell devices were analysed with the 

characterisation platform. Source and drain electrode where patterned using a shadow mask (W = 1 

mm, L = 60 µm). VDS = -0.5V was used for device operation. 203 
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Figure 87 Change in transfer characteristic of PBTTT EGOFET device in a flow cell over 24 hours. The 

devices where tested initially in the flow cell (red) and after 24 hours incubation in water (blue). 

Source and drain electrode where patterned using a shadow mask (W = 1 mm, L = 60 µm). ISD (solid 

lines) and IG (dotted lines) are plotted in a semi-log scale. Plotted are the averaged transfer forwards 

sweep of transfer curve and standard deviation of 4 devices on the same substrate. VDS = -0.5V was 

used for device operation. 204 

Figure 88 Variation in characteristic parameters extracted from the transfer hysteresis for a single 

layer device in DI water over 10 repeated cycles in a 10 minute period, analysed in characterisation 

platform using a flow cell device. Displayed are values for each of the four devices on the same 

substrate. 204 

Figure 89 Transfer characteristic performance of single layer (top) and bilayer type devices (bottom), 

analysed in characterisation platform using a flow cell device. Left - Performance of a single device 

over 10 mins. Centre - Averaged transfer hysteresis and standard deviation of 4 devices on the same 

substrate on cycle 1. Right- Averaged transfer hysteresis during 10 repeat cycle tests. The source and 

drain electrode where patterned using a shadow mask. (W = 1 mm, L = 60 µm). VDS = -0.5V was used 

for device operation. 205 

Figure 90 Transfer hysteresis of PBTTT device tested in a flow cell in DI water (left) and PBS (right) 

over 2 hours, analysed in the characterisation platform using a flow cell device. The source and drain 

electrode where patterned using a shadow mask. (W = 1 mm, L = 60 µm). VDS = -0.5V was used for 

device operation. 207 

Figure 91 Transfer hysteresis of PBTTT/PMMA COOH layer device in DI water (left) and PBS (right) 

over 2 hours, analysed in the characterisation platform using a flow cell device. The source and drain 

electrode where patterned using a shadow mask. (W = 1 mm, L = 60 µm). VDS = -0.5V was used for 

device operation. 207 

Figure 92 Variation in characteristic parameters extracted from the transfer hysteresis from the 

various PBTTT-based devices described in Figure 90-Figure 91 over 2 hours, analysed in the 

characterisation platform using a flow cell device. The mean average of the four devices on the same 

substrate and their standard deviation is displayed in each chart. Red - Single Layer devices in DI 

water. Orange - Single layer devices in PBS. Blue - Bilayer devices in DI water. Green - Bilayer devices 

in PBS. The Source and drain electrode where patterned using a shadow mask. (W = 1 mm, L = 60 

µm). VDS = -0.5V was used for device operation. 208 

Figure 93. ‘On current’ monitored over time; this was performed by holding the VDS at -0.5V and VGS 

at -0.4V, using a flow cell device in DI water, analysed in the characterisation platform. 209 
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Figure 94 PBTTT / PMMA COOH IDE design in flow cell with water. Left)  Transfer characteristic, VDS = 

-0.7V was used for device operation.; Right) Output characteristic. The Source and drain electrode 

where patterned by photolithography with a IDE design. (W = 16.9 mm, L = 60 µm). 211 

Figure 95 Transfer hysteresis of PBTTT / PMMA COOH IDE design device in PBS over 2 hours 

operated under constant bias stress of repeated transfer hysteresis cycles. The device was analysed 

in the characterisation platform using a flow cell device and the extracted parameters are displayed 

in Figure 96. 212 

Figure 96 Variation in characteristic parameters extracted from the transfer hysteresis PBTTT / 

PMMA COOH IDE design device in PBS over 2 hours operated under bias stress of repeated transfer 

hysteresis cycles as described in Figure 95 over 2 hours. The devices were analysed in the 

characterisation platform using a flow cell device. Top; ISD (black) and IG (red) at maximum VG 

extracted from transfer hysteresis cycles; Middle VT extracted from transfer hysteresis cycles; 

Bottom  µ*C extracted from transfer hysteresis cycles. 213 

Figure 97 Typical performance of a single layer DPPTTT device with the shadow mask design (W = 1 

mm, L = 60 µm) operated in flow cell with water as electrolyte. Left) Transfer characteristic, VDS = -

0.8V was used for device operation; Right) Output characteristic. The transfer characteristic was 

measured with VDS = -0.8V. 214 

Figure 98 Comparing the electrical performance of typical DPPTTT devices analysed by water droplet 

(black) and in a flow cell (red). ISD (solid lines) and IG (dotted lines) are displayed on a linear scale (left 

graph) and plotted in a semi-log scale (right graph). Droplet devices are analysed using the 3 point 

probe station, Au gate electrode and a 4µl droplet as the gating electrolyte. The flow cell devices 

were analysed with the characterisation platform and VDS = -0.8V was used for device operation. The 

Source and drain electrode where patterned using a shadow mask (W = 1 mm, L = 60 µm). 215 

Figure 99 Typical transfer characteristic (left) and output characteristic (right) of DPPTTT/ PMMA 

COOH devices with the shadow mask design (W = 1 mm, L = 60 µm) operated in a flow cell with 

water (top) and PBS (bottom) as the electrolyte. The transfer characteristic was measured with VDS = 

-0.8V. 216 

Figure 100 Typical transfer characteristic (left) and output characteristic (right) of DPPTTT devices 

with the IDE design operated in a flow cell with water (top) and PBS (bottom) as the electrolyte. The 

Source and drain electrode where patterned by photolithography with an IDE design (W = 16.9 mm, 

L = 20 µm). The transfer characteristic was measured with VDS = -0.7V. 217 

Figure 101 Averaged transfer characteristics of DPPTTT devices with IDE operated in a flow cell with 

water as the electrolyte. ISD (solid lines) and IG (dotted lines) are plotted in a semi-log scale. Plotted 

are the averaged forwards sweeps of the transfer curves and standard deviations of the 4 devices on 
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the same substrate. The source and drain electrode where patterned by photolithography with an 

IDE design (W = 16.9 mm, L = 20 µm). The transfer characteristic was measured with VDS = -0.7V. 218 

Figure 102 Typical transfer characteristic (left) and output characteristic (right) of a DPPTTT/ PMMA 

COOH device with the IDE design operated in a flow cell with PBS as the electrolyte. The source and 

drain electrode where patterned by photolithography with an IDE design (W = 16.9 mm, L = 20 µm). 

The transfer characteristic was measured with VDS = -0.7V. 219 

Figure 103 Averaged transfer characteristics of DPPTTT/ PMMA COOH devices with IDE operated in a 

flow cell with PBS as the electrolyte. ISD (solid lines) and IG (dotted lines) are plotted in a semi-log 

scale. Plotted are the averaged forwards sweeps of the transfer curves and standard deviations of 

the 4 devices on the same substrate. The source and drain electrode where patterned by 

photolithography with an IDE design (W = 16.9 mm, L = 20 µm). The transfer characteristic was 

measured with VDS = -0.7V. 219 

Figure 104 Monitoring the typical device performance during the functionalisation procedure for 

DPPTTT/ PMMA COOH devices. A schematic representation of the tested EGOFET devices is shown 

for before functionalisation (left), following immobilisation of the antibodies by EDC/NHS (middle) 

and after blocking with BSA (right). The transfer (top) and output characteristics (bottom) of typical 

devices are shown. The devices were fabricated with the IDE design and operated in a flow cell with 

PBS as the electrolyte. The source and drain electrode where patterned by photolithography with an 

IDE design (W = 16.9 mm, L = 20 µm). The transfer characteristic was measured with VDS = -0.7V. 220 

Figure 105 Averaged transfer characteristics of DPPTTT/ PMMA COOH devices during the 

functionalisation procedure. Plotted are the averaged transfer curves and standard deviations of 4 

devices on the same substrate before functionalisation, following immobilisation of the antibodies 

and after blocking with BSA. The devices were fabricated with the IDE design and operated in a flow 

cell with PBS as the electrolyte. ISD (solid lines) and IG before functionalisation (dotted lines) are 

plotted in a semi-log scale. The source and drain electrode where patterned by photolithography 

with an IDE design (W = 16.9 mm, L = 20 µm). The transfer characteristic was measured with VDS = -

0.7V. 221 

Figure 106 Transfer characteristics of functionalised DPPTTT/ PMMA COOH devices in the flow cell 

across the range of concentrations investigated in the calibration curve. Plotted are the 

measurements recorded using PBS as the gating medium following incubation at each concentration 

level. The measurements displayed here correspond to the extracted parameters for D3 in Figure 

107. The source and drain electrode where patterned by photolithography with an IDE design (W = 

16.9 mm, L = 20 µm). The transfer characteristic was measured with VDS = -0.7V. 223 
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Figure 107 Calibration curves for the antibody functionalised flow cell devices for the detection of 

HER2 ECD in PBS. The normalised response calculated from the extracted IDS, VT and µ*C is shown 

across the 0.1 to 1000 ng/ml concentration range which was investigated. 224 

Figure 108 Device transfer characteristic parameter variation during baseline assay experiment in 

PBS. Tests were conducted in groups of 20 cycled transfer curve measurements with 20 mins 

incubation period and 2 mins rinsing of the flow cell in between each test group. Displayed is the 

average of the last 5 transfer curves of each of the 7 sequentially tested groups. The source and 

drain electrode where patterned by photolithography with an IDE design (W = 16.9 mm, L = 20 µm). 

The transfer characteristic was measured with VDS = -0.7V and VGS swept in both directions from + 

0.2.V to -0.8V. 227 

Figure 109 Typical transfer characteristic of DPPTTT-based devices with the IDE design operated in a 

flow cell with PBS as the electrolyte. Compared are devices fabricated with pristine DPPTTT, 

DPPTTT/PMMA devices annealed at 80 °C and 110 °C for 1 hour to give PMMA thickness of 20 nm 

and DPPTTT/PMMA device fabricated to give a PMMA thickness of 110 nm and annealed at 80 °C. 

The source and drain electrode where patterned by photolithography with an IDE design (W = 16.9 

mm, L = 20 µm). 229 

Figure 110 Typical transfer curves of DPPTTT-based devices during bias stress measurements of 50 

repeated cycles. Compared is a single device fabricated with pristine DPPTTT (left) and 

DPPTTT/PMMA devices annealed at 80 °C (middle) and 110 °C (right) fabricated with the IDE design 

and operated in a flow cell with PBS as the electrolyte. The source and drain electrode where 

patterned by photolithography with an IDE design (W = 16.9 mm, L = 20 µm). The transfer 

characteristic was measured with VDS = -0.7V. 230 

Figure 111 Bias stress averaged transfer curves over repeated cycles. Compared are devices with 

pristine DPPTTT (left) and DPPTTT/PMMA devices annealed at 80 °C (middle) and 110 °C (right) 

fabricated with the IDE design and operated in a flow cell with PBS as the electrolyte. ISD (solid lines) 

and IG (dotted lines) are plotted in a semi-log scale. Plotted are the averaged forwards sweeps of the 

transfer curves and standard deviations of the 4 devices on the same substrate. The source and 

drain electrode where patterned by photolithography with an IDE design (W = 16.9 mm, L = 20 µm). 

The transfer characteristic was measured with VDS = -0.7V. 230 

Figure 112 The device transfer characteristic parameter variation of DPPTTT-based devices under 

bias stress. Displayed are the absolute parameters values (left) and relative change as a percentage 

(right) for Ion, µ*C and VT. The percentage change is calculated relative to the 10th cycle. The averages 

and standard deviations are taken across 4 devices. Compared are devices with pristine DPPTTT (red) 

and DPPTTT/PMMA devices annealed at 80 °C (green) and 110 °C (blue) fabricated with the IDE 
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design and operated in a flow cell with PBS as the electrolyte. The source and drain electrode where 

patterned by photolithography with an IDE design (W = 16.9 mm, L = 20 µm). The transfer 

characteristic was measured with VDS = -0.7V and VGS swept in both directions from + 0.2.V to -0.8V.

 231 
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Figure 118 GPC showing Mw distribution from polymerisation reaction in dioxane with different 

loadings of COOH containing monomer 241 

Figure 119. Cross section image of 3M™ Double Coated Membrane Switch Spacer (3M 7961MP). 

Features 0.05 mm adhesive layers, 0.18 mm PET carrier and 0.11 mm Polycoated Kraft Paper (Liner). 

This gives an applied thickness of ~280 μm. 241 
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two syringes containing the prepared fluids needed for the experiment. The syringes are mounted 

on to separate syringe pumps allowing the flow rate to be controlled. Only one syringe pump is used 
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Figure 121 Assembled measurement system inside a probe station and the contacts are connected 
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Figure 122 Gate leakage measured for the transfer I-V curves in Figure 72 (IDS vs. VG at VD=-0.4V) 
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green triangles are the responses to a blank assay performed under the same conditions with PBS 

solutions but no analyte. 244 
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Abstract 

Organic field effect transistors (OFETs) have gained interest as transducers for label-free biosensors 

as they benefit from intrinsic signal amplification and electrical output to enable outstanding sensing 

performance. They are easy to interpret and can be fabricated at low cost; allowing the 

development of disposable electronic sensing systems that are ideal for point of care (PoC) testing.  

Electrolyte-gated organic field effect transistors (EGOFETs) benefit from a simple device architecture 

that utilises an aqueous gating solution, a low operating potential (<1 V) and in-situ detection of the 

analyte in solution. In this thesis EGOFET-based biosensors have been investigated as a platform for 

the antibody-based detection of the extra cellular domain (ECD) of human epidermal growth factor 

receptor 2 (HER2), an established blood serum biomarker for breast cancer. In addition, the 

detection of tetrahydrocannabinol (THC), the psychoactive cannabinoid component of cannabis was 

investigated using Odorant Binding Proteins (OBPs) as the biorecognition element for the selective 

detection of the analyte using an EGOFET-based biosensor. 

The EGOFET devices utilised solution processed polymeric semiconductors (P3HT, PBTTT and 

DPPTTT) as the active layer. The superior environmental stability of the DPPTTT-based devices over 

PBTTT was demonstrated by examining the device performance after prolonged exposure to 

buffered saline solutions. Device operation was improved by the use of interdigitated source and 

drain electrodes and gold gate electrodes.  

Two strategies where investigated for the functionalisation of EGOFET with the appropriate 

biorecognition element at the gate electrode or the OSC interface. In the first approach the gold gate 

electrode was functionalised using established methods that use the formation of a carboxylic acid 

terminated thiol-based self-assembled monolayer (SAMs) onto the gold surface followed by 

EDC/NHS coupling of the relevant biorecognition element. The performance of the biosensors was 

verified by the construction of a calibration curve and the selectivity investigated by the analysis of 

appropriate controls. This allowed proof of concept for the EGOFET-based detection of ECD of HER2 

by a gate electrode functionalised with antibodies. Additionally, the versatility of the technique was 

displayed by the detection of THC using OBPs attached to the gate electrode and displaying the 

selective detection of THC over other cannabinoids. 

In the second approach, functionalization dielectric copolymers, derived from poly(methyl 

methacrylate) (PMMA) containing carboxylic acid groups (-COOH), were synthesised for use in 

bilayer type devices, prepared by spin coating on to the active semiconducting layer of the EGOFET. 

This bilayer design allowed functionalisation with the HER2 antibody, by covalent attachment to the 
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dielectric surface by EDC/NHS coupling. The functionalisation procedure was confirmed by 

fluorescent binding assay, AFM and water contact angle measurements. 

The integration of EGOFET devices within a fluidic cell demonstrated robust operation, enabled easy 

fluid handling, and eliminated problems with water evaporation that hamper the utility of droplet-

based devices. The functionalisation process was shown to have negligible impact on device 

operation. Bias stress induced drift in electrical performance was observed in DPPTTT/PMMA COOH 

devices. However, increasing the final annealing temperature to above the Tg of PMMA resulted in 

improved performance and reduced drift. The resulting platform is therefore well positioned for 

sensing experiments and further development as a biosensor.  
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1 Introduction 

1.1 Preface 

Electronic sensors systems are a critical component of the devices needed to deliver the burgeoning 

Internet of Things and are essential for a wide range of applications in wearable electronics, 

healthcare and smart cities. These high-volume sensor applications are pushing the global sensor 

market towards the introduction of over one trillion units per annum and these devices will allow 

the routine monitoring of health, exercise and the environment in daily life. 

Biosensors are devices that provide effective identification and quantification of a wide range of 

clinically relevant biomarkers present in biological media such as blood, urine and saliva. They have 

great potential in the diagnosis, prognosis and therapeutic stratification of diseases and conditions.1 

A biomarker is considered as a measurable substance or characteristic present within the human 

body that is indicative of a particular disease or biological state of an organism. A biosensor is 

defined as an analytical device that uses a specific isolated biologically derived element such as an 

enzyme, immunosystem, tissue, organelle, or whole cell directly coupled to a transducing element 

for the detection of chemical compounds, usually by producing an optical, thermal or electrical 

signal.2 In essence, by utilising the specific complementary interaction between an analyte and a 

biological recognition element transduction is possible into a distinct measurable signal. 

The development of highly sensitive, specific, and portable methods of rapidly detecting and 

quantifying increasing numbers of relevant biomarkers with Point-of-Care (POC) sensing systems is 

critical for the advancement of medical care. POC systems are intended to integrate the processing 

of clinical samples and the quantification of a variety of biomarkers within an inexpensive, user-

friendly platform where the underlying technology can reduce the complexity of the test allowing 

on-site quantification.3–5 Development of POC technologies will help provide clinicians access to a 

greater depth of molecular information for disease profiling, to aid and tailor therapy decision 

making for the advancement of personalised medicine. These sensors are desirable to quickly gather 

vital patient information and accelerate progress in better understanding the complexities and 

patterns in managing many diseases. For example, electrical biochips have been developed that 

enable manipulation and sensing of biological media meet the needs of POC systems by delivering 

on-chip sample preparation, reduced sample volumes, label-free detection, reduced cost and 

complexity (ease of use), miniaturisation for portability and integration into multiplexing.6,7 
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Despite the significant increase in new technology platforms and the discovery of potential disease 

biomarkers reported in the literature the uptake of these into clinical application remains relatively 

slow.8,9 The uptake of new techniques and acceptance of biomarker detection has been hampered 

by the demands for approval by healthcare regulatory bodies. Low cost and easily modifiable assays 

would aid in the expansion of clinical trials, aiding in discovery and validation of new biomarkers 

(genomics and proteomics) and the rapid introduction of their testing into clinical practice. 

To see widespread use in a clinical setting and an impact on clinical decisions the chosen biomarkers 

and assay must demonstrate the validity and the utility that the gathered information have on 

clinical decisions. For a newly developed assay to be approved for use in clinical practice the 

analytical and clinical validity must be proven and then the clinical utility within a specific setting 

must be demonstrated. 

Analytical validity is determined by the sensitivity, specificity and reproducibility of an assay for the 

detection of a target analyte, ensuring the accurate and reliable detection and measurement of the 

desired biomarker. The analytical validity of results is reliant on the limitations of the procedure 

(methodology), techniques and equipment employed. Clinical validity refers to the accuracy of the 

measured biomarker to identify a patient’s clinical condition, i.e. the state (presence, absence) or 

risk of a specific disease. Clinical utility identifies the risk and benefits gained from the given test 

results; specifically, whether the results gained can be used to guide successful clinical actions that 

improve patient outcomes. 

For a novel prognostic biomarker test to gain approval for clinical use, it must demonstrate an 

improvement relative to its equivalent approved technique allowing more effective clinical actions. 

Desirable improvements include greater reliability, convenience, cost or less invasive sample 

collection while not compromising reliability and accuracy, therefore, providing comparable test 

results to those possible from centralised laboratories. A fully realised POC testing platform aims to 

achieve all these requirements.7  

For PoC testing to be realised, advancements in the field of biosensor technologies are necessary 

and sought after. In this thesis the potential of organic field effect transistor (OFET) devices for use in 

biosensor devices will be discussed and investigated. To introduce the work this Chapter discusses 

biosensors and the performance figures of merit, it outlines the role of electrolyte gated field effect 

transistors (EGOFET) and their mode of operation and highlights recent literature examples of their 

use as biosensors. Additionally, the urgent need for development of biosensors within the field of 

breast cancer and unique challenges faced within this field will also be reviewed.  
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1.2 Biosensors 

Biosensors are analytical devices that combine a biological recognition element and a transducer for 

the detection of an analyte (chemicals). Biosensors are composed of three major components: the 

recognition element, the signal conversion (transducer) and the output interface. They are generally 

classified by the bioreceptor and the transducer that is utilised. 

The biorecognition element is a biologically derived or biomimetic component that specifically binds 

to the desired analyte and can be naturally occurring or biologically engineered for example 

enzymes, antibodies, aptamers and deoxyribonucleic acid (DNA). Therefore, biosensors benefit from 

the inherently high selectivity of the biological recognition elements to the analyte which is also 

imparted to the biosensor device. The term bio-recognition is used to describe the binding of the 

ligand (analyte) to the bioreceptor (biorecognition element) that results in the formation of a 

biorecognition complex (R-L complex) which produces an initial signal such as light, heat, pH change 

or mass change etc. The affinity between a ligand L (analyte) and a receptor R (such as an antibody) 

is commonly described by its dissociation constant (Kd) and describes how tightly a ligand binds to its 

receptor. The formation of the receptor-ligand complex RL in free solution can be simply described 

as: 

𝑅 + 𝐿 ⇌ 𝑅𝐿 

Therefore, giving the corresponding dissociation constant as: 

𝐾𝑑 =
[𝑅][𝐿]

[𝑅𝐿]
 

Where [R], [L] and [RL] are the molar concentrations of the receptor, ligand and receptor-ligand 

complex. The resulting dissociation constant represents the ligand concentration that occupies half 

of the receptors at equilibrium. A smaller dissociation constant indicates a more tightly bound ligand 

and a large affinity between the ligand and the receptor. Therefore the affinity constant (Ka) is 

inversely related to the dissociation constant (Kd): 

𝐾𝑎 =
1

𝐾𝑑
 

One of the strongest known affinities is that shared between biotin and streptavidin with a Kd~10-14 

M and is used extensively molecular biology and biotechnology.10 

The coupling of a transducer to the biorecognition element allows the conversion of this 

biorecognition event into a physiochemical response that can be more easily measured as the 
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transducer signal (the device signal). Transducers are typically categorised by the type of measurable 

signal that is produced in the detection, these include: electrochemical, optical, thermal and mass/ 

acoustic (aka piezoelectric) transducers. The electrochemical-based sensors can then be further 

subdivided into amperometric, potentiometric, coulometric and impedance-based devices. 

The transduced signal may require some further processing including conversion from analogue to 

digital and amplification in order to display the sensing results to the user in a form that is suitable to 

the context the device is used in. Most transducers used in biosensors produce an optical or 

electrical transducer signal therefore benefitting from the relative ease of their measurement and 

processing which improves the utility of the device and reduces complexity and cost of production. 

Depending on the biosensor it can provide a quantifiable or a qualitative (semi- quantifiable) 

detection of the analyte, this depends on the purpose and context of the analyte being investigated 

for example a pregnancy test need only provide qualitative information to the user.  
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1.2.1 Labelled assays 

In general there are two types of detection use in biosensors, those that require a labelled 

biomolecule and those that are label-free, these are shown in Figure 1. 

  

Figure 1 Schematic representation of signal transduction in Label-free (left) and Labelled assays (right). In a Label-free 

assay (left) a signal is generated directly through interaction with the analyte, and a molecular capturing element (blue) 

that is immobilised onto a transducer surface. In labelled “sandwich” assays (right) the analyte is sandwiched between a 

detector and a capture agent (e.g. antibodies), one of which is immobilised on a solid surface (capture element). The 

signalling moiety attached to the immobilised detector element (green) transduces the formation of the complex into a 

detectable output signal. 

Labelled assays require the application of a separate detecting element in order to transduce the 

analyte binding event into an output signal. In labelled “sandwich” assays a capture biorecognition 

element (e.g. antibody) is typically immobilised onto an inert solid surface, such as electrode, glass 

or chip. The analyte binds to the capture element and is immobilised, and the “sandwich” is formed 

when the detector agent binds to the analyte. The detector agent is attached to a signalling moiety 

whose function is to transduce the recognition event into a detectable output signal. The most 

common assays of this type include Immunohistochemistry (IHC), Polymerase chain reaction (PCR) 

and enzyme-linked immunosorbent assay (ELISA). Typical signalling moiety include fluorophores, 

enzymes or dyes, which produce an output as luminescence, electrochemical signal or most 

commonly in a colourimetric signal, i.e. ELISA. The detection of such tags typically requires an 
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additional sensor, for example, optical sensors for the detection of fluorescent, colourimetric or 

luminescent tags and electrochemical sensors for the detection of redox reactions from enzyme 

tags. These optically based detection techniques are therefore limited by the need for instruments 

such as colourimeters and spectrophotometers to enable quantification. The required equipment is 

often expensive, lacks portability and requires trained technicians and a laboratory to perform the 

multi-step labelling protocols. These factors make them unsuitable for miniaturisation and limit their 

potential application as point-of-care devices as tests are usually conducted in centralised 

laboratories resulting in long sample turnaround resulting in delays in acquiring results. 

The transduction of the binding event into a quantifiable electrical signal allows the device to benefit 

from innate high sensitivity and simplicity in its readout and facilitates the effective coupling with 

miniaturised hardware. There are a variety of recognition elements employed by biosensors for 

biomarker detection, the most prominent example in current use is the enzymatic biosensor for 

blood glucose detection.11 

1.2.1.1 Amperometric glucometers  

The benefit of an electrical readout has allowed  glucometers to dominate the field of diabetes 

management since their commercialisation some 25 years ago.11 Their operation relies on the 

activity of the highly stable and specific glucose oxidase enzyme (GOx). The enzyme is immobilized 

under a semi-permeable membrane on the surface of the working electrode. The production of 

hydrogen peroxide (H2O2) as a by-product of glucose-GOx reaction with glucose can cause 

electrochemical oxidation or form charge carriers at the working electrode upon exposure to an 

electrical potential (see Equations 1 and 2).12 Both methods are able to produce a current that is 

proportional to the concentration of glucose in the sample, allowing the blood glucose 

concentration in the blood to be monitored.11  

𝑮𝒍𝒖𝒄𝒐𝒔𝒆 
𝑮𝑶𝒙
→  𝑮𝒍𝒖𝒄𝒐𝒏𝒊𝒄 𝒂𝒄𝒊𝒅 + 𝑯𝟐𝑶𝟐                                            (𝟏) 

𝑯𝟐𝑶𝟐  
𝟎.𝟕 𝑽 𝒗𝒔 𝑺𝑪𝑬
→        𝑶𝟐 + 𝟐𝑯

+ + 𝟐𝒆−                                                  (𝟐) 

 

However, current electrochemical biosensors require redox reactions to produce a signal and the 

use of enzymes as recognition elements are typically restricted to the detection of metabolites 

hence, they are not suitable for detecting most protein biomarkers. Metabolites that can be 

detected in addition to glucose include lactate, urea, uric acid, ammonia. These are useful as 
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diagnostic indicators of diseases such as diabetes, kidney injury, hypertension, hyperthyroidism, and 

leukemia.13–15 

1.2.1.2 Potentiometric biosensors 

Electrochemical-based sensors have also been developed for use in labelled assays and one of the 

most common are potentiometric biosensors in which the transducer produces an electric potential 

as the analytical output signal. They often rely on biochemical reaction that produces a simple 

species which is more easily detected electrochemically. (NH4OH, CO2, pH, H2O2). 

In general, potentiometric sensors measure the potential difference (voltage) between two 

electrodes, under the conditions of no current flow. One of the electrodes in the system is usually a 

reference electrode that produces a constant potential, the relative variation in potential of the 

working electrode in response to the activity of the ion in the sample can then be reliably measured. 

The measured potential may then be used to determine the analytical quantity of interest, which is 

generally the concentration of some component of the solution. 

Enzymatic biosensors are prominent examples that have been used in potentiometric biosensors 

and rely on selective conversion of the analyte of interest by an enzyme into a chemical species that 

the sensor detects. Examples include glucose using glucose oxidase, creatinine by creatinine 

amidohydrolase or urea by urease. For example, the catalytic hydrolysis of urea by the urease 

enzyme can allow the detection of the hydrolysis products NH4+ and OH- that can be measured by 

pH detection and ammonium detection for the quantification of urea. The low cost and stability of 

urease means it is often the model enzyme of choice for development of new biosensors and new 

enzyme immobilisation techniques. 

Enzymatic pH-mediated potentiometric sensing operates by localising the hydrolysis of the analyte 

(urea) close to the surface of a pH sensitive layer that the enzyme is often adsorbed on or attached 

to covalently (usually on the gate). The material must be sensitive to changes in pH and examples 

include oxide metal and polymer films that can be protonated or deprotonated resulting in a 

potential shift. However, ammonium mediated biosensors typically rely on the use of an ammonium 

ion-selective electrodes and the urease is grafted on to the membrane matrix. Both techniques can 

suffer issues such as buffer capacity for pH sensors and problems due to lack of selectivity from 

background interferents for ammonium sensors. 
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1.2.1.3 Immunosensors 

Immunosensors rely on the transduction of immunochemical reactions of biorecognition elements 

(antibodies, aptamers mRNA etc) and their ligands. As a result, immunosensors benefit from 

significantly wider scope of analytes that can be easily detected whilst also retaining a high level of 

selectivity. The transduction of the receptor ligand interaction can also be achieved 

electrochemically in label-based biosensors using either enzymes or nanoparticles tags/label 

(signalling moiety) that can be readily attached to biorecognition elements.  Amperometric 

immunosensors are amongst the most common reported devices as one of the most extensively 

used enzyme tags is horseradish peroxidase. This produces compounds that can be easily detected 

amperometrically and shows low detection limits and high sensitivity. Some potentiometric 

immunosensors have also been developed using sensing mechanisms based on nanoparticle 

labelling that release specific ions (such as cadmium) that are detected by ion-selective electrodes 

(ISE). 

1.2.2 Label-free assays 

In contrast to the detection methods described in 1.2, label-free detection operates by the 

recognition process producing a change in a physical variable which is measured directly. In label-

free assays, the presence of an analyte is measured directly through interaction with a molecular 

capturing element immobilised on a transducer surface. The assay design is simplified by requiring 

only a single recognition element. As the analyte does not require labelling or chemical modification, 

they benefit from decreased assay cost, lower reagent cost and enable quantification in real time. 

Label-free biosensors that rely on molecular recognition elements represent a potential game-

changing tool in the field of clinical diagnostics. The relative advantages over comparative 

techniques including rapid in-situ diagnosis in real-time and multiplexed detection, automation and 

reduced costs make them ideal candidates for point-of-care analysis platforms. The transduction of a 

chemical binding event into an electrical signal in this manner circumvents many of the 

disadvantages of labelling by producing an output that is easy to amplify, measure and interpret. 

Hence, the most promising label-free detection platforms rely on the intrinsic properties present on 

the target analyte for their direct electrical detection. Recent advances in the field of label-free 

electrical biosensors were extensively reviewed by Davis et al. and Poghossian et al, 16,17 where 

organic field effect transistors are highlighted as a potential solution and are discussed further in 

sections 1.3 and 1.4. 
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Non-FET based label-free transducers used in biosesning include piezoelectric sensors such as quartz 

crystal microbalance (QCM) which utilises a quartz crystal as its piezoelectric material. The device 

operates through the principle that the analyte will introduce a change in mass on the sensors 

surface which results in a detectable change in the resonant frequency of the piezoelectric material. 

As the quartz crystal is covered by a gold or silver electrode this allows its facile functionalisation 

with biorecogntion elements to give the device same selectivity as alternative transducer-based 

immunosensors. The biofunctionalisation can be achieved by a number of methods including non-

specific adsorption or the formation or carboxylic acid terminated SAMs followed by EDC/NHS to 

covalently attach the biorecogntion element to the surface. This is often used as an intital method 

for proof of principle of the immobilisation techniques used to functionalise Gold gate electrodes in 

some OFET-based devices. Whilst the sensors benefit from high sensitivity, very low detection limits, 

short response times and low power consumption they can be limited by poor reproducibility and 

sensitivity to environmental conditions such as temperature and humidity. 

Surface plasmon resonance (SPR) is a related technique which can be used for measuring adsorption 

onto planar metal surfaces (e.g. gold or silver) by an analyte and has seen wide-spread integration 

into label-free biosensors. SPR immunoassays can be developed by the immobilisation of relevant 

biorecognition elements (antibodies) onto the sensor surface. The interaction of the antigen at the 

surface interface can be detected by the change in the surface plasmon resonance angle in the 

measured interface incident light. The technique has seen applications in various biosensors and in 

lab-on-a-chip sensors. 

1.2.3 Biosensor figures of merit 

In order to further discuss the essential attributes of a biosensor the key figures of merit by which a 

sensors performance is judged are examined below. 

1.2.3.1 Calibration curve 

A sensor produces an output signal/ response (y) that is described as a function of the input variable, 

analyte concentration (x). 𝑦 = 𝑓(𝑥) and a calibration curve is typically used to explore this 

relationship allowing system calibration. The establishment of the relationship between a biosensors 

output signal (i.e. the response) and calibration standards of known analyte concentration is used to 

produce a calibration curve as shown in Figure 2. This is carried out by measuring the device 

response for each standard of known analyte concentration across the specified range. Assessment 

of calibration can be conducted by preparation and measurement of a blank and at least five 

standards equally spaced throughout the range of analyte concentrations and ideally covering the 
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range of concentrations expected to be encountered upon analysis of samples. Measurements 

should be recorded at least in duplicate (preferably triplicate or more) at each concentration level to 

allow the precision to be estimated at each of the investigated concentration levels. Typically, 

calibration standards are prepared from a pure substance of known purity or a solution of known 

concentration.  

 

Figure 2 An example calibration curve showing the relative figures of merit that can be extracted. 

The solvent used to prepare the calibration standards also requires consideration whether it is a 

pure solvent or more complex solution mixture that more accurately represents the conditions 

encountered in the test samples. For example, biological physiological conditions are typically 

reproduced with phosphate buffered saline (PBS) solutions that simulate pH and ionic strength of 

biological samples and more complex matrices have been used as the sample solvent such as blood 

serum devoid of analyte. 

The calibration curve itself is obtained by plotting the sensor response (R) on the y axis against the 

concentration of the analyte standards (x axis) or its logarithm. The response (R) is then typically 

corrected for the background or blank response (R0). However, it is often of greater merit to analyse 

the normalised response as this accounts for any device to device variation which may frustrate 

meaningful analysis in absolute values.  
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Normalised response can be calculated as: 

Equation 1 

∆𝑅/𝑅0 = 
𝑅𝑎𝑛𝑎𝑙𝑦𝑡𝑒 − 𝑅0

𝑅0
 

1.2.3.2 Sensitivity 

The sensitivity of a sensor describes the ratio of change between the output signal (Δy) and the input 

variable (Δx) 𝑆 =
∆𝑥

∆𝑦
 and is shown in the gradient (slope) in a calibration plot. Maximising the 

sensitivity of the senor is a typical aim in the design of a sensor providing that other performance 

related parameters such as accuracy and precision are not compromised. Increased sensitivity 

generally aids in improving the measurement resolution in measuring analyte concentrations across 

the sensors working range. The measurement resolution of a sensor relates to the smallest 

detectable change in the input variable (analyte concentration) that produces a response in the 

output signal. Good resolution is desirable in analyte quantification. 

Linearity assesses the deviation of the output curve from a specified straight line, in such a case the 

gradient (and sensitivity) of y=f(x) remains constant. The linearity of the device response may be 

constant and cover the entire concentration range or be limited a range of analyte concentrations 

where the device response changes linearly to concentration and is termed the linear range. Above 

the linear range it is common to observe a saturation in the sensor response, the onset of this is 

referred to as the limit of linearity (LoL). The reduced response sensitivity observed upon the onset 

of response saturation significantly frustrates reproducibility and accurate quantification of sensing 

results, therefore unless accurately modelled LoL is considered an upper working limit of the 

dynamic range. 

1.2.3.3 Limit of detection 

The limit of detection (LoD) is the minimum concentration of analyte that can be reliably 

distinguished, from the “background noise” i.e. the response from the blank where no analyte is 

present (baseline). This is because a blank sample may still produce an analytical signal that unless 

defined would otherwise correspond to a low concentration of analyte. Assuming a normal 

distribution about the mean blank value the concept of detection and quantification limits and the 

distribution and overlap of results at each limit can be visualised (Figure 3). 
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Figure 3 Figure showing normal distribution of a set of blank values and how this effect the separation of the LOD and LOQ. 
The area under the curves at α signifies the values corresponding to false positives and β signifies the false negatives. 

The LoD is typically determined by measuring replicates of blank sample to calculate a mean blank 

response (R mean blank) and calculating the standard deviation 𝜎(SD) of those values. The standard 

deviation of a set of results allows statistical measurement of the variation of a set of values (N) 

from the mean value of the set (µ). 

Equation 2 

𝜎 (𝑆𝐷) = √
1

𝑁
∑(𝑥𝑖 − 𝜇)

2

𝑁

𝑖=1

  

The LoD can then be calculated as the concentration that corresponds to that signal within a 

calibration curve. 

Equation 3 

𝐿𝑜𝐷 = 𝑅𝑚𝑒𝑎𝑛𝑏𝑙𝑎𝑛𝑘 + 𝑘𝜎𝑏𝑙𝑎𝑛𝑘 

The value k corresponds to an integer related to the confidence interval (conventionally 3) where 

higher values represent a more conservative approach. Use of a k =3 would define the probability of 

recording a blank measurement 3 times above the mean at under 1% (false positive). However, the 
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probability of a concentration value at the LoD falling below mean value would be 50%, this would 

be a false negative. 

The concentration corresponding to the LoD is not necessarily accurately quantifiable by the system 

and the greater degree of certainty required is often termed the limit of quantification (LoQ). The 

limit of quantification defines an assays “functional sensitivity” or precision at low analyte levels this 

defines It sets the limit quantitative results can be obtained within a specified degree of confidence 

usually 10 times the standard deviation (k=10). 

For the performance of biosensors based on biorecognition processes show a direct correlation with 

underlying dissociation constants of the biorecognition elements to their ligands. A high binding 

affinity (low dissociation constant) generally results in a lower LoD, and at concentrations below the 

dissociation constant concentration the biosensor response is lower. 

1.2.3.4 Dynamic range 

The dynamic range (or working range) of sensor is the range of analyte concentrations values to 

which a distinguishable system response can be reliably and reproducibly measured and is usually 

within the linear range of the concentration-response relationship. Below this concentration lies the 

LoQ and LoD and at above the highest concentration range response saturation is typically observed. 

For the sensor device to be of use the values of interest for the analyte should fall within this 

dynamic range. 

1.2.3.5 Selectivity 

Selectivity is one of the most important characteristics of a biosensor and is the extent of sensors 

ability to produce a signal response to only the analyte of interest in the analysed sample in the 

presence of other species that may interact with the sensor. These interfering species can be any 

mixture or matrix component of the analysed sample such as impurities, metabolites and 

degradation products etc. When the sensor is selective it should be able to discriminate the analyte 

from these other components. If one species can be independently determined and all other species 

give no analytical response then specificity is achieved and would entail an entirely 100% selective 

response, such cases are rare. 

Complex matrices such as blood samples present a significant challenge for selective responses due 

to the wide variety of components that may interfere with the output signal and frustrate accurate 

analyte detection. Biosensors typically rely on the inherent selectivity of their biorecognition 

elements and affinity to only their corresponding ligand. This imparts a high level of selectivity to the 

coupled transducer and device. Therefore, one of the main considerations in choosing an 
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appropriate bioreceptor is its selectivity to the desired analyte in addition to taking steps to 

minimise non-specific interactions. One of the most prominent examples is the interaction between 

an antibody and antigen that is utilised in immunosensors. 

The selectivity of a biosensor is determined by measuring the response of the biosensor against an 

interfering species (in a simple or complex sample) that otherwise would be expected to produce no 

response (negative control). The analysis of negative controls usually aims to identify and estimate 

the sources of non-specific binding and/or response. 

Various methods are available for determining the selectivity of a biosensor and one of the two 

following methods is most frequently used. Plotting a calibration curve for interfering substances for 

comparison with an identical plot for the analyte which has been performed in an identical manner 

as that for the analyte performed under the same operating conditions used for the analyte 

calibration curve. The selectivity of biosensor can then be analysed as the ratio between the output 

signal produced in response to an equal concentration of analyte and a negative control when these 

are measured independently under the same operating conditions. An alternative analysis involves 

spiking the interfering substance at the expected concentration to a solution of known analyte 

concentration and measuring the resulting variation in response which can be expressed as a 

percentage. 

1.2.3.6 Reproducibility 

Reproducibility of a biosensor is an important characteristic related to performance as it provides 

reliability and robustness and is typically described by the metrics of accuracy and precision. The 

accuracy of a sensor relates to the ability to report a measured concentration value as close as 

possible to the true value. This may be defined as an absolute value within the working range. 

The precision is the ability to achieve the same value upon repetition of the sample measurement 

under the same operating conditions. The relative standard deviation (RSD) is a statistical measure 

which used to express precision and repeatability of a measurement and is often expressed as a 

percentage (%RSD), where η is the mean of the dataset. 

Equation 4 

𝑅𝑆𝐷 = 100 ∗ (
𝜎(𝑥)

η
) 
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1.2.3.7 Response and recovery time 

The response time of a sensor is the amount of time required to achieve equilibrium in the output as 

a result of a change in the input. In general, the response time can be measured from the point of 

initial input change to the point where stabilisation of the output signal is achieved. The response 

time is then frequently reported as the time required for the response to reach a fixed percentage 

(usually 90%) of the final value. 

Conversely recovery analysis investigates the parameters describing the return of a sensors signal to 

a background value following the removal of the measured variable (the analyte). The recovery time 

usually defines the time taken to reach 10% of the previous response value. This is particularly 

important characteristic in continuous measurement systems and the two parameters are 

collectively known as the system reaction times.  However, some systems such as many 

immunoassays produce irreversible signal responses due to the strength of the binding coefficient of 

an antibody; and therefore, the response is not expected to recover to the baseline value and the 

resulting sensors can be considered single use. Alternatively, when recovery is not achieved between 

sequential analyte detections the baseline drift can be monitored. 

1.2.3.8 Stability 

The sensor stability relates to the susceptibility of a sensing system to external factors that impact 

on the ability of a sensor or the sensing system to maintain its previously described performance 

parameters over time. Stability can encompass a variety of areas but can be broadly grouped into 

factors concerning the sensor or the samples and the aim is to minimise the impact on the precision 

and accuracy of results measured. 

One factor affecting stability is the susceptibility of the biosensor system to degradation over time 

either before initial testing (shelf life) or during testing (operational stability), this can be particularly 

relevant when long incubation steps or continuous measuring is required. The shelf life of a 

biosensor is determined by the stability and performance of its underlying components over time, 

namely the transducer and the biorecognition element. Therefore, the stability of the antibody has a 

pivotal role in determining an immunosensors shelf life and reliability. Proteins such as antibodies 

are susceptible to various interrelated degradation pathways; they are broadly categorised as 

resulting from chemical or physical instabilities that result in a reduction or loss of binding activity 

directly impacting the immunosensors performance.18 

Chemical instability can include processes such as deamidation, isomerisation, crosslinking through 

the formation of disulphide bridges and the oxidation of protein residues such as Met, Tyr, Trp, His, 
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and Cys. Physical instability is exhibited through denaturation or aggregation and may be induced by 

the previously described chemical instabilities, or environmental conditions such as temperatures or 

pH. Protein denaturation is the manifestation of a loss of higher-order structure caused by unfolding 

of the structure. The primary source of physical instability and reduced activity for antibodies in free 

solution is aggregation, an often-irreversible process.18 

In contrast, the stability and activity of solid-phase antibodies are thought to be primarily driven by 

antibody-surface interactions that destabilise the antibody structure and introduce steric 

interference to antigen binding.19 The interaction of the antibody with the immobilised surface 

affects the folding behaviour of fragments which directly impacts the effectiveness of binding to its 

antigen. Theoretical modelling also suggests that hydrophobic surfaces induce lower stability levels 

relative to hydrophilic surfaces or antibodies in free solution by inducing a collapsed configuration, 

causing a denatured structure that is adsorbed onto the surface.19 The interaction of the antibody 

with the immobilised surface affects the folding behaviour of fragments and directly impacts the 

effectiveness of binding to its antigen. 

The most common application of solid-phase antibodies is in enzyme-linked immunosorbent assays 

(ELISA). Shelf-life testing of ELISAs has highlighted that the activity of the antibodies is best 

preserved by storage in a buffer at low temperatures and should not be allowed to dry. The stability 

and activity of solid-phase antibodies were demonstrated with a polystyrene substrate 

functionalised with antibodies by physical adsorption for use in an ELISA by Ansari et al.20 The 

activity was preserved in a tris-buffer (pH 7.2) for 95 days at 6°C and room temperature. However, a 

significant loss of activity occurs upon drying, and this loss continues further upon storage of the air-

dried solid-phase antibodies. 

Additionally, sample stability can also relate to the conditions applied to the samples during 

processing or storage. This can be analysed by testing replicates of sample once relevant storage 

conditions or any other variation in sample processing has been applied (e.g. RT for several hours). 

The results can be analysed against a freshly prepared calibration standard and the variation in the 

response is indicative of the stability of samples in the nominal concentration response.  
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1.3 Organic field-effect transistors (OFETs) 

1.3.1 Organic electronics 

Work on field effect transistors (FET) has progressed significantly since their early 20th century 

origins to become one of the key components in the electronics industry. FET operation relies on the 

principle that a charge on a nearby object can attract a charge within a semiconductor channel. 

Therefore, the application of an external electric field (an applied voltage on a gate electrode) can 

modulate the flow of charge carriers in the conducting channel between a source and drain 

electrode. Whilst many FET devices have been developed in the intervening years the most common 

by far is the metal–oxide–semiconductor field-effect transistor (MOSFET) which uses Si 

semiconductor and SiO2 as the gate oxide dielectric material. 

Organic electronics seeks to use device structures based on organic (macro-)molecular materials for 

use as dielectrics, conductors or semiconductors. Organic semiconductors (OSCs) have found 

promising applications in fields where the electrical properties similar to silicon semiconductors are 

required and the origins of charge transport in OSCs is further discussed in section 1.3.2.21 The 

development of OSCs very active field with synthesis of novel materials reported regularly in 

prominent journals ranging from small molecules such as rubrene, pentacene, BTBT and to polymers 

such as P3HT and DPPTTT and is discussed in more detail in section 1.3.4. 

The organic toolbox available in organic material design allows gives the opportunity to incorporate 

different chemical functionalities therefore allowing tuning of the properties to meet those desired 

in the applications through rational chemical design. As OSCs can be deposited through low 

temperature solution processing this allows for the use of high throughput techniques such as inkjet 

or roll-to-roll printing and can enable rapid, sustainable and inexpensive fabrication of devices that 

are compatible with flexible substrates. This is particularly attractive when compared to the 

complicated and expensive methods required for inorganic materials that typically require use of 

ultraclean, lithographic based fabrication facilities.22 

Historically the commercialisation of organic electronics has been impeded by poor device 

performance, the challenge being their relatively low mobility of charge carriers and the stability of 

devices under ambient conditions.23 However, recent developments in optimising the properties of 

organic semiconductors has shown improved air stability and charge carrier mobilities comparable 

to or better than amorphous silicon,22 opening a new era of low cost and large area applications and 

providing a viable alternative to a variety of traditionally inorganic based devices and could act as 

the main component in cheap and flexible electronic circuits.21  Thin film transistors where first 
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proposed by Weimer in 1962 and by 1986 the first organic thin film transistor (OTFT) was reported 

by Tsumura,24,25 where the flow of electric current is facilitated by an organic semiconductor (OSC) 

material. OTFTs and OFETs are terms frequently used interchangeably within the field, for simplicity 

all these devices will be referred to as OFETs from herein. The application of OFETs is further 

discussed in section 1.3.8.  

In addition OSCs have found applications in a wide variety of electronic and optoelectronic devices, 

such as organic photovoltaic cells (OPVs),26 organic light emitting diodes (OLEDs)27 and OFETs.22,23 

Recently organic field effect transistors (OFETs) have gained interest as promising candidates for 

label-free sensing applications as they combine the function of a label-free transducer and amplifier 

within one device, whilst benefiting from well-established miniaturisation methods and integration 

into complex circuits for further signal processing. The inherent signal amplification of OFET-based 

sensors leads to higher sensitivity and improved LoD in comparison to alternative sensing 

platforms.16,28 The sensitivity/amplification of a biorecognition event largely relys on appropriate 

selection of biorecognition elements and transducers, post-transduction signal amplification is 

generally not as efficient due to the amplification of accompanying noise therfore the signal to noise 

ratio is maintained and an improvement in LoD would not be achieved. Furthermore, the simplicity 

of an electrical output that is easy to interpret combined with low cost fabrication, is advantageous 

to the development of disposable electronic sensing systems that are ideal for PoC testing.28,29 

1.3.2 Origin of charge transport in OFETs/OSCs 

The term charge carrier is used to describe the particles or quasiparticles that can move freely within 

a material and carry the electric charge, in a semiconductor these are electrons and holes (travelling 

vacant sites also called hole polarons). The application of an electric field within conducting media 

causes a flow of electric charge i.e. an electric current. The degree of conductivity of a material is 

related to its electronic structure and varies for metals, semiconductors, insulators whether those be 

organic, inorganic or a hybrid of both. The electronic energy levels of the materials used in OFETs are 

particularly important to understand the interfaces between the materials and their impact on 

charge injection and transport during device operation. Therefore, key electronic parameters and 

their relation to the electronic structures are discussed further below. 

The work function (WF) of a solid (usually a metal) is a surface property that describes the energy 

required to remove an electron at the Fermi level (EF) of a material to a point of rest in a vacuum 

near to the surface of the material (Evac). The Fermi level (EF) is the electrochemical potential of 

electrons inside the material and describes the hypothetical energy level of an electron, such that at 

thermodynamic equilibrium it would have 50% chance of occupancy at any given time. 
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Equation 5 

𝑊𝐹 = −𝑒𝜙 − 𝐸𝐹 

𝜙 is the local electrostatic potential in the vacuum nearby the surface in V, −e is the charge of an 

electron, and EF is the Fermi level. 

In an OFET device the Fermi level is typically set by the voltage applied to the Drain electrode. The 

relative position of the Fermi level is critical in describing the conductive behaviour of different 

materials and this is usually displayed in a band structure plot showing the filling of electronic states 

in the different materials when at equilibrium (Figure 4). As conductivity requires the movement of 

charge carriers and the ability of the charge carrier to move within the material depends heavily on 

the availability of vacant electronic sites for the charge carriers to move between. 

 

Figure 4 Distribution of available electronic states or energy levels. The y axis represents energy whilst the x-axis represents 
the density of available states of a certain energy for each material. The shading represents the distribution of filled states 
(black = all states filled and white = no states filled). 

Only charge carriers near or above the Fermi level are free to move within the material as they can 

move between partially occupied or vacant states in a region. In a metal the Fermi level lies within a 

delocalised band therefore many energy states are available, and the material is freely able to allow 

the flow of current. 

In contrast for semiconductors and insulators, the Fermi level is located inside the energy band gap 

(Eg) where few electronic states exist (i.e. between the HOMO and LUMO levels for an organic 

semiconductor). A material behaves as an insulator when no charges are available, or they are 

immobilised. Insulators have a sufficiently large band gap (4-15 eV) that the occupied states reside 

far from the Fermi level therefore the concentration of free charge carriers is close to zero. The 
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energy barrier to promote a charge carrier into a conduction band is sufficiently high to result in high 

resistance and insulating behaviour (and when a charge carrier is injected it is trapped). 

However, in a semiconductor the band gap lies between that of a conductor and insulator (around 

1.5 to 3.5 eV) and the Fermi level is close enough to an energy band that some charge carriers can 

reside near the band edge and under the appropriate conditions injected charge carriers can flow. 

For a current to flow in the transistor channel of an OFET charge carriers must be injected from an 

appropriate source electrode at the OSC/metal interface metal and this is further discussed in 

section 1.3.5.1. 

Organic semiconducting materials are mainly categorised as small molecules or polymers defined by 

the presence of a π-conjugated system of overlapping molecular π-orbitals within their structure.  

The (macro-)molecular units of organic materials are held together by non-covalent interactions 

such as Van der Waals forces and π-stacking interactions. This is in contrast with the extended 

network of covalent bonds that is established in inorganic materials such as silicon. The weak 

intermolecular forces allow the use of low temperature processing methods and films can be 

deposited from vapour or solution. OSC’s also offer wide-scope for facile chemical modification of 

the molecular units; modification of the π-conjugated backbone or side groups enables the material 

to be tailored for the desired electronic, mechanical or biological properties that meet the need of 

their applications. 

Defects and disorder within the OSC material, such as twists and kinks along a polymeric backbone, 

limits the extent of delocalisation of π-electrons within the material.30 The variation in conjugation 

length and interaction energies produces ill-defined delocalised energy bands and forms a Gaussian 

distribution of statistically variable localised energy states (Figure 5).31 The distribution of allowed 

energies gives rise to electronic band structures that can be used to explain the electrical properties 

of the materials used in solid state devices. 
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Figure 5 The Gaussian distribution of localised states that form the energy levels of the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for an 

organic semiconductor. 

In organic semiconductors these energy states can be described as energy levels where the highest 

occupied molecular orbital (HOMO) level represents the energy required to remove an electron from 

a molecule, an oxidative process. Whereas, the lowest unoccupied molecular orbital (LUMO) level 

represents the energy required in the reductive process of injecting an electron into a molecule. The 

energy difference between the HOMO and LUMO is the HOMO/LUMO gap and known as the energy 

band gap (Eg). The HOMO and LUMO levels in OSCs are analogous to the valence and conduction 

bands of inorganic semiconductors although not as closely packed. The HOMO/LUMO energy levels 

of a material are conventionally calculated by ultraviolet photoemission spectroscopy (UPS) or cyclic 

voltammetry (CV). In the solution-based CV method the energy levels are calculated by measuring 

the electrochemical redox potentials, reduction potential (Ered) and oxidation (Eox) relative to an 

internal ferrocene reference.32 The electrochemical redox potentials calculated in this fashion are 

analogous to the charge injection in organic films and the values for ionisation potentials of OSCs 

quoted in this thesis are calculated by this method. 

Semiconductor materials are typically classified by the majority charge carriers that they 

preferentially transport, and this dictates the type of devices that they are used in. The majority 

Density of States 

Energy Gap 

En
er

gy
 

HOMO 

LUMO 

Filled Energy State 



Page 49 
 

charge carrier in an OSC is usually a reflection on the ease of charge injection from the electrodes to 

either the HOMO or LUMO depending on which energy level is more closely aligned with the Fermi 

level of the electrode. In p-type materials holes are injected into and travel within the HOMO to act 

as the major charge carrier. In contrast, n-type materials the major carriers are electrons which are 

injected into the LUMO. However, ambipolar materials allow the injection and transport of both 

holes and electrons. In organic semiconductors, both intramolecular and intermolecular charge 

transport may take place: in intramolecular transport, the charge carrier moves within the same 

molecule whereas intermolecular charge transfer requires the charge carrier to move between 

molecules. This allows the charge carriers to migrate across the material by hopping between the 

localised states present in the band gap. The charge carrier mobility (µ) characterises the ability of a 

charge carrier to move under an external electric field across the semiconductor layer and is usually 

expressed in cm2/Vs. The solid phase molecular packing of the OSC strongly affects its electronic 

properties and charge transport is highly influenced by structural regularity (the degree of order and 

packing of chains in the solid state), the level of impurities and structural defects which can arise 

during processing.23  

Very efficient packing can be achieved in single crystals of vapour deposited materials such as 

pentacene, resulting in reported charge carrier mobilities of 15 cm2/ V s and higher.33,34 However, 

the more disordered morphology of most organic semiconductors when deposited from solution 

lead to disorders that limits the π-bonding overlap between molecules and give traps such as grain 

boundaries between crystallites in a polycrystalline film. Therefore, with increasing disorder the 

conduction of charge carriers becomes more dependent on quantum mechanical tunnelling by 

hopping transport. As a result, charge carriers are more localised in organic materials and this often 

limits the mobility at ambient temperature. Despite the lower charge carrier mobility when 

compared to conventional semiconductors (e.g. Si), field-effect mobilities in excess of 1 cm2/Vs 

(exceeding the benchmark for amorphous silicon) for many donor–acceptor co-polymers have been 

realised,35–38 and this will likely increase further with the discovery of novel materials and 

optimisation of fabrication methodology.39 In combination with soluble organic insulators with high 

dielectric constants (k) the realisation of fully printed electronics is now feasible.40 

Within the context of low-cost and simple manufacturing process, OFETS are of particular interest 

due to the potential for tuning properties through rational chemical design.41 In addition to the 

properties of the materials used the device performance is influenced by its architecture. 
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1.3.3 OFET device architectures 

An OFET is a layered three-terminal electrical device consisting of an insulator which separates a thin 

film of organic semiconductor from the gate electrode (G). The metal source (S) and drain (D) 

electrodes of width W (channel width) are separated by a distance L (channel length) and are in 

direct contact with the semiconducting layer. The order of deposition of the electrically active layers 

in the devices generally classifies devices into one four main device architectures; bottom gate, top 

contact (BGTC); bottom gate, bottom contact (BGBC); top gate, bottom contact (TGBC); and top 

gate, top contact (TGTC) (Figure 6).  In order to further discuss the mechanism of device operation, 

the BGBC layered device will be discussed as well as introducing other TGBC architectures that have 

been developed for use in aqueous sensing. 

Generally OFETs operate by similar principle to a conventional MOSFET (metal-oxide semiconductor 

field effect transistor), where an electrical field is established across a gating medium, that separates 

the gate from the semiconducting layer (Figure 6a and b).28  This gating medium can either be a solid 

dielectric or liquid electrolyte that acts as polarisable electrical insulator and upon application of 

electric field allows the capacitive coupling of the gate to the semiconducting layer. Electrolyte gated 

transistors (EGTs) are a group of devices that utilise an electrolyte gating medium, this type of device 

structure is particularly useful for in-situ electrolyte sensing directly from the analyte solution and is 

particularly sought after in biosensing. The different EGTs are further discussed below (Figure 6c-e). 

Dielectric breakdown limits the maximum voltage that can be applied to the gating media during 

device operation. High voltage applications typically require solid dielectrics that have higher break 

down voltage due to the susceptibility of electrolyte media to electrolysis. In general, solid 

dielectrics are more inert and not all materials used in devices are compatible with exposure to 

electrolyte media and hence they can have negative impact on performance and stability. 
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Figure 6 OFET (a and b) and electrolyte gated transistors (EGTs) architectures reported in the literature as possible 

biosensors: c) ISOFET; d) EGOFET; e) OECT. The red circle indicates the different interfaces involved in the detection of 

biomolecules.28 

1.3.3.1 Electrolyte gated organic transistor (EGOFET) 

In contrast to other devices, separation of the gate electrode from the semiconductor in EGOFETs is 

achieved by an electrolyte layer used as the dielectric (which can be solid or liquid as shown in Figure 

6d).42 A variety of electrolytes can be utilised including polymer electrolytes, deionised water and 

biomimetic aqueous solutions such as phosphate buffered saline solutions (PBS).42,43 The electrolyte 

layer permits the movement of ions to produce an accumulation of charge at the interface and a 

conducting channel is induced when a gate field of sufficient amplitude is applied. An advantage of 

these devices is the ability to function at very low operating voltages, but they can suffer from slow 

switching speeds (due to relying on the movement of ions).28 The low voltage operation of EGOFET 

devices is due to the formation of an extremely high capacitance electrical double layer (EDL) and is 

further discussed in section 1.3.7.  

1.3.3.2 Ion sensitive organic field effect transistor (ISOFET) 

ISOFETs have similar applications to ion sensitive FET (ISFET), a family of silicon-based devices, that 

have been widely investigated for operation in aqueous media.44 However the ISFET uses a dielectric 
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gate medium and ISOFET utilizes an electrolytic gate medium. The architecture of the ISOFET is 

similar to that of an EGOFET as they have an electrolyte layer in direct contact with a reference 

electrode functioning as a gate electrode (Figure 6e). However a dielectric layer is also used to 

isolate the electrolyte from the semiconductor, which can aid in preventing the device from 

degrading in the presence of environmentally sensitive semiconductors.45 The channel current is 

modulated by the potential (caused by the ions) at the electrolyte-dielectric interface therefore 

making the device a pH sensitive sensor. A variation of this device is the Ion-selective OFET, the ion-

selective response of which is achieved by modifying the gate-electrode with a polymeric ion-

selective membrane.46 

1.3.3.3 Organic electrochemical transistor (OECTs) 

OECTs belong within a wider class of transistors called electrolyte gated transistors (EGTs) as they 

share in common with the aforementioned OFET devices the use of an electrolyte gating medium, 

stable performance in aqueous environments and low voltage operation (below 1V).28 However, the 

current modulation in OECTs is achieved by a very different mechanism to OFETs due to the use of 

an electroactive conducting polymers (ECPs) as channel material (Figure 6e). The different behaviour 

of EGOFETs and OECTs is further explained by the behaviour at the channel/electrolyte interface. In 

EGOFETs ideally ions cannot penetrate into OSC channel and the application of a gate voltage results 

in the formation of an EDL at the interface that is coupled to the induced charge carriers at the 

interface (hole/electrons etc). However, in OECTs the ions in the electrolyte penetrate into the bulk 

of the whole conducting polymer channel. Therefore, the application of a variable gate voltage 

controls the magnitude of the drain current in the channel by electrochemical doping and de-doping 

of the ECP throughout the bulk of the film. Like the aforementioned EGTs, OECTs also allow in-situ 

electrolyte sensing applications and have seen application in the sensing of various biomarkers 

including ions, DNA, glucose, cells and application in enzymatic sensing.47 

1.3.4 Organic semiconductor for use in OFETs 

Development of new organic materials for use as the semiconductor in an OFET is a major area of 

research. The OSC properties that are typically the focus of improvement include increasing the 

charge carrier mobility, achieving device stability under ambient conditions and operational stability 

(under bias stress) in addition to the improving the processability of materials, where facile 

deposition from solution is the most practical technique.48 

OSCs are generally classified by two main categories, small molecules and polymers, and then 

further sub-categorised by the type of charge transport that they exhibit (p-type or n-type). EGOFET 

devices, which are the focus of this work, have so far almost exclusively relied on the use of p-type 
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OSCs and are therefore the focus of further discussion in this work.23,49  Additionally, the description 

of device operation in following sections will focus on the use of a p-type OSCs. 

A variety of different p-type OSCs have been applied in OFETs, however the most commonly used 

include molecular OSCs such as Pentacene, TIPS-Pentacene, BTBT, DNTT, as well as polymeric OSCs 

such as P3HT, IDTBT, PBTTT and DPPTTT and their molecular structures are shown in Figure 7.50  

 

Figure 7 Molecular structures of selected high mobility p-type OSCs. 
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Small molecules such as rubrene and pentacene can produce highly ordered molecular crystals that 

display high mobilities but the solution processability is limited by the solubility of these materials 

and they must be deposited by vacuum sublimation. 

One of the most promising and well used building blocks in solution processable p-type 

semiconductors is the thiophene sub-structure, typically in combination with alkyl substitution to 

increase solubility. poly(3-hexyl thiophene) (P3HT) is one of the most commonly used p-type 

conjugated polymer in OFETs displaying hole mobilities up to around 0.1 cm2/Vs. However, the 

relatively low-lying HOMO level of (4.8 eV) can make it susceptible to unintentional doping therefore 

reducing the stability of device operation in ambient conditions. Therefore, design efforts are often 

made to decrease the conjugation length and therefore slightly increase the ionisation potential 

whilst maintaining good charge transport. 

Further developments include poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3, 2-b]thiophene (PBTTT) 

which is an example of a alkyl-substituted polythiophenes demonstrating good hole mobilities and 

improved air stability.51 Diketopyrrolopyrrole (DPP)-based polymers such as DPPTTT have more 

recently shown further enhancements in environmental stability and field effect mobility.35,52–54 

Furthermore, other classes of copolymers have also been based on indacenodithiphene (IDT) such as 

indacenodithiophene–benzo- thiadiazole copolymer (IDT-BT).55 

1.3.5 OFET Device operation 

These devices operate through the modulation of the flow of current between the source and drain 

electrodes (IDS) by an applied gate voltage (VGS). The gate-contact and the OSC are capacitively 

coupled by the gating medium hence control of the gate voltage can induce the accumulation or 

depletion of charge carriers confined within the OSC at OSC/insulator interface to form a conducting 

channel. In contrast, the channel formation in a MOSFET occurs through the inversion process.41  

1.3.5.1 Band bending and the field effect 

OFETS are interfacial devices and the role of the OSC-insulator interface when subjected to different 

bias conditions is critical to understanding device function.56 In an OSC the density of charge carriers 

(holes or electrons) that respond to an applied field is sufficiently small that the field can penetrate 

relatively far into the material. The applied field modifies availability and occupancy of energy levels 

at the surface region of the semiconductor and therefore modulation of the electrical conductivity, 

this is the field effect. 

The effect of the applied electric field on semiconductor is best displayed by a band-bending diagram 

that shows a metal-insulator-semiconductor (MIS) junction and the position of the energy states 
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(band edges) near the interface as a function of depth into the material (Figure 8). The bands of the 

semiconductor are pinned to Fermi level of the metal electrode and this can be altered by the 

applied voltage, causing the observed band bending of the energy states near the junction due to 

space charge effects. 

 

Figure 8, Band structures showing the distribution of holes and the energy level alignment across the metal–insulator–(p-

type) semiconductor structure at different gate voltages. (a) zero gate bias (VGS = 0), (b) accumulation (VGS < 0) and (c) 

depletion (VGS >0) modes.29 The arrow points towards the region of the accumulated charges at the interfacial channel 

region where 2D charge transport is confined. 

In Figure 8a the band diagram of the metal gate, the insulator (gate dielectric) and OSC are depicted 

in the absence of a gate bias (VGS = 0). In this condition no band bending (of the HOMO and LUMO 

levels) occurs which results in the alignment of the Fermi levels of the semiconductor and gate 

electrode. When in the off state the high resistance of the OSC results in a low IDS. Any transport that 

does occur is three dimensional (3D) and a result of charge carriers present in the bulk of the OSC 

film.  The presence of any charge carriers in the semiconductor at trace level is a result of doping 

due to impurities or structural defects that can be hard to control. 

The application of a voltage causes the occupancy of the local energy levels to be bent. When a 

negative gate bias is imposed (VGS < 0) the Fermi energy levels are raised causing upward band-
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bending in the OSC (Figure 8b). This generates a potential well and allows the accumulation and 

confinement of positive charges at the insulator/OSC interface to form a highly conductive channel 

between the source and drain electrodes.29 The confinement of charge carriers at the interface 

(typically within <5nm of the surface) results in two dimensional field-induced transport. The 2D-

transport region is highlighted in Figure 8b and forms a conductive path perpendicular to the plane 

of the paper.57 This is termed the accumulation mode and the IDS current increases when a greater 

negative gate bias is applied due to the accumulation of a larger charge density bias.  

In contrast, when the Fermi level of the electrode is lowered when a positive bias (VGS > 0) is applied, 

causing the bands of the semiconductor to bend downwards (Figure 8c). This results in the depletion 

of positive charges in the OFET channel region as positive charges are forced towards the OSC bulk 

and the IDS flow of current is reduced by several orders of magnitude relative to the on-current due 

to the very low charge density, this is called the depletion mode.29 

1.3.5.2 Role of charge injecting electrodes 

One of the key interfaces of semiconductor device is the junction that forms between the 

semiconductor and a metal (the source and drain electrodes) and its role in the injection of charge 

carriers into the conducting channel. The efficiency of charge injection is mainly determined by the 

relative alignment between the work function of the electrode contact (WF) and the HOMO or 

LUMO energy level of the OSC to which the charge carrier is being injected into. Therefore, the 

energy level alignment at the metal/OSC interface and the magnitude of any energy misalignment is 

important in guiding the appropriate choice of contact material and ensuring efficient device 

operation. 

Typical semiconductors of interest in organic electronics have LUMOs and HOMOs in the range of 2–

4 eV and 4.5–6.5 eV, respectively. In p-type devices the metal WF aligns with the HOMO and in n-

type devices the WF aligns with the LUMO. Ambipolar operation requires the WF lie in between the 

HOMO/LUMO with a small band gap in order to minimise the injection barrier to both. Optimal 

charge injection occurs at the junction when the work function of the metal electrode is exactly 

aligned with the HOMO/LUMO level and an ohmic contact with low resistance is formed. 

In contrast, when the energy levels of the metal and HOMO or LUMO are poorly aligned a non-ohmic 

contact is formed potential barrier is formed, leading to poor charge injection and an extra 

resistance in the transistor (contact resistance). The size of the potential energy barrier of an 

electron forming at either side of this metal/semiconductor barrier is the Schottky barrier height 

(ΦB). The contact resistance can be measured by various means including four-point probe 
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measurement or the transfer line method whereby a zero-channel length device is extrapolated by 

measuring the resistance of transistors of different channel lengths. 

This Schottky–Mott model of Schottky barrier formation provides reasonable guidance for the 

appropriate selection of injecting electrodes by assessing the relative energy levels of the commonly 

used metals and OSCs which can be complied in an energy band diagram, example materials 

including those used in fabricated devices are shown in Figure 9. 

 

Figure 9 A diagram showing the work function of several metals and the HOMO/LUMO levels of several p-type organic 

semiconductors relative to the vacuum level in eV.41 

Metallic contacts are the most frequently used electrodes due to their chemical stability, well-known 

properties and reproducible processing. Examples include gold, silver, copper, platinum, calcium and 

aluminium. Gold is the most frequently used electrode contact metal as its work function (4.8-5.1 

eV) is closest to the HOMO of most p-type organic materials (4.8-5.3 eV), allowing more efficient of 

accumulation/injection of charges with minimal injection barrier.41  Additionally the high 

environmental stability makes it ideal for stable aqueous operating devices.  

The metal thin films used as electrodes are commonly deposited by physical vapor deposition (PVD) 

techniques such as sputtering, thermal and e-beam evaporation under high vacuum. Electrode 
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patterning can be achieved for PVD methods by several lithographic techniques such as 

photolithography, e-beam lithography and stencil (shadow mask) lithography. In pursuit of 

developing low-cost processing techniques and improved flexibility all-organic and solution 

processable materials for use in printable devices have also seen use as electrode materials in OFET 

devices, such as metal particle inks, PEDOT:PSS, carbon nanotubes and graphene.58 

Chemical modification of the metal contacts can also be used to create conditions for more 

favourable charge injection into the organic semiconductor, shifting the work function of the 

electrode and/or influencing the semiconductor morphology. Chemical modification of the 

electrodes can include metal oxides such as titanium oxide or the formation of SAMs. 

A variety of SAMs have been applied for the tuning of the work function, for example thiol-based 

small molecules. The thiol based SAMs spontaneously adhere to the metal surface due to the 

formation of covalent bonds between thiol group and metals such as gold. The surface potential and 

therefore work function is modified (∆𝑊𝐹) because the SAM changes the local electric field with the 

contribution of two dipoles; the surface dipole produced by the intrinsic dipole of the molecules that 

make the SAM layer (∆𝑉𝑆𝐴𝑀) in addition to the formation of an interfacial dipole created as thiol 

group binds to the gold surface (BD).  

Equation 6 

∆𝑊𝐹 = ∆𝑉𝑆𝐴𝑀 +𝐵𝐷 

The size of the work function shift of the electrode is related to the degree of order and orientation 

of the formed SAM, in addition to the magnitude and sign of the dipole induced by the SAM. In 

general alkane terminated SAMs are used to decrease the work function and halogen terminated 

SAMs are used to increase the work function. An example of this is pentafluorobenenethiol (PFBT) 

SAM treatment of silver and gold source and drain electrodes, use of this SAM results in a more 

hydrophobic surface which improves the semiconductor morphology on the contacts whilst also 

modifying the work function of gold (WF PFBT modified gold 5.4 eV) to allow better alignment with 

the HOMO of OSCs such as DPPTTT therefore reducing the Schottky barrier height and improving 

charge injection.59 

1.3.6 Device characteristics and key parameters 

An OFET is typically operated by the application of a potential to the devices gate electrode and the 

drain electrode whilst the source electrode is held at ground (VS = 0). Therefore, the resulting 

voltages used to describe the device operation are the gate-source voltage (VG) and the drain-source 

voltage (VDS). In the following discussion the use of a p-type OSC is described and the majority charge 
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carriers are holes. However, the same behaviour would be observed for an n-type OSC but the 

polarities would be reversed.  

Again, consider a metal-insulator-semiconductor (MIS) structure as the model for an interface when 

a VG but no VDS is applied. The application of a negative VG results in the polarisation of the dielectric 

and an accumulation of holes in the OSC at its dielectric interface, which are injected from the 

grounded electrode (source). The density of charge carriers in the channel is proportional to the 

capacitance of the insulator Ci (dielectric) and the magnitude of the applied field (VG), i.e. the ‘field 

effect’.  

The charges that are induced in the channel must first fill deep trap energy states so that the 

subsequently injected charges can be mobile and hence establish a conducting transistor channel, 

the minimum potential required to achieve this is the threshold voltage (VT).60 The deep lying traps 

can result from crystal defects, impurities and interfacial roughness. In order to fill the deep trap 

sites the applied gate voltage (VG) must exceed the threshold voltage (VT), therefore the effective 

gate voltage (also known as overdrive voltage) (VG - VT) must be greater than zero. Hence, when the 

(VG - VT) < 0 the device is effectively “off” and when the (VG - VT) > 0 the traps are filled, and charges 

can accumulate and the device turns “on”. Once a VDS is applied the accumulated mobile charge 

carriers can flow between the source and drain and the drain current (ID) can be measured. The 

relationship between the distribution of charge carrier within the conduction channel in different 

operating regimes and the impact on the drain current with VDS at a fixed gate voltage is depicted in 

Figure 10.  
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Figure 10 Schematic structure of a classic BGBC OFET showing the shape of the conductive channel in blue, together with 
the evolution of a current-voltage characteristic for the device with fixed VG in different operating regimes: a) in the linear 
regime; b) at pinch-off; d) in the saturation regime. 

When VDS=0 a uniform distribution of charge carrier concentration is present in the transistor 

channel. The application of a small source drain voltage (VDS << |VG - VT|, Figure 10a) produces a 

linear gradient of charge density across the channel (charge carriers being present across the entire 

conducting channel) and the drain current increases linearly with VDS, this is called the Linear regime. 

As VDS increases and approaches the value of VG, the interaction of the two potentials results in a 

change in the shape of the conductive channel and a non-linear IDS-VDS relationship develops at the 

on-set of the saturation regime. A point is reached when VDS = |VG - VT| (Figure 10b) and the channel 

is “pinched off” by the formation of a region near the drain contact that is depleted of free charge 

carriers as 2D confinement of charges is lost.61 A space-charge-limited saturation current 𝐼𝐷𝑆
𝑆𝑎𝑡 is still 

able to flow across this narrow depletion zone as the applied electric field can move charge carriers 

from the pinch off point to the drain electrode. Further increasing the VDS means the increased 

potential forcing the movement of charge carriers between the source and drain is offset by the 

increasing the size of the depletion zone. Therefore, the current saturates towards a limited value 

(𝐼𝐷𝑆
𝑆𝑎𝑡) as VDS > |VG - VT|, Figure 10c (Saturation regime). 
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Current voltage characteristic relationships in FETs can be represented as chart or graphs (I-V curves) 

depicting IDS current measured as a function of VDS at several different fixed VG gate voltages 

producing individual I-V curves that are collated in the output characteristic. A typical example for a 

DPPTTT p-channel OFET is shown in Figure 11; the linear regime at low VDS and saturation regime at 

high VDS are evident. 

 

Figure 11  Current-voltage (IDS-VDS) curves of DPPTTT p-channel OFET at different VGS gate voltages. The linear region 
(VDS<VGS−VT), saturation region  (VDS>VGS−VT) and pinch-off at VDS=VGS−VT are labelled.29 

The current-voltage characteristics can be approximated for the different operating regimes 

assuming the gradual channel approximation and this gives rise to the following simplified 

equations: 

Equation 7  linear regime   𝑉𝐷𝑆 ≪ (𝑉𝐺 − 𝑉𝑇) 𝐼𝐷𝑠
𝑙𝑖𝑛 = 

𝑊

𝐿
𝜇𝑙𝑖𝑛𝐶𝑖 (𝑉𝐺 − 𝑉𝑇 −

𝑉𝐷𝑆

2
)𝑉𝐷𝑆   

Equation 8  saturation region  𝑉𝐷𝑆 > (𝑉𝐺 − 𝑉𝑇)  𝐼𝐷𝑠
𝑠𝑎𝑡 = 

𝑊

2𝐿
𝜇𝐶𝑖(𝑉𝐺 − 𝑉𝑇)

2    

The gradual channel approximation model applies when the electric field between the source and 

the gate is much greater than the electric field between the source and the gate. This is usually 
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satisfied when 
𝐿

𝑑
≥ 10, although short channel effects can be observed when the channel length is 

too small and the observed device behaviour deviates from that described by above. 

The device behaviour can be further investigated in a “transfer characteristic” by measuring the IDS 

current measured as a function of VG at a constant VDS in either the  linear (VDS < |VG - VT|) or 

saturation regime (VDS > |VG - VT|). Equation 7 and Equation 8 can describe the IDS relationship to VG 

at a fixed VDS and through the manipulation of the equations several useful parameters can be 

extracted. 

The measurement of a device transfer characteristic allows the extraction of the electrical figures of 

merit that describe the device behaviour and analysis of the device performance can be achieved. 

The principal parameters of interest are the threshold voltage (VT), field effect mobility (µ) ratio 

between max current (Ion) and min current (Ioff) (IOn/Off) and the method of extraction for a device 

operating in the saturation regime is shown in Figure 12. 

 

Figure 12  Transfer characteristic of a typical p-type EGOFET device showing the extractable parameters in the 
saturation regime. ISD (black – solid lines) is plotted in a semi-log scale (left) highlighted are IOn and IOff used in 
calculating the IOn/IOff ratio. A linear fit to ISD plotted in a square root scale (blue – right) gives the gradient (A) 
and intercept (B) from which the mobility (µ) and threshold voltage (VT) are calculated through Equation 9-5. 

The IDS at the maximum VG during the transfer sweep signifies the maximum current in the transfer 

hysteresis (Ion) and IDS min signifies the lowest current during the transfer forward sweep and when 

the device is off (Ioff). The ratio between max current (Ion) and min current (Ioff) gives the on/off 

current ratio (IOn/Off). A large on/off current ratio allows the device to present a clear distinction in 

the on and off states allowing the OFET to behave as an on/off switch and IOn/Off >106 is considered 
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good. The switch between on and off performance is indicative of the change between the distinct 

conduction regimes of the 2D FET transport (on) and 3D bulk transport (off). 

Ioff can be minimised by a number of techniques including: appropriate choice of dielectric material, 

reduction in the gate leakage (for example by patterning of the gate and the semiconductor layer), 

reducing the bulk conductivity in the OSC material which can be a result of unintentional doping. 

Equation 7 and Equation 8 highlight the multiparametric relationship that can control the magnitude 

of Ion. The factors influencing Ion can therefore include the operating voltages used in the transfer 

characteristic, the charge carrier mobility of the semiconductor used, the gate dielectric capacitance, 

the threshold voltage and density of trap states at the semiconductor-insulator surface. 

The saturation regime as described in Equation 8 shows that the square root of the drain current is 

directly proportional to VG. The characteristic device parameters, field effect mobility of holes (µ) 

and threshold voltage (VT), can therefore be extracted from the transfer characteristics in the 

saturation regime from the slope (A) and intercept (B) of Id
1/2 vs VG plot (Figure 12, blue line), as 

shown by the manipulation of Equation 9-Equation 11.29 

Equation 9  √𝐼𝐷𝑆 = √ 
𝑊

2𝐿
𝜇𝐶𝑖𝑉𝐺𝑆 −√ 

𝑊

2𝐿
𝜇𝐶𝑖𝑉𝑇 = 𝐴𝑉𝐺𝑆 − 𝐵 

Equation 10  𝜇 =
2𝐿

𝑊𝐶𝑖
𝐴2 

Equation 11  𝑉𝑇 = −
𝐵

𝐴
    

The charge carrier mobilities in different operating regimes can be expressed as: 

Equation 12  𝜇𝑙𝑖𝑛 = 
𝐿

𝐶𝑖𝑊𝑉𝐷𝑆

𝜕𝐼𝐷

𝜕𝑉𝐺
 

Equation 13  𝜇𝑠𝑎𝑡 = 
2𝐿

𝑊𝐶𝑖
(
𝜕√𝐼𝐷

𝜕𝑉𝐺
)
2

 

In the linear regime, the drain current is directly proportional to VG, therefore the mobility in the 

linear regime (𝜇𝑙𝑖𝑛) can be extracted by the gradient of ID vs VG at constant VDS as shown in Equation 

12. In an ideal device the values calculated for mobility in the linear regime (𝜇𝑙𝑖𝑛) and saturation 

regime (𝜇𝑠𝑎𝑡) would be the same. However, a significant degree of contact resistance will cause a 

reduction in the effective VDS, as a result the observed 𝜇𝑙𝑖𝑛 can be drastically reduced because VDS is 

relatively small when operating in the linear regime. Contact resistance is particularly important in 

short channel devices operating at a low VDS. 
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As described above VT is the minimum voltage required to turn a device ‘on’ and is dependent on a 

variety of factors including: the semiconductor and dielectric used, impurities and particularly on the 

density/number of trap sites that must be filled by an applied VG for free charge carrier to contribute 

to the current. 

Equation 14 𝑉𝑇 = 𝑉𝐹𝐵 +
𝑞𝑝0𝑑𝑠−𝑄𝑖

𝐶𝑖
 

VFB flat-band voltage, q charge of each charge carrier, p0 trap density of semiconductor bulk and 

semiconductor/dielectric interface, Qi is the interface charge density, ds thickness of semiconductor 

film and Ci capacitance per unit area of gate insulator. Therefore in an ideal trap-free OFET VT is 

dependent on the device materials used, summarised by their contribution to VFB; where the work 

function of gate metal (WFm) and the ionisation potential (Ip) of a p-type OSC and is broken down 

by:62 

Equation 15 

𝑉𝐹𝐵 = 𝑊𝐹𝑚 − 𝐼𝑝 

The threshold voltage dependence on work function (WFm) of the gate electrode materials is well-

established amongst inorganic transistors gated by dielectrics.61 Work functions of electrode 

materials are typically measured by either ultraviolet photoemission spectroscopy or capacitance-

voltage (C-V) measurements.  Variation of the gate work function or ionisation potential of the OSC 

layer produces a voltage shift and can be used a sensing parameter as discussed in section…. 

Additionally, the VT provides an indicator of the operational voltage of the device, a VT close to 0 V is 

desirable for low power applications. The threshold voltage can be reduced by increasing the gate 

capacitance and therefore increasing the number of charges induced at lower voltages, this is the 

main reason for the low voltage operation of electrolyte gated OFETs. The incredibly high gating 

capacitance of the water significantly reduces the VT close to zero allowing the operation of the 

device to within the electrochemical window of water (further discussed in section …). It is also of 

note that when organic devices are operated for significant periods of time a drift in the VT is 

generally observed and this is termed bias stress. 

When analysing the transfer characteristic, it is often important to investigate the occurrence of a 

device hysteresis. A device hysteresis is a deviation from ideal behaviour where a significant 

difference is observed between the forward and reverse voltage sweeps of a current characteristic. 

This is usually due to the formation of interfacial traps which are held on the forward or reverse 

sweep or can be due to the use of highly polar dielectrics. 
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Another figure of interest is the subthreshold slope (S), a measure of how quickly a device turns from 

the off to the on state, this is the quantification of the rate of change in ID as VG increases at a fixed 

VDS. can also be calculated from the following: 

Equation 16  

𝑆 =
𝜕𝑉𝐺

𝜕(log10(𝐼𝐷))
 

The subthreshold slope is expressed in units of V/decade therefore expressing the increase in VGS to 

cause a 10-fold increase in ID. It is dependent on the capacitance of the gate dielectric and the trap 

sites present at the interface. A steeper slope signifies a faster transition from the off to on state 

(this usually happens in devices with a low concentration of shallow traps) and would produce a 

smaller/larger value for S, this is desirable for applications requiring with fast switching speeds.  

1.3.7 EGOFET Operation the role of the EDL 

As water is an electrolyte, therefore it can be electrochemically oxidised and reduced as shown in 

Figure 13. These reactions limit the potential that can be applied to the electrodes of OFETs in direct 

contact with water. Electrolysis begins when a potential difference between source and drain 

electrodes exceed 1.23 V, therefore establishing the electrochemical window of water (Figure 13). 

Under such conditions water acts as a conductor and a significant Faradaic current can be 

measured.63 Therefore in order to enhance device performance satisfactory operation under 1.23 V 

is necessary. 

 

Figure 13 Electrochemical reactions of water. Standard potentials vs. Standardised Hydrogen Electrode (SHE). The 

difference of these two voltages provides the electrochemical window of water as 1.23 V 

Device operation in aqueous media is of critical importance for application in biomedical diagnostics. 

For such applications the distinct advantages of EGOFETs and ISOFETs make them particularly 

attractive.63 In a conventional ion selective OFET or FET (ISFET) the analyte is in direct contact with 

the solid gate dielectric and the electric field is generated by a metallic bottom gate.63 However in an 

EGOFET the organic semiconductor and analyte are in direct contact and the accumulation zone of 

charge carriers is at the OSC/solution interface. The formation of an electrical double layer (EDL) of 

very high capacitance (Ci ~ 1- 10 µF cm-2) at the electrolyte-semiconductor interface enables device 

operation at low voltages, where source-drain currents of a few µA-nA are of more than sufficient 
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amplitude for further signal processing.64,65 The inversely proportional relationship between 

threshold voltage and gating system capacitance established in Equation 14 (𝑉𝑇𝛼
1

𝐶𝑖
) results in a 

significant reduction in VT to within the electrochemical window of water due to the large 

capacitance of the EDL, therefore enabling the required low voltage operation. Operation at low 

voltages becomes increasingly important for stability in aqueous media and to avoid ionic transport 

through the analyte solution that would limit device performance.63,66 Furthermore, the direct 

contact between OSC and water enables water gated OFETs (WGOFETs) to avoid proton trapping 

and hysteresis allowing stable operation at low voltages.25,61 

In the case of a p-type EGOFET, positive polarisation of the gate produces an EDL at the gate 

composed of electrons within the metal and cations in the electrolyte, whereas electrolyte anions 

and semiconductor holes form the EDL at the semiconductor interface.  

 

Figure 14 Illustration of the ion distribution in the Stern model. Showing the Helmholtz layer (HL), the Gouy-Chapman 

diffuse layer and the bulk electrolyte (above), and spatial distribution of the potential between the gate and the 

semiconductor in an electrolyte-gated transistor (below)28 

The EDL developed in the Stern model is shown in Figure 14, and combines aspects of the Helmholtz 

model with the Gouy-Chapman model, resulting in an EDL within the electrolyte composed of two 
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layers, the Helmholtz layer (internal Stern layer) and the Gouy-Chapman diffuse layer. 28 The 

Helmholtz layer consists of a single layer of solvent molecules in direct contact with the metal or 

semiconductor and a single layer of solvated ions. The diffuse layer consists of free ions in solution 

capable of migration under electrostatic interaction and thermal motion producing a charge 

distribution of ions as a function of distance from the interface. As the distance increases from the 

interface (gate or semiconductor) towards the bulk, the excess of ions decreases. As a result, the 

potential drop at the interfaces only occurs within the double layer. The flow of current across the 

interface is prevented by the double layer acting as a dipole to generate an electrical field across the 

interface. In this configuration the EDL functions as a capacitor, where charge separation is 

minimised by a very thin double layer resulting in very high capacitance values which enables low 

voltage operation of the OFET. Due to the close proximity of the charged layers a large capacitive 

coupling is produced. A small difference in potential between the liquid and semiconductor channel 

induces a significant change in charge density, hence allowing low voltage operation. Additionally, by 

producing a higher charge density, higher mobility and output currents can be achieved. 

Capacitive coupling of the interfaces makes the gating system equivalent to two capacitors in series 

and the biorecognition elements can be introduced to either interface, to create a third element 

within this series (Equation 23). The overall gating system capacitance is then controlled by the 

introduction of this third and smallest capacitor to the series. This capacitance is very sensitive to 

surface changes which occur upon analyte interaction, allowing for detection of both charged and 

neutral ligands. 

1.3.8 Applications 

Although organic transistors typically do not compete with silicon transistors in terms of 

performance, they still find useful application in devices where inorganic materials are unfeasible or 

not cost effective. OFETs have traditionally found their main application in display and integrated 

circuit technology;67,68 however they have also proven to be excellent candidates for use in chemical 

and biological sensing applications such as environmental monitoring,69 detection of explosives,70 in-

situ medical diagnostics,71 drug delivery72 and food storage.73 

The excellent biocompatibility of the organic components lends itself well for use in biomedical 

applications. In this context, the potential for easy modification with biological components coupled 

with the chemical similarity of building blocks means organic materials outperform inorganic 

counterparts significantly. Additionally, the chemical and physical properties of organic compounds 

can be tuned in order to maximise the selectivity and sensitivity to target analytes. 
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Moreover, the inherent signal amplification of OFET-based sensors leads to higher sensitivity in 

comparison to alternative sensing platforms. OFET-based sensors combine the function of a 

transducer and amplifier within one device whilst benefiting from well-established miniaturisation 

methods and integration into complex circuits for further signal processing. OFET-based sensors 

have shown application in the detection of wide variety of analytes ranging from small molecules, 

vapours to ions and complex biomolecules. Of particular interest in this project is their application in 

the detection of biomarkers. Their application for sensing has been comprehensively reviewed by 

Torsi et al.29 

1.4 OFETs as Biosensors in aqueous environments 

1.4.1.1 Sensing in OFETs 

When applied to sensing applications the OFET current response is modified upon exposure to an 

analyte which interacts with one of the device interfaces or diffuses into the semiconductor. 

Depending on the OFET device architecture several interfaces can be utilised for sensing: i) the 

electrode/semiconductor; (ii) dielectric/semiconductor; (iii) organic/organic interfaces such as grain 

boundaries; (iv) semi- conductor/ambient interface.63 

The integration of specific recognition sites into the sensor is essential in allowing the selective 

detection of target analytes. Various approaches have been used for the immobilisation of 

recognition elements either at one of the aforementioned interfaces or incorporation directly into 

the semiconductor film. One of the most popular approaches involves peptide coupling through 

activation of carboxylic acid groups on the interface surface using EDC/NHS.74 Functionalised 

phospholipid bilayers deposited on top of the OSC or gate dielectric have also been proposed as 

route to surface functionalisation.75,76 In addition gold-thiol chemistry  can be utilised with gold 

nanoparticles77 or for directly functionalising the gate electrode.78 

1.4.1.2 Analysing sensing response in OFET biosensors 

As discussed in section 1.3.3, a variety of OFET architectures have been developed and found 

application in biosensing devices. In order to allow sensing the immobilisation of the biorecognition 

element to one of the device interfaces is required. The binding of the ligand (analyte) to the 

bioreceptor (biorecognition element) is a binding event that results in the formation of a 

biorecognition complex (R-L complex). OFET biosensors can transduce the formation of the R-L 

complex because the electronic properties of the interface where this event occurs are altered and 

therefore the measured signal and device performance is changed. The location of the 

functionalised interface plays a fundamental role in determining the electrical parameters that are 
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altered in sensing in addition to the relevant properties of the analyte such as its electrostatic and 

electrochemical properties. 

The response of OFET biosensors to analytes is typically evaluated by measuring the transfer 

characteristic of the device, by measuring the 𝐼𝐷𝑆 𝑣𝑠 𝑉𝐺 at a fixed VDS that operates the device in the 

saturation regime. As OFET biosensors are inherently multi-parametric devices they offer the 

possibility of simultaneously monitoring the variation of the multiple electrical parameters 

associated with changes in the measured signal (IDS) due to relationship described in Equation 7 and 

Equation 8. Therefore, in addition to the measured signal (IDS), the characteristics that are typically 

also analysed for a sensor response are the field effect mobility (µ), threshold voltage (VT) and 

capacitance (Ci). 

A transfer characteristic measurement in the saturation regime allows linear interpolation of the 

√𝐼𝐷𝑆 𝑣𝑠 𝑉𝐺 curve and extraction of VT from the intercept and µ*Ci which is equal to the gradient (see 

section 1.3.6. A representation of the change in measured √𝐼𝐷𝑆 𝑣𝑠 𝑉𝐺 curves before (blue) and after 

(red) analyte sensing for different devices (or sensing conditions) is shown in Figure 15. The subscript 

0 denotes the values used as the baseline (blank) values from measurement taken in the absence of 

the analyte (the blue curve). 

 

Figure 15 Representation of the change in transfer characteristic and parameters caused by sensing for different FET 

biosensors. The devices are operating in the saturation regime and the √IDS vs VG curves represent measurement taken 

before (blue) and after (red) a binding event. The architecture of each device is shown below. A) An EGOFET device 
modulated by the change in capacitance of the biolayer and VT, but μsat is constant; B) An FBI transistor, the effective 
gating capacitance remains constant and μsat and VT change; C) An ISFET, only VT varies as μsat and Ci remain constant. 
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The change in device characteristic parameters highlighted in Figure 15 depends on the electronic 

properties altered by the formation of R-L complex during sensing. A change in µ is observed if the 

formation of the R-L complex affects semiconductor transport. When the R-L complex formation 

affects the gating capacitance of the system then Ci will change. If the electrochemical potential 𝜇𝑒̅̅ ̅ 

of the semiconductor or the metal gate electrode are impacted then a shift in the VT will be 

observed. R-L complex formation can impact all the above parameters simultaneously, however 

some device architectures can allow the parameters to be de-coupled by keeping one or more 

parameter constant as shown in Figure 15. The decoupling of the parameters that impact on 𝐼𝐷𝑆  and 

contribute towards the ∆𝐼/𝐼0 allows the comparison between the ΔVT, Δ𝐶𝑖  , Δ𝜇𝑠𝑎𝑡  to show their 

relative impact on sensing response. 

In the following discussion the examples relate to biosensors that detect the binding of a ligand to a 

biological recognition element that has been immobilised at one of the device interfaces. However, 

the same principle and behaviour would be expected for devices sensing the nonspecific adsorption 

of the ligand to the OSC or gate surface. 

A common feature of FET transduction is a biosensing response that produces a threshold voltage 

shift (∆𝑉𝑇) that scales with the logarithm of analyte concentration, such as the ISFET shown in Figure 

15c. As previously discussed in section 1.3.6 the VT is the gate bias required to fill the deep lying 

traps and enables the device to turn on, it is achieved when the applied gate voltage levels the 

energy barrier created by the difference between the electrochemical potential of the gate and 

semiconductor charge carriers (𝜇𝑒̅̅ ̅). 

The formation of the immobilised R-L complex at the gate interface produces an electrochemical 

Gibbs free energy for the process (∆𝐺̅̅ ̅̅ ) that changes the electrochemical potential of the gate metal 

electrons (𝜇𝑒̅̅ ̅). The change in 𝜇𝑒̅̅ ̅ alters the work function of the gate and this results in a shift of VT 

due to the relationship described in the equations below: 

Equation 17 

𝜇𝑒̅̅ ̅ =  (
𝜕�̅�

𝜕𝑛
)
𝑇,,𝑃,𝑛𝑗≠𝑒

 

Equation 18 

𝜇𝑒̅̅ ̅ = 𝜇𝑒 + 𝑛𝐹𝜙 

Equation 19 

∆𝐸𝐹 = �̅�𝑒(𝑔𝑎𝑡𝑒/𝑅−𝐿) − �̅�𝑒(𝑔𝑎𝑡𝑒/𝑅) 
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Equation 20 

∆𝐸𝐹 = −𝑛𝐹∆𝑉𝑇 

Equation 21 

∆𝑉𝑇 = −(
∆𝐸𝐹
𝑛𝐹
) 

Equation 22 

∆𝑉𝑇 = −(
�̅�𝑒(𝑔𝑎𝑡𝑒/𝑅−𝐿) − �̅�𝑒(𝑔𝑎𝑡𝑒/𝑅)

𝑛𝐹
) 

The electrochemical Gibbs free energy (�̅�), differs from the Gibbs chemical free energy (G), by the 

inclusion of effects from the large-scale electrical environment. ∆𝐸𝐹 is the change in electron free 

energy of the metal-gate acting as the electrostatic contribution to the molar free energy of the R-L 

complex formation. Where 𝜇𝑒̅̅ ̅ is the electrochemical potential in J/mol before (�̅�𝑒(𝑔𝑎𝑡𝑒/𝑅)) and after  

(�̅�𝑒(𝑔𝑎𝑡𝑒/𝑅−𝐿)) R-L formation; 𝜇𝑒 is the chemical potential; F is Faradays constant, 𝜙 is the local 

electrostatic potential in V, n is the number of moles charges in the phase, ∆𝑉𝑇 is the change in 𝑉𝑇 

caused by sensing. 

Due to the relationship described in Equation 18  𝜇𝑒̅̅ ̅  is often dominated by large electrostatic (𝜙) 

contributions associated with long-range coulombic interactions (10-100 kJ mol-1). This allows typical 

FET sensors to achieve the sensitive detection of charged species by monitoring ∆𝑉𝑇. The Gibbs free 

energy (G) excludes the effects of net charges and monopoles, which are absent in neutral species 

and accounts for changes in system energy and entropy in the formation of recognition-ligand 

complex at the interface. ΔG associated with the R-L complex formation is consistent with weaker 

short-range energies such as dipole-dipole or dispersive interaction involves energies as low as 2 kJ 

mol-1. The lower energies involved in the detection of neutral species therefore presents a greater 

challenge in sensors that are solely reliant on ∆𝑉𝑇 for analyte detection. 

One method that demonstrated the accurate detection of neutral analytes was reported by Mulla et 

al., they described an EGOFET device that used an odorant binding protein (OBP) based 

biorecognition layer immobilised on to the gate electrode through a SAM that produces a 

capacitance-modulated response (Figure 15a).79 

The gating system capacitance Ci can be described as sum of three smaller capacitances in series. In 

an EGOFET such as Figure 15a the capacitance series are those that result from the electrical double 

layer (EDL) of the electrolyte at its interfaces with the gate (CEDL-1), OSC (CEDL-2) and biorecognition 

layer (CBio) to give: 
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Equation 23 

1

𝐶𝑖
= 

1

𝐶𝐸𝐷𝐿−1
+

1

𝐶𝐸𝐷𝐿−2
+
1

𝐶𝐵𝑖𝑜
 

The bioreceptor layer capacitance (CBio) can be modelled as a planar capacitor and described by: 

Equation 24 

𝐶𝐵𝑖𝑜 = 𝜀0𝜀𝑟𝑑
−1 

with 𝜀0 and 𝜀𝑟 as the vacuum and relative permittivity, respectively and d the distance between the 

capacitor plates. A typical protein system has 𝜀𝑟=3 and d is the thickness of the monolayer of 

proteins used in the recognition layer, the capacitance per unit area of most biolayers can therefore 

be estimated as being in the magnitude of CBio~0.1 µF cm-2. 

As an example, a pOBP-SAM attached to a gold gate electrode with a height of pOBP-SAM d~4.22 

nm gives an estimated capacitance of CBio~0.63 µF cm-2. To give further context the reported 

capacitances per unit area for the Au-gate/water interfaces is CEDL-1~40 µF cm-2 and typical 

water/OSC interfaces are CEDL-2~1-5 µF cm-2.79 

It is evident from Equation 23 that the capacitance is dominated by the smallest capacitance value in 

the series (CBio). Therefore, due to the expected relative magnitudes of these capacitances the whole 

gating capacitance system Ci can be approximated to the smallest value capacitance CBio (𝐶𝑖 ≈ 𝐶𝐵𝑖𝑜). 

The model suggests that the capacitance of the biorecogntion layer can control the output current of 

the device through its relationship with Equation 23, on the condition that parallel parasitic 

capacitances are minimised. 

The use of relative variation to describe the change in device parameter in sensing provides a robust 

parameter that normalises device-to-device variation therefore improving the reproducibility of the 

response. The relative variation of the device current 𝐼𝐷𝑆 is ∆𝐼/𝐼0 given by: 

Equation 25 

∆𝐼

𝐼0
=
𝐼 − 𝐼0
𝐼0

 

The EGOFET configuration in Figure 15a means that the analyte binding event occurs sufficiently far 

from the semiconductor that the mobility is unaffected and µ remains constant. The change in VT 

therefore transduces the electrostatic changes that occur during the analyte detection by probing 

the change in electrochemical potential (𝜇𝑒̅̅ ̅) at the gate electrode.  Therefore, the individual 

contributions from the different performance features can be decoupled when second-order terms 
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are disregarded (because they are small and have negligible contribution) allowing the response 

∆𝐼/𝐼0 to be expressed as: 

Equation 26 

∆𝐼

𝐼0
=
∆𝐶𝑖
𝐶𝑖0
− 2

∆𝑉𝑇

(𝑉𝐺 − 𝑉𝑇0)
 

where µ is presumed to be constant and Ci is dominated by the CBio. Therefore if 𝑉𝑇 ≪ 𝑉𝐺 and ∆𝑉𝑇 ≪

𝑉𝐺 then Equation 26 can be approximated as: 

Equation 27 

∆𝐼

𝐼0
≅
∆𝐶𝐵𝑖𝑜
𝐶𝐵𝑖𝑜0

 

This theoretical reliance on a change in capacitance was reinforced by the experimental values 

reported in the OBP paper, when the relative variation for VT and 𝐶𝑖  at the saturation of sensing 

response was compared. The work showed that 𝐹(∆𝑉𝑇) ≅ 0.1, whereas 
∆𝐶𝑖

𝐶𝑖0
≅ 0.5 this showed that 

the sensing output current was more heavily moderated by the 𝐶𝑖  term signifying that the device 

was operating as a capacitance-modulated transistor sensor. 

Mulla et al hypothesised that the formation of the R-L complex produces subtle conformational 

changes in the bioreceptor that alter the dielectric properties of the biorecognition layer.79 Despite 

the small magnitude of the changes in CBio the EGOFET is able to transduce them effectively even if 

no net charges occur allowing the detection of uncharged analytes. This is because instead of 

sensing relying on a change in 𝜇𝑒̅̅ ̅ and the change in output current is more heavily dependent on 

changes in capacitance at the biorecognition layer. The small changes in Δ𝐶𝑖 can be transduced, with 

high signal to noise as a result of the transistors high current gain. 

In contrast, in the functional bio-interlayer (FBI) transistor sensor the capacitance remains constant 

throughout sensing. In the FBI-OFET geometry an antibody interlayer (bio-recognition layer) is 

sandwiched between the OSC (above) and the silicon oxide (SiO2) insulating dielectric (beneath) in a 

bottom gate device. The analyte can percolate through the voids between OSC grain boundaries to 

reach the functionalised OSC/gate dielectric interface. There is a direct interface between the 

biorecognition layer and the OSC electric channel, R-L complex formation produces a direct impact 

on the charge transport and µ parameter can transduce the analyte interaction. 
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For the FBI-OFET device shown in Figure 15b, the gating system capacitance Ci can be described as 

sum of three smaller capacitances in series these are the capacitance per unit area at: the 

semiconductor (COSC), dielectric (CDiel) and the immobilised biological layer (CBio) to give: 

Equation 28 

1

𝐶𝑖
= 

1

𝐶𝑂𝑆𝐶
+

1

𝐶𝐷𝑖𝑒𝑙
+

1

𝐶𝐵𝑖𝑜
 

 

In the FBI-OFET the capacitance of the thick SiO2 dielectric layer is in the nF cm-2 range making it 

significantly the smallest value in the series and the dominant value in the overall gating 

capacitance. As a result, in the FBI device system CDiel and the overall gating capacitance Ci remains 

constant as it which is unaffected by the analyte binding. The device is therefore able to probe the 

impact of detection in the biolayer on the µ (semiconductor transport), whilst the VT can again 

transduce the electrostatic changes that occur during the interaction. This is valid for the FBI device 

where the assumption is made that Ci is constant and the following relationship holds: 

Equation 29 

∆𝐼

𝐼0
=
∆𝜇

𝜇0
− 2

∆𝑉𝑇

(𝑉𝐺 − 𝑉𝑇0)
 

An ISFET sensing device is shown in Figure 15c, this is a MOSFET device with a functionalised top 

gate electrode as shown, also has the gating capacitance system described in Equation 28. In this 

device the low capacitance of the inert oxide dielectric layer is again the smallest in the series, 

resulting in a constant capacitance. Additionally, as the semiconductor shares no interfaces with the 

biorecognition layer it will be unaffected by the analyte binding and µ will also remain constant. 

Therefore, analyte detection is reliant only on the change to the gate electrons 𝜇𝑒̅̅ ̅ producing a shift 

in the VT. For this reason, ISFETs are usually only employed for the detection of charged analytes. 

EGOFET sensors do not require a reference electrode. In an EGOFET the Faradaic current generated 

by the reference electrode depolarises the EDL, and removes the capacitive series that enables the 

EGOFET sensing to be driven by changes in capacitance of the biolayer (CBio). Therefore, EGOFET 

biosensors perform better with a polarisable electrode, provided that electrochemical processes are 

avoided within the VG potential window that the device operates in. 
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1.4.2 OFETs sensing in the dry state 

Through the immobilisation of biological recognition elements the classic OFET architecture (as 

shown in Figure 6) can be applied to biosensing. For example Yan et al. developed bottom gate, 

bottom contact devices where probe DNA strands where immobilised through thiol chemistry onto 

the source and drain electrodes.80 Detection was a result of a change in the work function of the 

drain and source electrodes upon interaction of a complementary DNA strand. However, in this 

configuration DNA hybridisation was performed before spin-coating the semiconductor (P3HT) on 

top, making it unsuitable for practical application. 

An alternative approach was described by Lim et al through integration of the bio-receptor into the 

semiconducting layer.81 The device using a biotinylated semiconducting polymer was capable of 

protein detection (avidin) at micromolar concentrations. Additionally, Maddalena et al showed that 

an insulating layer modified with a sulfate-binding protein deposited on top of the semiconductor 

was capable of sulfate ion detection.82 

Whilst the above examples demonstrate the detection of analytes from aqueous solution, drying is 

necessary following immobilisation in order to allow characterisation. This is a consequence of the 

high voltages needed to operate the devices limiting their operation to the dry state. 

An electrolyte gating medium such as that in EGOFET allows for low voltage operation due to the 

exceptionally high capacitance achieved which reduces the VT required for device operation. The 

electrolyte gating allows the direct detection of solubilised analytes present within solutions used as 

the gating medium (e.g. blood serum), this is particularly attractive in the field of label-free 

biosensors. 

1.4.3 EGOFETs as biosensors 

In the field of low voltage and low power applications the distinct advantages presented in EGOFETs, 

provides an interesting alternative to devices based on solid dielectrics such as traditional oxide gate 

insulators, high-k dielectrics and ultrathin organic layers.83 Recent literature in the field has reported 

successful label-free sensing of biologically relevant molecules like DNA,84 enzymes and proteins,75,85 

in addition to investigations into the effects of pH and ionic strength on device performance.64  

Advances in organic transistor-based biochemical sensing in aqueous media in EGOFETs have been 

excellently reviewed by Kergoat et al28 and Cramer et al.63 

EGOFET sensing requires the interaction of the detected analyte at one of the devices active 

interfaces, either the OSC/electrolyte or gate electrode/electrolyte surfaces. The innate sensitivity of 

the unmodified OSC towards an analyte can be used for a sensor, and they typically rely on the 
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specific affinity between amines and thiophene-based organic semiconductors to gain a device 

response. This was shown by Algarni et al, and these authors demonstrated the specific sensitivity of 

PBTTT-based EGOFET towards the detection of water borne amines.86 

However, in order to allow the detection of biomolecules one of the EGOFETs interfaces must be 

functionalised with appropriate bio-recognition elements, this can be either the gate electrode or 

OSC channel. This allows the device to benefit from the greater analyte specificity of the immobilised 

recognition element. Biosensing demands the integration of specific recognition elements into the 

sensor to allow the selective detection of an analyte in complex media. The recognition elements, 

immobilisation method used and interface that is functionalised are therefore of critical interest in 

EGOFET-based biosensors. A comprehensive review of surface functionalisation strategies for 

immobilising biomolecules for use in bioanalytical applications was outlined by  Jonkheijm and 

coworkers.87 Numerous functionalisation strategies have been explored and can broadly be 

categorised as depending on adsorption, covalent attachment or affinity interactions to immobilise 

the bio-recognition elements to the desired interface, as shown in Figure 16.29,88,89  
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Figure 16 Scheme of the most commonly used immobilisation strategies for bio-recognition elements in biosensors.87 

Covalent immobilisation requires the formation of chemical bonds between reactive groups on the 

biomolecules and complementary labile groups introduced to the interface.90  This can be made 

possible by introducing functionalities such as hydroxyl (-OH), amine (-NH2), thiol (-SH) & carboxyl (-

COOH) groups to the interface surface for use in in situ surface confined covalent reactions with bio-

recognition elements. 

One of the most common strategies for surface functionalisation is through the use of thiol-based 

self-assembled monolayers (SAMs). SAMs are two-dimensional highly ordered molecular assemblies 

which form on a surface by chemisorption; in the case of gold this relies on sulphur-containing head 

groups. The strategy benefits from ease of preparation and the spontaneous formation of the 

densely packed monolayer, with sufficient chemical and physical stability to allow further 

modification. Unless the deposited SAMs are pre-functionalised, the terminal group of the SAM 

contains the reactive chemical functionality which allows the covalent attachment of the recognition 

elements after monolayer formation. A variety of different known thiol self-assembled monolayers 
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(SAMs) are capable of anchoring probes to either gold nanoparticles deposited on the OSC channel 

or directly to a gold gate electrode for use in OFET biosensors. 

Gold nanoparticles (AuNP) can be used to introduce binding sites to OFETs, allowing the 

functionalisation of the device. The deposited gold nanoparticles, shown by Hammock et al,  used a 

block copolymer to order large-area arrays of gold nanoparticles with well-defined spacing onto the 

channel surface of a water stable OFET with back gate operation.91 The gold nanoparticles where 

functionalised with a thrombin aptamer capable of specific detection of the corresponding thrombin 

protein in solution at 100 pM concentration. 

Functionalisation of the gate electrode using SAMs has proved the most popular route to 

functionalisation in EGOFETs. The exceptional selectivity of this technique was shown by the chiral 

differential detection of carvone enantiomers by Mulla et al.79  Detection was achieved by the 

attachment of odorant binding protein (OBP) to the gate electrode through EDC/NHS coupling of a 

free Lysine residue in the OBP to the 3-mercaptopropionic acid (3MPA) SAM functionalised gold gate 

electrode. 79 

The pinnacle in EGOFET limit of detection was recently demonstrated by Macchia et al showing 

single molecule detection with a highly-packed SAM that is capable of sensing in complex media 

such as saliva and blood serum.92 The gold gate functionalisation strategy used in this work relied on 

a SAM prepared by mixing two carboxylic acid  terminated alkanethiols of differing lengths at a 

molar ratio of 10:1 (3-MPA: 11-MUA). The EDC/NHS coupling of the antibody to the SAM had a 

preference towards the longer 11-Mercaptoundecanoic acid (11-MUA) due to reduced steric 

hindrance. The high density of the mixed SAM produces a layer capable of sustaining electro-static 

cooperative interactions. Detection occurs through cooperation within the hydrogen-bonding 

network which is densely packed into a monoloayer of 1012 recognition elements on the millimetre 

sized gate, at a density of 104 μm−2. The gate work function change was triggered by the binding 

event and propagated throughout the SAM by the densely packed electrostatic hydrogen bonded 

network resulting in the exceptional sensitivity and LoD of the device. The current change in the 

sensor is attributed solely to the shift in VT displaying a similar response to that of the ISFET 

described in Figure 15c. This is behaviour is attributed to the high capacitance of the SAM and the 

gate design which is two orders of magnitude larger in size than the channel area meaning that CBio is 

no longer the smallest contribution to the series of capacitances that contribute to Ci (Equation 23). 

Therefore, the device response is dominated by the electrostatic changes that affect VT. 
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A frequent challenge for in-situ detection of biomolecules is the sensitivity of many OSC to water. An 

alternative device configuration proposed by Minamiki et al.,78 applies an extended-gate-type OFET 

where the main OFET portion of the device is separated from the detection site (the extended-gate), 

therefore water-induced degradation of the organic transistor is prevented. Surface 

functionalisation of the extended gate again relies on thiol-gold chemistry for immobilising an 

antibody for the detection of IgG with a detection limit of 0.62 µg/mL and low voltage operation. 

The alternative strategy to functionalisation of the gate electrode requires the immobilisation of the 

recognition element to the OSC interface, for which a wide range of techniques have been 

explored.90 The simplest method developed relies on the adsorption of the recognition element to 

the pre-prepared devices.93,94 Physical adsorption uses intermolecular forces such as van der Waals, 

hydrophobic, and ionic interactions of the biomolecule to the OSC surface for immobilisation, 

without the need for chemical bonds making it a fast, simple, and inexpensive process relative to 

covalent attachment.94 Additionally, adsorption benefits from minimal detrimental impact on the 

OSC and its electrical performance. However it lacks control of the orientation, homogeneity in 

coverage and the stability of the immobilised recognition elements compared to other techniques.90  

In contrast, covalent attachment of the biorecognition elements has the potential to allow 

optimisation of orientation and coverage, and benefits from a more stable bond between the 

biomolecule and the functionalised surface. Covalent immobilisation requires the formation of 

chemical bonds between reactive groups on the biomolecules and complementary groups 

introduced to the interface.90  The amine group of lysine and the thiol group of cysteine are the most 

common targets for reaction with labile epoxides or carboxyl and amino groups through in situ 

formation of reactive carboimide, maleimide and glutaraldehyde intermediates.82,84,95–97 
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Figure 17 Chemical structure of the regioregular poly(3-hexylthiophene)  (P3HT) (a) and the carboxylated poly[3-(5-
carboxypentyl)thiophene-2,5-diyl] (P3PT-COOH) derivative (b). 

Introduction of reactive functional groups to the OSC interface has been achieved by various 

methods. For example, the synthesis of OSC with modified structure such as co-polythiophene 

derivative incorporating functional groups has been used for the immobilisation of DNA probes and 

antibodies as EGOFET based sensors.84,98 Kergoat et al.84 demonstrated that this method enabled 

DNA detection by utilising a carboxylic acid side-chain-containing derivative of P3HT, (poly[3-(5-

carboxypentyl)thiophene-2,5-diyl] – P3PT- COOH, Figure 17b). Simple peptide coupling with the 

carboxyl-groups allowed the DNA probes to be covalently immobilised onto the semiconductor 

surface of the EGOFET device. Immobilisation and hybridisation of the target DNA resulted in clear 

measurable changes in the electrical characteristics, causing a shift in threshold voltage and 

decrease in drain current. However, the signal changes where more pronounced when the device 

was operated in water compared to an electrolytic solution, indicating the effects of salt screening at 

higher salt concentrations which reduces the sensitivity in some EGOFETs. 

The introduction of non-conductive reactive functional groups to the OSC polymer backbone affects 

the charge delocalisation of the conjugated system and introduces charge carrier trap sites into the 

OSC film. This reduces conductivity, which negatively impacts on the electrical performance. 

Additionally, the polar groups are produced within the bulk of the OSC film instead of being localised 

at the interface where required for in situ covalent reactions; the presence of polar groups within 

the bulk film can result in OS electro-chemical doping. 

The alternative is the deposition of ultra-thin films onto the surface of the OSC, to form the bilayer 

device structure. This technique avoids chemically modifying the structure OSC whilst still 
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introducing the labile groups to the electrolyte interface required for in-situ covalent attachment of 

the recognition elements.99 Sensing can occur in this device configuration as the capacitance of the 

bio-functionalised dielectric interface is coupled to the OSC layer underneath, which influences the 

active channel upon analyte interaction. 

Plasma enhanced vapour chemical deposition (PE-CVD) is one route to the deposition of hydrophilic 

layers rich in reactive groups onto the OSC and has been used for both acrylic acid and maleic 

anhydride.74,100 The PE-CVD procedure used to deposit a hydrophilic coating on P3HT had only minor 

impact on the electrical performance. The carboxylic acid rich films produced by this technique 

allowed the covalent attachment of a phospholipid bilayer through the reactive amino groups of 

phosphatidylethanolamine. 101 This can be further functionalised with biorecognition elements 

through affinity interactions, such as a biotinylated phospholipid bilayer used for the detection of 

streptavidin.  

The deposition of thin films by spin-coating directly on to the surface of the OSC provides an easier 

deposition technique reducing the required equipment and processing. A selection of developed 

polymers is shown in Figure 18. Acrylic-based polymers are a common choice due to the availability 

of carboxyl groups for in situ functionalisation by EDC/NHS reactions to the amino groups of the 

target bio-recognition element.82,97,102  
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Figure 18 Polymers used for the deposition of ultra-thin-films onto the surface of the OSC containing the reactive 
functional groups required for in-situ covalent attachment of the recognition elements. 

Mulla et al  showed that spin-coated poly(acrylic acid) (PAA) films can be used as an immobilisation 

layer for use in an EGOFET sensors as shown in Figure 19.97 The soluble spin-coated pAA layer was 

UV-crosslinked to produce a stable coating with a high density of COOH groups to covalently anchor 

a biotinylated phospholipid bilayer for detection of streptavidin. 
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Figure 19 Scheme showing procedure for EGOFET biosensor device fabrication developed by Mulla and co-others.97 The 
device uses an Au source and drain contacts and PBTTT deposited as the device organic Semiconductor (OSC). (a) Initial 
device structure on the substrate. (b) PAA is spin-coated onto the OSC and crosslinked by UV radiation. (c) Biotinalyted 
phospholipids are covalently attached to the surface using EDC/NHS amine coupling. (d) Aqueous sample containing 
analyte in PBS is applied and the electrolyte used to gate the EGOFET device using a gold gate electrode. Image reproduced 
from Ref.97 with permission from The Royal Society of Chemistry. 

Normally activation of the labile group is performed in-situ on deposited films during the 

functionalisation procedure, for example the deposition of the pre-activated polymer, such as the 

maleimide functionalised polystyrene based co-polymer.82,95 Similarly the activation of the carboxylic 

acid on PS-PAA copolymer (molar ratio of styrene: acrylic acid is about 2 : 1) was achieved using 

EDC/NHS in solution (CH2Cl2– DMF mixed solvent) to allow the spin-coating of the activated co-

polymer onto the device surface. An antibody for a brain injury biomarker was then immobilised 

onto the extra insulating layer with high yield and surface coverage to allow the specific detection of 

the target protein in solution.103 

The influence of layer structure was investigated in a side-by side study of different carboxylic acid 

bearing co-polymers for immobilising antibodies in OFET-based biosensor. 103 The PS-MA and 

PMMA-MA polymers proved most stable to repeated washing with greatest adhesion leading to 

most efficient immobilisation of antibody. A higher ratio of  the hydrophilic acrylic acid subunits 

further decreased the aqueous stability of the polymer films.103 

Conventionally, detection relies on the interaction of the analyte with the biorecognition element at 

one of the device interfaces to produce a sensing response. A novel alternative approach 
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demonstrated by Piro and co-workers is the use of a competitive displacement immunoassay to 

elicit field-effect transduction (Figure 20).104,105 This approach proved effective for designing 

immunoassays with both gate electrode and OSC functionalised interfaces. In this competitive 

exchange immunoassay the antibody specific to the analyte is immobilised by affinity interaction 

with a target mimic which is attached to the desired interface (gate or OSC).  The target mimic is a 

molecule that is chemically similar to the analyte that it is able to weakly bind to the antibody but 

with a lower binding affinity than the intended analyte. Upon target analyte addition to the 

electrolyte solution, a competitive exchange occurs with the target mimic due to more energetically 

favourable complex formation of the analyte-antibody complex. This is results in the dissociation of 

the antibody from the interface surface leading to the reorganization of the electrolyte interface and 

produces a sensing response by variation in the output current. 

 

Figure 20 Schematic representations of gate (top) and OSC functionalised (bottom) EGOFET sensors demonstrated by B. 
Piro and co-workers used in displacement immunoassays.104,105 

1.4.4 Improvements to device operation 

In OFET-based sensing systems the active organic semiconductor in the channel plays a critical role 

in device performance. Whilst a variety of small molecules and single crystals have recently been 

employed as the active layer,64,84,106 few solution-processable semiconducting polymers have been 

reported in electrolyte-gated devices largely limited to P3HT and its derivatives.43,84 One of the main 
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challenges currently facing EGOFETs is the well documented environmental instability due to water, 

oxygen and light exposure.107 Issues relating to the instability of the OSC can be problematic when 

the device functionalisation requires long incubation steps that can be detrimental to OSC 

performance. Additionally, instability in performance that occurs during the calibration curve 

measurements can cause a drift in performance and increase the background noise, this frustrates 

accurate sensing. Evidence of degradation on device behaviour can include increased hysteresis and 

gate leakage (IG) in transfer curves, a shift in threshold voltage and a decrease in on current 

overtime. 

The hysteresis observed in transfer curves can be influenced by the scan rate of the applied potential 

and potential window that measurement is taken. The application of a pulsed voltages of alternating 

polarities for VG has been demonstrated as a method for acquiring hysteresis free transfer curves in 

P3HT based FETs.108 Water-gated P3HT FETs operated the pulse-mode measurements resulted in 

hysteresis free transfer curves and doubled the ID/IG ratio relative to the conventional DC-mode (R. 

Picca et al. 2019).109 R. Picca et al. also observed that P3HT-based EGOFET devices displayed a 

double exponential decay in current, with a very large initial decrease in current followed by a 

significantly slower steady state of decay which is reached after a prolonged period of incubation in 

water after 18 hours. Once the steady state has been reached the current drift is significantly 

reduced to around 1% per hour and this allows the incubated device to be highly suited for highly 

sensitive biosensing experiments. The pre-biosensing incubation protocol in water has been used in 

various recent biosensing experiments.110,111 

Higher sensing sensitivities have also been achieved through the use of large surface-to-volume ratio 

nanostructures or low dimensional non-molecular materials such as silicon nanowires,112–114 carbon 

nanotubes115–118 and graphene.119,120 However these approaches are often hindered by high cost and 

demanding fabrication procedures. Additionally, carbon nanotubes and graphene can suffer from 

significant non-specific protein adsorption caused by hydrophobic and electrostatic interactions. 

Blending of a semiconductor with an organic insulator has been demonstrated as a method for 

improving the device performance.107 This P3HT/PMMA blend, used as the semiconductor layer in a 

water gated OFETs (WGOFETs), showed that up to 70% of insulating polymer could be used without 

affecting mobility but lowering off-current by an order of magnitude, resulting in an enhanced on/off 

ratio. In other work, it has been shown that blending can also improve air stability of the 

semiconducting layer.121 
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Different OSC as the active semiconducting layer for EGOFET sensing application have been 

explored. R. Porrazzo et al.66 have reported on a poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-

b]thiophene) (pBTTT) based EGOFET showing promising electronic performance and improved 

electrochemical stability. A charge carrier mobility of 0.08 cm2/Vs was achieved, comparable with 

single-crystal based water-gated devices and solid- state polymer dielectric transistors, whilst 

maintaining low voltage device operation (~ 1V).  

Recently new polymers have been investigated for application including in EGOFET devices including 

BTBT122 and DPPTTT.35,52–54 DPPTTT is particularly promising for application in EGOFET devices due to 

its relatively high hole mobility (ca. 1 cm2 /Vs), low HOMO (-5.2 eV) and exceptional environmental 

stability which was shown to be superior to PBTTT.105,123 As the field of OSC continues to mature 

newer materials with improved properties for OFET applications are being developed and it is 

expected they too will find applications in EGOFETs and eventually biosensing.35  

1.4.4.1 Challenges in protein detection 

Significant challenges remain if OFETs are to realise their potential as inexpensive sensors for 

diagnostic and monitoring systems. If label-free OFET biosensors are come to the forefront of the 

field for chemical and biological detection they must first display excellent performance in 

specificity, sensitivity, reproducibility and stability. Outlined below are some of the issues, which 

must overcome in order to achieve this. 

(i)  To satisfy clinical diagnostic and prognostic criteria the need for detection of more than one 

biomarker is clear. Many diseases, including cancers, have more than one associated biomarker and 

many blood bound tumour markers have typically low cancer type and organ specificity.124–126 

Therefore the ability to multiplex, i.e. the parallel assay of multiple analytes, can increase the 

diagnostic value of biomarker detection whilst also reducing time, cost and sample volume. The 

individual functionalisation of an array of transistors with different receptors is one route into 

multiplexing. However, multiplexed label free detection of biomarkers, particularly in complex fluids, 

remains a considerable challenge in which only a few examples have been reported.127–129  

The integration of microfluidic devices with micro-diagnostic systems complements optical and 

electronic based detection systems is as an ideal platform for the multiplexed analysis of biomarkers 

and miniaturisation of complex assay for use in POC setting.4,130 Serial washing and incubation with 

reagents and analytes simplifies fabrication, sample processing and fluid handling whilst also 

reducing the required sample volume and duration of analysis.4,130–132 An ELISA integrated system 

demonstrated HIV diagnosis within 20 mins requiring only a few microliters of unprocessed blood.4 

Whereas a surface-enhanced Raman scattering (SERS) integrated microfluidic device has shown 
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multiplexed detection of a panel of four breast cancer biomarkers, including HER2, directly from 

biofluids.132 

 (ii) A second challenge is translating the detection of analytes in laboratory solutions to their 

native biological media such as blood, serum and urine. Phosphate buffered saline (PBS) solutions 

and analyte spiked blood serum samples are typically used in sensing experiments to simulate 

physiological conditions of biological samples. Displaying device operation and sensing from 

physiological simulated solutions shows the potential to use the devices in POC biosensing.66 Clinical 

samples are a complex mixture of proteins, hormones, ions and other chemicals (including directly 

electroactive compounds), which can result in non-specific binding and anomalous background 

signals. For example charge-based label free biosensors are highly sensitive to changes in ionic 

strength, pH and environmental temperature.16,133 Non-specific adsorption may contribute to 

measurable signals which are indistinguishable from specific target analyte signal. A variety of 

strategies have been proposed to minimise sample matrix effects;16,133 a popular approach being 

hydrophobic ‘antifouling’ surfaces, many of which are based on polyethylene glycol and its 

dervatives.134 Blocking agents have also been used to reduce non-specific adsorption onto the 

biosensing surface such as bovine serum albumin,135 OH-terminated self-assembled monolayers, 

surfactants (such as Tween)136 and zwitterionic polymers.137,138 An alternative method for reducing 

non-specific binding and lower background noise is through on chip pre-filtering. 139 

(iii) OFETs for sensing applications function on the principle that charges or potential changes 

caused by molecular interactions upon target binding influences the (gating) electric field seen by 

the current carrying element, resulting in an variation in the operating characteristics of the device.16  

As antibodies and antigens generally carry an intrinsic molecular charge, their detection relies on 

modification of the electric field generated by the binding event being seen at the surface. It is 

known that electrostatic interactions in electrolyte solutions are limited to within the Debye 

screening length (λD), beyond which charges introduced by the analyte are shielded by electrolyte 

ions.115,140 As a result some sources suggest that detection in OFET sensors is limited to within the 

Debye length,  were recognition event takes place within λD.91,141,142 Therefore it is suggested that 

OFET detection is only possible at salt concentrations where λD is suitably large to encompass the 

analyte. Therefore, when high ionic strength electrolytes are used and the Debye length is 

significantly reduced, detection techniques that depend on electrostatic detections can be 

significantly frustrated. In contrast to this rule recent reports have shown EGOFET sensing of 

analytes beyond the Debye length. 75,95,143,144  
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The Debye length in electrolyte solutions is inversely proportional to ionic strength, therefore as 

ionic strength increases the distance in which the analytes charge can be seen decreases, some 

relevant λD are shown in Table 1. Complications arise when large recognition elements such as 

antibodies are used, whose dimensions (ca. 10-12 nm)133 are much larger than the Debye length (λD 

~ 0.8 nm) in physiological solutions such as blood serum (~150mM). Therefore in order to reduce 

screening effects and improve sensitivity many assays are performed in low ionic strength solutions, 

which may require physiological solutions to be diluted or desalting processes prior to analysis.145 

Table 1 Debye length (λD) in electrolyte solutions of various concentrations of monovalent ions (e.g. NaCl).17 

Ion concentration (mM) Debye length - λD (nm) 

1000 0.3 

150 0.8 

100 1 

10 3 

1 10 

 

The above assumes antibodies are rigid bodies, which bind solely to the surface through the C3 

terminus domain (Schenk model) to produce a distance of around 10 nm (Figure 21a).146 This 

common misconception is discussed by Casal et al,133 it is highlighted that antibodies are highly 

flexible and capable of adsorption to the surface in variable orientations.147 As a result the bound 

analytes can be orientated at an angle to the substrate, some of which are expected to be within the 

Debye length (Figure 21b), hence providing a rational for devices with successful FET sensing.78,148,149 
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Figure 21 (a) Cartoon representation of antibodies (blue) immobilised on a sensing interface and bound to an analyte 
(orange) in Schenk model.150 Approximate Debye length shown by dashed line. (b) A more realistic representation of 
antibody alignment, depicting a more random orientation relative to the surface. 

Pallazo et al demonstrated an EGOFET sensor in high salt concentrations capable of detecting at 

distances 20-30 nm (30 x λD) from the transistor channel surface. The EGOFET device displays a 

capacitance modulated response that operates independently from the Debye length. 144 The 

sensing mechanism relies on the formation of a Donnan equilibrium within the biorecognition layer, 

(in series to the gate capacitance) that can operate regardless of the ionic strength of the electrolyte 

and therefore independent of Debye length. 

One alternative to circumvent issues with charge screening is to use smaller recognition probes 

whose dimensions permit the recognition event to take place in closer proximity to the sensing 

surface, falling within the Debye length.  These could include probes such as aptamers (1-2 nm),151 

short peptide ligands,152,153 and  antibody fragments.145,154,155 Additionally, Elnathan et al.145 

demonstrated that fragmentation of antibody-capturing units can produce size reduced fragments 

capable of effectively sensing proteins in untreated blood and serum sample at sub-pM 

concentrations. The antibody-fragments which contained free amine groups were covalently 

immobilized to the aldehyde terminal groups of flexible alkyl linkers using sodium cyanoborohydride 

in a reductive amination reaction. The effects of controlling antibody surface coverage were also 

investigated, showing that greater sensitivity can be achieved by using a comparatively lower 

antibody surface density and long flexible linkers. At lower surface densities of antibody fragments 

the flexible nature of the connecting linkers can be exploited to allow them to easily adopt 

conformations closer to the sensing surface hence reduce the screening effects of the electrolyte 

solution. 
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 (iv) The addition of functional groups to OSC is commonly used in order to allow the direct 

surface functionalisation at the interface. However, this can often compromise electronic 

performance as introducing a non-conductive region to the polymer backbone inserts charge carrier 

traps to the OSC film, reducing conductivity. The use of bilayer devices has been noted as a 

technique to help alleviate inferior charge-transport,99 with “un-modified” OSC at the dielectric 

interface and the “modified” component at the OSC-surface /analyte interface. Additionally, 

sensitivity and response can be further enhanced by ultra-thin-films of semiconductor blends.156 

(v) The suitability of p-type OSCs synthesised by Pd(0) organometallic Stille coupling catalysed 

reactions was brought into question for use in biosensing EGOFETs by T. Althagafi et al. due to the 

reported innate cation sensitivity the material displayed.157 Pd(0) is used as the catalyst for the 

synthesis of PBTTT and DPPTTT and the post-synthetic removal of residual Pd(0) may not always be 

successful. As a result, the authors demonstrate the divalent cation sensitivity (including Ca2+) of 

their PBTTT-based devices synthesised by the Stille catalysed reaction. This innate divalent cation 

sensitivity was however absent in rrP3HT devices which they ascribe as its polymerisation is 

catalysed by Ni dppe rather than Pd2(dba)3. The investigation probed changes in device performance 

of simple aqueous salt solutions relative to DI water. A comparison against buffered salt solutions 

(e.g. 0.1 M PBS) spiked with additional cations would provide a better comparison to physiological 

conditions of biosensing samples and reducing the overall variation of ionic strength and pH in the 

previous investigation. 

Divalent cations such as calcium can be present in blood serum samples from which biosensing 

devices aim to be able to quantify the target biomarker. The serum calcium concentrations in 

healthy individuals are normally maintained in the range of 8-10 mg dl-1 (2-2.5 mM) with a range of 4 

mg dl-1 (1 mM) in Hypocalcaemia patients and 16 mg dl-1 (1 mM) as an upper limit that would 

present an immediate medical emergency. Therefore Ca2+ has the potential act as an interferant that 

may increase the noise associated the real-world sample analysis by producing a non-specific 

response and frustrate accurate sensing. 

Whilst the proposed cation sensitivity of these Pd(0) catalysed OSCs doesn’t present an immediate 

risk to proof of principle for analyte detection, it has the  potential to frustrate real-world sample 

analysis from blood serum where the analyte sample comes into direct contact with the OSC. In such 

cases processing of blood serum samples to remove ions may be necessary. Alternatively, the use of 

other OSCs such as rrP3HT may be required. Biosensing systems that do not directly expose the OSC 

to the analyte may also be beneficial such as extended gate architecture or the BioSAM system 

developed by Torsi et al.92 which exposes the gate to the analyte solution separately and the gate is 
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then moved back to the EGOFET device and the sensing response is measured independently in DI 

water. 

In most EGOFET based biosensors at the proof of principle stage focus on investigating the sensing 

performance associated with novel: device architectures, immobilisation techniques, the interface 

chosen for functionalisation, biorecognition elements and analytes being detected. The OSC can be 

easily swapped for an alternative OSC material on the condition that it is orthogonal to the processes 

previously used, therefore allowing for the integration of new OSC.  

1.5 Cancer 

One area where biosensor-based technologies for use in PoC analysis can find urgently needed 

application is within the field of cancer.8 Cancer is a leading cause of mortality globally with 14.1 

million new cases and for 8.2 million deaths in 2012, accounting for 1 in 6 deaths that year.158 

Approximately 70% of deaths occurred in low to middle-income countries but only 26% of low-

income countries reporting accessible pathology services in public sector. Application/testing in 

resource-poor settings is exceptionally desirable and may help narrow the widening global disparity 

in patient outcomes. The incidence rates of cancer are more prevalent in older age, and the 

developing global demographic and epidemiological shifts forecast an ever-growing cancer burden 

over coming decades, with over 20 million cases expected by 2025.159 In addition to minimising risk 

factors, earlier detection and more efficient patient management are the main strategies to reduce 

the cancer burden where novel sensing platforms can contribute. 

Cancer is a generic term for a family of over 100 diseases affecting different organs of the human 

body affecting tissue growth regulation. They are defined by unregulated proliferation of abnormal 

cells due to genetic and epigenetic alterations affecting gene activity and expression. The resulting 

disruption of normal cell signalling pathways produces cancer cells that exhibit higher growth rates 

than normal mammalian cells and the characteristic lack of tissue growth regulation. 

As a result, the typical features of neoplastic disease include: unlimited cell division by sustained 

proliferative signalling which, activates the invasion of nearby tissues and metastasis to distant 

organs, resistance to antigrowth signalling, and apoptosis resistance (regulated cell death), inducing 

angiogenesis and evading immune destruction.160 

Mutations arising in cells can be influenced by a range of factors and are frequently caused by the 

interaction of a person's genetic factors with external carcinogens (environmental factors), ranging 

from ionising or ultraviolet radiation, chemicals and carcinogenic infections from certain viruses or 

bacteria such as Human papillomavirus (HPV) and hepatitis B virus. Other factors in diet and lifestyle 
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may also play a role in cancer. Furthermore, ageing is a fundamental factor in cancer development 

due to the accumulation of overall risk and a tendency towards reduced effectiveness for cellular 

repair mechanisms with increased age. 

Cancer is a polygenic disease; its heterogeneous nature means that there can be a considerable 

variation in alterations in oncogenes and tumour suppressor genes across the pool of patients 

making single biomarker analysis ineffective. Genetic and epigenetic changes depend on tumour 

location (e.g. organ) and vary amongst those in the same location leading to different subtyping. In 

addition to genome-related changes, molecular alterations produced during the progression of a 

tumours development include gene over/under-expression and (mRNA changes) or protein 

over/under expression. These biomarkers can be present in tumour tissues or bodily fluids (e.g. 

blood serum and urine) and cover a plethora of molecules, including transcription factors, cell 

surface receptors, and secreted proteins.124 Monitoring their levels can aid in the diagnosis of early-

stage cancers (diagnostic), response to treatment (predictive), tumour state and progression 

characteristics (prognosis).124 Demand for effective tumour markers is high since they have the 

potential to improve cost-efficiency, survival rates and disease prognosis by facilitating early 

diagnosis and helping tailor personalised treatments. 

Therefore, a wide range of molecular biomarkers have the potential for use in sensing platforms to 

aid in tumour classification and guide diagnosis, prognosis, monitoring treatment and disease 

recurrence. Biomarkers for cancer are varied ranging from mutations in gene fragments DNA; 

expression levels of gene activity by messenger RNA; quantification of proteins in serum or 

circulating tumour cells.124,161,162 

The ability of the cancerous cells to grow beyond regular boundaries and invade other parts of the 

body and to other organs is also a defining feature of cancerous cells. This process is referred to as 

metastasis and occurs when cancerous cells from the primary tumour break away and travel through 

the bloodstream or lymphatic system forming new tumours (metastatic tumours) at distant site but 

of the same cancer type to the primary tumour. For example, for a breast cancer patient, breast 

cancer cells present in a metastatic tumour in the lung is referred to as “metastatic breast cancer”. 

This process is regarded as advanced cancer or “stage 4 cancer” and is the major cause of cancer-

induced death, i.e. not caused by the primary tumour, accounting for ~90% of deaths. The 

progression of cancerous to metastasis is therefore a critical stage in patient management, as 

prognosis is often poor with no curative treatments currently available. Different types of cancers 

preferentially metastasise to specific organs, but overall the most common metastases locations are 

the lungs, liver, brain and the bones.163 
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Globally 32.6 million people are living with cancer within five years of diagnosis.158 Relapse following 

primary treatment is a pertinent threat for many patients and long-term recurrence relatively 

common, making monitoring patients during remission desirable. Relapse is frequently a result of 

cancerous cells surviving the initial phase of treatment or not entirely removed after surgery. 

Therefore, adjuvant therapy (treatment in addition to primary treatment such as chemo or 

radiotherapy), is often prescribed to minimise the risk of recurrence. Recurrence of cancer in 

patients is usually a return of the primary cancer; local recurrence has good therapy options 

however metastatic relapse has poorer outcomes with currently available treatments. Within this 

context, it is proposed that earlier detection from more frequent monitoring could yield more 

effective treatment strategies and improved survival.  

Whilst cancers can affect many different organs the most common causes of cancerous death are 

cancers of the lung, liver, prostate, stomach and breast. Incidence rates for different types of cancer 

vary among men, women and world regions. Breast cancer is by far the most frequent cancer 

diagnosed among women, with an estimated 1.67 million (25%) new cases in 2012.158 

1.5.1 Breast Cancer 

Breast cancer is a cancerous disease which affects the breast tissue, and the highly heterogeneous 

nature of tumour biology produces a variety of pathological features and clinical implications. 

Therefore, the heterogeneity of the biology associated with the disease should be accounted for in 

its risk assessment and treatment. Stratifying (or grouping) cancer patients based on the specific 

characteristics of the cancer is the first step towards personalising cancer treatments and the 

reliable assignment of breast cancers into these clinically relevant subtypes is crucial for therapeutic 

decision making and is urgently required. 

Traditional decision making for patient prognosis and management is based on the analysis of 

clinicopathological variables such as tumour size, tumour grade and nodal involvement known as 

tumour node metastases (TNM) system.162 The TNM system is reliant on the examination of 

macroscopic or microscopic morphology of pathological tissue samples which have been acquired by 

biopsy or during surgery. However, the techniques used are limited in identifying disease subtypes, 

which have different disease outcomes. 

 The advent of gene expression profiling has allowed the elucidation of the ‘molecular profiles’ of 

cancers where expression levels of key biomarker genes allow classification into at least five intrinsic 

subtypes which demonstrate distinct clinical outcomes. Classification rational is that the molecular 
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profiles of the cancers reflect the fundamental differences of the tumours at a molecular level 

accounting for their differing biological behaviour and likely therapeutic response. 

This intrinsic subtyping requires investigating the tumour’s intrinsic properties through biomarker 

analysis. Assignment of subtype requires determining the expression status of oestrogen receptor 

(ER), progesterone receptor (PR), HER2 and Ki67 and it is typically performed through 

immunohistochemistry (IHC) assays. The five basic IHC-defined subtypes, and their IHC status, 

prevalence and typical clinical prognosis and therapy are summarised in Table 2. 

The exception is for normal-like tumours (7.8% of lymph-node-negative cohort) which shares similar 

IHC status to luminal A subtype and requires additional characterisation by standard breast tissue 

profiling due to different expression patterns. 

It is important to identifying tumours with the most aggressive biology that necessitate the use of 

adjuvant/additional chemotherapy versus those where endocrine therapy alone is sufficient and 

avoiding unnecessary cytotoxicity. This is a frequent challenge for ER-positive/HER2-negative cohort 

of patients and is the most common challenge in contemporary breast cancer patient management, 

which provides the clinical motivation for developing most gene expression-based assays.  

Table 2 Breast Cancer subtypes and generalised therapy management 

Intrinsic subtype 
ER 

Status 

PR 

status 

HER2 

status 

Ki67 

status 
Grade Prognosis Prevalence 

Typical 

therapy 

Luminal A-like + + - - 1|2 Good 23.7%a 
ET alone in 

most cases 

Luminal B-like 

(HER2-) 
+ + - + 2|3 Intermediate 38.8% a 

ET + CT 

most cases 

Luminal B-like 

(HER2+) 
+ + + +  Poor 14% a 

CT + anti-

HER2 

therapy 

+ET 

HER2 over-

expression 
- - + # 2|3 Poor 11.2% a 

CT + anti-

HER2 

therapy 

Basal (triple 

negative) 
- - - # 3 Poor 12.3% a CT 

Normal-like + + - - 1|2|3 Intermediate 7.8% b  

ER oestrogen receptor, PR progesterone receptor. #: not in the definition criteria CT, Chemotherapy; ET, endocrine therapy 

Prevalence: adata from ref 164, bdata from ref. 165,Prognostic: data from ref. 166, Typical therapy from ref.167 
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1.5.2 Breast Cancer Biomarkers 

As the cancer biomarkers are indicative of the biology and fundamental mechanisms causing the 

cancerous behaviour. Therefore, biomarker analysis and monitoring allow the identification, 

development and effective use of the relevant targeted therapeutic agents such as hormone 

receptor signalling, HER2 and angiogenesis. Commonly administered targeted therapies include 

Imatinib (Novartis’ Gleevec), Trastuzumab (Roche’s Herceptin) and Rituximab (Roche’s MabThera).168 

The combined biomarker profiles have proven to be more accurate and reproducible indicators for 

prognosis and therapeutic response than anatomical prognostic factors alone, providing improved 

stratification and therapeutic decision making, therefore driving the need for biomarker analysis for 

therapeutic selection.169 

1.5.2.1 ERs/PRs 

The estrogen receptor (ER) is a member of the steroid hormone receptor family acting as ligand-

activated transcription factors. The receptor is activated by its ligand, the hormone estrogen; once 

bound it can translocate into the cell and bind to DNA regulating the activity of different genes. 

Overexpression (i.e. overactivity) of the ER receptor, therefore, interrupts processes that dictate the 

normal cell cycle, apoptosis and DNA repair ultimately leading to tumorigenesis (cancer). Therefore, 

drugs that interrupt the ER function in breast cancer cells can provide effective treatment and ER 

status is used to determine the sensitivity and suitability for these targeted therapies. Targeted 

therapies include selective oestrogen receptor modulating (SERM) or disrupting (SERD) agents like 

Tamoxifen or aromatase inhibitors such as Anastrozole.168 

The progesterone receptor (PR) is also a member of the steroid hormone receptor family and is 

activated by progesterone. It is a downstream regulator of ER signalling making PR expression highly 

dependent on the presence of ER. In combination, ER/PR expression statuses have proven as 

effective prognostic factors with ER-positive/PR-positive status indicating a favourable 

outcome.168,170 

1.5.2.2 Ki67 

Ki67 is a nuclear protein associated with ribosomal RNA transcription and commonly used as a 

marker for cell proliferation. The clinical validity of Ki67 is often questioned because of assay 

reproducibility concerns. Insufficient standardisation is the chief culprit and results in poor 

interlaboratory concordance due to variation in protocols, reagents and equipment.171,172 When 

appropriately used Ki67 can provide useful prognostic value for survival and tumour recurrence for 

stratifying patients, for example, identifying subsets of ER-positive breast cancer patients who will 

benefit from adjuvant chemotherapy.173 
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1.5.2.3 HER2 

HER2 is a member of the human epidermal growth factor (EGF) receptor family, which contains 

EGFR, HER2/neu (c-erbB2), HER3 and HER4. They are responsible for the regulation of processes 

including cell proliferation, differentiation, migration and survival. The HER2/neu gene encodes for a 

185kDa transmembrane receptor with three domains: intracellular tyrosine kinase domain, 

transmembrane lipophilic segment and an extracellular domain (ECD) of 105kDa, Figure 1.174,175 In 

addition to cancerous cells, low levels of expression are present from epithelial cells of healthy 

tissues of other organs such as lung, kidney, ovary gastrointestinal tract and placenta.174,176 

Overexpression of HER2 occurs in 12-15% of breast tumours. Tumours showing Her2/neu 

amplification or receptor overexpression have accelerated growth rate and a higher incidence of 

recurrence. Therefore, relative to other subtypes have lower patient survival and are associated with 

an aggressive disease with poor prognosis. However, they respond well to anti-HER2 treatments, 

commonly monoclonal antibodies such as Trastuzumab with significantly improved outcomes.177 

 

Figure 22 The cellular domain structure of HER2, composed of an extracellular domain (ECD), transmembrane domain (TD) 
and a tyrosine kinase domain which is the target for the drug Lapatinib.174 The ECD is itself composed of four individual 
domains and the two cysteine-rich domains CR1 and CR2 are the targets for monoclonal antibody therapies Pertuzumab 
and Trastuzumab. HER2 can be cleaved by proteases at specific sites to produce the soluble ECD and a truncated receptor. 
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Cleavage of ECD or “shedding” of the HER2 produces a truncated receptor which dramatically 

increases tyrosine kinase activity, producing 10-100 times more oncogenic behaviour than the full-

length protein by promoting the growth and survival of cancer cells.174 The cleaved ECD domain can 

be detected at elevated levels in the blood serum of patients with breast cancer but also from other 

cancers such as ovarian, lung and prostate cancer. In addition, moderately high levels are possible 

despite the absence of cancer and can be associated with liver disease, pre-eclampsia and chronic 

heart failure.176 Chronic heart failure is long term (chronic) heart condition where the heart is not 

able to effectively pump blood around the body. 

1.5.3 Additional biomarkers 

Beyond the standard IHC-defined biomarkers, a few other biomarkers have demonstrated enough 

clinical validity and clinical utility to translate into a clinical setting. Within a clinical context, 

individual tumour biomarker status holds limited value as they lack the specificity of being tumour 

specific and can be associated with multiple diseases in addition to the varying levels present in 

disease free-patients collectively increasing the risk of false positive/negative diagnoses. 

As many biomarkers can be associated with the same disease, assessments are of much higher value 

when multiple biomarkers can be analysed, as many biomarkers have shown increased prognostic 

value when considered within the context of other results, particularly for biomarkers and assays 

whose individual validity remains questioned. In combination, these independent breast cancer 

biomarkers profiles (presence and concentration) can hold greater clinical value making multi-

biomarker analysis essential and multiplexed analysis (simultaneous detection of analytes) more 

efficient. This has seen the spread of various commercial auxiliary tests which aim to help further 

deciphering the heterogeneity of breast cancer disease and provide a better ‘picture’ of disease 

state. 

1.5.3.1 Genomic testing 

Genes altered in cancerous cells can be classified as oncogenes or tumour suppressor genes. 

Modification or mutations to oncogenes stimulate abnormal cell survival and division, whereas 

tumour suppressor genes can be lost and result in loss of control of cell growth. The interaction and 

activity levels of these genes effect the tumours behaviour and can be probed by gene expression 

profiling (GEP) assays. 

GEPs such as Oncotype DX and MammaPrint are the most well-established auxiliary tests for 

molecular diagnostics in breast cancer.178 Oncotype Dx utilises reverse transcription polymerase 

chain reaction (RT-PCR) in an mRNA based panel of 21 gene assays on a tissue biopsy sample, to 
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generate a Genomic Health Recurrence Score (GHI-RS), informing accurate prognosis and cost-

effective treatment.179 The information gained can be of particular use in the identification of 

women at sufficiently low risk of recurrence that chemotherapy is envisaged to provide no benefit. 

Whilst the method has found extensive use in the US, its application elsewhere is impeded by its 

significant cost, retailing at $3,650 USD.179 

1.5.3.2 Circulating biomarkers 

In addition to tissue biomarkers, numerous circulating breast cancer tumour biomarkers present in 

the blood serum from a ‘liquid biopsy’ have been suggested although few have been adopted into 

clinical practice.  

It is important to note that the classically defined breast cancer biomarkers outlined in Table 2 and 

section 1.5.2 are typically identified and analysed by IHC tissue staining methods therefore 

quantitative threshold values for detection are not defined. In contrast circulating biomarkers are 

soluble therefore readily quantifiable and clinical utility can be gained from specifying cut-off values 

for detection. 

The detection of soluble biomarkers in circulating biological media is attractive as sample collection 

is minimally invasive. Conventional status assessment via the established IHC and FISH methods 

requires a biopsy or surgery to collect breast tissue sample, which hinders the practicality of 

frequent screening. Therefore, liquid biopsies make frequent biomarker analysis viable as a tool for 

real-time monitoring of tumour progression and follow up with the aim of improved patient 

management.  

With this regard, various biomarkers present in circulating media have been identified ranging from 

circulating tumour cells (CTC) and DNA to proteins. For example, it has been suggested that high 

levels of CTC (e.g. ≥5 CTC per 7.5 mL of blood) can act as an independent predictor of adverse 

prognosis in patients with either early or advanced breast cancer.180  

The utilization of blood-based circulating tumour cell-free DNA(cfDNA) has also been recently 

demonstrated as a powerful biomarker for simultaneous multi-cancer detection and localisation. 

The incredible utility of these biomarkers has recently been clinically validated in an assay using 

bisulfite sequencing of the methylation signatures in plasma cfDNA fragments. The remarkable 

genetic sequencing technique is capable of accurately detecting over 50 types of cancer and the 

assay has recently been launched for clinical trials as a cancer detection diagnostic tool.181 

The genetic sequencing of cfDNA fragments combines fluorescently labelled nucleotides and PCR 

amplification and the bisulfite sequencing (a Next Generation Sequencing method to determine the 
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pattern of methylation) is used to evaluate site-specific DNA methylation change (targeted 

methylation analysis of cfDNA). 

1.5.3.3 HER2 ECD, CEA and CA 15-3 

As HER2 ECD is indicative of the process that causes cancerous behaviour, it has the potential for use 

as a biomarker in monitoring tumour HER2 status by quantifying the serum HER2 concentrations.174 

HER2 ECD levels can provide insight into specific areas for evaluating cancers that overexpress HER2, 

most notably in the detection of recurrence and metastasis. Elevated levels are considered to be ≥15 

ng/ml with an absolute change of +/- 20% from threshold value considered to be of significance, with 

normal individuals median of 12 ng/ml and lower range down to 7 ng/ml.182 There is a correlation 

between tumour markers, tumour size and nodal involvement, with significantly higher 

concentrations of HER2 ECD in patients with larger tumours or patients with nodal involvement.  

However, several factors bring into question the clinical validity of HER2 ECD (especially when 

considered in isolation) including the lack of specificity. Correlation between tissue and serum HER2 

levels is the principal concern in determining suitability as a prognostic factor and consideration for 

guiding therapy, with contrasting opinions stated. Considering the uncertainty surrounding the 

validity of HER2 ECD, the consensus is that it cannot be used as a substitute for direct tissue analysis 

by IHC/ FISH for determining tumour HER2 status but could be used to complement the assays and 

provide real-time status updates of patients. Periodic HER2 ECD testing may be useful to identify 

patients who have been erroneously categorised (for example HER2+ as HER-) or whose HER2 status 

is unknown. Serial evaluation by IHC/FISH is beneficial to determine eligibility for HER2 targeted 

therapies and provide a real-time picture of status for those undergoing therapy.183 

The prognostic value of HER2 ECD can be increased when used in combination with the detection of 

cancer antigen 15-3 (CA 15-3) levels. CA 15-3 is a detectable circulating biomarker protein in blood 

serum derived from MUC-1 gene. The genes regular function is cell protection and lubrication, and it 

is frequently overexpressed on breast tumour cells, resulting in elevated levels CA 15-3, where 25 U 

ml-1 is considered a threshold. 182 However, elevated levels are also common in various other 

advanced adenocarcinomas such as lung, ovarian, pancreatic or gastric cancers. 

Carcinoembryonic antigen (CEA) refers to a collection of glycoproteins involved in cell adhesion, this 

is produced by some types of cancer cell and is also detectable in blood serum; Normal range for 

CEA is typically < 2.5 ng/ml,  however levels > 20 ng/ml suggest metastatic disease. Whilst CEA levels 

are more commonly associated with cancers of the gastrointestinal (GI) tract, increased levels are 

also found in breast cancer but they may also be raised in non-cancerous conditions, such as liver 

disease and inflammatory bowel disease (Crohn's disease and ulcerative colitis). 
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CEA and CA15-3 have been shown to detect 40–60% of breast cancer recurrences before clinical or 

radiological evidence of disease with a lead-time between 2 and 18 months.184 Simultaneous 

detection of both serum markers allows the early diagnosis of metastases in up to 60– 80% of 

patients with breast cancer. [1–3] 

HER2 ECD, CEA and CA 15-3 provide strong independent indicators on disease-free survival (DFS) and 

cancer-specific survival (CSS) in untreated early breast cancer patients, in addition to indicators for 

worse outcome in patients with high pre-therapeutic value levels of these markers.[18–21] In addition, 

they are useful surveillance biomarkers for early diagnosis of relapse and predicting progression to 

metastasis of breast cancer, with increased prognostic value when used in combination. They are 

therefore valuable in identifying high-risk patients aiding disease management and a potential 

predictor of treatment. 

1.5.4 Current Breast Cancer biomarker detection 

techniques 

Combining clinical and molecular markers improves their prognostic value for distant recurrence 

probabilities beyond that of classical clinic-pathological factors such as age, nodal status, tumour size 

and grade.185 Breast screening involves a triple assessment involving a manual inspection, ultrasound 

and breast X-ray (mammogram). Magnetic resonance imaging (MRI) of the breast tissue frequently 

supplements screening with the aim of identifying tissue abnormalities which are often too small to 

be seen or felt, such as small areas of calcium in the tissue (calcification) which can also occur in non-

cancerous tissue. Upon identification of an abnormality, a sample of tissue (biopsy) is collected and 

further testing within a pathology laboratory can confirm the diagnosis and identify the cancer 

subtype. This is typically undertaken using a sample of the tissue biopsy and biomarkers analysis is 

performed using an IHC test or FISH test, both of which are types of labelled assays. Both use 

staining processes that require a label to produce a visualised response on the tissue sample that 

must be analysed by a trained operator. 
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1.5.4.1 Immunohistochemistry (IHC) test 

Histopathology involves the microscopic analysis of biopsy or surgical specimens by a pathologist 

following fixation and processing (staining), where the shape and pattern of cells in the tissue are 

used to diagnose the subtype. The staining agents used in processing allow the visualisation of 

components within the tissue, so their localisation and distribution can be analysed. IHC utilises 

selective staining by labelled antibodies which allow for the visualisation of the antibodies 

corresponding antigens (inc proteins, lipids and carbohydrates) within the tissue sample to aid cell 

categorisation by identifying the presence or elevated expression of the desired biomarker. 

In order to visualise the antibody-antigen interaction, the antibody must be attached to a moiety 

that elicits a signal (signalling moiety). These can vary from enzymes which catalyse a colour inducing 

reaction such as peroxide (immunoperoxide staining). Alternatively, the antibody can be tagged with 

a fluorophore (immunofluorescence). 

Analysis of well-established biomarkers ER, PR, HER2 and Ki-67 on tumour biopsies by IHC is 

common practice in most centres and is the technique of choice used in diagnostic pathology for 

subtyping due to its relatively low cost. The useful prognostic and predictive information gained 

from their analysis is well-recognised.170,186 

IHC4 is an immunohistochemical assay and recurrence scoring method analogous to GHI-RS, 

combining the information from the aforementioned four IHC markers. Studies have shown that 

IHC4 scoring based on the results of the four assays can be at least as informative for distant 

recurrence as GHI-RS.185 However, IHC suffers from issues in reproducibility caused by observer 

variability, non-standardised assays protocols and scoring systems with erroneous results of HER2 

IHC assays reported to be around 12-20%.185 As reproducibility for IHC measurements is a concern, 

label-free biosensor detection platforms such as OFETs may compete with the added benefits of 

reduced cost over GHI-RS. 
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1.5.4.2 Fluorescent in situ Hybridisation (FISH) test 

Fluorescent in situ Hybridisation (FISH) is a cytogenetic technique used to detect and monitor the 

genetic abnormalities associated with certain cancers. The method detects and locates the presence 

of specific nucleotide sequences (DNA or RNA) in tissue samples by utilising complementary 

fluorescently labelled sequences; a typical image is shown in Figure 23.187  

 

Figure 23 Fluorescence image of a typical pattern of immobilisation. Picture taken from conventional interphase FISH 
protocol completed on a patient sample with a microscope slide after 14 hours of hybridisation. The probe used was LSI 
D13S319 for detecting 13q14.3 deletions, present in malignant cells.187  

The clinical utility of FISH for disease management lies in its high specificity, and selectivity providing 

a more conclusive assessment of HER2 status than IHC, and it is considered as the ‘gold standard’ for 

detection of HER2.188,189 

Labelled assays in current use for in vitro diagnostic tests have well-recognised benefits and also 

limitations. The requirement for multiple binding events results in high specificity, as the capture 

and detector elements can specifically bind to the analyte at different sites, as illustrated in Figure 1. 

However, they can suffer from assay design complications, for example ensuring the signalling 

moiety does not interfere with the antibody-antigen reaction.190 Additionally labelling procedures 

(especially fluorophores) are often expensive (probes are around $90/test), time-consuming and 

require large sample volumes.190187  Additionally, IHC and FISH require tissue biopsy to collect the 

required tissue samples for analysis, impeding the speed of information delivery and making 

monitoring disease progress and response to treatment difficult. 

Some immunoassays have been developed to address these problems to produce POC devices.191 

However, they frequently prioritise speed and ease of use over quantification; lateral flow tests are a 

prominent example of a simple platform that meets these requirements. Whilst in some applications 

such as pregnancy test qualitative results are sufficient, clinically relevant results for cancer-related 

diseases require quantification.191 Optically based detection techniques are therefore limited by the 

need for instruments such as colourimeters and spectrophotometers. The required equipment is 

often expensive, lacks portability and requires trained technicians and a laboratory to perform the 

multi-step labelling protocols. These factors make them unsuitable for miniaturisation and limit their 
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potential application as point-of-care devices as tests are usually conducted in centralised 

laboratories which delay decision making in clinical treatment. 
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2 Aims and Objectives 

EGOFETs are a promising biosensing platform as they benefit from a simple device architecture 

utilising an aqueous gating solution that allows a low operating potential (<1 V) and in-situ detection 

of the analyte in solution. In addition, they allow label-free biosensors by benefiting from intrinsic 

signal amplification and electrical output to produce high sensing performance. The signal is easy to 

interpret combined with low cost device fabrication, allowing the development of disposable 

electronic sensing systems ideal for PoC testing. 

We seek to investigate the proof of principle for the novel label-free detection of new analytes using 

an EGOFET-based biosensor. The initial target is the detection of the ECD of HER2, a blood serum 

biomarker for breast cancer using an appropriate anti-HER2 antibody as the device biorecognition 

element. The application of Odorant Binding Proteins (OBPs) as the biorecognition element in an 

EGOFET biosensor for the selective detection of Tetrahydrocannabinol (THC), the psychoactive 

cannabinoid component of cannabis, is also investigated.  

In order to allow the analyte detection two strategies for the functionalisation of the device are 

investigated through the immobilisation of the biorecognition element to either the gate electrode 

or the OSC interface.  

The gold gate electrode is suitably functionalised using carboxylic acid terminated thiol-based self-

assembled monolayer (SAMs) followed by EDC/NHS coupling of the relevant biorecognition element. 

The performance of the biosensors is verified by the construction of a calibration curve and the 

selectivity investigated by the analysis of appropriate controls for both the antibody-based detection 

of HER2 ECD and the OBP-based detection of THC. This is discussed in section 7. 

Additionally, to investigate the functionalisation of the OSC interface of the EGOFET device, PMMA 

copolymers containing reactive carboxylic acid groups are synthesised for deposition via spincoating 

onto the active layer of the device. The polymers are synthesised by radical polymerisation and the 

reaction conditions optimised. The molecular weight of the polymers and their dispersity are 

analysed by GPC and the ratio of free carboxylic acid groups ascertained by NMR. The deposition of 

the polymer on top of the OSC allows the device to be functionalised by appropriate biorecognition 

element. The method of choice for this functionalisation is the in situ covalent attachment of the 

HER2 antibody by EDC/NHS coupling. The effectiveness of this strategy is assessed by investigating 

the surface morphology and the bioavailability of the immobilised antibodies is assessed by 

fluorescent binding assay as shown in section 5. 
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Different OSCs are compared for use in the bilayer device by the analysis of the electrical 

performance for both pristine OSC and bilayer devices in section 6. Strategies are examined to 

optimise the device electrical performance to deliver a low VT and sufficient IDS for effective 

operation including the investigation of different gate materials. To create a platform of optimal 

biosensing capability it is important to minimise any variation in device performance that is not 

associated with the analyte interaction, such as device stability and reproducibility. Therefore, the 

development of reproducible devices stable to the exposure to aqueous solutions for at least as long 

as the duration of the functionalisation procedure are investigated. 

The integration of EGOET devices within a flow cell is particularly attractive as it allows more reliable 

device operation, enables easy fluid handling and reduces sample and reagent consumption and 

cost. Therefore, the development of an EGOFET biosensor within a flow cell is investigated in section 

8. In order to investigate the suitability of the bilayer device for biosensing, control experiments are 

performed that mimic a sensing assay in the absence of analyte, this allows the investigation of the 

baseline response and efforts made to minimise any unwanted variation in section 8.3.4 and 8.3.5.  
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3 Materials and Methods 

In this work two different functionalisation strategies have been investigated for use in EGOFET 

biosensors through the immobilisation of the relevant biorecognition element to either the gate 

electrode or OSC interface. The gold gate electrode was functionalised through the formation of 

carboxylic acid terminated thiol-based self-assembled monolayer (SAMs) followed by EDC/NHS 

coupling of the relevant biorecognition element. The SAMs used are based on previously verified 

techniques. A mixed SAM consisting of 3-mercaptopropionic acid (3MPA) and 11-

Mercaptoundecanoic acid (11MUA) at a 10:1 ratio which was used for antibody immobilisation and 

is based on the system developed for EGOFET biosensing by Torsi et al.,92,110,192–194 and a lipoic acid 

based SAM which has recently been demonstrated the selectivity of OBPs by QCM.195 

P3HT is the most frequently used OSC for OFET devices and the polymer and has found frequent 

application for use in EGOFET biosensors that operate using gate functionalised sensing systems. 

Due to P3HTs proven ability to operate well within these conditions we have used this OSC proof of 

principle devices that use the gate functionalised sensing system. The performance of the biosensors 

for both the antibody-based detection of HER2 and the OBP-based detection of THC are discussed in 

chapter 7. 

 

Figure 24 Schematic representation of the developed gate functionalised EGOFET biosensor devices. The gold gate 

electrode was functionalised using carboxylic acid terminated thiol-based self-assembled monolayers (SAMs) followed by 

EDC/NHS coupling of the relevant biorecognition element. The resulting biorecognition layer is shown in red and schematic 

structures of the two different SAM layers used are shown in Figure 45 and Figure 46. Au source and drain electrodes are 

patterned onto a glass substrate followed by spin-coating of the OSC.  

A bilayer EGOFET device was also investigated for use as a biosensor by depositing a thin layer of 

PMMA-based co-polymer containing carboxylic acid groups on to the surface of an OSC by 
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spincoating, as shown in Figure 25. The labile carboxylic acid groups introduced to the surface of the 

interfaces device allowed for the immobilisation of the antibodies by in-situ covalent attachment, as 

described in chapter 5. 

 

 

Figure 25 Schematic representation of the developed bilayer EGOFET device. Au source and drain electrodes are patterned 

onto a glass substrate followed by spin-coating of the OSC and PMMA-based co-polymer containing carboxylic acid groups 

(shown in red). 

The chemical stability of the OSCs used in EGOFET devices is key to ensuring effective and long-

lasting device operation, in what is considered a challenging environment for organic semiconductor 

operation, i.e. exposure to water and oxygen. As a result, to widen the scope of OSCs in EGOFET 

devices we have investigated PBTTT and DPPTTT for use in our bilayer systems. PBTTT (Figure 26a) 

has been used as an alternative semiconductor to P3HT in several EGOFET type 

devices.79,86,97,104,196,197 Relative to P3HT, PBTTT benefits from enhanced environmental stability due 

to a higher ionisation potential, of around 5.1 eV and improved hole mobility of 1 cm2 /Vs in thin film 

transistors compared to 0.1 cm2/Vs of P3HT.  
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Figure 26 Chemical structures for p-type OSC used in devices. a) PBTTT-C14 b) DPPTTT. 

There have only been a few reports of the use of poly(N-alkyl- diketopyrrolo-pyrrole 

dithienylthieno[3,2-b]thiophene) (DPPTTT) (Figure 26b) as the OSC in EGOFET devices since its first 

discovery by Li et al 54 DPPTTT  shows improved environmental stability and mobility relative to 

PBTTT.35,52–54 The semiconductor is particularly desirable for EGOFET application due to its relatively 

high hole mobility (ca. 1 cm2 /Vs) and low HOMO (-5.2 eV) and well-ordered compact lamellar 

structure contributing towards its exceptional environmental stability. 105,123 When applied to 

EGFOET devices the DPPTTT has shown a field-effect mobility of 0.09 cm2/Vs in water and 0.13 

cm2/Vs in saline solution.123 

However, in EGOFET devices the gate material has a direct influence on device operation and the 

extracted figures of merit, in particular VT due to its relation the gate work function as discussed in 

section 1.3.5, therefore the nature of the gate metal has also been examined in section 6.3. 62,198 

3.1 Thin film deposition 

Device fabrication utilised spin-coating to deposit organic semiconducting films on to pre-defined 

gold source (S) and drain (D) patterns on glass substrates for use in EGOFET devices. Spin coating is a 

commonly used deposition technique for the production of uniform thin films (in the range of 

several nm to µm thickness) through the application of a solution of the desired material to a 

substrate and rotating at a fixed high speed of up to several thousand revolutions per minute (rpm). 
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The spin coating process is desirable due to the simplicity of solution based deposition techniques 

relative to other techniques such as evaporation for the production of uniform thin films. Relative to 

thermal evaporation, spin-coating procedures require reduced thermal workloads, therefore, 

limiting thermal degradation of the material, but issues can be encountered with the solubility of the 

materials in volatile solvents. 

In spin coating an initial excess of solution is applied to a substrate and spinning at high speed 

spreads the material outwards to reduce the thickness. The exerted centripetal force and surface 

tension of the solution causes the material to spread evenly. The airflow during high-speed rotation 

is usually sufficient to evaporate most of the residual solvent to leave the desired uniform thin film. 

If the process is correctly optimised it produces thin films consistently at both the macroscopic and 

nanometer length scales. Film thicknesses can be measured by surface profilometry (Dektak), the 

resulting data points can be used to calculate a spin thickness curve with reasonable accuracy and 

parameters adjusted to give the desired thickness. 

Provided the solution sufficiently wets the substrate surface the final film thickness d, displays an 

inversely proportional relationship with angular velocity (ω): 199,200 

Equation 30  

𝑑 ∝  √
1

𝜔2
  

The range of thicknesses achievable from a given concentration covers a relatively narrow range due 

to the dependence of film thickness on the inverse of spin speed (a factor of around 3-4) and a 

recommended operating spin speed window of around 600 – 6000 rpm. At lower concentrations, 

the film thickness can have a more linear dependence on solution concentration whereas at higher 

concentrations a non-linear relationship can develop due to the effects of solution viscosity. 

In order to optimise the spin-coating deposition procedure the film thicknesses and surface 

properties of the deposited films were investigated by surface profilometry and contact angle 

measurements. Film thicknesses were evaluated using a Dektak Profilometer to give the thicknesses 

described in Figure 27 and Figure 28. The instrument operates with a stylus to measure a one-

dimensional height profile (with a height resolution of ~ 1nm), in a similar fashion to a one 

dimensional AFM. In order to quantify the thickness of the soft films a scratch of a few µm is made 

using a needle tip, the resulting trench depth is equivalent to the thickness of the film. 



Page 110 
 

The water contact angle (WCA) of a water droplet on a solid surface is a useful probe for the 

hydrophobicity of surfaces on a macroscopic scale to provide qualitative information on the surface 

properties of surfaces and deposited films. A more quantitative assessment of surface properties is 

through calculation of the surface free energy (SFE) through extrapolation from the static contact 

angles of two or more liquids with known values for surface tension. 

Many factors need to be considered to produce a film with the desired quality including: spin speed, 

solution concentration and solvent evaporation rate. In addition the interfacial interaction of the 

various interrelated components of the spin coating system are also vital in dictating behaviour 

including the interactions between solvent, material and substrate. Therefore we investigated the 

variation of the contact angle with various solvents on glass substrate to decipher a good match to 

ensure efficient film deposition and adhesion during the spin coating procedure (Table 3). 

Table 3 Contact angle measurements on glass substrates and thin films deposited on glass substrates of water and various 

solvents 

 

The strong intermolecular interactions and rigidity of the polymer backbone that ensure an OSC 

shows high mobility in an OFET can hinder processability by limiting the solubility of these polymers. 

Processing is particularly problematic for higher molecular weight OSC polymers, and the low 

Surface Droplet Solvent Contact Angle (°) 

Glass Water 17 

Glass DCB 35 

PMMA film Water 72 

DPPTTT film Water 104 

DPPTTT film Anisole 42 

DPPTTT film MEK 7 

DPPTTT film Toluene 12 

DPPTTT film n- butyl acetate 11 

DPPTTT/PMMA film (from n-butyl acetate solution) Water 72 

DPPTTT/PMMA  COOH film (from n-butyl acetate solution) Water 69 

PBTTT film Water 104 

PBTTT film Anisole 33 

PBTTT/PMMA film (from anisole solution) Water 104 

PBTTT/PMMA COOH film (from n-butyl acetate solution) Water 70 
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solubility at room temperature, necessitates high-temperature processing. To enable processing at 

elevated temperatures high boiling point chlorinated solvents such as chlorobenzene and DCB were 

used in device fabrication. High-temperature polymer processing is problematic as oxidation is 

accelerated in ambient conditions; therefore devices were fabricated in the inert atmosphere of a 

nitrogen-filled glovebox. Additionally, the poor adhesion of polymer thin films to the substrate at 

elevated temperature is further complicated by the high viscosity and roughness at lower 

temperatures, presenting a problem in obtaining consistent electrical properties from the deposited 

OSC films. 

The substrates were sequentially cleaned by sonication in acetone, iso-propanol and methanol, and 

they were then treated with UV ozone for 25 mins. After the cleaning process the glass surface had a 

WCA of ~ 17°, indicative of a highly hydrophilic substrate. The OSC were heated in 1,2- 

dichlorobenzene (DCB) at various concentrations ranging from 3 – 7 mg/ml. The OSCs were 

processed immediately from the hot solutions in order to avoid precipitation and filtered through a 

0.45 µm PTFE filter in order to limit the presence of large aggregates in the deposited film.  

An annealing step is usually added to promote crystallisation between semiconductor molecules and 

remove any residual volatile materials such as solvent, therefore, improving device performance. 

The use of higher boiling point solvents is known to act as a plasticiser as residual solvent molecules 

in the film increases the free void space between chains to facilitate movement of polymer chains 

and orientation and crystallisation during the annealing process.201 

Thermal annealing was carried at 160 °C for 20 mins for PBTTT and at 140 °C for 1 hour for DPPTTT 

to yield the finished OSC thin films. The film thicknesses were measured as between 30 - 50 nm by 

Dektak. This was deemed sufficient to allow complete coverage of the source and drain electrodes, 

for efficient charge injection while limiting gate leakage. WCA measurements of 104° indicated that 

the deposited OSC films were highly hydrophobic. 

In order to develop the desired bilayer device architecture, the deposition of the PMMA-based 

polymers was investigated. Initially, the deposition of PMMA on to glass from an anisole solution 

was effective and confirmed by the shift in WCA to 72° after PMMA deposition. By varying the 

concentration of the solution good control of the film thickness was achieved, as shown in Figure 27. 

The 5 mg/ml anisole-based solution was therefore deemed viable for subsequent use in the 

fluorescent binding assay as it gave reproducible films of 10 nm thickness. 
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Figure 27 Film thicknesses determined by Dektak of PMMA COOH 10 % in anisole deposited on glass substrates at 2000 

rpm. 

It was determined that anisole was not an effective solvent within the same concentration regime 

when depositing on top of the OSC films, as the spin-coating trials returned an unchanged WCA. The 

high contact angle of anisole on the OSC was indicative of a poor interfacial contact resulting in poor 

film adhesion; therefore a more hydrophobic solvent orthogonal to the underlying OSC was 

investigated. Toluene and n-butyl acetate produced good wetting on DPPTTT films as characterised 

by the low contact angle, subsequent spin-coating of PMMA solutions from both solvents produced 

film coatings with the expected WCA of ca. 70°, to confirm effective deposition. 

The WCA value measured for the pristine OSC films highlights the expected hydrophobicity of these 

polymers, in accordance with their chemical structures. In contrast, OSC/PMMA COOH produces a 

less hydrophobic surface as a result of the deposited coating. As demonstrated by the low WCA 

value of OSC/PMMA COOH surface signifying their relatively hydrophilic character (WCA<90°). 

The thickness of the deposited dielectric layer in bilayer type devices can strongly influence the 

electrical performance of the EGOFET device.100 Thicker coatings produced an adverse effect on 

transistor characteristics, with a considerable reduction in drain current observed in the output 

curves. Therefore the PMMA solution concentration used in spin-coating was investigated as a route 

to controlling the thickness of the deposited layer (Figure 28). Film thicknesses of varying solution 

concentrations of PMMA and PMMA COOH 10 % were investigated by spinning the PMMA solutions 

on top of existing DPPTTT films and then measuring the overall film thickness before and after 

deposition. It was concluded that concentrations of 7.5 mg/ml for PMMA and 10 mg/ml for PMMA 

COOH 10 % would achieve devices with reproducible coatings of thickness 15 nm +/- 5 nm. 
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Figure 28 Film thicknesses determined by Dektak of Commercial high molecular weight PMMA and PMMA COOH 10 % in n- 

butyl acetate and toluene. The samples were prepared by spinning PMMA solutions on DPPTTT films on glass substrates. 

The surface morphologies of the deposited films were further investigated by scanning electron 

microscopy (SEM) and Atomic force microscopy (AFM). 

3.1.1 DPPTTT 

The AFM topology of the annealed pristine DPPTTT film shows a polymer film consisting of 

intertwined crystalline nanofibers that create interconnected polymer chain networks (Figure 30a), 

in agreement with previously observations.54 The highly ordered nature of the deposited films is 

indicative of the ability of the polymer chains to self-assemble into ordered lamellar structures in a 

thin film, which is driven by the strong intermolecular forces from π-π stacking and donor-acceptor 

interactions. Formation of these interconnected polymer chain networks contributes to the 

formation of highly efficient pathways for charge carrier transport through the polymer film, which 

results in the characteristically high charge carrier mobility for this material. Additionally, good film 

uniformity was achieved with a low root mean squared (RMS) surface roughness of 1.2 nm.  While 

few aggregated nano-particles are visible on the surface indicating the effectiveness of the 0.45 µm 

PTFE filtering of the solution before deposition. This is also shown by the lack of aggregates on larger 

scale in the optical microscope images in Figure 29. 
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Figure 29 Optical microscope images at x100 magnification of a pristine DPPTTT (left) and a DPPTTT / PMMA COOH 10 % 
film (right). 

 

Figure 30 AFM tapping mode 2 µm scans of spin-coated thin films on glass substrates of a) Pristine DPPTTT (RMS roughness 

= 1.2 nm); b) DPPTTT / PMMA COOH 10 % film (RMS roughness = 0.6 nm).  

AFM data was also acquired to investigate the surface morphology of the thin films and the effect of 

the deposition of a thin film of PMMA COOH copolymer onto the surface of the OSC film. Deposition 

of PMMA COOH on to the OSC is characterised by a significant reduction in surface roughness and a 

relatively homogeneous smooth surface morphology, with RMS roughness of 0.6 nm (Figure 30b). 

This is in line with observations made following PAA coating deposition which showed the 

planarising effect on the OSC surface of the polymer coating.97 

In this thesis PFBT treatment was performed onto the gold source and drain electrodes prior to 

DPPTTT deposition. This allowed the formation of a highly hydrophobic surface for more favourable 

thin film formation in addition to a constant work function for the contact electrodes aiding in more 

reproducible device preparation. The successful PFBT SAM formation was noted by the hydrophobic 

WCA of 90ᵒ relative to the hydrophilic untreated gold. 
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3.1.2 PBTTT 

PBTTT typically displays larger crystalline domains in the order of several hundreds of nanometres 

relative to those of DPPTTT as evidenced by AFM images (Figure 31). Due to the thermotropic liquid 

crystalline nature of PBTTT, thermal annealing of films within the LC mesophase (120-180 °C) allows 

a degree of re-organisation of the molecular chains in the LC phase and retention of this degree of 

structural order through gradual cooling as the structure crystallises.51 Therefore by annealing at 160 

°C allows control of the semiconductor microstructure resulting in the formation of the larger 

crystalline domains observed, which can enhance charge carrier mobility.51  

 

Figure 31 AFM tapping mode 1 µm scans of spin-coated thin films on glass substrates of a) Pristine PBTTT (RMS roughness 
= 2.7 nm); b) PBTTT / PMMA COOH 10 % film (RMS roughness = 0.6 nm). 

SEM surface characterisation was also performed to investigate the surface morphology of the thin 

films on a larger scale (Figure 32). The SEM of PBTTT film, Figure 32a, shows the grain like features 

indicative of the crystalline domains in the order of hundred nm previously reported by Manoli et 

al,202 and Mulla et al.97 The absence of aggregated nanoparticles on the deposited thin film again 

indicates the effectiveness of PTFE filtering of the solution before deposition. Whilst the planarising 

effect on the OSC surface of the polymer coating is again clearly observed on a larger scale in Figure 

32b. 
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Figure 32 SEM images of spin-coated PBTTT films deposited on glass substrates (a) Pristine PBTTT film; (b) PBTTT film 

covered by a PMMA COOH layer (b). The samples were prepared by spinning PMMA COOH 10% in n-butyl acetate on 

PBTTT. The images were obtained by tilting the sample by 55°. 
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4 Experimental 

4.1 Materials 

All reagents were obtained from commercial sources and used as received without further 

purification, unless stated. The OSCs PBTTT-C14 (Mn 39.2kDa; Mw 77.1kDa; PDI 1.99) and DPPTTT 

(Mn 113kDa; Mw 268kDa ; PDI 2.4) were synthesised by Dr D. Tate in OMIC following previously 

published procedures.51,53 rrP3HT was purchased from Sigma Aldrich and used as received without 

further purification (Mn 31.4kDa; Mw 62.1kDa ; PDI 1.98). The molecular weights of the OSCs were 

determined by GPC in trichlorobenzene at 140 °C. Poly(methyl methacrylate) (PMMA) (Mw = 

996,000) was purchased from Sigma Aldrich and PMMA-COOH polymers were synthesised as 

outlined in chapter 4.7. Template-stripped ultra-flat gold films was purchased from Platypus 

Technologies LLC, Nobel Drive, Madison, USA and used immediately after stripping without further 

cleaning. The gold wire used as the functionalised gate electrodes had diameters of 0.5 mm and 

1mm (99.99% purity). The OBPs used in this thesis where raised by Dr K. Cali by methods reported K. 

Cali et al.195 The gate electrode used for the OBP sensing experiments where prepared by K. Cali for 

use in this research using the methods validated in this paper. The OBP was immobilised onto the 

1mm gold gate electrode via lipoic acid SAM using EDC/NHS coupling. 

Water used throughout this thesis was milliQ (type 1) DI water with a specific resistance of 18.2 

MΩcm. The PBS solutions used have an ion concentration and osmolality that matches that found in 

the human body (isotonic). PBS solution was prepared by dilution from DI water from x10PBS 

solution purchased from Sigma Aldrich. This gave a PBS solution of 0.01 M phosphate buffer, 0.0027 

M potassium chloride and 0.137 M sodium chloride in deionized water, pH 7.4. PBS-Tween solution 

was prepared by the addition of 0.05% (v/v) Tween-20 to the 0.1M PBS solution. The Bovine serum 

albumin (BSA) used in blocking has a molecular weight of 66 kDa.  

4.2 Equipment and measurements 

Contact angles: The contact angles were measured using a Kruss DSA-100 goniometer. The contact 

angles measurements were extracted by using Young Laplace, sessile drop fitting using the Kruss 

DSA-100 software. 

Atomic Force Microscopy (AFM): AFM images were recorded on a Bruker Multimode 8 in Peak Force 

tapping mode at a resolution of 512 × 512 pixels. The cantilevers had a spring constant of 

approximately 0.350 Nm−1 with a resonant frequency of approximately 50–80 kHz. A modulation 

frequency of 2 kHz was used. 
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Fluorescence Microscopy: Images were collected on a Olympus BX51 upright microscope using a 20x 

objective and captured using a Coolsnap ES camera (Photometrics) through MetaVue Software 

(Molecular Devices). Specific band pass filter sets for FITC were used for the fluorescein labelled 

secondary antibodies to prevent bleed-through from one channel to the next. The exposure time 

was set to 1.5 seconds for HER2 antibody assay. Images were then processed and analysed using 

ImageJ software. 

Spin coating: The solutions were spin-coated onto pre-prepared substrates using a Laurel WS-4003-

6NPP/LITE spin-coater inside a nitrogen filled glove box, unless stated otherwise. 

Device analysis: electrical measurements of the EGOFET devices were carried out using a 

semiconductor parameter analyser (Agilent B1500A) equipped with 3 SMUs and all measurements 

were taken in ambient air. The droplet-based devices were analysed using a 3 point probing station. 

A droplet of water or electrolyte was applied over the channel area to act as the gating electrolyte in 

the EGOFET device. 4 µl droplets were used for shadow mask design devices and 8 µl droplets for 

the IDE design devices. A tungsten-tip, gold or platinum wire was dipped into the droplet and used 

as the gate electrode. The flow cell devices were analysed by flooding the cell chamber with water or 

PBS using a syringe pump. 

The characteristic device parameters, field effect mobility of holes (µ) and threshold voltage (VT), 

were extracted from the transfer characteristics in the saturation regime. Mobility is estimated from 

the slope of Id
1/2 vs Vg curve, but is presented as the parameter (µ*C ) combined with capacitance 

(Ci), which was not determined. 

4.3 Device Fabrication 

Devices using Shadow Mask designed Source and drain electrodes: 

Glass Corning 7059 polished plates (20mm x 20mm x 0.7mm thick) were used as the device 

substrate. The substrates were sequentially cleaned by sonication with acetone, iso-propanol and 

methanol (Sigma Aldrich reagent grade) for 10 minutes each. The substrates were then rinsed with 

acetone and dried with a stream of N2 and then treated with UV-Ozone for 25 mins (Bioforce 

Nanosciences UV/Ozone Procleaner Plus). Source and Drain electrodes were deposited using Cr/Au 

(5/40 nm) using a thermal evaporator under 2 x 10-6 Torr at room temperature. The electrode 

dimensions were defined by using a shadow mask with a set channel width and length (L= 60 µm / 

W= 1mm). The prepared substrates were then stored in the glove box until further use. Prior to OSC 

deposition the substrates were sequentially rinsed with acetone, iso-propanol and methanol dried 
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with a stream of N2 and then treated with UV-Ozone for 25 mins and were ready for immediate PFBT 

treatment. 

Devices using IDE designed Source and drain electrodes: 

The substrates were fabricated by the Centre for Process Innovation (CPI). Corning Eagle glass plates 

(20mm x 20mm x 0.7mm thick) were used as the device substrate. Ti/Au layers (5/50nm thickness) 

were sputtered onto the substrates and the source and drain electrodes were patterned by 

photolithography. A variety of channel lengths were fabricated to give devices with channel lengths 

of L= 60 µm, 40 µm, 20 µm and 10 µm and with the same channel width of W= 16.9 mm. The 

substrates were sequentially cleaned by sonication with water, acetone, iso-propanol and methanol 

for 10 minutes each. The substrates were then rinsed with acetone and dried with a stream of N2 

and then treated with UV-Ozone for 25 mins and were ready for further processing or immediate 

PFBT treatment for DPPTTT devices. 

PFBT treatment 

Following the cleaning procedure, the substrates were immersed in a 10 mM solution of 2,3,4,5,6-

pentafluorothiophenol (PFBT) in toluene, for 15 minutes. The substrates were then rinsed in toluene 

and dried with a stream of N2 and immediately transferred to the nitrogen filled glovebox for further 

processing. 

PBTTT-based device fabrication 

A solution of PBTTT of the desired concentration between 3-7 mg/ml was dissolved in 

dichlorobenzene with stirring overnight at 100 °C in a nitrogen filled glovebox. The solution of PBTTT 

was then heated to 120 °C and filtered through a 0.45µm filter directly onto the prepared substrate 

and spin-coated at 2000 rpm for 1.5 min. The samples were immediately annealed at 160 °C for 20 

mins on a hot plate and allowed to cool slowly to room temperature. 

DPPTTT-based device fabrication 

A solution of DPPTTT (7 mg/ml) in dichlorobenzene was prepared by stirring overnight at 100 °C. The 

solution was heated to 140 °C, filtered through a 0.45 µm filter and spin-coated directly onto the 

prepared substrate at 1500 rpm for 90 seconds. The samples were then immediately annealed at 

140 °C for 60 mins on a hot plate. 

P3HT-based device fabrication 

A solution of P3HT (5 mg/ml) was dissolved in chlorobenzene with stirring for 3 hours prior to use at 

80 °C in a nitrogen filled glovebox. The of P3HT solution (100 µl) was then applied directly onto the 
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prepared substrate and spin-coated at 2000 rpm for 2 min. The samples were immediately annealed 

at 90 °C for 60 mins on a hot plate. 

Bilayer device fabrication 

Bilayer devices where fabricated by spin-coating a 0.45µm filtered PMMA 10% COOH co-polymer 

solution (10 mg/ml) in n-butyl acetate on top of the semiconductor layer at 2000 rpm for 2 mins 

after annealing. Samples were annealed at 80 °C for 1 hours on a hot plate. All spin-coating and 

subsequent annealing was performed in a N2 filled glove box. 

Evaporated gold substrates for AFM 

A Gold layer was deposited onto a SiO2 substrate (10 mm x 10mm) using the same cleaning method 

described for shadow mask designed source and drain electrodes. The substrate was patterned with 

Cr/Au (5/100 nm) using a thermal evaporator under 2 x 10-6 Torr at room temperature. The 

substrates were then sequentially rinsed with acetone, iso-propanol and methanol dried with a 

stream of N2 and then treated with UV-Ozone for 25 mins and were ready for immediate SAM 

treatment. 

4.4 Fluorescent binding assay 

4.4.1.1 Substrate preparation 

Oxidised silicon wafers with a thermally grown oxide layer (300 nm thickness) were cut into 1 cm x 1 

cm sized pieces for use as the substrate in the assay. The substrates were cleaned by sonication with 

acetone and iso-propanol, for 10 and 5 minutes respectively. The substrates were then rinsed with 

isopropanol, ethanol and acetone and dried with a stream of N2. The substrates were then treated 

with O2-plasma for 2 min at 25 °C. Solutions of 40 µl of 5 mg/ml PMMA co-polymer in anisole was 

applied to the substrate and spin coated at 2000 rpm for 1 min under ambient conditions in a 

laminar flow cabinet. Each substrate is then annealed on a hot plate for 2 hours at 100 °C. 

A solution of 0.4M EDC and 0.1M NHS in water was prepared. Each substrate was then incubated 

with 40 µl of the solution in the dark at RT for 30 min and then rinsed with 0.1M PBS solution. A 270 

nM solution of primary antibody in 0.1M PBS-Tween was prepared. Each substrate was incubated 

with 25 µl of primary antibody solution in the dark at RT for 2 hours and then rinsed with 0.1M PBS-

Tween.  

The substrate was then incubated with 60 µl 30 µg/ml BSA blocking solution/ in 0.1 M PBS for 1h at 

RT in dark. Following incubation substrates are washed with PBS-Tween, water and dried with a 

stream of N2. A 75 nM solution of fluorescently labelled secondary antibody in sample buffer (0.1 M 
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PBS, 0.05% (v/v) Tween-20, pH7.4) was prepared, and the substrate incubated with 60 µl in the dark 

at RT for 1 hour. Following incubation substrates are washed with PBS-Tween, water and dried with 

a stream of N2, then stored in the dark for analysis by fluorescence microscopy.  

0.1 M Phosphate-buffered saline (PBS) (pH 7.4) was made in the laboratory and was prepared using 

150 mM NaCl, 68 mM Na2HPO4, 32 mM NaH2PO4 and pH adjusted with 1M HCl and 1M NaOH. PBS-

Tween solution was prepared by the addition of 0.05% (v/v) Tween-20 to the 0.1M PBS solution. 

4.5 Gate functionalised EGOFET biosensors 

The devices described in Chapter 7 where measured using the chambers developed and discussed in 

Figure 69 - Figure 71. Each chamber was filled with ~30 µl of aqueous liquid used as the gating 

medium and the gold gate electrode was held in place directly above the channel using the PTFE 

holder. The electrical measurements where then performed in a probe station using an Agilent 

B1500A Semiconductor Parameter Analyser (Figure 121). The devices were prepared with 

interdigitated source and drain electrodes with a channel lengths of L= 20 µm and channel width of 

W= 16.9 mm, P3HT was used as the organic semiconductor. 

4.5.1 Gate functionalisation with 3MPA/11MUA and HER2 Antibody  

Before functionalisation the 0.5mm diameter gold wires used as the gate electrodes were cleaned by 

immersing in piranha solution (H2SO4/H2O2, 3:1, v/v) for 10 min and then washed thoroughly with DI 

water. The cleaned electrodes where then used immediately to chemisorb the self-assembled 

monolayer using a 10 mM solution consisting of a 10:1 molar ratio of 3-mercaptopropionic acid 

(3MPA) to 11-Mercaptoundecanoic acid (11MUA). The cleaned gold surface was immersed in the 3-

MPA and 11-MUA solution and kept in the dark under N2 for 18 h at RT. After functionalization the 

SAM-modified gold electrodes were rinsed with absolute ethanol to give the chemSAM. 

The carboxylic groups of the chemSAM were then activated by immersion in an aqueous solution of 

200 mM EDC and 50mM sulfo- NHS for 2 h at RT. Following activation, the gold wires are rinsed with 

DI water and then placed in a solution composed of 0.54 μM (0.1 mg/ml) of HER2 monoclonal 

antibody in PBS, incubated for 2 h at RT and then rinsed with water. The wires were then immersed 

in a solution of ethanolamine 1M in PBS for 1 h and then rinsed with water. The formation of the 

BioSAM functionalised electrodes was completed by immersion in a 1.5 μM (0.1 mg ml−1) BSA 

solution in PBS 10mM for 1 h then rinsed with water. 
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4.5.2 Gate functionalisation with Lipoic acid SAM and OBP  

The gate electrode used for the OBP sensing experiments where prepared by K. Cali for use in this 

research using the methods validated in the paper.195 The OBP (GTP_pigF88W) was immobilised 

onto the 1mm diameter gold gate electrode via lipoic acid SAM using EDC/NHS coupling. 

4.5.3 Calibration curve measurements 

The EGOFET device is first incubated in water for 18 hours in DI water in order to stabilise the device 

performance. The IDS was further stabilised by repeating the measurement of the transfer curve of 

the P3HT EGOFET using a bare gold gate electrode until three successive curves perfectly overlap. All 

the subsequent data are recorded on devices that where cycled until the traces overlap. The bare 

gold electrode is then replaced with the functionalised gate electrode which had been incubated in 

the blank sample solvent for 10 mins and then rinsed with water. 

The transfer curve measurement is recorded immediately before the start of the assay and recorded 

as the baseline value (I0) from which the relative device response to the analyte is recorded. Prior to 

the initial analyte concentration, the functionalised gate was incubated in sample solvent with no 

analyte (blank) in order to verify the stability of the baseline value before further testing which was 

only continued when ∆𝐼/𝐼0< 5%. The analyte measurements are recorded in order of sequentially 

higher concentration. 

The HER2 ECD detection assay is performed by measuring the transfer characteristics of the EGOFET 

device after incubation of the functionalised gate electrode in PBS standard solutions of HER2 ECD 

ranging from 1 x 10-18 M (attomolar, 1 aM) to 1 x 10-8 M (10 nM) nominal concentrations. PBS is used 

as the sample solvent. All the electrical measurements using the BioSAM electrodes are performed 

in DI water. The gate electrode is incubated separately in the analyte solution for 20 mins, rinsed in 

DI water and then returned to the EGOFET for electrical measurement. 

The cannabinoid sensing assays were performed by measuring the transfer characteristics of the 

EGOFET device after incubation of the device including the functionalised gate electrode in 2% IPA in 

DI water solutions spiked with analyte concentrations covering the range 1 x 10-14 M (10 fM) to 1 x 

10-7 M (100 nM). 2% IPA in DI water is used as the blank or sample solvent throughout the 

experiment. The analyte measurements are recorded using the analyte solution as the gating 

medium after incubation of the functionalised gate in the analyte filled device well for 5 mins.  
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4.6 Procedure for flow cell functionalization and 

measurements 

The set up shown in Figure 120 was used for the control of fluids and electrical measurements in the 

flow cell experiments described in chapter 0. A three-way stopcock tap was used to connect to two 

syringes containing the prepared fluids needed for the experiment. The syringes were mounted to 

separate syringe pumps so that the flow rate could be controlled but only one syringe pump was 

used at a time. The fluid was introduced into the cell through by PTFE tubing connected to the 

stainless-steel inlet tube. The system dead volume (including the three-way stopcock and tubing) 

was ~150 µl. For electrical measurements the flow cell was filled with the appropriate electrolyte 

solution at a flow rate of 70 µl/min. The electrical measurement is recorded in a ‘static’ 

environment, with no flow of electrolyte.  

The functionalization procedure carried out with the flow cell involved the same reagents and 

procedure that was described in section 4.4. However, all fluid handling (rinsing, incubation and 

introduction of new solutions) was performed within the flow cell set up. The steps in the procedure 

using PBS and PBS Tween (rinsing) was performed at 70 µl/min for 2.5 mins (175 µl). The steps in the 

procedure that involved the chemical reagents such as antibodies, blocking and analyte were 

performed at 85 µl/min for 3.5 mins (300 µl). Subsequent electrical measurements were then taken. 

In the calibration curve experiment each analyte concentration was prepared in 0.1M PBS. Each 

analyte was introduced to the cell and then incubated for 20 mins, followed by rinsing with PBS and 

the measurement was taken in the ‘static’ environment. The next analyte concentration was then 

investigated in sequential order from the lowest to the highest concentration. The baseline 

experiment described in section 8.3.4 follows the same procedure however the analyte samples 

were replaced with PBS solution (blank samples). For clarity the HER2 ECD concentrations that were 

investigated are shown in Table 4. 

Table 4 A range of HER2 ECD concentrations are shown in ng/ml and the corresponding concentration in M and pM. 

ng/ml M pM 

0.1 1.41E-12 1.41 

1 1.41E-11 14.1 

10 1.41E-10 141 

100 1.41E-09 1410 

1000 1.41E-08 14100 
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4.7 PMMA – COOH synthesis 
All reagents were obtained from commercial sources and used as received without further 

purification, unless stated. If not mentioned otherwise, reactions were carried out under an argon 

atmosphere using standard Schlenk techniques. 1H NMR  NMR spectra were recorded at 400 MHz on 

a Bruker Avance AV 400 MHz Ultrashield spectrometer with the stated solvent at 25 °C. 

Gel permeation chromatography (GPC) was carried out in THF using a Viscotek GPCmax VE2001 

solvent/sample module with 2 _ PL gel 10 lm MIXED-B + 1 _ PL gel 500A columns, a Viscotek VE3580 

RI detector and a VE 3240 UV/VIS multichannel detector. 1 mL/min flow rate was used and the 

system was calibrated with polystyrene standards and n-dodecane as a flow marker. Fourier 

transform infrared (FT-IR) spectroscopy was performed on a PerkinElmer SpectrumRX 1 FT-IR 

spectrometer. 

 

 

Scheme 1 Reaction scheme for the synthesis of carboxylic acid functionalised co-monomer 

4.8 Synthesis of tert-butyl 6-bromohexanoate (2)  

6-Bromohexanoic acid (20 g, 102.5 mmol) was dissolved in anhydrous dichloromethane (250 ml) 

under an inert atmosphere and the vessel cooled to 0 °C. Trifluoroacetic anhydride (48.1, 31.8 ml, 

229 mmol) was added dropwise and stirred for 3 hours. tert-Butanol (25.7 g, 33.2 ml, 347 mmol) was 

added to the solution dropwise at 0 °C and after allowing to warm the reaction mixture was stirred 

at room temperature for 30 min. The reaction mixture was then quenched washed with water (200 

ml) and extracted with DCM (2 x 200ml). The combined organic layers where washed with brine (2x 

200 ml) and then dried over magnesium sulfate before removing the solvent in vacuo. The crude 

product was separated via flash silica column chromatography (light petroleum ether/ ethyl acetate, 

95:5) to yield tert-butyl 6-bromohexanoate 2 as a colourless oil (20.7 g, 80.2%). 
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1H NMR (400 MHz, CDCl3)  ppm 1.48 (9 H, s and 2H, m), 1.62 (2 H, m), 1.88 (2 H, m, J=7.2 Hz), 2.24 

(2 H, t, J=7.4 Hz), 3.42 (2 H, t, J=6.8 Hz).203,204 

4.9 Synthesis of tert-butyl 6-(methacryloyloxy)hexanoate (3) 203,205 

Methacrylic acid (3.37 g, 25.2 mmol), 2 (4.49 g, 18.0 mmol) and Aliquat 336 (4.00 g, 9.90 mmol) were 

dissolved in anhydrous acetonitrile (80 ml) under an inert atmosphere. Potassium carbonate (4.18 g, 

30.2 mmol) was added in portions and the reaction mixture was refluxed for 16 hours. The reaction 

mixture was allowed to cool to room temperature, water (80 ml) was added and the product 

extracted with dichloromethane (80 ml). The combined organic layers were washed with water (3 x 

80 ml) and brine (80 ml) and then dried over magnesium sulfate before removing the solvent in 

vacuo. The crude product was separated via flash silica column chromatography (light petroleum 

ether/ diethyl ether, 7:2) to yield tert-butyl 6-(methacryloyloxy)hexanoate 3 as a colourless oil (3.31 

g 72%). In order to stabilise the monomer against polymerisation 30 ppm of hydroquinone 

monomethyl ether was added. 

1H NMR (400 MHz, CDCl3)  ppm 1.41 (9 H, s and 2H, m), 1.66 (4 H, m), 1.94 (3 H, s), 2.23 (2 H, t, 

J=7.4 Hz), 4.14 (2 H, t, J=6.5 Hz), 5.54 (1 H, m), 6.09 (1 H, d, J=0.5 Hz). 203 

4.10 Synthesis of 6-(methacryloyloxy)hexanoic acid (4) 203,205 

Compound 3 (3.00 g, 11.7 mmol) was dissolved in acetonitrile (2.21 mL) and aqueous phosphoric 

acid (85 wt. %, 2.21 mL, 30.4 mmol) was added dropwise whilst stirring. The reaction mixture was 

stirred for a further 16 hours at room temperature. Water (50 ml) was then added and the product 

extracted with ethyl acetate (3 x 50 mL). The combined organic layers were dried over magnesium 

sulfate before removing the solvent in vacuo. The crude product was separated via flash silica 

column chromatography (ethyl acetate/light petroleum ether, 1:3) to yield 6-

(methacryloyloxy)hexanoic acid 4 as a colourless oil (1.36 g, 62.2%). 

1H NMR (400 MHz, CDCl3)  ppm 1.46 (2 H, s), 1.71 (4 H, m), 1.95 (3 H, s), 2.39 (2 H, t, J=7.4 Hz), 4.16 

(2 H, t, J=6.5 Hz), 5.56 (1 H, m, J=3.1 Hz), 6.10 (1 H, m).203 
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Polymerisation reaction.203 

 

Scheme 2 Reaction scheme for polymerisation reaction of PMMA co-polymers 

The three different PMMA based carboxy co-polymers where synthesised by free-radical 

polymerisation reaction in a variety of solvent, (THF, toluene and dioxane) using Vazo 67 as an 

initiator. The abbreviations for the co-polymers relate to the initial theoretical molar ratio of 

carboxylic acid containing monomer (4) present in the co- polymer. The same procedure was used 

for the synthesis of each co-polymer only varying the ratio of monomers, methyl methacrylate 

(MMA) (5) and 6-(methacryloyloxy)hexanoic acid (4), used as shown in Table 5. 

Table 5 Ratio of co-monomers used in the synthesis of 6A-C 

Polymer Mass of MMA (5) 

(g)  

Moles of MMA (5) 

(mmol)  

Mass of (4)  

(mg) 

Moles of (4)  

(mmol) 

6A 0.90 9.0 200 1.00 

6B 0.95 9.5 100 0.50 

6C 0.98 9.8 40 0.20 

 

The monomers (MMA) (5) and 6-(methacryloyloxy)hexanoic acid (4) were dissolved in the reaction 

solvent (20 ml) and degassed by freeze-pump-thaw cycles. A separate solution of Vazo 67 was 

degassed by 3 freeze-pump-thaw cycles and was added to the reaction mixture. 

The reaction mixture was heated to 85 °C and the reaction was allowed to proceed for 3h. The 

reaction mixture was allowed to cool to room temperature and the polymer precipitated through 

dropwise addition to 200 ml of n-hexane. The crude polymer was collected by filtration before 

washing by Soxhlet extraction with n-hexane for 16 hours followed by drying in a vacuum oven at 40 

°C to yield the copolymer as a white solid in the yields reported in Table 6. 
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 1H NMR (PMMA-COOH (10%) 6a, 400 MHz, CDCl3, δ): 3.96 (s, 2H), 3.61 (s, 27H), 2.38 (s, br, 2H), 2.1-

1.6 (22H), 1.42 (s, br, 4H), 0.78-0.96 (m, 30H); IR: ν = 2986, 2947, 2115, 1730, 1487, 1447, 1268, 

1237, 1193, 1147, 991, 963, 751 cm−1
 

Table 6 Reaction yields from synthesis of PMMA copolymers 6A-C using dioxane as the reaction solvent. 

Polymer Weight of product (mg) Yield (%) 

6A 434 39.7 

6B 357 34.0 

6C 400 39.3 
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Figure 33 FT-IR spectra of PMMA/PMMA-COOH. (6A, 6B, 6C). 
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5 Immobilisation strategies 

OFETs have been identified as a promising platform for the development of low-cost point-of-care 

biosensors. The in-situ detection of biomarkers in biological media is vital in producing a point-of-

care device, therefore aqueous operation in water and biomimetic solutions, as shown in Figure 34, 

are of particular interest. However, OFETs with classic architecture have limited performance in 

aqueous operation.29 In contrast, EGOFETs benefit from a simple device architecture which uses an 

aqueous gating solution allowing a low operating potential and compatibility with well-established 

biorecognition processes for in-situ detection of the analyte in solution.88 

 

 

Figure 34 OFET biosensor architecture (a & b). The red circle indicates interfaces available for functionalisation and 
detection of biomolecules. Picture of water gated field effect transistor as fabricated in OMIC (c). 

In order to allow the detection of biomolecules a device interface must be functionalised with 

appropriate bio-recognition elements. EGOFET biosensors therefore rely on the immobilisation of 

biorecognition elements to either the gate electrode or the OSC interface, as indicated in Figure 34. 

Numerous functionalisation strategies have been explored and can broadly be categorised as 

depending on adsorption, covalent attachment or affinity interactions to immobilise the bio-

recognition elements to the desired interface.29,88 In this work the functionalisation of both the gate 

electrode and the OSC interface are investigated for use in EGOFET biosensor devices. The 

development of the immobilisation methods used for the biosensor devices is discussed in this 

chapter and separated into sections which discuss the strategy for either gate electrode (section ….) 

or the OSC interface for which a bilayer system is developed (section 5.1). 

2 cm 
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5.1 Bilayer functionalisation 

The immobilisation of the biorecognition element to the OSC interface is a strategy for which a wide 

range of techniques have been explored.90 Optimisation of the orientation and surface coverage of 

the immobilised biorecognition elements are needed in order to maximise their effectiveness and 

retain specificity. Additionally, it is desirable for the deposition process to have minimal detrimental 

impact on the OSC and its electrical performance, as well as being simple, fast and inexpensive. With 

this regard, physical adsorption holds an advantage,94 however it lacks control of the orientation, 

homogeneity in coverage or the stability of other techniques.90 

In contrast, covalent attachment of the biorecognition elements has the potential to allow 

optimisation of orientation and coverage. Whilst a pertinent risk is denaturing the biomolecules 

during the anchoring step by covalent reactions, strong electrostatic interactions from physisorption 

can also have similar effects on antibodies conformational structure.94 Additionally, covalent 

immobilisation presents a more stable and robust attachment to withstand the required washing 

procedures necessary for biosensor and assay integration within a flow cell system. 

Covalent immobilisation requires the formation of chemical bonds between reactive groups on the 

biomolecules and complementary labile groups introduced to the interface.90  This can be made 

possible by introducing functionalities such as hydroxyl (-OH), amine (-NH2) & carboxyl (-COOH) 

groups to the interface surface for use in in situ surface confined reactions with bio-recognition 

elements.  

Introduction of reactive functional groups to the interface has been achieved through deposition of 

a second layer on top of the OSC,79,97 blending the OSC with another material or modification of the 

OSC structure.84,203 Each method is recognised to have its limitations. Pre-attachment of the 

biosensing element may not be suited for use with all biomolecules (e.g. antibodies) which lack 

stability in the harsh organic solvents needed for processing. The introduction of non-conductive 

reactive functional groups to the bulk OSC introduces trap sites which negatively impact on the 

electrical performance.  

The use of bilayer devices has been noted as a technique to avoid chemically modifying the structure 

OSC whilst still introducing the labile groups to the electrolyte interface,99 although at the 

compromise of increasing the distance of the sensing element from the active channel, which may 

reduce sensitivity. Sensing can occur in this device configuration as the bio-functionalised dielectric 

surface coating is capacitively coupled to the OSC underneath, which influences the active channel 

upon analyte interaction. 
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PMMA is a cost-effective material which is in mass production for use in a variety of applications 

including Perspex glass, medical implants and thin film dielectrics.206–208 PMMA can also be used as a 

device insulator/dielectric in OFET devices.107,208 The commercially available products are inert 

materials that do not contain reactive functional groups and therefore frequently require treatment 

in order to impart some functionality to allow covalent immobilisation of bio-recognition elements. 

Physical and chemical treatment methods of PMMA include plasma processing, surface reactions 

using wet chemistry (hydrolysis and aminolysis) and UV treatment.97,209–211 However these are 

limited by ageing effects, instability of newly formed functional groups and difficulty in controlling 

surface etching which can result in the formation of irregular surfaces.209–211 Additionally, the 

required harsh treatment is likely to cause some damage to the underlying OSC within the EGOFET 

device structure.100 Therefore there is a need for the development of stable and robust materials 

with a high level of control of the surface concentration of functional groups. 

The alternative is the deposition of ultra-thin-films onto the surface of the OSC, to form the bilayer 

device structure, with materials that already contain the reactive functional groups required for in-

situ covalent attachment of the recognition elements. PE-CVD is one route to the deposition of 

hydrophilic layers rich in reactive groups onto the OSC.100 Whilst UV-crosslinked spin-coated 

poly(acrylic acid) (PAA) films have also been utilised as an immobilisation layer in to produce the 

stable coating with a high density of COOH groups demonstrated its use in EGOFET sensors.97 

However both techniques require processing steps which have the potential to damage the 

underlying OSC. The development of solution processable polymers for use as dielectric film, 

requiring minimal further processing following spin-coating, is therefore highly desirable. 

Co-polymer based surface coatings have been well studied for use in applications in surface protein 

immobilisation for other biosensing assays, such as ELISA.210,212–217 Acrylic-based polymers are a 

common choice due to the availability of carboxyl groups for in situ functionalisation by EDC/NHS 

reactions to the amino groups of the target bio-recognition element. 

The main advantages of using PMMA co-polymer are its low cost relative to a functionalised 

semiconductor co-polymer such as P3HT it is therefore more realistic for the large-scale production 

of cheap disposable devices. The insulating bilayer may also the benefit of protecting the lower 

layers from the electrolyte improving device stability; also, it can be used in combination with any 

conjugated polymer in the active layer provided an orthogonal solvent is used during deposition, 

allowing scope for easy improvements in device production and performance in terms of 

processability, mobility, air and moisture stability. 
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Different loadings of COOH bearing methacrylic acid monomer within PMMA-MA co-polymers have 

been studied for their effectiveness in protein surface immobilisation for various applications 

including ELISA, but no comparative study has yet been reported for their effects in OFET based 

sensors.211,212,215,218,219 A higher ratio of hydrophilic groups, such as acrylic acid subunit, in the 

receptor layer decreased the stability of the polymer film to the multiple aqueous washing steps 

used in functionalisation.103 Therefore it is important to optimise the concentration of carboxyl 

groups within the receptor layer to provide a balance of stability to washing and the coupling 

capacity for biofunctionalisation. 

In order to facilitate post polymerisation bio-conjugation monomers incorporating pendant 

carboxylic acid side groups on a 6-carbon spacer where used to reduce steric crowding of the 

reactive site and provide more accessible COOH groups. Tethering a bioactive compound via spacer 

can improve bioactivity by reducing the steric constraints and shielding the compound from 

hydrophobic interaction induced denaturation.210 The surface concentration of functional groups can 

lead to protein de-activation by steric repulsion (over-functionalisation) or protein denature in close 

proximity of the polymer surface (low surface coverage of functional groups).210 Therefore a variety 

of monomer concentrations were explored in order to allow investigation into the optimum number 

of surface COOH groups. Previous PMMA-MA co-polymers containing a 10% loading of COOH 

containing monomers demonstrated the highest sensitivity in ELISA based assays, we will also 

synthesise polymers with lower loadings to gauge their effectiveness in EGOFET devices.211,212,215,218 

5.1.1 PMMA co-polymer synthesis 

Polymers for use as thin film coatings that can act as a modified dielectric layer, derived from 

poly(methyl methacrylate) (PMMA) containing carboxylic acid groups (-COOH) were synthesised to 

allow the active channel of EGOFET devices to be functionalised with sensing elements. 
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Scheme 3 Reaction scheme for the synthesis of carboxylic acid functionalised co-monomer 

In order to achieve this tailored monomer 4 was synthesised by the route shown in Scheme 3. An 

improved method for protecting the carboxylic acid group of 6-bromohexanoic acid with tert-

butanol utilising trifluoroacetic anhydride was also developed, resulting in improved yield (from 73% 

to 80%) and efficient reaction scale up (4.70 g to 20.7 g), relative to performing the reaction with 

DCC/DMAP, as shown in Scheme 4. 

 

Scheme 4 Reaction scheme for the synthesis of tert-butyl 6-bromohexanoate (2)203,205 

Using a well-established free-radical polymerisation synthesis protocol (Scheme 5) co-monomer, 4 

was reacted with 5 in different ratios to produce co-polymers with 10, 5 and 2 mol % loadings of 

carboxylic acid allowing control over the number and density of bio-recognition elements that can 

be immobilised onto the surface. Control of the polymerisation reaction and surface chemistry was 

based on the following assumptions: varying the initial ratio of monomers would produce a polymer 

with control over the number of COOH containing segments and the COOH groups introduced to the 

polymer would be present at the spin-coated polymer surface. 
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Scheme 5 Reaction scheme for polymerisation reaction of PMMA co-polymers 

The structural composition of the final polymers was determined by 1H NMR spectroscopy indicating 

successful copolymerisation (Figure 35). In addition, the actual mol. % of carboxyl-containing 

monomer incorporated into the polymer was calculated and are comparable to the theoretical 

values, shown in Table 7, indicating a successful synthesis of the intended polymers.203 The actual 

mol % of carboxyl calculation was achieved by calculating the ratio of the integrals unique to each of 

the monomers (Figure 36). The resonance at 3.91 ppm was assigned to the CH2COOH containing co-

monomer and the resonance at 3.53 ppm to the methyl of the methacrylate group co-monomer, as 

illustrated in Figure 36. 

 

Figure 35 1H NMR spectra of PMMA COOH copolymers 6A-C. 
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Figure 36 1H NMR spectra for PMMA 10% mol. (6A), showing the showing the resonances compared to calculate the 
experimental loading in the polymer. 

Table 7  Loading of COOH containing co-monomer and GPC results for PMMA copolymers 6A-C. 

Polymer Theoretical loading of 

COOH (%) 

Loading of COOH 

from NMR (%) 

Mn (kDa) Mw (kDa) Ð 

(Mw/Mn) 

6A 10 9.6 46.1 80.4 1.7 

6B 5 4.6 49.4 87.0 1.8 

6C 2 2.2 50.3 92.8 1.8 

 

The presence of the carboxylic acid group could not be confirmed by FT-IR analysis as the carbonyl 

stretching frequency of the esters of the polymer backbone (1724 cm-1) masked the expected signal 

from the carboxylic acid (expected at 1707 cm-1), as shown in Figure 33.  

The molecular weights of the PMMA co-polymers was determined by GPC and were comparable to 

molecular weights produced in previous work.203 The molecular weights of all synthesised polymers 

covered the range of 10.4-50.2 kDa and polydispersity indexes (Ð) in the range of 1.7 - 3.1, indicating 

successful synthesis of the polymers (see Table 7 and Table 21 to Table 26). 

Whilst the reaction was successfully completed initially; it was characterised by low yields as shown 

in Table 1, which was attributed to inefficient polymerisation caused by running the reaction in THF 

at sub-optimal temperature (65 °C) and short duration (3 hours). The yield in THF was significantly 

improved by increasing the reaction length to 48 hours (65 °C) closer to 3*t1/2, as shown in Table 21-

B; however, Ð increased and the polymer had a lower Mw (Figure 113). Therefore to further 
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optimise the reaction it was investigated under optimal conditions of 85 °C, which required a higher 

boiling point solvent with solvation properties similar to THF, namely toluene and dioxane. 

An improved yield was achieved in toluene at 85 °C (Table 21-B) with a reduced reaction length of 3 

hours, without compromising Ð. Additionally, an increase in reaction concentration correlated with 

improved yield and increased Mw, as shown in Table 22. The effect of varying initiator concentration 

in toluene is shown in Table 22 and Figure 115, with no noticeable increase in yield after 3 hours and 

no significant change in Mw. A lower initiator concentration produced a higher Mw polymer due to a 

reduction in the number of propagating chains. However control of COOH containing monomer 

loading was lost, as is seen by comparing Table 21-A vs Table 22 and Table 23, therefore the use of a 

solvent with solvation properties closer to THF but retaining a higher boiling point was investigated. 

The desired loading of COOH containing monomer was recovered when using dioxane as the 

reaction solvent, in addition to improved yield relative to toluene (Table 23-B vs Table 24-A). The 

effect of initiator concentration on the reaction in dioxane, Table 24, was similar to that in toluene, a 

lower initiator concentration produced a higher Mw polymer, but reduced yield, and pleasingly the 

bimodal distribution was also lost, as shown in Figure 116. An initiator loading of 0.1 mol.% was 

preferred and these reactions were shown to be reproducible (Table 25 and Figure 117). These 

conditions were then used to synthesise co-polymers of 10, 5 & 2 mol % loading of carboxylic acid 

bearing monomer; the theoretical loading was comparable to the values determined by NMR 

quantification indicating the successful synthesis of the intended polymers (Table 26, Figure 118). 

5.1.2 Thin film surface functionalisation and 

characterisation 

The pendant carboxylic acid side chains of the PMMA co-polymers enable the covalent 

immobilisation of bio-recognition elements via simple peptide coupling.  

The carboxylic acid containing co-polymer can be functionalised through condensation reactions 

with primary amine groups. EDC is a water-soluble carbodiimide and well known crosslinking agent 

when used with NHS which can be used to generate activated surfaces by in situ surface conversion 

of –COOH groups to intermediate ester groups.210 

The intermediates formed are highly reactive towards the primary amine (-NH2) groups of peptides 

and proteins therefore result in covalent immobilisation of biomolecules to the surface, as shown in 

Figure 37. The sulfo-NHS serves as to extend the half-life of the unstable ‘activated’ carboxylic acid 

intermediate formed by EDC which can also be hydrolysed.210 This technique for covalent 
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immobilisation of proteins has been applied in both biomaterials and surface designed 

biosensors.84,97,102,215,218,220 

 

 

Figure 37 Formation of amide bonds can be achieved by EDC/NHS coupling reaction through the formation of highly 
reactive intermediates 1 and 2. 

In order to allow the specific detection of biomarkers in an EGOFET biosensor, the biorecognition 

element must be immobilised onto the surface of the device channel. The extracellular domain (ECD) 

of HER2, a blood-bound protein which can be found in blood serum was identified as a viable initial 

target to develop the biosensor platform. Therefore, in order to allow HER2 detection, a procedure 

was developed to covalently immobilise HER2 specific antibodies to the device surface utilising 

EDC/NHS chemistry. In order to verify the surface immobilisation technique of bio-recognition 

elements changes in film surface were monitored and the subsequent activity of immobilised 

antibodies was probed in a fluorescent binding assay. 

5.1.2.1 AFM and Contact angle measurements 

The effectiveness of the EDC/NHS based antibody binding protocol was initially investigated by 

monitoring changes in surface properties of the DPPTTT / PMMA COOH 10 % bilayer films during the 

functionalisation process using AFM (Figure 38-Figure 39), to investigate the surface morphology, 

supplemented by WCA measurements (Table 8), to probe changes in hydrophobicity/hydrophilicity. 
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Figure 38 AFM tapping mode 2 µm scans of the DPPTTT / PMMA COOH 10 % films; a) Pristine; b) after incubation in PBS for 

2 hours; c) after antibody functionalisation by EDC/NHS. White lines on the images signify the areas displayed below in line 

scans. Root mean squared (RMS) roughness of the films is shown in Table 8. 

The AFM topology of the bilayer surface was characterised by low surface roughness and a relatively 

homogeneous smooth surface morphology, with RMS roughness of 0.6 nm (Figure 38a). Incubation 

of the film in PBS for 2 hours was performed as a control to mimic the duration of functionalisation 

process. The incubation induced no significant alteration in surface morphology supported by 

minimal changes in both WCA and surface roughness as shown in Table 8, indicating excellent 

stability of the deposited bilayer system. 

Table 8 Water in air contact angle measurements and AFM root mean squared (RMS) surface roughness from of 2 µm 
scans of DPPTTT/ PMMA COOH 10% thin films during functionalisation process. 

Surface Material Surface Treatment Contact Angle (°) 
Error 

(+/-) 
Roughness (RMS /nm) 

DPPTTT / PMMA COOH 10% None 71.2 0.2 0.6 
DPPTTT / PMMA COOH 10% 2 hours in PBS 71.3 0.5 0.6 
DPPTTT / PMMA COOH 10% Antibody functionalised with  

EDC/NHS 65.2 2.2 2.2 
 

The HER2 antibody was then covalently attached to the surface of the PMMA COOH film in the 

bilayer structure via in situ EDC/NHS coupling reaction to mimic the procedure carried out in 

subsequent binding assays. The film topologies following antibody functionalisation are displayed in 

Figure 38c and Figure 39b, and highlight significant alteration in surface morphology indicative of 

successful attachment of the antibodies, comparable with antibody functionalised surface observed 

elsewhere.94,135,217 
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Figure 39 AFM tapping mode 500 nm scans of the DPPTTT / PMMA COOH 10 % films; a) after incubation in PBS for 2 hours 

(RMS roughness = 0.4 nm); b) after antibody functionalisation by EDC/NHS (RMS roughness = 1.7 nm). White lines on the 

images signify the areas displayed below in line scans. 

Antibodies can be approximately modelled as ellipsoid structures, with a diameter of 15-20 nm and 

thickness of roughly 3 nm.94,221 Higher resolution scans in Figure 39 reveal the morphology of the 

functionalised surface in greater detail, where globular features of comparable dimensions are 

identifiable, indicating substantial coverage. The visible change in surface morphology is quantified 

by the significant increase in RMS surface roughness. 

An identifiable alteration in the WCA further supplements the morphological evidence following the 

functionalisation process, which could either be attributed to an increase in hydrophilicity of the 

deposited antibodies relative to the unmodified surface or the change in surface roughness caused 

by their deposition. Surface roughness has the effect of further adjusting the contact angle of the 

surface away from 90.222  In the case of hydrophilic surface an increased surface roughness will 
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decrease the contact angle by promoting wetting on the surface, as water penetrates into the 

hollows of voids to extend the water interface making θ tend to zero. 

The same investigation was also performed using the PBTTT/PMMA COOH % bilayer system which 

showed comparable results and supports the relative reproducibility of the surface modification 

induced by the functionalisation procedure, Table 9. 

Table 9 Water in air contact angle measurements on PBTTT thin films on glass substrates 

Surface Material Treatment Contact Angle (°) 
Error 

(+/-) 

PBTTT None 102.0 0.4 

PBTTT 2 hours in PBS 101.7 0.7 

PBTTT / PMMA COOH 10% None 70.8 0.5 

PBTTT / PMMA COOH 10% 2 hours in PBS 70.5 0.3 

PBTTT / PMMA COOH 10% Antibody functionalised with  EDC/NHS 65.3 1.3 

 

 

5.1.2.2 Fluorescent Binding Assay 

Following confirmation of antibody immobilisation by AFM, the effectiveness of the protocol for 

analyte detection was further investigated by a fluorescent binding assay. The assay procedure is 

schematically shown in Figure 40 and began by spin-coating a thin layer of the PMMA-COOH onto 

the substrate surface, in this case, a SiO2 wafer, to mimic that of a functionalised EGOFET channel. 

The HER2 antibody was then covalently attached to the surface via EDC/NHS coupling reaction and 

BSA was used to block all non-specific binding sites. A fluorescently labelled secondary antibody was 

then applied and the substrate imaged using fluorescent microscopy. The data extracted is the 

average pixel intensity of fluorescence in arbitrary units from the fluorescence microscope images 

using imageJ. The extracted data fluorescence intensity is related to the number of occupied sites 

and is not fully quantitative but does provide a qualitative data for comparison.  



Page 140 
 

 

Figure 40 Scheme showing the procedure for fluorescence binding assay.  (a) Cleaned SiO2 substrate. (b) COOH 
functionalised Co-polymer spin-coated onto the substrate surface.  (c) Primary HER2 antibody covalently attached to the 
surface. (d) Fluorescently labelled secondary antibody immobilised. (e)  Substrates are probed by fluorescent microscopy. 
(f) Relative intensity of the fluorescence is extracted from images in imageJ. 

The biomolecular binding capability of the immobilised recognition element can be approximated by 

measuring the fluorescence intensity relative to that of various controls, after binding with the 

fluorescently labelled secondary antibody. As shown in Figure 41, the Z-axis represents the relative 

fluorescence emission signal in arbitrary units plotted as a function of the 2D substrate surface. For 

the purposes of qualitatively assessing the signal an average fluorescent intensity value for the 

image was calculated. Relatively uniform signals can be observed indicating the degree of surface 

coverage, whilst bright spots corresponding to peaks in Z height can be attributed to aggregates. 

 

Figure 41 Fluorescent microscope images and corresponding 3D plots of intensity: left, FITC-labelled secondary antibody 
(no primary antibody) on PMMA COOH 10% (control); right, FITC-labelled secondary antibody after primary antibody 
immobilisation on PMMA COOH 10% surface. Z axis represents the fluorescence emission intensity; X and Y axes are the 2D 
substrate surface in units of pixel from the original image. 
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Previously reported investigations suggest that increasing the concentration of antibody to too high 

a concentration can impede efficient antigen binding; this effect was attributed to steric hindrance 

caused by overlapping biorecognition elements which reduce the bioavailability of the immobilised 

antibodies.94,223 Therefore the concentration of primary antibody immobilised to the surface as the 

recognition element was investigated. 
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Figure 42 Results from fluorescent binding assay to determine the concentration of primary antibody used in 
immobilisation procedure. 

The concentration of primary antibody used in the assay was also evaluated covering a range of 135-

405 nM (25 - 75 µg/ml). As reported in Figure 42 the highest fluorescent intensity recorded was 

obtained at 270 nM of HER2 antibody (50 µg/ml); this was in loose agreement for previously 

conducted similar assays which investigated the efficiency of immobilising antibodies finding the 

range 50-70 µg/ml most effective. No significant improvement was observed in secondary antibody 

binding by increasing the concentration of primary antibody any further.  

As controls, the same experiment was performed omitting various stages of the assay, as well as 

using non-complementary secondary antibodies & a PMMA polymer substrate absent of carboxyl 

groups therefore only allowing non-covalent attachments. The results of the studies are shown in 

Figure 43. 
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Figure 43  Results from controls in the fluorescent binding assay for PMMA co-polymer. Negative controls are shown as 
unfilled bars and hash filled bars indicate assay where strong fluorescence signal is expected. The assay used a 270 nM 
solution of HER2 antibody as the primary antibody and a 75 nM solution of fluorescently labelled secondary antibody. 

Where no fluorescently labelled secondary antibody was applied, it can be assumed that any 

fluorescence observed can be attributed to the background for the experiment. Any fluorescence 

observed in the negative controls (unfilled columns in Figure 43) with higher intensity relative to the 

background is attributed to non-specific adsorption of the secondary antibody. Non-specific 

adsorption could be caused by physical adsorption of the primary or secondary antibody to the 

surface due to favourable hydrophobic attractions and electrostatic interactions, such as H bonding. 

The intensities of the assay with non-activated substrate and assay performed in the absence of 

primary antibody is comparable to background levels; this signifies that physical adsorption and non-

specific interactions are negligible in both cases. 

Some fluorescence intensity was observed in assays performed with a non-complementary antibody 

and on a commercial PMMA thin film that contained no carboxylic acid; this can be attributed to 

non-specific interactions with the surface such as physical adsorption. Results which can be 

attributed to non-specific adsorption are in line with those observed in literature, which also showed 
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the ability of commercial PMMA to immobilise antibodies but as shown here less effectively than 

covalent attachment using carboxylic acid containing copolymers.224 

The results showing the highest response can be seen from the activated surface with the COOH 

containing co-polymer with a complementary pair of primary and secondary antibodies are used 

resulting in specific immobilisation as shown in red. In the case where the assay was carried out 

without blocking the highest intensity is observed; this is due to covalent binding between the free 

amine groups of the secondary antibody with EDC/NHS activated COOH groups of the polymer, 

resulting in non-specific attachment to the surface. 

In order to test the specificity of the system further assays where performed using a pair of 

complementary primary and secondary antibodies as shown in Figure 44. The use of complementary 

and non-complementary antibody pairs was used to investigate the non-specific binding that occurs 

during the assay and is common practice in immunologic tests such as ELISA, western blots and 

immunofluorescence.  The investigation therefore shows that the specificity of the immobilised 

antibodies was retained. Antibodies are raised as an immune response in a host species (e.g. Sheep) 

to bind to the corresponding antigen. However, an anti-antibody is a ‘secondary antibody’ that 

specifically binds to other antibodies, for example a Rabbit-Anti Sheep antibody is raised in a rabbit 

but specifically binds to sheep antibodies. The non- complementary pairs of antibodies, shown in 

green and purple, are of comparable intensity to that of the background signal. It is significant that 

the complementary pairs of antibodies, shown in blue and red, are considerably stronger in intensity 

signifying that the system has retained its specificity. 
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Figure 44 Results from fluorescent binding assay for PMMA co-polymer, comparing fluorescence between COOH loadings 
in PMMA co-polymer and use of complementary and non-complementary pairs of antibodies. The assay used 270 nM 
solutions of primary antibodies and 75 nM solutions of fluorescently labelled secondary antibodies. 

It has been demonstrated in literature that the surface concentration of reactive functional groups 

can have a significant impact on the performance of the immobilised biorecognition elements.224 

Ideally a higher surface concentration of reactive COOH groups would lead to an increase in the 

number of immobilised biorecognition elements resulting in a higher output signal. However, it has 

been suggested that a high concentration of surface COOH groups can also increase the likelihood of 

a biomolecule being anchored to the surface by multiple sites which may distort the biomolecule 

impacting on its ability for complementary binding.224,225 Alternatively it has been hypothesised that 

too low a concentration may result in a loss of activity as the biomolecule interacts with the polymer 

surface.225,226 

Therefore it was of interest to investigate the effects of varying the surface concentration of COOH 

groups by performing the assay with the copolymers produced with different loadings of COOH, the 

results of which are shown in Figure 44. Results in literature investigated the same behaviour 

identifying a PMMA-MMA copolymer with 10% COOH loading for optimal performance in an ELISA 

assay; however copolymers with lower loading were not investigated.211,224 However in the assay 

performed here no clear trend relating to the loading of COOH groups can be identified; this 
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behaviour could be due to limitation in the fluorescent assay performed and it will be of interest to 

investigate the effects when the polymers are used in functioning EGOFET devices. 

5.2 Gate functionalisation strategy 

Functionalisation of the gate electrode is typically achieved using Self Assembled Monolayers (SAMs) 

of thiolates deposited on to the gold surface, exploiting well known gold-thiol chemistry.79,227,228 

Terminal labile groups on the SAMs can introduce functionalities required for covalent attachment 

of biorecognition elements through in-situ reactions. This method has proved the most popular and 

versatile route to functionalisation in EGOFETs and devices with exceptional LoD reported down to 

the single molecule.92 However some limitations have been noted for example the sensing 

measurements are typically performed with pure water as gating medium due to the ion-permeable 

nature of the bio-SAMs. The resulting reduction in Debye length in higher ionic strength solutions 

causes charge screening and can result in the limitation in device analyte sensitivity, especially when 

the detection of an analytes intrinsic charge is the main method of transduction for R-L complex 

formation.  

In these devices the gate functionalisation is performed separately and then used to fabricate the 

EGOFET device. The easily interchangeable nature of the components in this sensor set up makes the 

investigation of new sensor components relatively straightforward as the gate or OSC can be 

modified separately from the rest of the device; therefore allowing straightforward investigation of 

new biorecognition elements and analytes, gate immobilisation techniques and the use of novel 

OSCs. 

In this thesis the versatility of the gate electrode functionalisation is demonstrated by investigating 

two different SAM systems for the immobilisation of the relevant biorecognition element enabling 

the detection of two new analytes with EGOFET biosensors. The gold gate electrode is first 

functionalised through the formation of carboxylic acid terminated thiol-based self-assembled 

monolayer (SAMs) followed by EDC/NHS coupling of the relevant biorecognition element. The lipoic 

acid and 3MPA/11MUA SAMs used in this work are based on previously established biosensing 

systems. 

5.2.1 Lipoic acid-based SAM for THC sensing 

Odorant-binding proteins are small soluble proteins located in the olfactory receptor neurons of 

invertebrates and vertebrates and are involved in the perception of odor. In contrast to antibodies 

they are significantly smaller, more stable and display the ability to reversibly bind odorants and 

pheromones (small chemicals) as opposed to large proteins. Recently these proteins have gained 
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interest for use as biosensing elements for small molecules.195,229 A lipoic acid-based SAM and 

EDC/NHS coupling was recently used for the immobilisation of OBPs onto gold QCM electrodes by C. 

Kali et al.195 The resulting QCM-based biosensors were used for the selective detection of a variety of 

drugs of abuse including tetrahydrocannabinol (THC). Therefore, in this thesis the application of the 

aforementioned method was investigated as a proof of concept for use in an EGOFET biosensor. This 

investigation uses GTP_pigF88W OBPs, these were produced and immobilised on to the gold gate 

electrodes using the reported lipoic acid-based protocol (Figure 45). Functionalised gate electrodes 

where supplied by C. Kali for use in the EGOFET device measurements in section 7.2. 

 

Figure 45 Scheme showing the procedure for the immobilisation of the THC sensing OBP onto the gold gate electrode used 
in the EGOFET sensor. A self-assembled monolayer (SAM) is prepared on the surface of the bare gold gate electrode. The 
OBPs are then covalently attached to the carboxylic acid bearing SAM by EDC/NHS coupling with a free amine group on the 
protein. 

The ability of the OBP to discriminate THC from other common cannabinoids was examined in 

solution through fluorescence binding assay (Table 10). Therefore, the ability of the immobilised OBP 

in the EGOFET sensor to allow the selective detection of THC was also investigated. 

Table 10 Affinity constants for OBP GTP_pigF88W against various cannabinoids calculated by fluorescence binding assay by 
C. Kali which are provided by personal correspondence. 

 
Affinity constants [Ka(µM-1)] ± 

Tetrahydrocannabinol (THC) 1.31 0.26 

Cannabinol (CBN) 0.06 0.01 

Cannabidiol (CBD) 0.08 0.01 
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5.2.2 3MPA/11MUA-based BioSAM for HER2 ECD sensing 

In this thesis, the EGOFET-based detection of HER2 ECD was also investigated by the application of 

gate functionalisation method developed by E. Macchia et al.92,110,192 The gate electrode in this 

device was functionalised through the formation of a SAM on the gold surface of the electrode 

consisting of a 10:1 ratio of 3-MPA to 11-MUA and the resulting monolayer is referred to as the 

chemSAM. The amine group on the relevant antibody were then covalently attached to the 

carboxylic acid groups of the chemSAM by EDC/NHS coupling, to produce the BioSAM layer as shown 

in Figure 46. 

 

 

Figure 46 Scheme for the formation of the BioSAM from the chemSAM. 

The mixture of different chain lengths used in the chemSAM allows more effective immobilisation of 

the antibody.  The longer 11 MUA chain is preferred by the antibody for covalent attachment 

therefore reducing the steric hinderance imposed by the surface onto the antibody that may cause 

conformational changes. Subsequently the unreacted activated functionalities of the chemSAM are 

blocked with ethanolamine and finally BSA is applied to further reduce non-specific binding. 

The amide groups which are formed in the BioSAM following the reaction with ethanolamine allows 

for the formation of hydrogen bonds between the oxygen and hydrogen of neighbouring chains 

amide groups, as depicted in Figure 47. Each hydrogen bond has an associated dipole moment 

therefore generating an electrostatic network on the gold interface mainly composed of the dense 

layer of 3MPA chains. The dipole moment associated with the 3MPA H-bonded layer is ~ 3.7 D which 

is larger and has a greater impact on the electrostatic interactions of the chemSAM compared to 

dipole associated with Au-S bond (1-2 D).230 The electrostatic impact of formation of an R-L complex 

is therefore allowed to propagate over a large area giving a large irreversible response. The 
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biosensors ability to achieve extremely low limits of detection has been attributed to the 

electrostatic cooperative interaction that occurs through the extended network of hydrogen bonds. 

 

Figure 47 2D schematic representation of the BioSAM on gold gate electrode and the formation of hydrogen bonds 
between the amide groups of neighbouring chains (red arrows), leading to a dipole moment. 

The BioSAM system has demonstrated proof of concept for the single molecule detection of 

immunoglobins with an EGOFET biosensor, in addition to the selective label-free detection of C-

reactive protein in both PBS and saliva.  

In this thesis we investigated the use of HER2 antibody as the biorecognition element to examine the 

application of this system for the label-free detection of HER2 ECD.  The effectiveness of the BioSAM 

procedure for the immobilisation of HER2 antibodies was initially investigated by monitoring 

changes in surface properties of gold substrates during the functionalisation process using AFM to 

investigate the surface morphology. In these experiments two types of bare gold substrates were 

used gold substrates prepared by thermal evaporation (Figure 48) and template-stripped ultra-flat 

gold films (Figure 49).  

 

 



Page 149 
 

 

Figure 48 AFM tapping mode 2 µm scans of the thermally evaporated gold substrates; left) as prepared gold substrate 
(RMS roughness = 2.13 nm); middle) after ChemSAM formation (RMS roughness = 2.39 nm); right) after antibody 
functionalisation by EDC/NHS (RMS roughness = 2.7 nm). White lines on the images signify the areas displayed below in 
line scans. 

The deposition of the chemSAM and BioSAM each cause a sequentially larger relative increase in the 

calculated RMS roughness which is evident in both Figure 48 and Figure 49 and is in agreement with 

the findings of Macchia et al.92 However, the thermally evaporated gold exhibited a high starting 

surface roughness relative to the size of typical biomolecules, therefore ultra-flat gold films were 

also used. The ultra-flat films exhibit exceptionally low roughness typically around 0.2 nm therefore 

the changes in the surface features during the investigation are more easily visible. 

 

Figure 49 AFM tapping mode 2 µm and 1 µm scans of the template-stripped ultra-flat gold films; a) after ChemSAM 
formation, 2 µm scan (RMS roughness = 0.49 nm); b) after ChemSAM formation, 1 µm scan (RMS roughness = 0.46 nm); c) 
after antibody functionalisation by EDC/NHS, 2 µm scan (RMS roughness = 1.62 nm); d) after antibody functionalisation by 
EDC/NHS, 1 µm scan (RMS roughness = 1.81 nm). White lines on the images signify the areas displayed below in line scans. 

The AFM topology of the chemSAM was characterised by low surface roughness (RMS roughness of 

0.49 nm) and a relatively homogeneous surface morphology with some interspersed small peaks 

which is indicative of a well packed chemSAM (Figure 49a and b). 
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The film topologies following antibody functionalisation are displayed in Figure 49c and Figure 49d, 

and highlight significant alteration in surface morphology indicative of successful attachment of the 

antibodies, consistent with antibody functionalised surfaces observed in section 5.1.2.1 and 

elsewhere.94,135,217 Globular features of comparable dimensions to antibodies are identifiable, Figure 

49d indicating substantial coverage. The visible change in surface morphology is quantified by the 

significant increase in RMS surface roughness. The procedure for antibody gate functionalisation was 

therefore used for EGOFET biosensor devices, where the formation of the gate is further supported 

by the substantial -0.1 V shift in VT. 

5.3 Summary 

Morphology from SEM images of the deposited PMMA COOH films on the OSC indicated complete 

coverage on the microscale. Additionally, the shift in water-air-contact angle probes the physical 

properties on a macro-scale upon thin film deposition from the more hydrophobic coating of the 

OSCs to a relatively more hydrophilic coating exhibited by the PMMA COOH film. 

SEM images suggest the planarising effect of the deposition of the PMMA COOH film onto the OSC 

resulting in a relatively flat homogeneous topography. This was confirmed by AFM analysis, by the 

reduction in surface roughness when compared to the uncoated samples. The same observations 

have been made in previous publications using comparable systems. 

The AFM measurements and fluorescence binding assay indicate a high surface coverage of HER2 

antibody deposited onto PMMA COOH films which retain their bioavailability in good agreement 

with that reported by others using similar polymer coating for covalent immobilisation. Additionally, 

the binding assay indicates that with the use of BSA as an effective blocking agent limiting non-

specific interactions as shown by negative control experiments. The resulting assay is therefore well 

positioned for investigation for use in EGOFET biosensor systems utilising PBTTT and DPPTTT as OSC, 

using the protocol validated in the fluorescence binding assay. 

In addition, the procedures for functionalisation of the gate electrodes was established for the 

investigation of two SAM-based strategies: the Lipoic acid-based system for the detection of THC 

using OBPs; and 3 MPA 11 MUA-based BioSAM system for the detection of HER2 ECD using 

antibodies. The later was investigated by AFM which showed successful high surface coverage of the 

antibody onto the gold through the BioSAM. Therefore, prompting the biosensing experiments in 

section 7. 
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6 Droplet-based EGOFET devices 

EGOFETs benefit from a simple device architecture that uses an aqueous gating solution allowing a 

low operating potential and in-situ detection of the analyte in solution. This is of particular interest 

for developing low cost point-of-care biosensors. The sensing ability is a consequence of changes in 

the capacitance generated at the device interfaces being very sensitive to the interaction of analyte 

at these interfaces. The relative change in device performance is probed in sensing for these devices. 

Covalent immobilisation of recognition elements requires the formation of chemical bonds between 

reactive groups on the biomolecules and complementary groups introduced to the interface of a 

transducer.90 Introduction of reactive functional groups has been achieved through deposition of a 

functional layer on top of the OSC,79,97 blending of this material with the OSC or modification of the 

OSC structure.84,203  

The protocol for deposition of a thin PMMA COOH co-polymer layer on to the OSC and effective use 

of this thin layer for immobilisation of the antibodies was established in the previous Chapter. A thin 

layer of PMMA copolymer was spin-coated directly on to the OSC of the EGOFET device to form a 

bilayer structure, which can then be post-functionalised with the HER2 antibody for use in sensing. 

The closest reference point for a bilayer architecture is presented by Mulla et al, where a biosensing 

platform was fabricated from a thin layer of poly(acrylic acid) (pAA) spin-coated directly on to a 

PBTTT OSC that was subsequently crosslinked by UV radiation.97,100 However, in contrast to directly 

functionalising the carboxyl group of the deposited layer with antibodies, a biotin functionalised 

phospholipid bilayer was covalently anchored by EDC/NHS chemistry. The device architecture 

developed in this work removes the need for UV curing that can damage the OSC and also reduces 

the distance of the recognition element from the interface surface. 

Only a few conjugated polymers have demonstrated reproducible operation in water-gated devices, 

with even fewer used with gating by physiological media, clearly desirable for biosensor application. 

We therefore aimed to widen the class of organic semiconducting materials employed as the active 

material and test the feasibility of using these in a bilayer structure and with the assay procedures. 

However in order to develop effective bilayer devices we first investigated the performance of the 

devices using pristine OSC. The role of the semiconducting polymer for use as the active material is 

pivotal in producing EGOFET devices with good and reproducible electrical performance, which is 

particularly desirable for an effective platform for biosensing. 
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6.1 PBTTT Tungsten-gated water droplet devices 
We first investigated the use of PBTTT as the p-type OSC in EGOFET devices as an alternative to P3HT 

that has been extensively reported.66 PBTTT shows enhanced environmental and electrochemical 

stability over P3HT and relatively high charge carrier mobility in OFETs of ca. 1 cm2/Vs.231  

A wide variety of procedures for fabricating devices using PBTTT as the OSC have been reported in 

the literature with variations in the concentration of the spin-coated solution, solvent and spin 

speed parameters.66,79,97,202  Due to the potential for optimising device performance, stability and 

cost, the effects of varying the spin-coated solution concentration were investigated, covering the 

previously reported concentration range of 3-7 mg. The polymer was deposited by spin-coating from 

DCB solutions directly onto the shadow mask defined source and drain gold electrodes on glass 

substrates, to achieve film thicknesses as described in Table 11. A film thickness at least comparable 

to the source and drain heights (45 nm) would be desirable to ensure complete coverage of the 

source and drain electrodes and reduce gate leakage. However difficulties were encountered in 

reproducing the thickness, such as the 50 +/- 5 nm film yielded from a 3 mg/ml solution of PBTTT in 

9:1 DCB: Chloroform.97 The significant deviation in the film thicknesses previously achieved could be 

due to differences in unreported processing conditions used, such as solution temperatures, spin 

coating equipment and polymer Mw. 

Table 11 PBTTT film thicknesses on glass measured by Dektak. The PBTTT solutions where spin coated from 

DCB solutions at 2000 rpm, displayed is the average thickness over 3 substrates and error as standard 

deviation. 

PBTTT Concentration 

(mg/ml) 
Film Thickness 

(nm) 
Error 
(+/-) 

3 11 2 
5 18 1 
7 33 2 

 

We therefore investigated the effect of concentration on device performance and reproducibility of 

the fabrication process over different substrates. Initially EGOFET devices were tested using a 3 point 

probing station by applying a 4 µl droplet of water over the channel area to act as the gating 

electrolyte and a tungsten tip as the gate electrode. A typical saturation transfer characteristic for a 

PBTTT device is shown in Figure 50, solid and dashed lines represent the source-drain (ISD) and gate 

leakage (IG) currents respectively. The transfer characteristics are carried out by sweeping the gate-

source voltage (VG) at a fixed drain-source voltage (VDS). The devices show good p-type characteristic 
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behaviour, which displays minimal current hysteresis between the forwards and backwards sweeps 

and near-ideal shape typified by the linearity of the ISD square root plot. The low gate leakage, 

several orders of magnitude below the maximum ISD, indicates the absence of electrochemical 

reactions. Leakage current is typically identified as a specific characteristic of the transistor geometry 

in contact with water and the measurement scan rate.197 
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Figure 50 Transfer characteristic of a representative PBTTT EGOFET device using water droplet and W pin as 

the gate electrode. Source and drain electrode where patterned using a shadow mask. ISD (black – solid lines) 

and IG (black – dotted lines) plotted in a semi-log scale (left). ISD plotted in a square root scale (blue – right) 

from which characteristic parameters are extracted from the saturation regime. 

Device performance is analysed through the transistors electrical figures of merit. The principal 

parameters of interest are the threshold voltage (VT), field effect mobility (µ) ratio between max 

current (Ion) and min current (Ioff) (IOn/Off) and their method of extraction is described in section 1.3.6. 

The source-drain current at certain voltages (IDS) are quoted in the results tables, as these values are 

used in calculating the devices IOn/Off. The IDS at the maximum VG during the transfer sweep signifies 

the maximum current in the transfer hysteresis (Ion) and IDS min signifies the lowest current during 

the transfer forward sweep and when the device is off (Ioff). 

Mobility (µsat) is presented throughout this thesis as the capacitance-mobility product in the 

saturation regime (I will use the term µ*C for ease), the parameters are combined as the specific 

areal capacitance (Ci = cap/unit area) has yet to be determined for our system. The capacitance of 

the structure used in the device can be measured by electrochemical impedance spectroscopy (EIS) 
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with a potentiostat by measuring the capacitance of  the Au/water/polymer/Au structures.197 

Additionally the extracted capacitance is highly dependent on the device (electrode metals, OSC and 

electrolyte used) and measurement set up (measurement frequency and scan rate) to calculate the 

effective capacitance of the system, therefore the calculated values are frequently not universal for 

the OSC used. In general at low frequencies (< 1 Hz) the capacitance value saturates due to the 

formation of the high capacitance Helmholtz double layer and the capacitance value for the devices 

in saturation mode are calculated from within this regime. The hydrophobic semiconductors used 

usually display a high capacitance of between 0.5 µF/cm2 and 10 µF/cm2 at their dielectric interface 

which typify EGOFET devices and allows low voltage operation.197,232,233 

The characteristic device parameters are sensitive to the effects of analyte interaction and it is their 

relative variation which is of interest, typically it is the change in Ion and VT that demonstrates the 

clearest response upon analyte exposure.29,93 This relative analyte induced variation can be 

normalised as shown by Mulla et al, to account for device to device variation of the absolute 

parameters.97 However, to create a platform of optimal biosensing capability it is important to 

minimise any variation in device performance that is not associated with the analyte interaction, 

such as device stability and reproducibility. Of particular interest is the reproducibility of the forward 

sweep from which the electrical figures of merit are extracted. The variation in performance of the 

four devices fabricated on one substrate is demonstrated in Figure 51, which shows a small variation 

across the substrate (see Figure 51 and Figure 52). 

0.0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7 -0.8 -0.9

10
-8

10
-7

10
-6

|I
S

D
| 
/ 
lo

g
A

V
GS

 (V)

 D1

 D2

 D3

 D4

 

Figure 51 Transfer characteristics showing the variation of performance of four PBTTT EGOFET devices 

fabricated on the same substrate with ISD and plotted in a semi-log scale. The devices were operated using 
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water droplet and W pin as the gate electrode and source and drain electrode were patterned using a shadow 

mask. 

To further this investigation, the reproducibility of the fabrication process and impact of PBTTT 

concentration used was assessed by compiling the characteristic parameters from the transfer 

characteristics of the 16 devices fabricated over 3 substrates for each concentration. The extracted 

parameters for the various concentrations of PBTTT devices are gathered in Figure 52. 

 

 

 

Figure 52 Variation in device parameters extracted from transfer characteristics of fabricated from 

concentrations of PBTTT varying from 3 -7 mg/ml. The EGOFET water droplet gated devices were measured 

using a W tip as the gate electrode. The averages and errors are taken from 12 devices fabricated on 3 

different substrates for each concentration. 
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Figure 53 Intra-substrate variation in device parameters extracted from transfer characteristics of fabricated 
from concentrations of PBTTT varying from 3 -7 mg/ml. The EGOFET water droplet gated devices were 
measured using a W tip as the gate electrode. The averages and errors are taken from 4 devices fabricated on 
3 separate substrates for each concentration. 

The investigation highlights the variation in the extracted critical parameters both in terms of intra-

substrate variation (devices on the same substrate shown by the standard deviation error bars in 

Figure 53) and inter-substrate variation (variation between different substrates). The variation in 

parameters is of critical importance when the devices are applied for sensing applications as it will 

impact directly on the reproducibility, hence reliability, of analyte detection and quantification. 

The µ*C calculated from the saturation regime of our PBTTT devices typically fell in the range of 0.4 

– 0.8 µF/Vs, one order of magnitude higher than previously reported PBTTT water gated EGOFETs 

operated with tungsten gate electrode with a value of approximately 0.05 µF/Vs.197 Other device set-

ups utilising Au gate electrodes typically quote the device µ*C within the same order of magnitude.97 

The capacitance of PBTTT in water gated EGOFET is typically quoted as 0.6 µF/cm2 measured within 

a Au/water/polymer/Au set up by EIS, to give a calculated µ of 0.08 cm2/Vs;197 elsewhere µ has been 

reported within the same order of magnitude (0.02 +/- 0.01 cm2/Vs).97 Assuming a similar 

capacitance of 0.6 µF/cm2 for our OSC/electrolyte interface would give a µ of 0.7 to 1.3 cm2/Vs, 

which is a significant improvement on previous studies. No significant trend could be observed in the 



Page 157 
 

hole mobility using different solution concentrations as shown in Figure 52. The VT values were 

consistently around -0.1 V, in close agreement for other PBTTT EGOFET devices.97,197 

The variation in extracted parameters at different concentrations of spin coating solution used is 

negligible, with little benefit clearly identifiable in terms of either absolute value improvement or an 

improvement in the reproducibility as shown by reduced error bars. Ultimately it was decided to use 

devices fabricated from 7 mg/ml DCB solutions as this gave thin film thicknesses at least comparable 

to the source and drain heights (45 nm) in order to ensure complete coverage, with the aim of 

minimising the potential for gate leakage in subsequently developed devices. 

Various operating voltages for VDS and VGS were investigated through the output characteristic 

(Figure 54). This demonstrated that VDS > 0.5V resulted in non-linear behaviour in current after 

saturation. It can be observed that the output characteristic does not intersect the x axis at the 

origin and at VGS > 0.5V the intersect shifts to higher VDS. As a result, VDS > 0.5V and VGS > 0.5V were 

deemed unsuitable for device operation. The voltage window for device operation was reduced to 

0.05 to -0.5V when sweeping the VGS with the aim of minimising device degradation caused by 

electrochemical reactions in the OSC, which is more in line with the device operating regimes used 

elsewhere for PBTTT devices.97 
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Figure 54 Output characteristic for PBTTT bilayer device in DI water VDS 0.05 to -0.5V and VGS 0 to -0.7V in 0.1V steps. The 

migration in x axis intercept at higher gate voltages is highlighted in the inset. 
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As highlighted, variation in inter- and intra-substrate device performance limits the reproducibility of 

analyte detection and accurate device calibration. The device performance was analysed over 10 

sequential transfer hysteresis analyses over a 5 minute period in order to ascertain short term 

stability and reproducibility under repeated stress with the initial W gate water droplet 

measurement set-up (Figure 55). The forward sweep of the devices on the substrate showed a large 

variation in ISD however the variation in the characteristic parameters extracted from the transfer 

curve are less pronounced (Table 12). 
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Figure 55 Transfer hysteresis performance of single layer device analysed using the 3-point probe station and a 4µl droplet 

as the gating electrolyte. (Left)-Averaged transfer hysteresis and standard deviation of 4 devices on the same substrate. 

(Right)- Averaged transfer hysteresis of 4 devices over 10 repeat cycles. The extracted parameters are shown in Table 12. 

Table 12 Characteristic parameters extracted from transfer hysteresis displayed in Figure 55. The single layer device 

analysed using the 3 point probe station and a 4µl droplet as the gating electrolyte 

Cycle 

Number 
V

T
 (V) Error 

(+/-) 

µ*C 

(µF/Vs) 

Error 

(+/-) 
I
On/Off

 
Error 

(+/-) 
I
on

 (nA) Error 

(+/-) 

1 -0.08 0.06 0.24 0.05 15.0 3.5 176 11 

2 -0.09 0.05 0.24 0.05 14.7 2.7 177 9 

5 -0.09 0.06 0.27 0.08 15.3 2.5 195 17 

10 -0.09 0.05 0.28 0.06 15.8 1.9 202 30 

 

The operational stability of the devices was then tested over this short bias stress window, as shown 

in Figure 55. Due to the frequent occurrence of bias stress effects devices are usually continually 

swept until reproducible transfer curves are produced and a stable operation window for 

measurements is established and necessary measurements are taken in sensing assays.234 Over this 



Page 159 
 

short period of stressing the device performance demonstrated reasonable stability with only slight 

decrease in Ion observed. 

Overall it is evident that sufficient inter-device variability in performance exists in order to frustrate 

sensing from absolute values. This highlights utility of normalising the response to give the relative 

variation when describing the change in device parameter in sensing as shown in Equation 1; as this 

provides a robust parameter that normalises device-to-device variation therefore improving the 

reproducibility of the response. 

6.1.1 EGOFETs using PBTTT – PMMA blends 

Blending is a technique often used to modify the desired properties of a material. Blending can be 

used to improve the processability of solutions and enhance the film forming properties resulting in 

more homogeneous films producing devices with improved and more uniform performance.235 

Whilst blending is not particularly common practise in EGOFET fabrication, improved air stability, 

mobility of charge carriers and Ion/Ioff ratio has been shown for OSC/insulator blends in OFETs.107,235–

238 Blending has even exploited self-organisation to allow facile one-step procedure for formation of 

semiconductor and dielectric layers,235,236 and nanowire networks.238  

Favourable phase separation of the blended OSC/insulator solutions during processing can deliver 

greater control of the microstructure through control of the thin film morphology.235 The formation 

of continuous layers of highly crystalline OSC across the transistor channel drives improved 

performance and as charge transport in OFET devices is limited to a thin layer at the OSC/dielectric 

interface, any improvement in OSC order at this interface improves performance. Therefore, 

improved performance is typically achieved by inducing favourable vertical phase separation or the 

formation of nanofibrillar networks within the insulating polymer network. 

Kergoat et al, demonstrated the improved device performance for P3HT/PMMA EGOFET devices 

operating in water.107 Work within the research group has also exploited P3HT blended with bio-

functionalised PMMA with a peptide in EGOFET sensing.203 However devices using PBTTT as the OSC 

have shown improved hole mobility and stability relative to P3HT,66 and insulator blends of 

PBTTT/PS and DPPTTT/PS have been investigated in simple OFETs.237,238 In general the insulating 

polymers act as a plasticiser to provide a mobile environment allowing greater order in the OSC 

through formation of crystallites with better inter-chain ordering.239,240 

However PBTTT insulator blends have not yet been reported for the EGOFET device architecture. 

Therefore it was of interest to see if the benefits of blending extend to PBTTT/PMMA blends in 

EGOFETs to the same extent as those demonstrated for P3HT/PMMA, which exhibited an order of 
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magnitude improvement in Ion/Ioff.107 Therefore a range of blend ratios of PBTTT and PMMA, varying 

from 20% - 100% PBTTT, where investigated as shown in Figure 56. 

All EGOFETs showed typical p-channel behaviour and the extracted parameters for the various blend 

ratios are gathered in Figure 56. Overall no blend of PBTTT/PMMA produced a device with any 

significant simultaneous improvement in all 3 critical parameters relative to pristine PBTTT, whilst 

the improvements observed were less pronounced and restricted to higher concentrations relative 

to those seen in P3HT/PMMA.107 

 

Figure 56 Charts showing mean device performance as a function of PBTTT ratio. The devices have different blends of 

PBTTT and PMMA, with standard deviation shown across the 4 devices on each substrates a) Ion/Ioff ratio; b) VT ; c) Ion d) 

mobility expressed as µ*C. 

Optimal images of blends with varying PBTTT/PMMA concentrations are displayed in Figure 57 and 

show clear phase separation for the 1:1 ratio on the µm scale with lateral phase separation and two 

distinct networks, in agreement with that previously observed in P3HT/PMMA.107 As with P3HT, the 

mobility remains roughly constant over a broad range of PBTTT/PMMA ratios (Figure 56(d)), up to 

50% PMMA, indicating that despite lateral phase separation the percolation path can still provide 

good charge carrier transport through the blend. However, in agreement with P3HT blend, the hole 

mobility decreases with low PBTTT content (30% and below) probably due to the formation of more 

isolated islands and discontinuous paths.107 

a) b) 

c) d) 
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Figure 57 Optical microscope images of phase separation in devices. A) 100% PBTTT; B) 70% PBTTT/ 30% PMMA Blend; C) 

50% PBTTT/ 50% PMMA Blend. 

Whilst there was negligible change in on-current, off-current can be reduced under certain 

conditions resulting in an increase in Ion/Ioff and the dependence on PBTTT ratio is shown in Figure 

56a). However unlike P3HT where Ion/Ioff was improved by an order of magnitude with as little as 

30% OSC, PBTTT performance relative to pristine OSC was reduced below 70% PBTTT, whilst 

improvements were also less pronounced in comparison. Finally, Figure 56b shows variation in 

threshold voltage as a function of PBTTT. A threshold voltage close to 0 V is desired for low voltage 

applications, a shift to more negative VT is observed with decreasing PBTTT but remaining at a low 

level.  

Overall no blend of PBTTT/PMMA produced a device with a significant simultaneous improvement in 

all 3 critical parameters relative to the use of pristine PBTTT and the improvements observed were 

less pronounced than those for P3HT/PMMA. The difference is most likely driven by poor phase 

morphology control where undesirable macro-lateral phase separation appears prevalent. 

The PMMA blending with PBTTT was used initially to investigate the possibility of blending as a 

pathway to blending with PMMA-COOH which would allow the attachment of biorecognition 

elements. As the anticipated vertical phase separation was not achieved and the effectiveness and 

reproducibility of macro-sized islands in immobilisation was unknown, in addition to the large 

hysteresis behaviour of the devices, therefore the use of PBTTT/PMMA blends was not pursued any 

further. 
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6.2 DPPTTT Tungsten-gated water droplet devices 
Following the successful fabrication of PBTTT-based devices the use of DPPTTT was investigated for 

use as the OSC. The initial DPPTTT EGOFET devices were tested using a 3 point probing station by 

applying a 4 µl droplet of water over the channel area to act as the gating electrolyte and a tungsten 

tip as the gate electrode and a typical transfer curve is shown in Figure 58. 
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Figure 58 Transfer Characteristic DPPTTT EGOFET device using water droplet and W pin as the gate electrode. Source and 

drain electrode where patterned using a shadow mask. ISD (black – solid lines) and IG (black – dotted lines) plotted in a semi-

log scale (left). ISD plotted in a square root scale (blue – right) from which characteristic parameters are extracted from the 

saturation regime. 

The DPPTTT devices gave a µ*C of approximately 0.1 µF/Vs and VT of -0.6 V (+/- 0.02), a significantly 

more negative VT relative to that of PBTTT which is closer to 0V. The electrolysis of water typically 

limits the safe device operation in EGOFETs to <1V, therefore the effective operational window for 

DPPTT EGOFET devices is significantly reduced by the high VT.29 

Bilayer devices were fabricated by depositing PMMA films on to the DPPTTT layer by spin coating 

from n-butyl acetate solutions. Initial experiments checked that n-butyl acetate was truly orthogonal 

to the underlying OSC and had minimal impact on the electrical performance. The neat solvent was 

spin coated on to the device and annealed in replication of the bilayer deposition process. The 

electrical performance was measured before and after by operation, as shown in Figure 59, showing 

minimal alteration in performance. 
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Figure 59  Transfer characteristic displaying the effect on electrical performance of spin-coating n-butyl acetate onto a 

DPPTTT device. The device was operated using 4 ul water droplet and W tip gate electrode. 

Consequently devices DPPTTT based bilayer devices utilising both PMMA and the PMMA COOH co-

polymer where fabricated following the previously validated procedure described in section 3.1 The 

electrical performance relative to pristine DPPTTT was assessed by measuring the transfer 

characteristic, shown in Figure 60.  
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Figure 60 Transfer characteristics of water droplet gated DPPTTT devices operated with a tungsten gate electrode. 

Displayed are pristine OSC device and bilayer devices: DPPTTT (black), DPPTTT / PMMA COOH bilayer (red) and DPPTTT / 

PMMA bilayer (blue). a) ISD plotted in a semi-log scale. b) ISD plotted in a square root scale from which characteristic 

parameters for VT and µ*C are extracted from the saturation regime. 

It is evident that deposition of the PMMA layer on to the DPPTTT caused a significant negative shift 

in VT from -0.6 V to -0.8 V further reducing the window for device operation under -1V. Additionally 

the deposition of the second layer also caused a one order of magnitude reduction in the observed 

mobility, which was also observed by Mulla et al after PAA deposition on PBTTT.97 The increase in VT 

and reduction of µ*C can be explained by the introduction of a lower capacitance system to the 

OSC/dielectric interface, as the PMMA layer replaces the extremely high capacitance of the EDL and 

the lower capacitance system dominates the device behaviour.231 The combination of these high VT 

and lower mobility therefore logically resulted in the very low maximum currents observed. The 

observed device performances within the existing measurement set up was not deemed effective 

for device operation or suitable for use in biosensing application. However previous studies have 

shown that the choice of gate electrode material can be an effective tool for VT tuning and presents 

an opportunity shift the device operation into a more suitable regime.43,62,241 
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6.3 EGOFET devices using different gate metals 
Whilst the gate metal is not in direct contact with the OSC and charge carriers, the threshold voltage 

is dependent on the gate work function, as shown in Equation 14. Therefore in an ideal trap-free 

OFET VT is dependent on the device materials used, summarised by their contribution to VFB; where 

the work function of gate metal (φm) and the ionisation potential (Ip) of a p-type OSC and is broken 

down by Equation 15.62 

The threshold voltage dependence on work function (φm) of the gate electrode materials is well-

established amongst inorganic transistors gated by dielectrics.61 Work functions of electrode 

materials are typically measured by either ultraviolet photoemission spectroscopy or capacitance-

voltage (C-V) measurements.  Variation of the work function, either through modification of the gate 

electrode or use of another material, produces a voltage shift in the C-V characteristics of the metal-

insulator-semiconductor stack. The effect of varying the electrode work function of the gate 

electrode could be used to shift the VT of the devices into a more appropriate window for I-V 

characterisation in water.  

Therefore the dependence of I-V characteristics of water-based EGOFET devices on the gate metal 

was investigated for both PBTTT and DPPTTT, using different gate electrodes immersed into the 

water droplet as previously demonstrated by Kergoat et al for P3HT-based EGFOET devices.43 The 

transfer curves were recorded for each material and the characteristic parameters extracted from 

the saturation regimes and the values are displayed in Table 13. The chosen gate materials have 

previously been applied in EGOFET devices as gate electrodes and cover a range of work functions, 

namely W (φW 4.65 eV), Au (φAu 5.4 eV), and Pt (φPt = 5.65 eV).43 DPPTTT devices were initially tested 

with the various gate materials sequentially immersed into water droplets used as the electrolyte in 

the EGOFET devices, the measured transfer characteristic are displayed in Figure 61. The √ISD shows 

the expected trend in gate work function induced VT shift producing the observed shift towards a 

more positive (or less negative) threshold voltage, allowing the devices to turn on at lower voltage. 

Additionally the lower VT resulted in an increased Ion by extending the operational window of the 

device operation during the same VG sweep range. In contrast, the µ*C remained relatively 

unchanged by gate metal as shown by the similar gradients of the √ISD in Figure 61. 
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Table 13 Transfer characteristic parameters of threshold voltage, mobility, on/off current ratio and maximum current, as 

extracted from the saturation regime of water droplet gated DPPTTT devices with three different gate electrodes. Errors 

are reported as the standard deviation across 4 devices. 

 

 

  

Figure 61 Transfer characteristics of water droplet gated DPPTTT devices with three different gate electrodes: Pt (blue), Au 

(red), W (black). a) ISD (left – solid lines) and IG (right – dotted lines) plotted in a semi-log scale. b) ISD plotted in a square 

root scale from which characteristic parameters for VT and µ*C are extracted from the saturation regime. The extracted 

parameters are displayed in Table 13. 

The trend is again repeated for PBTTT-based devices with a more positive VT yielding higher Ion 

values, as shown in Figure 62, however the initial VT for the PBTTT devices operated with W 

electrode are significantly less negative, resulting in overall more positive VT values relative to 

DPPTTT. 
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Figure 62 Transfer characteristics of water droplet gated PBTTT devices with three different gate electrodes: Pt (blue), Au 
(red), W (black). a) ISD (left – solid lines) and IG (right – dotted lines) plotted in a semi-log scale. b) ISD plotted in a square 
root scale from which characteristic parameters for VT and µ*C are extracted from the saturation regime. The extracted 
parameters are displayed in Table 13. 

Subsequently the influence of the gate material was investigated for the bilayer devices; the transfer 

curve for the DPPTTT/PMMA COOH device is displayed in Figure 63. The same trend is again 

observed and the desired VT is closer to 0V for Au and Pt electrodes. The device operational window 

is sufficiently large to allow more effective device performance achieving Ion of around 100 nA. 

Additionally an increase in µ*C  was also observed to around 0.03 µF/Vs when the devices were 

operated with Au and Pt electrodes, a one order of magnitude reduction relative to the unmodified 

DPPTTT EGOFET device, which is more in line with that observed by Mulla et al for PAA devices.97 

The reduction in mobility could be explained by the addition of lower capacitance PMMA dielectric 

layer to the OSC/electrolyte interface. 

  

Figure 63 Transfer characteristics of water droplet gated DPPTTT/PMMA COOH devices with three different gate 

electrodes: Pt (blue), Au (red), W (black). a) ISD (left – solid lines) and IG (right – dotted lines) plotted in a semi-log scale. b) 

ISD plotted in a square root scale from which characteristic parameters for VT and µ*C are extracted from the saturation 

regime. The extracted parameters are displayed in Table 13. 
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The threshold voltage is plotted as a function of the gate electrode in Figure 64. Theoretically 

threshold voltage of FETs should have a linear correlation to the work function of the gate metal 

electrode with a slope of 1.29,43 The correlation is qualitatively as expected, with an increase in work 

function producing the observed shift towards a more positive (or less negative) threshold voltage in 

the devices; however an exact quantitative trend is not observed in our data. Deviations appear in 

the trend, which can be attributed to variation in the expected gate electrode work functions as a 

result of contamination of the material which can result in a different work function to that 

theoretically expected and can result in a significant reduction in the effective work function of high 

work function metals, in particular for Au and Pt.43 In ideal conditions Au and Pt are known to exhibit 

similar work functions of around 5 eV  but both are known to display a wide variety of effective work 

functions depending on operating conditions (Au ~ 4.7-5.5 eV, Pt ~ 5.1-5.9 eV).242,243 Photon electron 

spectroscopy measurements point toward a reduction of the work function of Au from 5.4 eV to 4.7 

eV due to contamination under ambient conditions.244  

 

 

Figure 64 Threshold voltage as a function of the theoretical work function of the gate material used in water droplet gated 

EGOFET devices with three different gate electrodes: Pt (5.65 eV), Au (5.4 eV), W (4.65 eV). a) DPPTTT based devices. b) 

PBTTT based devices. A linear fit is plotted for both OSCs. Pristine OSC devices are plotted in red and OCS/ PMMA COOH 

10% bilayer devices are plotted in black. Errors are displayed as the standard deviation across 4 devices. 

The difference in the effective work function of Au and Pt  by around 0.6 eV could also be caused by 

compression of the high surface electronic density tail as a result of Pauli repulsion with the electron 

density that extends beyond the gate metal surface.43 The large polarizable electron density of Au 

can lead to a significant reduction of the work function due to the formation of this highly polarised 

a) b) 
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layer at the water/metal interface.232 In contrast tungsten has a less polarizable surface density and 

the effective decrease in work function would be small, as is observed for carbon or oxides.43 

Contamination of the W gate electrodes is also common upon exposure to air and DI water through 

the formation of an oxide layer which increases in thickness upon anionic polarisation, and its 

dissolution can occur below 1V.245–248 The electrochemical reaction in water within the 5-7 pH range 

is expressed as:247 

𝑊 + 4𝐻2𝑂 = 𝑊𝑂4
−2 + 6𝑒− 

The formation of an oxide layer on the gate is undesirable, as it will lower the capacitance of the 

gate electrode potentially lowering the output current, as well as changing the gate electrode work 

function. Additionally, dissolution of the oxide can contribute to increasing the ionic strength of DI 

water. 

The understanding of the interfacial properties and the modelling of EDLs on metals such as Pt are 

complicated by difficulties in achieving reproducible surface conditions for device operation due to 

the impact of cleanliness and adsorbed impurities. An alternative EGOFET configuration which 

negates gate electrode contamination utilises a reference electrode such as Ag/AgCl and the 

instability of device performance caused by the gate electrode has previously been demonstrated by 

EGOFET devices showing a potential drift of the Au electrode against a Ag/AgCl reference 

electrode.42 The reference electrode operates at a fixed potential by working as a redox electrode, 

meaning all observed changes are only related to changes at the OSC/electrolyte interface and any 

interaction at the gate is negated. The use of other gate metals as electrodes means they operate as 

more of a quasi-reference electrode with the presumption that the potential of electrodes and bulk 

solution remains unchanged.42 

The appropriate choice of metal gate electrode work function has also been shown to allow tuning 

of the contact resistance experienced at the S and D electrodes by over one order of magnitude, 

where low work function materials are particularly undesirable.241 Gold is the most frequent and 

convenient electrode material in EGOFET devices due to the good work function match to the 

HOMO level of most p-type OSCs minimising potential energy mismatch and charge injection 

barriers241. Additionally the relative stability to electrochemical reactions in the aqueous electrolytes 

is desirable for device operation. In this work effective DPPTTT/PMMA COOH operation with a low 

VT was achieved by using Au as gate electrode, making it the preferred gate material in our biosensor 

development. In addition to this the use of gold gate electrodes allows for use of SAM based 

functionalisation techniques for the biosensor which are investigated further in chapter 7. 
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6.4 Interdigitated electrodes with Au gated EGOFETs 
The EGOFET devices initially produced by shadow mask evaporation typically displayed a relatively 

low Ion of around 100 nA (VDS = -0.7 V and VGS = -1 V). This can be attributed to the low geometry 

factor of the shadow mask design used during source and drain metal deposition by high vacuum 

thermal evaporation (L= 60 µm, W = 1 mm), through its relation to ISD described in Equation 8.  The 

use of interdigitated electrodes is a facile method to significantly increase the width of the device 

channel that results in a larger ISD due to the increased geometry factor. However, the features that 

can be formed through use of a shadow mask defined design are relatively restricted in their 

geometry as the mask must be self-supporting, and this limits the feature sizes that can be achieved 

preventing the fabrication of inter-digitated electrode designs with small channel lengths. 

Therefore in order to maximise the possible ISD current of the devices, interdigitated electrode (IDE) 

devices were produced by photolithography.249 A variety of channel lengths where fabricated to give 

devices with channel lengths of L= 60 µm, 40 µm, 20 µm and 10 µm and the same channel width of 

W= 16.9 mm. Devices were fabricated from the 60 µm channel lengths utilising the IDE design and 

the original low geometry factor shadow mask design, and the performances of these devices 

utilising DPPTTT and PBTTT as the OSC are directly compared by their respective transfer 

characteristics in Figure 65. 
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Figure 65 Transfer characteristics comparing typical DPPTTT (left) and PBTTT (right) EGOFET devices using source and drain 

electrodes patterned by evaporation using a shadow mask (red) and photolithography defined IDE design (black), with 60 

µm channel length. Devices operated with water droplet and Au wire as the gate electrode.  ISD (solid lines) and IG (dotted 

lines) plotted in a semi-log scale (left). ISD plotted in a square root scale (blue – right) from which characteristic parameters 

are extracted from the saturation regime. 

In both DPPTTT and PBTTT the expected increase in ISD due to the increased geometry factor is 

clearly observed, with µA currents achieved. The small hysteresis observed can be attributed to 
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charge polarisation and ion movements in the electrolyte.42 Interestingly the gate leakage (IG) 

remains within the same order of magnitude despite the large relative increase in ISD; this is 

indicating that the increased current is due to good charge transport within the active material and 

not a corresponding increase in electrochemical reactions. 

In both cases the use of IDE results in a more ideal transfer characteristic in particular a reduction in 

the relative level of hysteresis between the forward and backward sweep. A high relative level of ISD 

to IG correlates with an increased hysteresis, especially with regard to the PBTTT devices and an 

improvement in the relative ratio of ISD to IG gives improved device performance.  

The impact of varying the device channel length in the DPPTTT devices was investigated and the 

transfer curves and output characteristics of devices with varying lengths (L = 60, 40, 20, 10 µm) and 

the same channel width are displayed in Figure 66. In all cases, good overall device performance and 

p-type OSC behaviour is typified by the well-shaped linear and saturation regimes for the IDS– VDS 

curves and low hysteresis of the device characteristics of the devices in addition to good modulation 

with VG of the transfer curves displayed in Figure 66. The output characteristics show that even at 

the shortest channel good saturation in the output curves is displayed, with no significant short-

channel effects observable.250 Short channel effects in EGOFETs are usually inhibited by the high 

transversal field generated by the high capacitance of the exceptionally thin EDL.251 Additionally 

EGOFET devices are also typically less prone to contact resistance issues and at all channel lengths 

none are clearly identifiable.252 
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Figure 66 Transfer characteristics and output characteristics of typical DPPTTT EGOFET devices using an 8 µl water droplet 

and Au wire as gate electrode with varying channel lengths: a) 10 µm IDE; b) 20 µm IDE; c) 40 µm IDE; d) 60 µm IDE; e) 60 

µm shadow mask design. 
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As is expected the increased geometry factor at shorter channel lengths results in a significant 

increase in Ion for the devices as shown in Figure 67. The trend is further investigated through the 

averaged extracted parameters from the transfer curves as a function of varying channel length, 

displayed in Figure 68.  The relation between ISD in the saturation regime is related to the channel 

length through the device geometry factor (W/2L) through Equation 8, which in theory should follow a 

linear correlation, Figure 68a shows that the trend is observed although with some deviation caused 

by processing variations. 
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Figure 67 Transfer characteristic  comparing typical  DPPTTT EGOFET devices  of varying channel lengths using source and 

drain electrodes patterned by photolithography defined IDE design (L= 60, 40, 20, 10 µm, W = 16.9 mm)and evaporation 

using a shadow mask (L= 60 µm, W = 1 mm). Devices operated with DI water droplet and Au wire as the gate electrode. 

Under ideal operation both VT and mobility should be independent of the device channel length and 

for both parameters Figure 68b-c no identifiable trend is observed, again a good indicator for a lack 

of short channel effects or contact resistance, and variations observed can be ascribed to the 

processing techniques used. The VT for the devices is consistently around -0.1V with µ*C of around 

0.05 µF/Vs. In previous DPPTTT EGOFET devices the measured capacitance at VGS = -1V was 

calculated as 1.8 µF/cm2 in water, giving a µ of 0.13 cm2/Vs.253 Using the same capacitance value we 

can estimate the µ of our devices to be around 0.03 cm2/Vs. 
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Figure 68 Variation in key transfer characteristics parameters DPPTTT EGOFET devices of varying channel lengths: a) 

Variation of maximum IDS as a function of device geometry factor; b) Variation of VT against device channel length; c) 

Variation of µ*C against device channel length. Errors are displayed as the standard deviation across 4 devices. 
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6.5 Summary 

Following the improvement of the device operation by successful implementation of Au gate 

electrodes and photolithography defined IDE, the devices are well positioned for further 

investigation in the biosensing platform. 

In order to create a platform of optimal biosensing capability it is important to minimise any 

variation in device performance that is not associated with the analyte interaction, such as device 

stability and reproducibility. Of particular interest is the reproducibility of the forward sweep from 

which the electrical parameters are extracted; these parameters are sensitive to the effects of 

analyte interaction and it is their relative variation which is of interest. Variation in inter- and intra-

substrate device performance limits the reproducibility of analyte detection and accurate device 

calibration, although the relative variation can be normalised.97                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

 Initially EGOFET devices were tested using a 3 point probing station by applying a 4 µl droplet of 

water over the channel area used as the gating electrolyte and a tungsten tip as the gate electrode. 

The device performance was analysed over 10 sequential transfer characteristic analyses over a 10 

minute period in order to ascertain short term stability and reproducibility under repeated stress 

(Figure 55). The forward sweep of the devices on a single substrate showed a large variation 

however the variation in the extracted characteristic parameters was less pronounced (Table 12).  

There are several factors in the measurement process that can lead to variation in the device 

performance when using the droplet-based measurement set-up. For instance, human error in 

positioning of the gate electrode and electrolyte droplet, relative to the channel area, both in terms 

of lateral positioning (x, y) and vertical positioning (i.e. gate height). Greater control over the 

positioning of the gate electrode can be gained through use of a flat gold square, covering the entire 

channel area and at a controlled height as the gate electrode.42,75,97 This also allows the generation 

of a more homogeneous electrical field to cover the entire channel area. Another factor contributing 

towards device performance variation is through evaporation of the gating electrolyte during 

analysis which causes an increase in the relative concentration of salts and analyte over time as well 

as a change in the size and shape of the analyte droplet. 
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7 Gate functionalised EGOFET biosensors 

In order to facilitate the investigation of gate functionalised electrodes for use in EGOFET biosensors, 

a setup was developed to reliably hold the relevant components of the device in place during the 

electrical measurements. After the deposition of a P3HT thin film onto a glass substrate, a 30 µl well 

is made to hold the aqueous gating medium above the interdigitated source and drain electrodes 

(Figure 80). The well design was patterned from 3 mm thick acrylic and double-sided adhesive using 

a laser cutter and is stuck onto the substrate with the double-sided adhesive. A PTFE block holds the 

four gold wire electrodes in the wells and the resulting EGOFET device is constructed as shown in 

Figure 70. The wells hold a larger volume of liquid for use as the gating medium than is reasonably 

practicable with a droplet, whilst reducing the rate of evaporation to allow more accurate sensing 

results. Similar wells have been reported in other EGOFET biosensors but are usually made from 

PDMS.42,123,254  

 

Figure 69 Schematic showing a patterned glass substrate with four separate wells of 30 µl for holding the aqueous gating 

medium in the EGOFET device (left). Inset the photolithographically defined interdigitated source and drain electrodes with 

a channel length of L= 20 µm and channel width of W= 16.9 mm used in these devices. 



Page 177 
 

 

Figure 70  Three-dimensional structure of the constructed Electrolyte-gated OFET device. 

A PTFE block was also designed to hold all the required components in place (Figure 82). This 

enabled the controlled and reproducible positioning of the gate electrodes over the channel area at 

a consistent height in order to minimise related variation in electrical measurements. The gate 

electrode is a gold wire that is stably held ~ 1mm over the channel area inside the electrolyte filled 

well. The PTFE blocks also house spring loaded micro-pins for contacting the source and drain 

contact pads for easy measurement within the microprobe station with an Agilent semiconductor 

analyser for device analysis (Figure 121). 
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Figure 71 Exploded view of all the components – left PTFE block with gate electrodes, lower right the sensing chamber that 
contains 4 compartments that form 4 EGOFET devices, top – block containing spring loaded contacts that make the 
electrical connections to the devices. Inset- PTFE block holding 4 gate electrodes. 

The device structure enables the gate electrode to be easily removed for the application of different 

aqueous solutions required in calibration curve experiments. In the BioSAM sensing experiments 

(reported in section 7.1) the gate electrodes must be removed entirely from the device for the 

separate incubation in the relevant analyte solutions. The gate electrodes are then rinsed and 

returned to the EGOFET device for electrical measurement in DI water. 

7.1 HER2 ECD sensing with 3MPA/11MUA-based BioSAM 
The BioSAM system has previously been utilised for the selective detection of immunoglobins and C-

reactive Protein (CRP) with EGOFET biosensors. Therefore, using monoclonal HER2 antibodies as the 

biorecognition element the detection of HER2 ECD, a biomarker associated with breast cancer, was 

investigated with BioSAM functionalised gold gate electrodes for use in an EGOFET biosensor as 

discussed in section 5.2.2. The experimental protocol used for the sensing measurements was 

performed in accordance to those reported elsewhere for BioSAM devices. 

The EGOFET device is first incubated in water for 18 hours in DI water in order to achieve a steady 

state of decay that results in a stabilised device with low Ion current drift. The IDS was further 
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stabilised by repeating the measurement of the transfer curve of the P3HT EGOFET using a bare gold 

gate electrode until three successive curves perfectly overlap. Stabilising the device in this manner 

fills the low mobility trap states of the OSC which leads to a stable VT and device performance. The 

subsequent shifts in VT can therefore be attributed to changes in the work function which may be 

altered in the presence of an analyte. The transfer characteristics for the devices in this section were 

taken by measuring the IDS as a function of VG ranging from 0.1 to -0.6V at a constant VD of -0.4V. All 

the subsequent data discussed in this section was recorded on devices that where cycled until the 

traces overlap and the transistors operational stability was reached for each measurement. 

Following the stabilisation of the device with the bare gold electrode the final measurement is 

retained as a reference value and is shown by the black curve in Figure 72. The gate leakage current 

(IG) was also recorded over the same range of VG and shown to be two orders of magnitude lower 

than the IDS (Figure 121). The operating voltage range used excludes potentials where 

electrochemical process occur that could produce desorption or degradation of the SAM which 

would be evidenced by large IG. 

 

Figure 72 Transfer I-V curves (IDS vs. VG at VD=-0.4V) displaying the change in the device performance before and after the 
completion of the HER2 calibration curve for one device. The black (before) and red (after) curves show the measurement 
recorded with a bare Au gate, and the blue curve was recorded using the functionalised Biosam gate before the calibration 
curve measurements are taken. 

The bare gold electrode is then replaced with the functionalised gate electrode which had been 

incubated in PBS for 10 mins and rinsed with water. Following the stabilisation of the current 

through cycling of the transfer curves, the measurement is recorded as the baseline for the 

calibration assay (I0) and is shown by the blue curve in Figure 72. A shift in VT of -0.1 V relative to the 

bare gold is observed for the functionalised electrode and agrees with that reported elsewhere for 

this BioSAM system, providing further evidence for successful functionalisation.110 The shift in VT to a 

more negative potential is a result of the decrease in the work function of gate electrodes caused by 
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the electrostatic effects of the surface dipoles introduced by the immobilised chemSAM and BioSAM 

systems at the electrode/electrolyte interface.  

The HER2 ECD detection assay is performed by measuring the transfer characteristics of the EGOFET 

device after incubation of the functionalised gate electrode in PBS standard solutions of HER2 ECD 

ranging from 1 x 10-18 M (attomolar, 1 aM) to 1 x 10-8 M (10 nM) nominal concentrations. The PBS 

solution is used as the solvent in order to reproduce the physiologically relevant environment of 

blood serum giving the solution an ionic strength of 162 mM and pH of 7.4. Figure 73a shows the 

typical sensing transfer characteristics of an EGOFET device after incubation of the functionalised 

gate electrode in sequentially higher concentrations of analyte. Prior to the initial analyte 

concentration, the functionalised gate was incubated in PBS with no analyte (blank) in order to verify 

the stability of the baseline value before further testing. The sensor response to no analyte is shown 

in Figure 73 by the black (I0) and blue (blank) curves and shows negligible variation. Figure 73a 

shows that the incubation of the gate electrode in HER2 ECD results in a decrease in IDS relative to 

the baseline and the reduction in in IDS becomes larger with progressively higher concentrations of 

analyte. 

In theory the responses measured in the calibration curve are as a result of the analyte irreversibly 

binding to antibodies on only the gate electrode. Therefore, when the original bare gold gate 

electrode is returned to the cell and the transfer characteristic is recorded, the drift in the 

performance of the EGOFET can be assessed. The transfer characteristic for the gold electrode 

acquired after the completion of the calibration curve is shown by the red curve in Figure 72 and 

shows very similar performance to the stored reference level from the start of the experiment 

(black). Overall the bare gold gate electrode has the following average relative variation (across the 

three devices) between the measurements recorded before and after the completion of the 

calibration curve of HER2 concentrations: ∆𝐼/𝐼0= -4.9% (±0.1%), ∆𝑉𝑇/𝑉𝑇0= 1.3% (±1.0%) and  

∆𝜇𝐶/𝜇𝐶0= -1.5% (±1.7%). This demonstrates that only a negligible change in these parameters occur 

during the calibration curve which is associated with a steady degradation of the underlying P3HT 

device. In order to ensure that only devices displaying current variations associated with the ligand 

interactions at the gate electrode where included, a cut off value of  ∆𝐼/𝐼0< 8% was deemed 

acceptable for use of the data in alignment with the protocols established for other BioSAM based 

assays. 
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Figure 73 EGOFET HER2 BioSAM sensing transfer characteristics (IDS vs. VG at VD=-0.4V). Displayed are the measurements 
collected for the calibration curve for one of the devices in response to increasing concentrations of analyte covering the 
range 1 x 10-18 M to 1 x 10-8 M for HER2 ECD (a) and negative control VEGF (b). The measurements are displayed with IDS in 
the linear scale on the left and as √IDS on the right which is used to extract VT and µ*C. 

The extraction of the characteristic parameters for the device at each point in the calibration assay 

allows the evaluation of the device response in changing IDS, VT and µ*C caused by sensing the 

analyte. The changes in IDS monitored here is the current value when VG is maximised at -0.6V. In 

order to reduce the device to device variation the normalised response is evaluated for each 

parameter according to Equation 1, where R0 is the value extracted from the baseline measurement. 

The normalised responses for each parameter were calculated to give the calibration curve in Figure 

74 and this enables the establishment of the relationship between the biosensor response and 

calibration standards of known HER2 ECD concentrations which are shown in blue. Each data point 

plotted in the calibration curve represents the average response over three replicates, each replicate 

is measured on a separate device using a different gate electrode. The reproducibility of response at 

each concentration level is shown on the graph by the error bars which display the relative standard 

deviation across the separate devices. The individual  ∆𝐼/𝐼0 response of each device is shown in the 

appendix as further information (Figure 123). 
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Figure 74 EGOFET HER2 antibody BioSAM calibration curves of device response vs ligand concentration covering the range 
1 x 10-18 M to 1 x 10-8 M. a) The relative change of the IDS current (∆𝐼/𝐼0); b) the relative change of the VT (∆𝑉𝑇/𝑉𝑇0); c) the 

relative change of the µ*C (∆𝜇𝐶/𝜇𝐶0). The blue squares are the responses for HER2 ECD as the ligand. The red circles are 
the responses to VEGF protein used as a negative control. The green triangles are the responses to a blank assay 
performed under the same conditions with PBS solutions but no analyte. A trend line has been fitted for the HER2 ECD 
responses (blue) using the Hill equation. From this the LoD is calculated as ~1 x 10-18 M from the concentration equating to 
a signal response of -5.8%. 

a) 

b) 

c) 
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A negative control assay was also performed by measuring the device response to a PBS solution 

containing no analyte (blank sample) by the same gate incubation procedure as used for the analyte 

sensing. The procedure was repeated in the same manner used to construct the calibration curve by 

measuring eight consecutive incubations of the gate in PBS. The normalised relative variation in the 

device characteristic parameters across the full experiment where shown to be as low as ∆𝐼/𝐼0 = -1.5 

± 0.6% for a single device. The average over the full calibration range for three replicates of the 

negative control assay are shown in green in Figure 74, the reproducibility error at each point is 

given as one standard deviation across the three measurements. The reproducibly low variation in 

the characteristics is further evidence of a stable EGOFET biosensor which displays little drift and is 

comparable to the drift reported in other P3HT-based BioSAM devices throughout a calibration 

experiment. 

The ∆𝐼/𝐼0 response (Figure 74a) is used as the main parameter to analyse the sensor response to 

different concentrations of HER2 ECD analyte and allows a quantification of the decrease in current 

as a function of increasing analyte concentration which is visible in  Figure 73. A trend line was fitted 

for the HER2 ECD responses (blue) using the Hill equation, this highlights that the ∆𝐼/𝐼0 response 

remains roughly linear over the concentration range investigated in the assay. The investigating 

higher concentration of analyte above 1x10-8 M may result in the expected saturation of response 

which was observed in previous BioSAM based EGOFET biosensors. 

The LoD was calculated as the level of concentration that produces a response equal to the average 

noise level plus three times the standard deviation of the noise. The values gathered for the blank 

response assay (shown in green in Figure 74) were used to calculate the system noise by taking an 

average over all the individual blank response values for ∆𝐼/𝐼0. The mean relative current variation 

in the negative control blank assay was -1.4% (noise level) with a standard deviation of ±1.5%. 

Therefore, the computed LoD in the assay corresponds to the analyte concentration at a ∆𝐼/𝐼0 signal 

response of -5.8%, for HER2 ECD results this gives an LoD of approximately 1x10-18M by 

extrapolation of the fitted plot for the data set. This concentration of HER2 ECD is equivalent to 

approximately 0.0000001 ng/ml which is significantly below the lower range of the concentrations 

found in the blood serum (7 ng/ml ~ 1x10-10M).182 Furthermore, the dynamic range of the device 

response to HER2 ECD detection covers the range of concentrations relevant for clinical analysis. The 

system achieves the proof of principle for HER2 ECD detection using an EGOFET biosensor however 

the level of sensitivity and reproducibility displayed may impair accurate quantification at the 

concentrations levels typically found in blood serum samples. 
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The extraction of the device response in both VT and µ*C as a function of concentration (Figure 74 b 

and c) allows the evaluation of the underlying cause of the ∆𝐼/𝐼0 sensing response due to the 

relationship described in Equation 26. The assumption is made for this system that µ remains 

constant throughout the assay and is unaffected by the analyte binding process which occurs at the 

gate electrode, a sufficient distance to not impact the channel. Therefore, the changes in the 

measured µ*C are solely a result of variation in capacitance at the gate electrode. Inspection of 

Figure 74b and Figure 74c shows that both VT and µ*C have some degree of concentration 

dependent response and therefore are both likely contributors to the observed ∆𝐼/𝐼0 sensing 

response. 

In the previously reported BioSAM EGOFET biosensors the ∆𝐼/𝐼0  sensing response is a result of a 

pronounced concentration dependant shift in VT, however no relative variations in the sensing 

response such as those in Figure 74b and Figure 74c are reported for VT and Ci to allow direct 

comparison. The current change in their sensors is attributed solely to the shift in VT because the 

effective Ci of the device is assumed to remain constant throughout the sensing. This is expected due 

to the high capacitance and ion-permeable SAM and as a result of the gate electrode design which is 

two orders of magnitude larger in size than the channel area. The changes of the CBio are then no 

longer detectable and the device response is dominated by the electrostatic changes that affect VT. 

The biosensors ability to achieve extremely low limits of detection has been attributed to the 

electrostatic cooperative interaction that occurs through this extended network of hydrogen bonds 

and is sustained by the field, resulting in a large sensitivity at low concentration levels and a very LoD 

in zM range. The electrostatic impact of one R-L complex formation is therefore allowed to 

propagate over a large area giving a large irreversible response for each binding event over the 

entire domain. The extent of the propagation of the work function change and response is therefore 

limited by the size of the SAM domains which will be reduced by defects. The reduced magnitude of 

signal response and lowered sensitivity can be attributed to the inhomogeneous surface of gold wire 

gate electrode. The previous BioSAM sensors used large smooth gold electrodes that give compact, 

uniform and electrostatically connected SAM layers. 

However, the gate wire electrode used in this work has significantly extended the dynamic range of 

the sensor due to the reduced size of the domains therefore limiting the propagation of the work 

function change for each binding event. The use of pre-defined isolated SAM domains therefore 

presents an opportunity to tune the dynamic range of the device sensing performance. Additionally, 

the use of a more homogenous flat gate electrode for example produced by e-beam deposited gold 

would improve the quality of the SAM to allow for improved HER2 sensing performance. 
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In order to evaluate the selectivity of the biosensor assay response to a non-specific protein, 

vascular endothelial growth factor (VEGF) protein was also investigated. VEGF is a protein biomarker 

involved in the metastatic process of breast cancer which can be overexpressed in blood serum with 

concentrations over 100 pM.255 The protein has been used as a negative control in other HER2 based 

biosensor assays.256,257 This negative control experiment was performed using the same EGOFET 

bioSAM-based biosensor and measuring the dose response relationship for VEGF protein across the 

same concentration range that was investigated for HER2 ECD. The transfer characteristics measured 

at each point in the calibration assay are shown for one device in  Figure 73b and can be compared 

to the measurements taken for the detection of HER2 ECD. The graph suggests that the distinctive 

decrease in drain current with respect to HER2 concentration is not repeated with VEGF protein. The 

device parameters from the transfer characteristics of three devices are extracted and the average 

normalised responses for each parameter as function of concentration are displayed by the red 

markers in Figure 74. No significant response or trend is observed for any of the parameters caused 

by VEGF concentrations within the range investigated. The maximum response value in ∆𝐼/𝐼0 for 

VEGF is below 3% and of comparable magnitude to the responses gathered in the blank assay 

therefore demonstrating the selectivity of the biosensor for HER2 detection.  This demonstrates that 

the biorecognition elements retain the selectivity in their binding whilst also showing that the 

blocking steps used in gate functionalisation where effective in reducing non-specific binding, in this 

case from VEGF protein. 

7.2 THC sensing using OBPs and Lipoic acid-based SAM 
 

Tetrahydrocannabinol (THC) is the primary psychoactive compound found in marijuana plants. As 

the legalisation of medical and recreational use of marijuana expands in North America and across 

the globe the demand for novel sensing methods is increasing. Biosensors that allow the label-free 

and selective detection of THC are therefore promising platforms for further development. OBPs 

have been demonstrated as biorecognition elements for the selective detection of a range of drugs 

of abuse using a QCM biosensor that was functionalised using a lipoic acid to covalently attach the 

OBPs to the gate electrode. Therefore, using the methods discussed in section 4.5.2, OBPs raised for 

the selective detection of THC were used to functionalise gold gate electrodes for use in an EGOFET 

biosensor to investigate the proof of principle for the detection of THC. The experimental protocol 

used for the sensing measurements was performed in the same manner as that investigated with 

the BioSAM devices discussed in section 7.1 with a few variations which are explained below.  
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THC is a member of the cannabinoid family, a group of naturally occurring compounds that are 

found in the marijuana plant. Other cannabinoids which are closely chemically related to THC 

include cannabidiol (CBD) and cannabinol (CBN) and their chemical structures are shown in Figure 

75. CBD is the major non-psychoactive component of marijuana and CBN in the primary product of 

THC degradation so the selective detection of THC relative to these compounds is highly desirable. 

Therefore, the biosensor response to these compounds was also investigated to determine the 

selectivity of the OBP-based EGOFET biosensor. 

 

Figure 75 The chemical structures of the cannabinoids of interest THC, CBD and CBN. 

Prior to testing the EGOFET devices were incubated for 18 hours in DI water in order to minimise 

current drift. The IDS was further stabilised by repeating the measurement of the transfer curve until 

three successive curves perfectly overlap. The transfer characteristics for the devices in this section 

were recorded by measuring the IDS as a function of VG ranging from 0.2 to -0.4V at a constant VD of -

0.4V. All the subsequent data discussed in this section were recorded on devices that were cycled 

until the traces overlap and the transistors operational stability was reached for each measurement. 

In contrast to the procedure described in section 7.1 the analyte measurements were recorded using 

the analyte solution as the gating medium after incubation of the functionalised gate in the analyte 

filled device well for 5 mins. This is because the binding constants of the OBPs used as the 

biorecognition element are significantly lower than in antibodies therefore making the formation of 

the R-L complex a reversible process. As a result, in order to allow biosensor detection, the analyte 

solution must remain in contact with the gate electrode in order to prevent dissociation of the 

analyte when the gate is placed in a more dilute solution. This is in alignment with the methods 

reported for other OBP-based EGOFET biosensors.79 Between each sequential analyte measurement 

the gate electrode and well were thoroughly rinsed in order to minimise any non-specific 

interactions at the device interfaces. 

The device response was measured with 0.1 µM concentration of THC and the relative current 

response  ∆𝐼/𝐼0 is shown Figure 76. Following measurement of the device in response to THC the 

gate electrode and well were thoroughly rinsed. The device performance was then measured in DI 

water to investigate the recovery to the response of the baseline value (I0) to probe the reversible 
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nature of the response. The QCM-biosensor demonstrated the reversible behaviour of analyte 

binding with the OBPs used in the device, it was therefore expected to return to the initial value, this 

behaviour was also shown for the OBP-based EGOFET biosensor developed by Mulla et al.79 

However, the recovery of response was not achieved in DI water and this was attributed to the low 

solubility of THC in water, which may promote non-specific adsorption of the analyte to the device 

surface which was not fully removed by rinsing. Therefore, the use of isopropanol (IPA) and Tween 

20 (a non-ionic surfactant) were investigated as solubilising agents for THC to aid the expected 

device response recovery. 

Solutions of 0.0035% w/v Tween-20 in DI water and 2% solution of isopropanol (IPA) in DI water 

were investigated. The CMC level of Tween 20 is approx. 0.0074 %w/v. and the concentration 

adopted was half of the CMC level in order to ensure micelles should not be formed. Each solvent 

system was used for all measurements (I0, I and recovery) in that group, the THC was also dissolved 

into the sample solvent and the results are shown in  Figure 76. The data show that the devices 

tested were more reversible after exposure to THC when isopropanol was used in the sample 

solvent. Hence further experiments that were carried out were performed using solutions of 2% IPA 

in DI water as the sample solvent. 

 

 

Figure 76 The effect of solvent and solubilising agent on EGOFET OBP-lipoic acid SAM device response measured as ∆𝐼/𝐼0 
from 0.1 µM concentration of THC. The recovery to the baseline I0 value is investigated to the reversible nature of the 
response. The solvent used are DI water, 2% solution of isopropanol (IPA) in DI water and 0.0035% w/v Tween-20 
detergent in water. Each solvent system was used for all measurements (I0, I and recovery) in that group. 
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The cannabinoid sensing assays were performed by measuring the transfer characteristics of the 

EGOFET device after incubation of the device including the functionalised gate electrode in 2% IPA in 

DI water solutions spiked with analyte concentrations covering the range 1 x 10-14 M (10 fM) to 1 x 

10-7 M (100 nM). Figure 77 shows the typical sensing transfer characteristics of an EGOFET device 

after incubation of the one functionalised gate electrode in sequentially higher concentrations of 

analyte. Prior to the initial analyte concentration, the functionalised gate was incubated in the 

sample solvent with no analyte (blank) in order to verify the stability of the baseline value before 

further testing which was only continued when ∆𝐼/𝐼0< 5%. The sensor response to no analyte is 

shown in Figure 77 by the black curves and are used as the initial baseline value (I0) from which the 

relative response is calculated. Figure 77a shows that the incubation of the gate electrode in THC 

results in a significant decrease in IDS relative to the baseline and the reduction in in IDS becomes 

larger with progressively higher concentrations of analyte. In contrast, a significantly smaller 

variation in device IDS is measured in response to the same range of concentrations of CBD and CBN 

(Figure 77b and c). 
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Figure 77 EGOFET biosensor with OBP-lipoic acid SAM sensing transfer characteristics (IDS vs. VG at VD=-0.4V). Displayed are 
the measurements collected for the calibration curve for one of the device each in response to increasing concentrations 
of analyte covering the range 1 x 10-14 M to 1 x 10-8 M for: (a) THC; and the negative controls (b) CBD and (c) CBD. The 
measurements are displayed with IDS in the linear scale on the left and as √IDS on the right which is used to extract VT and 
µ*C. 
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The extraction of the characteristic parameters of the device at each point in the calibration assay 

allows the evaluation of the device response in changing IDS, VT and µ*C caused by sensing the 

analyte. The changes in IDS monitored here is the current value when VG is maximised at -0.4V. The 

normalised response for each parameter were calculated to give the calibration curves in Figure 78, 

and this enables the establishment of the relationship between the biosensor response and the 

known concentrations of the three cannabinoids. 

A control assay was also performed by measuring the device response to a 2% IPA in DI water 

solution containing no analyte (blank sample) by the same gate incubation procedure as used for the 

analyte sensing. The procedure was repeated in the same manner as the blank assay measured in 

section 7.1 and the average value for three replicates at each point are shown in green in Figure 78. 

The reproducibly low variation in the characteristic parameters is further evidence of a stable 

EGOFET biosensor which displays little drift. The observed baseline values and calculated noise level 

reported for the BioSAM devices in section 7.1 (Figure 74) are comparable to the measurements 

taken in 2% IPA in DI water in Figure 78. This demonstrated that the presence of IPA in the gating 

medium has a negligible impact on the background noise and biosensor stability. 

The ∆𝐼/𝐼0 response (Figure 78a) is used as the main parameter to analyse the sensor response to the 

different concentrations of analyte. The relative variation of the device current clearly shows the 

significant decrease in current in response to increasing concentrations of THC, with the response 

varying from 5% at the lowest concentration until saturation of the device response at 34%.   

The evaluation of the underlying cause of the ∆𝐼/𝐼0 sensing response can be investigated by the 

extraction of the device response for VT and µ*C as a function of concentration (Figure 78b and c) 

allows due to the relationship described in Equation 26. The assumption is again made that µ 

remains constant throughout the assay and as the analyte binding takes place at the gate electrode 

and does not impact the channel. Therefore, the changes in the measured µ*C are solely as a result 

of variation in capacitance (Ci) which is dominated by CBio contribution as it is the smallest in the 

series. 
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Figure 78 EGOFET biosensor with OBP-Lipoic acid SAM calibration curves of device response vs ligand concentration 
covering the range 1 x 10-14 M to 1 x 10-7 M. Top) The relative change of the IDS current (∆𝐼/𝐼0); Middle) the relative change 
of the VT current (∆𝑉𝑇/𝑉𝑇0); Bottom) the relative change of the µ*C (∆𝜇𝐶/𝜇𝐶0). The blue squares are the responses for THC 

as the ligand. The red circles are the responses to CBN used as a negative control. CBD is investigated as a second control 
analyte shown by orange diamonds. The green triangles are the responses to a blank assay performed under the same 
conditions with PBS solutions but no analyte. 

 

a) 

b) 

c) 
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Inspection of Figure 78b and Figure 78c shows that both VT and µ*C have some degree of 

concentration dependent response, however the magnitude of the response in the two parameters 

indicates their relative contribution to modulating ∆𝐼/𝐼0. At 100 nM of THC where the ∆𝐼/𝐼0 sensing 

response is fully saturated, ∆𝑉𝑇/𝑉𝑇0 ≅ 5%, while (∆𝜇𝐶/𝜇𝐶0) ≅ 25% as can be seen in Figure 78b,c 

respectively. Therefore, the EGOFET sensing response in ∆𝐼/𝐼0 is mostly affected by the changes in 

the capacitance in the OBP layer (CBio) caused by the formation of R-L complex, which is in 

agreement with the findings of the capacitance modulated EGOFET discussed in section 1.4.1.2 that 

also utilised an OBP biorecognition element for small molecule detection. The observed low VT 

response in the biosensor can be explained by the small electrostatic charge carried by the neutral 

ligands that are being detected.  

To further analyse the performance a trend line was fitted for the THC responses (blue) using the 

Hill-Langmuir equation (Figure 79). The onset of response saturation begins above 1 pM 

concentrations of THC, which is the upper limit of linearity, at concentrations above 1 nM the sensor 

response is fully saturated. 

 

Figure 79 EGOFET biosensor with OBP-Lipoic acid SAM calibration curve of device response ∆𝐼/𝐼0 vs ligand concentration 
covering the range 1 x 10-14 M to 1 x 10-7 M. A trend line has been fitted for the THC responses (blue) using the Hill 
equation. From this the THC LoD is calculated as 1.6 x 10-14 M from the concentration equating to a signal response of -
5.6%. 
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The LoD was calculated as the level of concentration that produces a response equal to the average 

noise level plus three times the standard deviation of the noise. The values gathered for the blank 

response assay (shown in green in Figure 79) where used to calculate the system noise by taking an 

average over all the individual blank response values for ∆𝐼/𝐼0. The mean relative current variation 

in the negative control blank assay was 0.5% (noise level) with a standard deviation of ±2.1%. 

Therefore, the computed LoD in the assay corresponds to the analyte concentration at a ∆𝐼/𝐼0 signal 

response of -5.6%, for THC results this gives an LoD of approximately 1.6x10-14 M by extrapolation of 

the fitted hill plot for the data set. 

The negative control experiments were performed for the biosensor by measuring the dose 

response relationship for CBD and CBN across the same concentration range that was investigated 

for THC. The extracted normalised responses over the concentration range can be inspected in 

Figure 78 and Figure 79 to evaluate the selectivity of the sensor for THC. 

The ∆𝐼/𝐼0 calibration curve for CBD shows that a weak concentration dependant response is visible 

although at a much lower response level compared to THC. This behaviour is as expected from 

relative the affinity constants calculated by fluorescent binding assay and shown in Table 10. The 

maximum response value for ∆𝐼/𝐼0  from the control analytes was measured -9% from 10 nM of 

CBD, significantly lower than the corresponding response at -34% from 10 nM of THC. Furthermore, 

the ∆𝐼/𝐼0 device response to THC is distinguishable from the controls down to a few fM, showing 

that the differential detection of THC can be achieved throughout the concentration range 

investigated demonstrating the selectivity of the sensor towards THC detection.  

7.3 Summary 
EGOFETs fabricated with gold gate electrodes functionalised with a BioSAM containing monoclonal 

HER2 antibodies was demonstrated to allow the proof of principle for the detection of HER2 ECD, a 

biomarker associated with breast cancer, using an EGOFET biosensor. The ∆𝐼/𝐼0 signal response 

gave a LoD for the HER2 ECD of approximately 1x10-18M. The selectivity of the device was 

demonstrated through the negligible device response to VEGF protein over the same range of 

concentration investigated for HER2 ECD. In addition to improvements in sensing performance the 

detection of the HER2 ECD from blood serum would be a desirable step in the further development 

of the biosensor. For comparison the BioSAM-based EGOFET sensor has recently demonstrated 

analyte detection in a complex matrix demonstrated by the detection of CRP in saliva.110 

Proof of principle for the detection of THC has been achieved for an EGOFET biosensor using a gate 

electrode functionalised using a Lipoic acid SAM attached to OBPs. The ∆𝐼/𝐼0 signal response gave a 
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LoD for THC of approximately 1.6x10-14 M. In addition, to the selective response of the sensor for 

THC was demonstrated by investigation of the calibration of the related cannabinoids CBN and CBD 

which were used as controls. Additionally, inspection of the relative variation in VT and µ*C in 

response to THC concentrations showed that the device was mainly operating as a capacitance 

modulated biosensor. 

Future work should focus on improving the reproducibility of the sensing response for both 

biosensors. This could be achieved through the use of a flatter more homogenous gold gate 

electrode which would improve the quality of the underlying SAM and may also increase the overall 

sensing response. Additionally, the integration of the device into a flow cell would be of merit to 

improve fluid handling. The development of a multi-plex analyte detection system using an array of 

appropriately developed OBPs could allow the detection of multiple analytes simultaneously. 
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8 Flow cell-based EGOFET devices 

The evaporation of the electrolyte solution can be addressed by performing the electrical 

measurements in a water vapour saturated environment.97 Alternatively, a larger volume of 

electrolyte solution is confined directly above the channel area of the devices within a PDMS 

reservoir, reducing the impact of evaporation (as used in chapter 7).42,123,254 A more enticing 

prospect for developing a biosensor system is the integration of the device into a flow cell that 

enables easy fluid handling. Furthermore, flow cells remove the prospect of evaporation through 

confinement of the solution within a closed system. This has been successfully illustrated for OFET-

based sensors.74,86,258 For example, S. Algarni et al successfully demonstrated the use of a flow cell 

integrated PBTTT-based EGOFET sensor for the detection of water borne amines.86 Therefore, to 

address these issues a flow cell integrated EGOFET-based sensors for the detection of biomarkers 

was developed in this project and developed in this chapter. 

Ideally, a POC device allows the input of unprocessed samples from a patient and outputs useful 

information with minimal user-interaction. The integration of emerging technologies in biosensing 

with a simple electrical readout is essential to meet the requirements of POC testing platforms. 

Integration of EGOFETs into microfluidic channels (or flow cells) would be a first step towards 

integration of sensing devices with more advanced on-chip sample processing techniques. 

Microfabrication technology can be utilised as a strategy to miniaturize and automate biomarker 

assays by providing platforms with the benefits of high sample throughput and very small sample 

consumption. Conventional sample preparation requires manual centrifuging, pipetting, mixing and 

filtering. Whereas on-chip processing techniques can deliver a greater level of automation in 

filtration, microfluidic sorting and concentrating essential to enable the conversion of raw samples 

into a sample compatible with the biosensor.259 

In such a device the prepared fluid interacts with the functionalised interface of the POC device that 

is specific to the target analyte and the resulting induced signal can be processed into a readable 

output. The inherent transduction of the sensing event into a measurable electrical signal is 

particularly desirable for simplifying the detection and assay process and reducing the required 

device components. The combination of these advantages directly translates into a miniaturised, 

low-cost simplified analytical system needed for POC applications. 

Solid phase immunoassays such as sandwich immunoassays, ELISA and the assay developed in 

chapter 5, typically benefit from superior sensitivity, specificity and kinetics relative to solution-
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based assays. However, solid phase assays also suffer from large volume of reagent consumption, 

long incubation times due to high volume-to-surface area ratios. 

The improved surface-to-volume ratio of microfluidic devices can improve mass transport permitting 

reduced assay times and improved sensitivity. They also enable multiple processing steps to be 

conducted within one device in contrast to conventional analytical techniques.259260 Therefore 

microfluidic devices are particularly attractive for integration into heterogeneous solid phase 

immunoassays due to improving analytical performance, reduced sample and reagent consumption 

and cost. 

The simplified fluid handling and reduced incubation times of microfluidic devices was demonstrated 

in a fluorescence-based immunoassay that utilised EDC/NHS coupling of an antibody to a Au-SAM.216 

The enhanced mass transport in the microfluidic device allowed covalent attachment of the 

antibodies in 25 mins and subsequent sample incubation and detection could also be completed in 

as little as 25 mins. This is a significant improvement over the hours or days typically required in 

conventional ELISA-based assays. 

Therefore the integration of the EGOFET devices within a flow cell was investigated to enable easy 

fluid handling and eliminated problems with water evaporation that hampered the utility of droplet-

based devices. Different OSCs were compared for use in the biosensor device by the analysis of the 

electrical performance for both pristine OSC and bilayer devices, with the aim of demonstrating 

comparable device operation to the droplet-based devices. 

The impact of the developed functionalisation procedure on bilayer device performance was also 

investigated by monitoring the change in device operation at various stages of the functionalisation 

procedure. Furthermore, to allow valid sensing experiments the performance of the device against 

appropriate control conditions was investigated and a control baseline experiment was performed 

to replicate measuring several analyte concentrations during a biosensing assay experiment. 

8.1 Design of flow cell and measuring platform 
The design of the flow cell to be utilised in this project is outlined in Figure 80. It consists of an 

EGOFET device fabricated on a glass substrate, coupled with a flow cell using double-sided adhesive 

tape and an acrylic top cover fitted with gold plated pins. The gold-plated pins are used as gate 

electrodes and their position is fixed by the CNC milled acrylic top cover; this eliminates any possible 

positioning variation. Holes are placed through the acrylic top cover and tape to allow access to the 

source and drain contact pads. The bottom surface of the pin serves as the gate electrode surface, 

which is fitted flush with the acrylic top cover and mounted onto the substrate with the double-
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sided adhesive tape. The components are combined to give a flow cell as depicted in Figure 80, 

creating a chamber volume of 14.5 µl and a gate electrode height of 280 μm, controlled through the 

thickness of the adhesive tape (Figure 119). The solutions were delivered by stainless-steel tubes 

into the flow cell chamber to allow in-situ functionalisation and introduction of an electrolyte 

solution. This solute was confined by the strong seal provided by the double-sided adhesive tape. 

Additionally, the flow cell allows for efficient cleaning procedures, removing evaporation issues and 

easy interfacing with a micro-pump station and characterisation platform. The flow cell can be easily 

adapted to accept the delivery of fluid by peek tubing by the machine cutting of an appropriately 

sized hole. 

 

Figure 80 Flow cell design V1. Clockwise A) 3D rendered image showing acrylic top cover (pink), laser cut tape (blue) and 
gold plated gate electrode pins. B) Exploded CAD image of the flow cell components in isometric view. C) Picture showing 
constructed flow cell. Gold plated pins are used as gate electrodes and their position fixed within the CNC milled acrylic top 
cover. Holes are placed through the acrylic and tape to allow access to the source and drain contact pads. The bottom 
surface of the pin serves as the gate electrode surface, which is fitted flush with the acrylic top cover and mounted onto 
the substrate with the double sided adhesive to give a controlled gate height of 280 μm. The double sided tape has a laser 
cut design to produce a sealed flow cell of 51.8 mm2 in area and controlled chamber volume of 14.5 µl. The flow cell is 
accessed by inlet and outlet holes to which stainless steel tubing is inserted for connection to a syringe or micro-pump 
station. 

However, in this design frequent leaking of fluids and trapped air bubbles were observed in the flow 

cell as demonstrated in Figure 82, most likely due to the large chamber width (7.2 mm). In 

millimetric dimensions, macro-fluidic behaviour is observed, and this results in greater resistance 

Gate pins and tubing 

Acrylic cover 

Double sided adhesive tape 

Device on glass substrate 

a) b) 
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and turbulent flow; in order for a device to be defined as “microfluidic” at least one of its defining 

dimensions must be in the tens of micrometre length scale.261 At this sub-millimetre channel 

dimension viscous forces, responsible for resistance of the liquid body to deformation, dominate 

inertia and predictable laminar flow is observed.261 

 

Figure 81 Images comparing liquid filling different designs of microfluidic flow cell with the water stained blue for 
visualisation purposes. Left: Original single chamber design as depicted in Figure 80, showing example of bubble formation. 
Right: Flow cell design V2 with two separate chambers as depicted in Figure 82, showing a typically filled chamber. 

As a result, a two-chamber design was developed as depicted in Figure 82, with a reduced chamber 

width of 2.5 mm and a chamber volume of 7 µl. Whilst the device cannot be defined as 

“microfluidic” due to the dimensions used, Figure 81 demonstrates improved fluid flow and reduced 

incorporation of air bubbles. Furthermore, the two-chamber design allows for both simultaneous 

and independent, fluid delivery and device characterisation for 2 sets of 2 devices. 
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Figure 82 Flow cell design V2. The modified flow cell design features a two chamber design to improve fluid flow and 
reduce bubble formation. Each chamber has a width of 2.5 mm and a volume of 7 µl. 

In parallel to the flow cell, a characterisation platform, as shown in Figure 83, was also developed to 

allow a more user friendly, time efficient and controlled setup for performing the electrical 

characterisation, removing the need for a microprobe station. The platform is composed of two 

blocks of PTFE that house spring loaded micro-pins for contacting the source and drain contact pads 

and socket connections for the gate electrodes that allowed contact with the devices electrodes and 

PCB and cabling allowed it to be interfaced with a Agilent semiconductor analyser for device 

analysis. 
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Figure 83 Design for characterisation platform. a) 3D rendered image of top plate housing spring loaded micro-pins that 
are positioned to contact the S/D contact pads. b) 3D rendered image of bottom plate with flow cell fitted with gate 
electrodes and inlet/outlet tubing. c) Picture of characterisation platform and interface box for connection to Agilent. d) 
Top down picture of characterisation platform including and gate electrode receptacles. Wiring from the connections on 
the characterisation platform is neatly minimised by the mounted printed circuit board (PCB), that is connected to a coaxial 
cable by a 12 pin Molex connector. The coaxial cabling provides screening from external interference when connecting the 
connecting the platform with a cable interfacing box which allows for simple cable connection to the Agilent for device 
characterisation. 
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8.2 PBTTT-based devices 

8.2.1 PBTTT-based devices with shadow mask design 

The droplet and flow cell-based testing platforms were compared by analysing PBTTT devices 

operated with water as the device electrolyte, as shown in Figure 84. The flow cell resulted in 

improved reliability of the device performance with increased stability and a more predictable 

decline in Ion over time. Additionally, the devices showed reduced hysteresis with improved 

reproducibility of the forward sweep, as shown in Figure 85, resulting in lower standard deviation in 

the characteristic parameters displayed in Table 15. When directly comparing absolute values a 

relative increase in both the Ion and Ioff currents and slight decrease in VT in the flow cell devices was 

observed. 

  

Figure 84 Transfer hysteresis of single layer device with DI water comparing the reproducibility of the characterisation 
platforms over a short period of time. Left – As analysed using the 3 point probe station and a 4µl droplet of DI water as 
the gating electrolyte. The device was analysed at regular timed intervals and after 10 mins the initial droplet was removed 
and replaced with a second droplet; Right – As analysed with the characterisation platform using a flow cell device. Source 
and drain electrode where patterned using a shadow mask (W = 1 mm, L = 60 µm). VDS = -0.5V was used for device 
operation.  
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Figure 85 Comparing performance of PBTTT devices analysed by water droplet (left) and in a flow cell (right). Displayed are 
the averaged transfer hysteresis and standard deviation of 4 devices on the same substrate. Droplet-based devices were 
analysed using the 3 point probe station, W gate electrode and a 4µl droplet as the gating electrolyte. The flow cell devices 
were analysed with the characterisation platform. Source and drain electrode where patterned using a shadow mask (W = 
1 mm, L = 60 µm). VDS = -0.5V was used for device operation. 

Table 14. Characteristic parameters extracted from the transfer hysteresis of a single layer device analysed using the 3 
point probe station and a 4µl droplet of DI water as the gating electrolyte. The device was analysed at regular timed 
intervals and after 10 mins the initial droplet was removed and replaced with a second droplet. Transfer characteristics of 
the devices are shown in Figure 84. 

 VT (V) µ*C (µF/Vs) IOn/Off Ion (nA) Ioff (nA) 

Droplet 1 -0.1 0.25 13.8 174 13 

After 5 mins -0.16 0.37 16 206 13 

After 10 mins -0.15 0.28 12.3 169 14 

Droplet 2 -0.13 0.35 18.5 218 12 

Table 15. Averaged characteristic parameters extracted from the transfer hysteresis of single layer devices. The devices are 
analysed using the flow cell and characterisation platform with DI water as the gating electrolyte. The devices are tested 
over 10 sequential analyses over a 10 minute period. Displayed are the averaged values of the 4 devices on the substrate. 
Transfer characteristics of the devices are shown in Figure 84. 

Cycle 
number 

VT 

(V) 
Error 
(+/-) 

µ*C 
(µF/Vs) 

Error 
(+/-) 

IOn/Off 
Error 
(+/-) 

Ion (nA) 
Error 
(+/-) 

Ioff (nA) 
Error 
(+/-) 

1 -0.03 0.02 0.24 0.03 19 2 363 46 19 2 

5 -0.04 0.02 0.23 0.03 18 4 338 53 20 2 

10 -0.04 0.02 0.22 0.03 18 4 330 50 18 2 

 

Integration into the flow cell system did not have significant impact of the device performance 

although a relative increase in ISD and IG was observed with the flow cell set up (Figure 86). This could 

be attributed to a combination of the larger gate electrode, increasing the overall capacitance;105 or 

an increase in the area of source and drain pattern exposed to electrolyte within the flow cell 
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relative to a 4 µl droplet; or a change in the gate electrode metal from tungsten to gold as shown in 

chapter 4.43 
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Figure 86 Comparing performance of PBTTT devices analysed by water droplet (black) and in a flow cell (red ISD (solid lines) 
and IG (dotted lines) are displayed on a linear scale (left graph) and plotted in a semi-log scale (right graph). Droplet devices 
are analysed using the 3 point probe station, W gate electrode and a 4µl droplet as the gating electrolyte. The flow cell 
devices were analysed with the characterisation platform. Source and drain electrode where patterned using a shadow 
mask (W = 1 mm, L = 60 µm). VDS = -0.5V was used for device operation. 

The stability of the PBTTT device operation in the flow cell was monitored by recording several 

successive transfer curves repeated over a 10 minute period, as shown in Figure 88 and Figure 89. 

Over this period the devices electrical parameters remain relatively stable with a gradual decrease in 

µ clearly observed. In addition the device performance changed after incubation in water for 24 

hours as shown in Figure 87. The devices are still operable but ISD has significantly reduced to a 

comparable level to that of IG and thus clearly undesired for ideal device behaviour. 
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Figure 87 Change in transfer characteristic of PBTTT EGOFET device in a flow cell over 24 hours. The devices where tested 
initially in the flow cell (red) and after 24 hours incubation in water (blue). Source and drain electrode where patterned 
using a shadow mask (W = 1 mm, L = 60 µm). ISD (solid lines) and IG (dotted lines) are plotted in a semi-log scale. Plotted are 
the averaged transfer forwards sweep of transfer curve and standard deviation of 4 devices on the same substrate. VDS = -
0.5V was used for device operation. 

 

Figure 88 Variation in characteristic parameters extracted from the transfer hysteresis for a single layer device in DI water 
over 10 repeated cycles in a 10 minute period, analysed in characterisation platform using a flow cell device. Displayed are 
values for each of the four devices on the same substrate. 

Bilayer devices were fabricated by depositing PMMA films on to the PBTTT layer by spin coating. The 

bilayer devices proved to have comparable performance and reproducible transfer hysteresis over 

multiple repeat analyses to those displayed in the single layer devices (Figure 89). As a result device 

characteristic parameters extracted also retained similar levels of performance and variation when 
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comparing Table 14 and Table 15. Additionally the robustness of the fabrication procedure was 

verified as the inter-substrate variation across three separate substrates was comparable to that 

observed for intra-substrate variation (Table 17). The device performance variation was comparable 

if not better than that observed by Mulla et al which showed standard deviation of around +/- 50 %, 

as shown in Table 18.97 Further comparison of flow cell performance to Mulla et al devices 

highlighted VT of similar values between 0 to -0.1V for all devices. The significant decrease in IOn/Off or 

µ*C observed upon bilayer deposition was not observed in our devices. Although the IOn/Off are at 

least an order of magnitude below those quoted in literature, they do scale to similar levels once 

accounting for the enhanced geometry factor that their devices benefit from as a result of photo-

lithographically defined interdigitated source and drain electrodes. Of particular note are the µ*C 

literature values which are at least an order of magnitude lower than those calculated for our 

devices. The literature values are comparable to those obtained from devices that have been 

exposed to electrolyte for a prolonged duration of time, Table 18. 

 

 

Figure 89 Transfer characteristic performance of single layer (top) and bilayer type devices (bottom), analysed in 
characterisation platform using a flow cell device. Left - Performance of a single device over 10 mins. Centre - Averaged 
transfer hysteresis and standard deviation of 4 devices on the same substrate on cycle 1. Right- Averaged transfer 
hysteresis during 10 repeat cycle tests. The source and drain electrode where patterned using a shadow mask. (W = 1 mm, 
L = 60 µm). VDS = -0.5V was used for device operation. 
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Table 16 Averaged characteristic parameters extracted from the transfer hysteresis of bilayer layer devices. The devices 
are analysed using the flow cell and characterisation platform with DI water as the gating electrolyte. The devices are 
tested over 10 sequential analyses over a 10 minute period. Displayed are the averaged values of the 4 devices on the 
substrate. Transfer characteristic of the devices are shown in Figure 89. 

Cycle 

number 
VT (V) 

Error 

(+/-) 

µ*C 

(µF/Vs) 

Error 

(+/-) 
IOn/Off 

Error 

(+/-) 

Ion 

(nA) 

Error 

(+/-) 

IDS 

min 

(nA) 

Error 

(+/-) 

1 -0.07 0.01 0.38 0.02 15 0 294 23 19 2 

2 -0.07 0.01 0.37 0.04 16 2 277 33 18 2 

5 -0.07 0.01 0.37 0.04 18 1 278 35 15 2 

10 -0.08 0.01 0.36 0.03 19 1 272 36 14 2 

 

Table 17. Averaged characteristic parameters extracted from the transfer hysteresis of bilayer devices on 3 different 
substrates analysed using the flow cell and characterisation platform. 

VT (V) 
Error 
(+/-) 

µ*C (µF/Vs) 
Error 
(+/-) 

IOn/Off 
Error 
(+/-) 

Ion (nA) 
Error 
(+/-) 

-0.04 0.05 0.32 0.08 13 3 274 35 

 

Table 18 Characteristic parameters quoted by Mulla et al for EGOFET Biosensors at various stages of fabrication.97 The µ*C 
parameter is back calculated from the assumed gate- channel capacitance per unit area of 3 µF cm-2 as is used in the paper. 

 VT (V) 
Error 
(+/-) 

Mobility 
(cm2 V-1 s-1) 

Error 
(+/-) 

µ*C (µF/Vs) 
Error 
(+/-) 

Ion/off 
Error 
(+/-) 

Bare PBTTT -0.02 0.05 0.02 0.01 0.06 0.03 1000 - 

PBTTT/PAA -0.06 0.02 0.002 0.001 0.006 0.003 100 - 

PBTTT/PAA/BPLs 0.04 0.02 0.001 0.001 0.003 0.003 1000 - 

 

The ability of the devices to withstand a prolonged period of exposure to aqueous solutions is 

essential in order to allow sufficient time for the functionalisation steps required to covalently attach 

the antibodies to the PMMA layer. As a result device stability was also investigated over a longer 

period of time, as shown in Figure 90 and Figure 91. The device performance was again stable over a 

short period of time (0-10 mins) as previously shown by the cycled hysteresis analysis (Figure 89). 

The existing functionalisation protocol typically requires 2 hours of electrolyte exposure; over this 

period of time more significant performance degradation was observed for both single layer (Figure 

90) and bilayer devices (Figure 91) and the extracted device characteristic parameters as a function 

of time are described in Figure 92. The encapsulating layer provided no additional benefit in device 

stability. A trend of gradual decline of the parameters can be observed for all devices. The decrease 
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in IDS max and IDS min is offset to give the overall effect of a similar IOn/Off. The trend for degradation is 

slightly more pronounced when exposed to PBS.  
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Figure 90 Transfer hysteresis of PBTTT device tested in a flow cell in DI water (left) and PBS (right) over 2 hours, analysed in 
the characterisation platform using a flow cell device. The source and drain electrode where patterned using a shadow 
mask. (W = 1 mm, L = 60 µm). VDS = -0.5V was used for device operation. 
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Figure 91 Transfer hysteresis of PBTTT/PMMA COOH layer device in DI water (left) and PBS (right) over 2 hours, analysed in 
the characterisation platform using a flow cell device. The source and drain electrode where patterned using a shadow 
mask. (W = 1 mm, L = 60 µm). VDS = -0.5V was used for device operation. 

The highly hydrophobic nature of the OSCs used should impede ion penetration, as highlighted by 

the high measured contact angles (Table 3). However, the degradation of device performance 

observed over time could be attributed to the absorption of electrolyte ions into the OSC thin film 

over time (such as hydroxyl groups). These ions would contribute to the formation of trap states in 

the OSC thin film.262 Additionally, the deposition of a more hydrophilic layer on top of the OSC, (e.g. 

PMMA COOH) will more readily absorb water than the highly hydrophobic OSC. Charge trapped 

holes occupying localised trap states are no longer mobile, contributing to the reduced field effect 

mobility of the device and the resulting ISD.51,263  
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Figure 92 Variation in characteristic parameters extracted from the transfer hysteresis from the various PBTTT-based 
devices described in Figure 90-Figure 91 over 2 hours, analysed in the characterisation platform using a flow cell device. 
The mean average of the four devices on the same substrate and their standard deviation is displayed in each chart. Red - 
Single Layer devices in DI water. Orange - Single layer devices in PBS. Blue - Bilayer devices in DI water. Green - Bilayer 
devices in PBS. The Source and drain electrode where patterned using a shadow mask. (W = 1 mm, L = 60 µm). VDS = -0.5V 
was used for device operation. 
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The ‘On current’ was also monitored over time, this was performed by holding the VDS at -0.5V and 

VDS at -0.4V (Figure 93). The device shows a rapid response with a large negative current produced 

signifying the establishment of an EDL and conductive channel in the OSC channel, however a stable 

system and a peak drain current is reached after approx. 30 seconds; and this drain current gradually 

lowers over an extended period. The gate leakage, however, significantly decreases after the initial 1 

second of operation. A similar PBTTT flow cell device was analysed by Algarni et al, and these 

authors reported that a gradual lowering of current was shown to settle after 1 hour of continuous 

flow and operation.86 Here, the drift in current is assigned to the gradual washing of water soluble 

dopants from the PBTTT thin film. The presence of unintentional dopants in the OSC layer 

contributes to a small current (the transistor off-current) but these dopants can aid in the formation 

of Schottky junctions at the contacts which can significantly improve carrier injection.264 The 

subsequent loss would then result in reduced injection and reduced currents. This behaviour would 

explain the gradual decrease in IDS max, IDS min and mobility over time in the transfer hysteresis, with 

the mobility gradually decreasing to levels observed in literature. However, the previously described 

degradation of device performance shown in Figure 90 and Figure 91 over a comparable duration 

would suggest that stable device performance would not be achieved under constant bias stress 

with the existing set up. 

 

Figure 93. ‘On current’ monitored over time; this was performed by holding the VDS at -0.5V and VGS at -0.4V, using a flow 
cell device in DI water, analysed in the characterisation platform. 

A prevailing issue for integration of the shadow mask defined source and drain electrode designs is 

the low ISD current levels achieved due to the small geometry factor. The subsequent degradation of 
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the performance on the time-scale required for the developed functionalisation therefore hampers 

the utility of the set-up for biosensing. Of particular concern is the relatively high levels of IG relative 

to IDS, a factor that worsens over time and is not desirable for ideal EGOFET behaviour. The gate 

leakage relation to the surface area of source drain exposed has previously been reported where 

minimising the exposed area by encapsulate the source and drain electrodes can be used to limit the 

leakage.42 Alternatively, interdigitated electrodes can be used to enhance the relative IDS within the 

existing set-up. 

8.2.2 PBTTT-based devices with IDE design 

The integration of the interdigitated electrodes into the PBTTT/PMMA COOH-based flow cell 

resulted in an increase in IDS relative to that observed in the shadow mask defined designs, with IDS in 

the order of µA current observed for the interdigitated electrode devices. Good overall device 

performance and p-type OSC behaviour is typified by the well-shaped linear and saturation regimes 

for the IDS–VDS curves and low hysteresis. In addition, good modulation of IDS with VG in the transfer 

curves is displayed in Figure 94. The extracted characteristic parameters (VT = -0.2V +/- 0.05 ; µ*C = 

0.08 µF/Vs +/- 0.05) are comparable to those acquired for the PBTTT/PMMA COOH devices 

previously analysed with Au gate electrode with water droplets (see section 6.3). 

As desired, the relative levels of IG (<0.2 µA) vs IDS (7 µA) were significantly reduced even under the 

highest maximum applied potential difference at the gate (VG = -1V). The use of IDE results in a more 

ideal transfer characteristic in particular a reduction in the relative level of hysteresis between the 

forward and backward sweeps. An improvement in the relative ratio of ISD to IG gave improved 

device performance. Interestingly, the gate leakage (IG) remains within the same order of magnitude 

despite the large increase in ISD. In addition to signifying that the increased current is due to good 

charge transport within the active material and not a corresponding increase in electrochemical 

reactions, it also suggests that the cause for IG leakage is likely linked to the area of exposed source 

and drain contacts that remains relatively constant between both device designs. 



Page 211 
 

0.0 -0.2 -0.4 -0.6 -0.8 -1.0

10
-8

10
-7

10
-6

10
-5

|I
S

D
| 
/ 
lo

g
A

V
G
 (V)

0.000

0.002

(I
S

D
)1

/2
 /
 A

 1
/2

0.0 -0.2 -0.4 -0.6

0.0

-5.0x10
-7

-1.0x10
-6

-1.5x10
-6

-2.0x10
-6

-2.5x10
-6

-3.0x10
-6

I D
S
 (

A
)

V
D
 (V)

0.0

-5.0x10
-7

-1.0x10
-6

-1.5x10
-6

-2.0x10
-6

-2.5x10
-6

-3.0x10
-6

I D
S
 (

A
)

 

Figure 94 PBTTT / PMMA COOH IDE design in flow cell with water. Left)  Transfer characteristic, VDS = -0.7V was used for 
device operation.; Right) Output characteristic. The Source and drain electrode where patterned by photolithography with 
a IDE design. (W = 16.9 mm, L = 60 µm).  

The performance of the PBTTT / PMMA COOH IDE devices operated in a PBS filled flow cell whilst 

under bias stress of repeated transfer hysteresis cycles over 2 hours was also investigated, as shown 

in Figure 96 and Figure 95. A similar degradation in device performance to that observed for the 

shadow mask designed devices operated in PBS (Figure 91), with a gradual decrease in Ion over the 

course of the 2 hour investigation, after an initial increase during the first 2 minutes of operation. 

The benefit of performing bias stress testing through cycled transfer curves was compared with 

operation under constant voltage. The former gives the opportunity to extract the device 

characteristic parameters from the transfer cycles to provide greater insight into the change in 

device performance, the extracted values are displayed in Figure 96. The trend of reduced Ion is more 

clearly observed in Figure 96, where an initial current of around 2 µA reduces to around 250 nA after 

around 70 mins of operation and the subsequent reduction in current is much less pronounced. 

Interestingly the gate leakage remains at a constant level of around 30-40 nA throughout the 

experiment. Despite the significant reduction in operational current, the relative ratio of IG to Ion 

remains acceptable throughout the duration of the experiment from initial level of 2% to 15% after 2 

hours. The variation in VT is significantly less pronounced than IDS, with a gradual change between -

0.4 V and -0.5 V seen between 20 and 120 mins. 
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Figure 95 Transfer hysteresis of PBTTT / PMMA COOH IDE design device in PBS over 2 hours operated under constant bias 
stress of repeated transfer hysteresis cycles. The device was analysed in the characterisation platform using a flow cell 
device and the extracted parameters are displayed in Figure 96. 
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Figure 96 Variation in characteristic parameters extracted from the transfer hysteresis PBTTT / PMMA COOH IDE design 
device in PBS over 2 hours operated under bias stress of repeated transfer hysteresis cycles as described in Figure 95 over 
2 hours. The devices were analysed in the characterisation platform using a flow cell device. Top; ISD (black) and IG (red) at 
maximum VG extracted from transfer hysteresis cycles; Middle VT extracted from transfer hysteresis cycles; Bottom  µ*C 
extracted from transfer hysteresis cycles. 
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The relative stability in device performance after 1 hour of device operation may suggest a suitable 

window for sensing experiments, although at the compromise of significant reduction in operational 

current which may impact on the sensors sensitivity. Additionally further reduction in device 

performance is probable and the drift in performance would have to be accounted for in any 

measurements for device response. However DPPTTT-based EGOFET devices have demonstrated 

exceptionally stable performance in aqueous environments and present an opportunity to improve 

the operational stability of the devices within flow cell system relative to PBTTT.123  

8.3 DPPTTT-based devices 

8.3.1 DPPTTT -based devices with shadow mask design 

The exceptional stability of DPPTTT-based EGOFET devices under aqueous-gated operation has been 

shown in both water and saline solutions.105,123 The fabricated devices benefit from the engineered 

properties of the OSC films such as the high ionisation potential, crystallinity, strong π- π stacking 

and side chain interdigitation in the polymer films. This results in stable device operation and is 

highlighted by the comparable electrical performance achieved during 6 days of submersion in saline 

solution.123 Additionally, AFM images and Raman and FTIR spectral analysis of the OSC layer showed 

that device operation in water and saline environments had minimal impact on the films properties 

signifying negligible chemical modification of the polymer.123 

Following the successful operation of DPPTTT-based droplet devices, the performance of the OSC in 

the flow cell was explored. Initially devices using the shadow mask defined source and drain 

electrodes were investigated and the transfer and output curves of the flow cell-based devices in 

water are shown in Figure 97, where good device operation is observed. 

 

Figure 97 Typical performance of a single layer DPPTTT device with the shadow mask design (W = 1 mm, L = 60 µm) 
operated in flow cell with water as electrolyte. Left) Transfer characteristic, VDS = -0.8V was used for device operation; 
Right) Output characteristic. The transfer characteristic was measured with VDS = -0.8V. 
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Integration of the devices into the flow cell system did not significantly impact the device 

performance, although a significant increase in IG was observed within the flow cell set up (Figure 

98) and the relatively large ratio of IG to IDS is not desirable for ideal EGOFET behaviour. A similar 

increase in gate leakage was observed in PBTTT-based flow cell devices (Figure 86),  which was 

attributed to the combination of a larger gate electrode;105 and an increase in the area of source and 

drain pattern exposed to electrolyte within the flow cell relative to a 4 µl droplet.  

 

Figure 98 Comparing the electrical performance of typical DPPTTT devices analysed by water droplet (black) and in a flow 
cell (red). ISD (solid lines) and IG (dotted lines) are displayed on a linear scale (left graph) and plotted in a semi-log scale 
(right graph). Droplet devices are analysed using the 3 point probe station, Au gate electrode and a 4µl droplet as the 
gating electrolyte. The flow cell devices were analysed with the characterisation platform and VDS = -0.8V was used for 
device operation. The Source and drain electrode where patterned using a shadow mask (W = 1 mm, L = 60 µm). 

DPPTTT based bilayer devices utilising PMMA COOH co-polymer where fabricated following the 

previously validated procedure described in section 3.1 and section 6.2. Their electrical performance 

when integrated into the flow cell is shown in Figure 99. The output and transfer curves of the 

DPPTTT bilayer devices show good electrical performance for operation in both water and PBS.  

The operation of devices in PBS solution generally results in a more negative VT relative to water-

gated devices, as shown in Figure 99. The observed threshold shift is common across our devices and 

is widely observed in EGOFET devices based on various OSCs, including DPPTTT.42,64,84,123 The 

observed negative shift can be explained by the increased electrostatic screening of the charges or 

dipoles at the OSC interface caused by the increased ionic strength solution in the diffusion layer.64 



Page 216 
 

 

 

Figure 99 Typical transfer characteristic (left) and output characteristic (right) of DPPTTT/ PMMA COOH devices with the 
shadow mask design (W = 1 mm, L = 60 µm) operated in a flow cell with water (top) and PBS (bottom) as the electrolyte. 
The transfer characteristic was measured with VDS = -0.8V. 

A significant reduction in gate leakage is observed in the DPPTTT/ PMMA COOH devices, relative to 

the pristine OSC devices. This can be attributed to the encapsulating effect of the deposited PMMA-

based films. However a prevailing issue for integration of the shadow mask defined source and drain 

electrode designs into the flow cell remains the low ISD current due to the small geometry factor. 

Therefore, the use of interdigitated electrodes was investigated for DPPTTT-based devices as a route 

to enhance the relative ISD within the existing flow cell set-up. 

8.3.2 DPPTTT -based devices with IDE design 

In order to maximise the possible ISD current,  IDE devices were investigated for use within the flow 

cell. The flow cell integrated DPPTTT based devices demonstrated good overall performance when 

operated in both water and PBS as shown by the typical transfer and output curves shown in Figure 

100. Whilst low hysteresis of the device characteristics and good modulation with VG of the transfer 

curves is present throughout; less well defined saturation regimes at high VG is observed in the IDS–

VDS curves when operated in PBS compared to water. The characteristic parameters (VT = - 0.16 V +/- 
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0.07; µ*C = 0.03 µF/Vs +/- 0.01) are comparable to those acquired to the DPPTTT devices previously 

analysed with Au gate electrode with water droplets (see section 6.4). 

The expected increase in ISD relative to the shadow mask designed devices operated in flow cells is 

clearly observed, with Ion= 6 µA +/- 1  vs Ion<200 nA currents achieved due to the increased geometry 

factor. However a comparable Ion to those observed with Au gated water droplet devices (Ion~17 µA 

as shown in Figure 100) was not achieved. This may be due to the improved quality of gate material 

achieved from freshly cleaned pure gold wire used to analyse the droplet based devices. The gate 

leakage (IG) remained within the same order of magnitude upon flow cell integration, despite the 

large relative increase in ISD, leading to an improvement in the relative ratio of ISD to IG, suggesting 

good charge transport within the active material and not a corresponding increase in 

electrochemical reactions. 

  

 

Figure 100 Typical transfer characteristic (left) and output characteristic (right) of DPPTTT devices with the IDE design 
operated in a flow cell with water (top) and PBS (bottom) as the electrolyte. The Source and drain electrode where 
patterned by photolithography with an IDE design (W = 16.9 mm, L = 20 µm). The transfer characteristic was measured 
with VDS = -0.7V. 
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The reproducibility of the fabricated devices is further demonstrated by the low variation in the 

averaged transfer curves across four devices when operated in water, as displayed in Figure 103. 

 

Figure 101 Averaged transfer characteristics of DPPTTT devices with IDE operated in a flow cell with water as the 
electrolyte. ISD (solid lines) and IG (dotted lines) are plotted in a semi-log scale. Plotted are the averaged forwards sweeps of 
the transfer curves and standard deviations of the 4 devices on the same substrate. The source and drain electrode where 
patterned by photolithography with an IDE design (W = 16.9 mm, L = 20 µm). The transfer characteristic was measured 
with VDS = -0.7V. 

The integration of the interdigitated electrodes into the DPPTTT/PMMA COOH-based flow cell again 

resulted in the desired increase in Ion relative to that observed in the shadow mask defined designs, 

with IDS in the order of µA currents clearly observed in Figure 102. Good overall device performance 

is again achieved for the devices with a low variation in electrical performance typified by the 

averaged transfer curves displayed in Figure 101. The use of an IDE results in a more ideal transfer 

characteristic in particular a reduction in the relative level of hysteresis between the forward and 

backward sweep. This is attributed to the improved relative ratio of ISD to IG, as IG remains below 50 

nA at the highest applied gate potential. As previously observed the deposition of the PMMA COOH 

layer resulted in a slight reduction in Ion (Ion = 1-2 µA) relative to the pristine DPPTTT flow cell-based 

devices (Ion = 5-6 µA), however overall performance was deemed to be within an acceptable regime 

for further investigation as a biosensing platform. 
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Figure 102 Typical transfer characteristic (left) and output characteristic (right) of a DPPTTT/ PMMA COOH device with the 
IDE design operated in a flow cell with PBS as the electrolyte. The source and drain electrode where patterned by 
photolithography with an IDE design (W = 16.9 mm, L = 20 µm). The transfer characteristic was measured with VDS = -0.7V. 

 

Figure 103 Averaged transfer characteristics of DPPTTT/ PMMA COOH devices with IDE operated in a flow cell with PBS as 
the electrolyte. ISD (solid lines) and IG (dotted lines) are plotted in a semi-log scale. Plotted are the averaged forwards 
sweeps of the transfer curves and standard deviations of the 4 devices on the same substrate. The source and drain 
electrode where patterned by photolithography with an IDE design (W = 16.9 mm, L = 20 µm). The transfer characteristic 
was measured with VDS = -0.7V. 

8.3.3 Functionalisation of DPPTTT/PMMA COOH devices 

Following successful integration of DPPTTT/PMMA COOH devices into the flow cell system, the 

impact of the functionalisation procedure on device performance was investigated by monitoring 

the change in device operation at various stages of the functionalisation procedure as shown in 

Figure 104 and Figure 105. The functionalisation procedure developed during chapter 5 was 

followed and the devices analysed in the flow cell with PBS as the electrolyte. Figure 104 compares 

IDS-VDS output characteristics and transfer curves of the devices before functionalisation, following 

immobilisation of the antibodies and after blocking with BSA. Comparable performance was 

displayed throughout the procedure, although a slight increase in ISD is observed after 

functionalisation procedure. In addition a slight increase in hysteresis between the forward and 
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backward sweeps is observed during the procedure. These observations can be linked to the 

prolonged exposure to PBS (2 hours), allowing time for the penetration of mobile ions from the PBS 

solution into the hydrophilic PMMA COOH coating, or the modification of interface capacitance 

caused by deposited antibodies and BSA during the functionalisation process.93,97 The comparable 

and reproducible device behaviour throughout the procedure is highlighted by the averaged transfer 

curves shown in Figure 105.  

 

Figure 104 Monitoring the typical device performance during the functionalisation procedure for DPPTTT/ PMMA COOH 
devices. A schematic representation of the tested EGOFET devices is shown for before functionalisation (left), following 
immobilisation of the antibodies by EDC/NHS (middle) and after blocking with BSA (right). The transfer (top) and output 
characteristics (bottom) of typical devices are shown. The devices were fabricated with the IDE design and operated in a 
flow cell with PBS as the electrolyte. The source and drain electrode where patterned by photolithography with an IDE 
design (W = 16.9 mm, L = 20 µm). The transfer characteristic was measured with VDS = -0.7V. 

Before Functionalisation Antibody Functionalised After Blocking With BSA 
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Figure 105 Averaged transfer characteristics of DPPTTT/ PMMA COOH devices during the functionalisation procedure. 
Plotted are the averaged transfer curves and standard deviations of 4 devices on the same substrate before 
functionalisation, following immobilisation of the antibodies and after blocking with BSA. The devices were fabricated with 
the IDE design and operated in a flow cell with PBS as the electrolyte. ISD (solid lines) and IG before functionalisation (dotted 
lines) are plotted in a semi-log scale. The source and drain electrode where patterned by photolithography with an IDE 
design (W = 16.9 mm, L = 20 µm). The transfer characteristic was measured with VDS = -0.7V. 

The trend is further investigated through the averaged extracted parameters from the transfer 

curves collected in Table 19. During the procedure the parameters are relatively unchanged, in 

particular VT is consistently around -0.3V, a trend which is also observed by Mulla et al during the 

phospholipid bilayer immobilisation onto UV crosslinked PAA in a PBTTT-based EGOFET.97 In this 

work the devices remain operable in similar manner with comparable performance before and after 

functionalisation, without the decrease in current and mobility observed by Mulla et al.97 This 

demonstrates the greater environmental stability of DPPTTT when compared to PBTTT and the 

PMMA-COOH deposition process, that avoided the harmful exposure of the device to UV 

crosslinking procedure required to make water stable PAA films. A slight increase in both Ion and µ*C 

is observed during the procedure, however it is unclear whether the relative increase is caused by 

the chemical modification of the PMMA COOH/electrolyte interface during the functionalisation 

process or a result of bias stress effects which are discussed in section 8.3.4. 
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Table 19 Averaged characteristic parameters extracted from the transfer curves of DPPTTT/ PMMA COOH devices during 
the functionalisation procedure. The devices were fabricated with the IDE design and operated in a flow cell with PBS as 
the electrolyte. The average is taken over 4 different devices. 

 

8.3.4 Calibration curve and baseline stability assays 

The validation of a biosensing assay and biosensor performance is essential in order to assess the 

capability for reliable analyte detection. The detection of an analyte is measured through variation in 

the biosensor electrical parameters and the response should be assessed to ascertain the devices 

selectivity (specificity), calibration range, linearity, accuracy, reproducibility, limit of detection (LOD) 

and quantification (LOQ) of the device for HER2 detection.29  

The relationship between sensor response and concentration of analyte is investigated through 

calibration curve experiments. The EGOFET biosensing response is commonly performed by 

measuring relative change to the initial device response before the analyte is applied (blank) and all 

subsequent concentrations within the calibration curve are then performed on the same device.29,88 

Typically a calibration curve that relies on extracted data from transfer curves to measure sensing 

response necessitates switching the device on and off during the various assay steps, such as 

washing and analyte incubation.79,93,97,105 This is partly due to the majority of previous EGOFET 

sensors relying on a droplet configuration, and this does not allow continuous device operation 

during the procedure as the gating electrolyte is removed during the various assays stages. In this 

work a calibration curve was constructed by measuring the performance of functionalised devices 

after incubation in sequentially higher concentrations of HER2 ECD in PBS across a concentration 

range from 0.1 to 1000 ng/ml. The flow cell was used to handle all the liquids used in the assay by 

the method described in section 4.6. The transfer curve measurements taken for one of the four 

devices analysed across the full range of concentrations investigated is shown in Figure 106. 



Page 223 
 

 

Figure 106 Transfer characteristics of functionalised DPPTTT/ PMMA COOH devices in the flow cell across the range of 
concentrations investigated in the calibration curve. Plotted are the measurements recorded using PBS as the gating 
medium following incubation at each concentration level. The measurements displayed here correspond to the extracted 
parameters for D3 in Figure 107. The source and drain electrode where patterned by photolithography with an IDE design 
(W = 16.9 mm, L = 20 µm). The transfer characteristic was measured with VDS = -0.7V. 

The device response to the analyte was calculated by calculating the change relative to the signal 

measured in the absence of analyte (the background or blank response). However, it is often of 

greater merit to analyse the normalised response as this should account for any device to device 

variation that may frustrate meaningful analysis of the variation of absolute values and therefore 

improving the reproducibility of the response. The normalised response variation in the devices 

characteristic parameters is therefore calculated for each of the concentration points investigated 

and is shown in  Figure 107. 
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Figure 107 Calibration curves for the antibody functionalised flow cell devices for the detection of HER2 ECD in PBS. The 
normalised response calculated from the extracted IDS, VT and µ*C is shown across the 0.1 to 1000 ng/ml concentration 
range which was investigated. 

Despite the normalisation of the response values a significant variation in response for all the 

parameters is seen across the devices that were analysed. A general trend towards a negative 

response in current (∆𝐼/𝐼0) with increasing analyte concentration is visible but the lack of 

reproducibility in any of the responses limits the value of results. Therefore, it cannot be confirmed if 

the observed device response is a result of HER2 detection. 

In the development of a biosensor it is essential to confirm that any given signal, in this case device 

response, is caused by the interaction with only the target analyte. Therefore, the sensor should be 

capable of distinguishing interference from any other factor that may cause a variation in 
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performance such as interfering substances (i.e. a non-specific analyte), impurities, bias stress or 

degradation of the device performance. 

Therefore, in order to investigate the lack of reproducibility that has frustrated analyte detection in 

the calibration curve, the evaluation of device response from calibration curve of blank solutions was 

investigated as a control experiment for sensor calibration. To provide a meaningful control 

experiment the background measurements should be performed under identical operating and 

assay conditions to the planned calibration curve. An appropriate baseline experiment closely 

matching the planned calibration curve procedure was performed using PBS solution as the ‘blank 

sample’, the results of which are shown in Figure 89. 

Hence, a control baseline experiment was performed by testing the devices in groups of 20 cycled 

transfer curve measurements in order to collect a stable and reproducible device performance from 

each stage of the experiment. In order to replicate measuring several analyte concentrations within 

the assay seven sequential groups of measurements were taken with 20 mins incubation period and 

2 mins rinsing of the flow cell in between each test group. The Ion, VT and µ*C were extracted from 

the transfer curves of each of the four devices tested during the assay, the average values taken 

from the last five transfer curves of each of the seven sequentially tested groups are displayed in 

Figure 89. 

Figure 89 demonstrates a drift in the extracted parameters taken from the measurements across the 

seven tested groups during the assay, with a considerable increase in Ion observed and a more 

gradual positive shift in VT and decrease in µ*C. The exceptional stability of DPPTTT EGOFET devices 

has previously been demonstrated for operation in both water and saline solutions,123 therefore the 

variation in performance is more linked to the bias stress conditions as opposed to a general 

degradation in OSC caused by environmental instability. Bias stress is caused by the continuous or 

alternating application of voltage signal to the electrodes during the repeated transfer curve 

measurements over a prolonged period of time, and the resulting device degradation is manifested 

by the shift in VT and decrease in µ*C.265 The observed drift in performance of the DPPTTT-based 

devices is significantly less pronounced than the clearly defined degradation observed in the PBTTTT 

devices operated under bias stress as described in section 8.2.2. 

The induced shift in the parameters remained in the devices after the break in transfer curve 

measurement and becomes more pronounced during the assay, suggesting that the device does not 

relax back to the original state during this 25 mins period. Typically bias stress induced degradation 
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is caused by trapping of charge carriers into localised states in the OSC interface, where a VT shift to 

towards the direction of the applied maximum gate voltage of the transfer curve.265 

However, the observed shift in VT is in the opposite direction of the bias stress towards a more 

positive value, this could be explained by the prolonged exposure to PBS solution allowing more ion 

penetration into the hydrophilic film. The penetration of ions could then contribute to a larger 

concentration of mobile charge carriers at the interface, resulting in an effective increase in the 

dielectric constant contributing towards a positive VT shift. 

A stable or at least predictable and reproducible baseline is desired for accurate measurement of the 

relative variation in device performance caused by analyte detection, and a poorly defined baseline 

will negatively impact on the LOD i.e. the lowest response that can be defined from the baseline 

measurement. In addition, the poorly defined baseline is indicative of the variation in device 

performance and background noise which hampered the previously measured calibration curves for 

HER2 response. Therefore, it is necessary to minimise the observed drift in the device performance, 

to allow effective analyte detection. 
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Figure 108 Device transfer characteristic parameter variation during baseline assay experiment in PBS. Tests were 
conducted in groups of 20 cycled transfer curve measurements with 20 mins incubation period and 2 mins rinsing of the 
flow cell in between each test group. Displayed is the average of the last 5 transfer curves of each of the 7 sequentially 
tested groups. The source and drain electrode where patterned by photolithography with an IDE design (W = 16.9 mm, L = 
20 µm). The transfer characteristic was measured with VDS = -0.7V and VGS swept in both directions from + 0.2.V to -0.8V.  
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8.3.5 Stabilising bias stress drift 

In order to stabilise the apparent drift in device performance of the DPPTTT-based devise when 

under bias stress, the impact of the deposited PMMA layer on device performance re-evaluated. In 

this process we investigated the impact of the PMMA layer thickness and annealing temperature on 

device operational stability. 

A PMMA solution 30 mg/ml in n-butyl acetate was spin coated at 4000 rpm for 2 mins onto the 

DPPTTT layer and annealed at 80 °C for 1 hour to yield a PMMA thickness of 110 nm. In addition 

devices fabricated following the previous method of spincoating from 10 mg/ml solutions, were 

prepared and annealed at 80 °C and 110 °C to yield PMMA thicknesses of around 20 nm measured 

by Dektak as described in section 3.1. 

In order to investigate the impact on device performance the transfer characteristics of the devices 

operated in PBS in a flow cell where collected and are compared in Figure 109. As previously 

established the deposition of the PMMA layer onto the DPPTTT resulted in a significant decrease in 

Ion, however the effects are significantly more pronounced with a very thick PMMA layer where Ion 

<200 nA are typically achieved. The low current observed can be attributed to a significant reduction 

in µ*C as VT remained at a similar level. A similar observation had been noted by Magliulo et al, 

where thicker layers of pdEthAA deposited on top of their OSC resulted in a significant reduction in 

current.100 Due to the significant reduction in performance observed, devices fabricated with thick 

PMMA layers were not pursued any further. 
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Figure 109 Typical transfer characteristic of DPPTTT-based devices with the IDE design operated in a flow cell with PBS as 
the electrolyte. Compared are devices fabricated with pristine DPPTTT, DPPTTT/PMMA devices annealed at 80 °C and 110 
°C for 1 hour to give PMMA thickness of 20 nm and DPPTTT/PMMA device fabricated to give a PMMA thickness of 110 nm 
and annealed at 80 °C. The source and drain electrode where patterned by photolithography with an IDE design (W = 16.9 
mm, L = 20 µm). 

In contrast, the DPPTTT-PMMA devices fabricated with PMMA thicknesses in the order of 20 nm, 

yielded improved device performance to thicker PMMA layers. Although, the observed Ion is still 

reduced relative to the pristine DPPTTT devices (4 µA) it remains within a suitable regime (Ion ~ 1-2 

µA) for further investigation, with scope for sufficient current modulation and interfacial sensitivity 

required for biosensing. It is possible that device performance of more comparable nature to pristine 

DPPTTT-based devices could be achieved by the deposition of thinner PMMA layers. However, due 

to the difficulty in reproducibly depositing films <20 nm, we have not investigated this further, 

although with further refinement of the spin coating procedure it may be possible. 

DPPTTT EGOFET devices have previously shown good operational stability in ON-OFF testing with 

minimal variations in on and off currents over 3 h and 270 cycles, with the device reaching a stable 

operation status after around 15 mins operation in saline solution.123 Therefore, the impact of bias 

stress on the device performance was investigated through cycled transfer characteristics 

measurements on the DPPTTT devices and DPPTTT-PMMA devices annealed at 80 °C and 110 °C. The 

bias stress induced change in device performance is clearly shown by the transfer curves for a both 

representative individual devices (Figure 110) and the averaged transfer curves across four devices, 

as shown in Figure 111. 
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Figure 110 Typical transfer curves of DPPTTT-based devices during bias stress measurements of 50 repeated cycles. 
Compared is a single device fabricated with pristine DPPTTT (left) and DPPTTT/PMMA devices annealed at 80 °C (middle) 
and 110 °C (right) fabricated with the IDE design and operated in a flow cell with PBS as the electrolyte. The source and 
drain electrode where patterned by photolithography with an IDE design (W = 16.9 mm, L = 20 µm). The transfer 
characteristic was measured with VDS = -0.7V. 

 

Figure 111 Bias stress averaged transfer curves over repeated cycles. Compared are devices with pristine DPPTTT (left) and 
DPPTTT/PMMA devices annealed at 80 °C (middle) and 110 °C (right) fabricated with the IDE design and operated in a flow 
cell with PBS as the electrolyte. ISD (solid lines) and IG (dotted lines) are plotted in a semi-log scale. Plotted are the averaged 
forwards sweeps of the transfer curves and standard deviations of the 4 devices on the same substrate. The source and 
drain electrode where patterned by photolithography with an IDE design (W = 16.9 mm, L = 20 µm). The transfer 
characteristic was measured with VDS = -0.7V. 

All the fabricated devices demonstrated some bias stress induced variation from the initial 

performance in cycle 1, however the variation is most pronounced in the first 25 cycles of the 

investigation after which a more stable operation status was achieved. This is generally in agreement 

with the 15 mins of bias stress operation previously observed in DPPTTT devices operated in saline 

solution.123 Additionally, the relative variation in performance across the four devices is significantly 

less pronounced in the PMMA-based devices, as shown by the smaller error bars. The impact of bias 

stress on the device performance is further investigated through the extracted parameters from the 

transfer curves, as shown in Figure 119, where the variation in pristine DPPTTT devices is more easily 

identified. 
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Figure 112 The device transfer characteristic parameter variation of DPPTTT-based devices under bias stress. Displayed 

are the absolute parameters values (left) and relative change as a percentage (right) for Ion, µ*C and VT. The percentage 

change is calculated relative to the 10th cycle. The averages and standard deviations are taken across 4 devices. Compared 

are devices with pristine DPPTTT (red) and DPPTTT/PMMA devices annealed at 80 °C (green) and 110 °C (blue) fabricated 

with the IDE design and operated in a flow cell with PBS as the electrolyte. The source and drain electrode where patterned 

by photolithography with an IDE design (W = 16.9 mm, L = 20 µm). The transfer characteristic was measured with VDS = -

0.7V and VGS swept in both directions from + 0.2.V to -0.8V. 

Normalising the relative change in the extracted values for the characteristic parameters allows for 

an easier interpretation of the drift caused by the bias stress operation. In addition, it is analogous to 
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the method used to measure the device response upon analyte interaction. In the absence of 

analyte (i.e. baseline measurement) no change in device parameters is desired, although a 

consistent and reproducible drift in baseline could be corrected for. The right column of graphs in 

Figure 112 displays the relative change after the first 10 measurements, where more stable 

operation status is achieved. 

The initial VT for all the fabricated devices is comparable (VT= -0.25 to -0.35 V), however the 

deposition of PMMA layer results in a slightly more negative VT as was previously observed in Table 

14. VT is a parameter frequently probed to investigate device stability and bias stress induced 

degradation in OFETs.265  Typically a shift in VT towards the direction of the applied gate bias, 

therefore for a p-type OSC a more negative shift, would be expected upon gate bias stress, usually 

due the formation of trapped charge carriers.265 The trapping of mobile charge carriers in localised 

trap states can occur at the OSC, dielectric or the active interface and charges can be trapped in 

stress generated or pre-existing trap sites that originate in the fabrication process or are inherent to 

the materials. Trapped charge carriers typically no longer contribute towards the induced current, 

meaning the application of a higher gate field is required to achieve equivalent number of mobile 

charge carriers.265 The normalised variation for VT shows no significant change observed and remains 

relatively stable throughout the bias stress investigation, especially for PMMA-based devices which 

remain almost unchanged and only a slight change of at most ± 5% is observed and slightly larger 

variation for pristine DPPTTT based devices. 

An overall reduction in the absolute values of Ion and µ*C is observed in the PMMA-based devices 

relative to pristine DPPTTT, this can be attributed to the reduced capacitance of the deposition 

PMMA dielectric/OSC relative to the high capacitance of the EDL/OSC interface. Drift in mobility and 

the linked drift in Ion is more commonly observed in solid state OFETs, where solid dielectric 

materials are used, and is caused by the retention of some of the interfacial charges established 

during VGS sweeps.265 Given the extremely high capacitance of the EDL, the OSC/PBS electrolyte 

interface is comparable to a high k dielectric system, even a small amount of trapped charges would 

result in an inflation of µ*C and could explain the high levels of drift observed in the pristine DPPTTT 

devices. The application of a low k dielectric such as PMMA and PS is commonly used to reduce the 

drift by lowering the number of charges held at the interface allowing quicker recovery times. 

Therefore, a reduction in drift may be expected in the PMMA-based devices. 

However, a relative increase in hydrophilicity of the deposited PMMA films relative to the highly 

hydrophobic DPPTTT was evidenced by water contact angle measurements in section 3.1. The 

increased hydrophilicity makes the PMMA layer more prone to water and salt ion absorption from 
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the PBS electrolyte solution, which may be a contributing factor the observed drift in the PMMA 

based devices. Additionally, the increased capacitive effect of the absorbed water into the dielectric 

film and the accumulation of mobile salt ions into the film may also contribute to the increasing 

mobility and currents observed in the PMMA-based devices annealed at 80 °C. 

Annealing the PMMA-based devices at 110 °C resulted in a significantly reduced drift in both Ion and 

µ*C as the variation in these parameters remained at around 0% change. In addition the relative 

variation in behaviour across the four devices is significantly more reproducible under the bias stress 

conditions compared to the other devices, as highlighted by the small standard deviations displayed. 

PMMA based polymers typically have a glass transition temperature (Tg) in the order of 100-

105°C,266,267 and annealing above the Tg of the insulator polymer has proven effective for improving 

performance in OSC-blended films.235 The induced molecular motions in the polymer act as a 

plasticiser at the OSC/PMMA-dielectric interface which can facilitate rearrangement and the 

formation of more ordered microstructures at the interface allowing improved charge transport 

behaviour and device operation.235 This is shown by the increased IDS and µ*C of the devices 

annealed at 110 °C. Annealing above the Tg also allows for better packing of the deposited film by 

reducing the free volume making it less permeable to water and ion penetration.268 The reduced free 

volume also makes the dielectric polymer less polarisable, where annealing at the Tg of PMMA has 

been demonstrated to reduce the dielectric constant.269 These factors may contribute towards the 

reduced drift observed in the devices annealed at a higher temperature, where annealing at even 

higher temperature could also be investigated to further optimise the process.  

As shown above, the PMMA-based devices annealed at 110°C have demonstrated reduced drift 

under bias stress conditions and are now well suited for further investigation. Re-investigation of the 

baseline assay experiments (in section 8.3.4) with the improved stability of these devices may 

provide the stable baseline required for effective biosensing. 
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9 Conclusions and future work 

9.1 Conclusions 

In this work the functionalisation of an EGOFET biosensors at both the OSC and gate interface where 

investigated. In order to functionalise the OSC interface dielectric copolymers, derived from PMMA 

containing pendant carboxylic acid side chains groups were synthesised for use in bilayer type 

devices by spin-coating onto OSC films. The labile carboxylic acid groups introduced to the surface of 

the device allowed for the immobilisation of HER2 antibodies by in-situ covalent attachment by 

EDC/NHS coupling. The functionalisation procedure was confirmed by fluorescent binding assay, 

AFM and water contact angle measurements. The AFM measurements and fluorescence binding 

assay indicate a high surface coverage of HER2 antibody deposited onto PMMA COOH films which 

retain their bioavailability in good agreement with that reported by others using similar polymer 

coatings for covalent immobilisation. 

The EGOFET devices initially produced by shadow mask evaporation typically displayed a relatively 

low Ion due to the low geometry factor of the design used during source and drain metal deposition. 

Device operation was improved by using photolithography defined interdigitated source and drain 

electrodes. The improved geometry factor resulted in ISD of µA to be achieved, with reduced 

hysteresis and an improved ratio of ISD to IG gave improved device performance. 

The choice of gate electrode material was shown to be an effective tool for VT tuning. The use of a 

Au gate electrode shifted the device operation into a more suitable regime and allowed effective 

DPPTTT/PMMA COOH operation with a low threshold and operating voltage. 

In addition, the use of an Au gate electrode was utilised to investigate the functionalisation of the 

gate electrode by the covalent attachment of the biorecognition element to the carboxylic acid 

groups of SAMs chemisorbed onto gold wire gate electrodes, two different SAM systems where 

investigated. In order to allow this, a device set-up was constructed to reliably hold the gate 

electrodes inside a measurement well that confines the gating medium used in the EGOFET over the 

channel. 

Gold gate electrodes functionalised with a BioSAM containing monoclonal HER2 antibodies was 

demonstrated proof of principle for the detection of HER2 ECD using an EGOFET biosensor. The 

∆𝐼/𝐼0 signal response gave a LoD for the HER2 ECD of approximately 1x10-18M. Biosensor selectivity 

was demonstrated through negligible device response to VEGF protein over the same range of 

concentration investigated for HER2 ECD.  
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The versatility of SAM based gate functionalisation was demonstrated by the proof of principle for 

the detection of THC with an EGOFET biosensor using a gate electrode functionalised using a Lipoic 

acid SAM attached to OBPs. The ∆𝐼/𝐼0 signal response gave a LoD for THC of approximately 1.6x10-14 

M. In addition, the sensor displayed a selective response to THC over the negative control 

cannabinoids CBN and CBD. Additionally, inspection of the relative variation in VT and µ*C in 

response to THC concentrations showed that the device was mainly operating as a capacitance 

modulated biosensor. 

The integration of the EGOFET devices within a flow cell demonstrated comparable device 

operation, enabled easy fluid handling and eliminated problems with water evaporation that 

hampered the utility of droplet-based devices. In parallel, a bespoke characterisation platform was 

also developed to allow a user-friendly time efficient and controlled set-up for performing the 

electrical characterisation, removing the need for a microprobe station. 

The use of PBTTT and DPPTTT as the active layer in the biosensor device was investigated by the 

analysis of both pristine semiconductor and bilayer devices. The PBTTT-based devices suffered from 

significant degradation in device performance upon prolonged exposure to aqueous solutions; this 

limited its utility for developing a stable biosensor. However, the superior environmental stability of 

the DPPTTT-based devices was highlighted by stable device performance after prolonged exposure 

to PBS solutions and under bias stress conditions.  

The impact of the developed functionalisation procedure on DPPTTT/PMMA COOH device 

performance was investigated by monitoring the change in device operation at various stages of the 

functionalisation procedure. Comparable performance was displayed throughout the procedure 

demonstrating greater environmental stability of DPPTTT. This is an improvement over the bilayer 

PBTTT-based device developed by Mulla and co-workers where a decrease in current and mobility 

was observed.97 Additionally it highlights the benefit of the PMMA-COOH spin-coating deposition 

process, that avoided the harmful exposure of the device to UV crosslinking procedure required to 

make water stable PAA films. 

A calibration curve was attempted for the functionalised flow cell use in the detection of HER2 ECD 

however the large variation in sensing response frustrated a meaningful analysis. A control baseline 

experiment was performed to replicate measuring several analyte concentrations during a 

biosensing assay experiment in order to investigate the noise in the calibration curve. However, bias 

stress induced drift in electrical performance was observed in DPPTTT/PMMA COOH devices, 

probably due to ion penetration from the PBS solution into the hydrophilic film. In order to create a 
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platform of optimal biosensing capability it is important to minimise any variation in device 

performance that is not associated with the analyte interaction, such as device stability and 

reproducibility. Increasing the final annealing temperature in device fabrication to above the Tg of 

PMMA resulted in the desired improved performance and reduced drift. The resulting platform is 

now better positioned for improved sensing performance and further development as a biosensor. 

9.2 Future work 

The ultimate objective is for a design with multiple microfluidic chambers each housing separately 

functionalised EGOFET devices. This would make it an ideal platform capable of multiplexed analysis 

of separate biomarkers in parallel and miniaturisation of a complex assay for use in POC setting. 

A comparison of the two approaches investigated in this thesis for the functionalisation of an 

EGOFET biosensor demonstrates that functionalisation of the gate electrode provides the easiest 

route to developing biosensor devices for the novel detection of analytes. The lack of stability in the 

bilayer type devices significantly hindered the devices application in sensing experiments. Following 

the improved stability to bias stress of the PMMA-based devices annealed at 110°C re-investigation 

of the baseline assay experiments with these devices may provide the stable baseline required for 

effective biosensing. 

Future work on the gate functionalised biosensors should focus on improving the reproducibility of 

the sensing response and could be achieved through the use of a flatter more homogenous gold gate 

electrode which would improve the quality of the underlying SAM and may also increase the overall 

sensing response. Additionally, the integration of the device into a flow cell would be of merit to 

improve fluid handling. The development of a multi-plex analyte detection system using an array of 

appropriately developed OBPs is a feasible option that would allow the detection of multiple 

analytes simultaneously. 

In addition to improvements in sensing performance the detection of the HER2 ECD from blood 

serum would be a desirable step in the further development of the biosensor. Operation in blood 

serum will also provide a comprehensive test of specificity, as well as the impact of salt 

concentration on device operation. For comparison, the BioSAM-based EGOFET sensor has recently 

demonstrated analyte detection in a complex matrix demonstrated by the detection of CRP in saliva. 

 

  



Page 237 
 

10 Appendix 

10.1 Tables 
Table 20 Calculated initiator half-life times for Vazo 67 using Equation 31.The reaction length is taken to be approximately 
three times half-life duration. 

Reaction Temperature °C t1/2 (mins) Aprox. Reaction Duration (hours) 

65 873 43.6 

80 100 5.0 

85 51 2.5 

log(𝑡1/2) = 7492 (
1

𝑇
) − 19.215 

Equation 31 Initiator half-life (t1/2) for Vazo™ 67 in 1,3,5-trimethylbenzene.270 

Table 21 Variation in reaction solvent and duration on polymerisation reaction 

Name Solvent 

Reaction 

Conc 

(mmol/ ml) 

Reaction 

temperature 

(◦C) 

Reaction 

duration 

(hrs) 

Mn 

(kDa) 

Mw 

(kDa) 

Ð 

(Mw/

Mn) 

Loading of 

COOH from 

NMR (%) 

Yield 

(%) 

A THF 1.50 65 4.0 34.6 68.1 2.0 10.0 16.5 

B THF 1.50 65 48.0 11.6 35.6 3.1 10.2 81.0 

C Toluene 1.50 85 3.0 16.5 38.0 2.3 13.1 53.5 

Table 22 Variation in reaction concentration on polymerisation reaction in toluene 

Name 
Reaction Conc 

(mmol/ml) 

Initiator 
concentration 

(mol. %) 

Reaction 
duration 

(hrs) 

Mn 
(kDa) 

Mw 
(kDa) 

Ð 
(Mw/Mn) 

Loading of 
COOH from 

NMR (%) 

Yield 
(%) 

A 2.72 0.43 4.5 23.0 47.3 2.1 10.3 73.4 

B 1.50 0.43 3.0 16.5 38.0 2.3 13.1 53.5 

C 0.68 0.43 3.0 10.7 21.7 2.0 13.7 43.8 

 

Table 23 Variation in initiator concentration and reaction length on polymerisation reaction in toluene 

Name 
Reaction Conc 

(mmol/ml) 

Initiator 

concentration 

Reaction 

duration (hrs) 

Mn 

(kDa) 

Mw 

(kDa) 

Ð 

(Mw/Mn) 

Loading of COOH 

from NMR (%) 

Yield 

(%) 

A 0.68 0.43 2.0 10.4 19.2 1.8 14.5 31.8 

B 0.68 0.43 3.0 10.7 21.7 2.0 13.7 43.8 

C 0.68 0.43 4.5 12.2 24.0 2.0 12.5 46.8 

D 0.68 0.2 3.0 15.6 30.4 2.0 14.4 36.3 

E 0.68 0.2 4.5 12.3 26.0 2.1 14.4 32.9 
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Table 24 Variation in initiator concentration on polymerisation reaction in dioxane 

Name 

Reaction 

Conc 

(mmol/ml) 

Initiator 

concentration 

(mol. %) 

Reaction 

duration (hrs) 
Mn (kDa) 

Mw 

(kDa) 

Ð 

(Mw/Mn) 

Loading of 

COOH from 

NMR (%) 

Yield 

(%) 

A 0.68 0.43 3 18.3 39.7 2.2 9.1 61.4 

B 0.70 0.1 3 46.1 80.4 1.7 9.6 39.7 

C 0.62 0.05 3 50.2 118.8 2.4 9.1 23.3 

 

Table 25 Repeatability of polymerisation reaction in dioxane 

Name Reaction 

Conc 

(mmol/ml) 

Initiator 

concentration 

(mol. %) 

Reaction 

duration 

(hrs) 

Mn 

(kDa) 

Mw (kDa) Ð 

(Mw/Mn) 

Loading of 

COOH from 

NMR (%) 

Yield 

(%) 

A 0.70 0.1 3 47.6 85.6 1.8 9.5 34.9 

B 0.70 0.1 3 47.4 82.6 1.7 9.6 34.2 

C 0.70 0.1 3 46.1 80.4 1.7 9.6 39.7 

 

 

 

Table 26 Control of loading of COOH containing monomer in polymerisation reaction in dioxane 

Name 

Theoretic

al Loading 

of COOH 

monomer 

(%) 

Reaction 

Conc. 

(mmol/ml) 

Initiator 

concentration 

(mol. %) 

Reaction 

duration 

(hrs) 

Mn 

(kDa) 

Mw 

(kDa) 

Ð 

(Mw/Mn) 

Loading 

of COOH 

by NMR 

(%) 

Yield 

(%) 

A 10 0.70 0.1 3 46.1 80.4 1.7 9.6 39.7 

B 5 0.70 0.1 3 49.4 87.0 1.8 4.6 34.2 

C 2 0.70 0.1 3 50.3 92.8 1.8 2.2 51.5 
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10.2 Figures 
 

3 4 5 6

0.0

0.5

1.0
N

o
rm

a
liz

e
d

 (
W

F
/d

L
o

g
M

)

Log Mw

 THF 4 hrs

 THF 48 hrs

 Toluene 3 hrs

 

Figure 113 GPC showing variation in reaction solvent and duration on Mw distribution 
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Figure 114 GPC showing effect in reaction concentration on Mw distribution from polymerisation reaction in toluene 
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Figure 115 GPC showing effect of initiator concentration and reaction duration on Mw distribution from polymerisation 
reaction in toluene 
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Figure 116 GPC showing effect of initiator concentration on Mw distribution from polymerisation reaction in dioxane 
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Figure 117 GPC showing repeatability of Mw distribution from polymerisation reaction in dioxane 
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Figure 118 GPC showing Mw distribution from polymerisation reaction in dioxane with different loadings of COOH 
containing monomer 

 

Figure 119. Cross section image of 3M™ Double Coated Membrane Switch Spacer (3M 7961MP). Features 0.05 mm 
adhesive layers, 0.18 mm PET carrier and 0.11 mm Polycoated Kraft Paper (Liner). This gives an applied thickness of ~280 
μm. 
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Figure 120 The set up used for flow cell measurements. A three-way stopcock tap is connected to two syringes containing 

the prepared fluids needed for the experiment. The syringes are mounted on to separate syringe pumps allowing the flow 

rate to be controlled. Only one syringe pump is used at a time. The fluid is introduced into the cell through by PTFE tubing 

connected to the stainless-steel inlet tube. The system dead volume (including the three-way stopcock and tubing) was 

~150 µl. 

 

Figure 121 Assembled measurement system inside a probe station and the contacts are connected to the electrical 
measurement system. 
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Figure 122 Gate leakage measured for the transfer I-V curves in Figure 72 (IDS vs. VG at VD=-0.4V) displaying the change in 
the device performance before and after the completion of the HER2 calibration curve for one device. The black (before) 
and red (after) curves show the measurement recorded with a bare Au gate, and the blue curve was recorded using the 
functionalised Biosam gate before the calibration curve measurements are taken. 
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Figure 123 EGOFET HER2 antibody BioSAM calibration curves of device current (∆𝐼/𝐼0) response vs ligand concentration 
covering the range 1 x 10-18 M to 1 x 10-8 M. The blue squares are the average responses for HER2 ECD as the ligand. The 
crosses represent the individual device responses. The green triangles are the responses to a blank assay performed under 
the same conditions with PBS solutions but no analyte.  
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10.3 Achievements 

List of achievements below in the following categories including conference presentations, 
posters, and attendance: 

G. Sunley Saez, M. Turner, M. Webb; (2017) Integrated Electrolyte Gated OFET and 
microfluidics for developing a biosensor platform [Presentation]; Sensors 2017 - Smart 
Chemical and Biological Sensing Technologies, 16 June. London: Royal Society of Chemistry. 

G. Sunley Saez, M. Turner, M. Webb; (2015) Developing a low cost point of care biosensor 
for breast cancer prognosis [Presentation]; Annual Manchester Breast Centre PhD Students 
and PostDocs Symposium, 10 July. Manchester: The University of Manchester. 

G. Sunley Saez; (2015) Developing a low cost point of care biosensor for breast cancer 
prognosis [Poster]; Institute of Human Development PGR Showcase, 16 June. Manchester: 
The University of Manchester.  

ProtoFab Course: Thin Film Fabrication and Patterning [Delegate]; 23 – 24 March 2018. 
Sedgefield: Centre for Process Innovation. 

Innovations in Large-Area Electronics (innoLAE) 2016 [Delegate]; 1-2 February 2016. 
Cambridge, UK: University of Cambridge. 
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