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Abstract 

 Escherichia coli O157:H7 is an enterohaemorrhagic bacteria which produces 

Shiga toxins 1 and 2; this strain is responsible for several outbreaks due to contaminated 

food and water. In order to prevent future outbreaks and maintain the public safe from 

infections, different microbiological techniques such as cell cultures and polymerase 

chain reaction (PCR) are routinely used pathogen detection. However, these techniques 

have some limitations, including the time required for analysis, requirements for 

sophisticated equipment, and the need for trained personnel. Alternatives that can 

contribute to the bacteria detection with faster response times and easy methodologies 

are highly desirable. 

 Biosensors are devices that can detect a biological analyte by sensing an 

interaction and transforming it into a measurable output signal. In order to discriminate 

between the target analyte and other elements found in a sample, high selectivity is 

required. In this work we propose using the bacteriophage (phage) PP01 as the 

bioreceptor for the detection of E. coli O157:H7, transducing this interaction by using an 

organic electrochemical transistor (OECT) as the sensing platform. 

In this work OECTs were fabricated using a commercial pre-patterned indium tin 

oxide (ITO) substrate onto which a poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS)-based active channel was deposited. Different formulations of 

PEDOT:PSS were explored to develop a stable layer that exhibited high conductivity and 

good device performance. The organic solvent 2-isopropanol (IPA) was added as 

conductive enhancement agent, and (3-glycidyloxypropyl)trimethoxysilane (GOPS) was 

added as a cross-linker to increase the stability of the ink in water.  
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Gold gate electrodes were prepared by physisorption and chemical immobilization 

of phages PP01 through the MUA/EDC/NHS coupling. The chemical coupling and the 

attachment of phages was characterized through XPS, and the antimicrobial activity was 

evaluated by exposing the modified samples to E.coli O157:H7 in liquid and solid phase 

media. As for the gate electrode, the performance of the transistor was evaluated by using 

(1) a bare gold wire, and (2) a chemically modified gold wire with immobilized PP01 

phages. 

Output and transfer curves demonstrated that the transistor works as a depletion 

mode OECTs, where the best performance was observed when using tryptic soy broth 

as the electrolyte solution rather than phosphate buffered saline (PBS), reaching an OFF 

state at VG= 1.0 V. For the measurement of different controls (media, target bacteria, non-

target bacteria, and phage), transfer properties were measured over a timeframe of 30-

60 min, showing that the transistor developed was stable through all measurements at 

room temperature. Using a gold wire with chemically-attached phage PP01 as the gate 

electrode, selective detection of E. coli O157:H7 (at a concentration of 108 CFU/mL in 

TSB medium) was demonstrated. This work aims to set the basis for a new generation of 

transistors in which phages are used as bioreceptors, and detect the presence of E. coli 

O157:H7 in liquid samples faster. This would provide a complementary test for the 

microbiological techniques widely used in water- and foodborne pathogen detection. 
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Chapter 1. Introduction 

1.1 Background and motivation 

 Safety is a non-negotiable priority to health, food, and the environment. Monitoring 

harmful species in systems such as livestock, food products, and drinking water is 

essential for preventing the spread of infectious disease. Several organizations, such as 

the United States Environmental Protection Agency (U.S. EPA) have established 

guidelines for testing and monitoring the presence of possible pathogens in both livestock 

and water. Pathogens, including some bacteria and viruses, are microorganisms able to 

infect humans and cause adverse reactions. According to the World Health Organization 

(WHO), contact with pathogens such as some strains of Escherichia coli and Salmonella 

through food and water ingestion causes approximately 2.2 million deaths per year 

around the world. One example is the well know E. coli O157:H71–3. 

E. coli O157:H7 is a relatively new strain of E. coli: it was firstly reported in the 

1980’s. This foodborne bacteria is of high concern since infections of the human body 

with this strain can cause renal failure and hemolysis. In 2006, the presence of E. coli 

O157:H7 in raw spinach led to an outbreak in the United States, affecting 199 people in 

26 states. Some patients were hospitalized due to kidney failure and three deaths were 

linked to the outbreak4–6. Impacted states and range of patients are shown schematically 

in Figure 1.1. In addition, contamination of drinking water with this bacteria has also been 

reported. In 2000, Canada experienced a very serious outbreak of E. coli in Walkerton, 

Ontario, caused by contaminated drinking water. Almost half of the town’s population got 

ill and seven deaths linked during this event 7. 
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Figure 1.1. US map of case count of citizens infected with E. coli O157:H7 in raw 

spinach outbreak in 2006.5 

 

 In the province of Alberta, the highest rates of gastrointestinal illness are reported 

in rural areas in the southern region. This is linked to elevated livestock density and 

agricultural activity such as irrigation, which can lead to microbial contamination of water 

sources8. Also, the low availability of regular testing supplies in 67% of the farms in this 

area contributes to uncertainty regarding water quality.8,9 

 To date, reliable methods for the evaluation of bacteria in liquid samples are 

available as microbiological methods such as polymerase chain reaction (PCR) and cell 

culture. However, sophisticated equipment, expensive supplies, and trained personnel 

are required to perform the experiments; an example of these methods is described in 

the Standard Analytical Protocol for Escherichia coli O157:H7 in Water issued by the U.S. 

EPA2. Bringing an affordable and easy-to-use device for would decrease the probability 

of an outbreak (and its consequences)10. Electrochemical devices hold great potential for 

such applications. 
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Organic electrochemical transistors (OECTs) are an emerging platform for 

biosensing applications. An OECT is a three-terminal device consisting of a gate 

electrode, a source electrode and a drain electrode. In normal operation, a voltage bias 

between the source and drain causes current to flow through a semiconducting layer. 

When a voltage is applied to the gate electrode, the current between the source and drain 

electrodes is modulated.11 An OECT can work in one of the two modes: depletion mode, 

consisting of transistor in which current normally flows until it is turned OFF by the gate 

voltage, and the accumulation mode, which works in the opposite way – devices that are 

normally OFF until they are triggered to turn ON by a gate voltage –12. They are easy to 

fabricate, have low operation voltage, and exhibit superior sensitivity in comparison to 

traditional electrochemical sensors. Recently they have been used to sense a variety of 

biomarkers, including cortisol, the stress hormone that is produced when an individual is 

under stress conditions13. In the work reported by Janardhanan et al. an OECT was 

fabricated by using indium tin oxide (ITO)-coated glass substrates, and two 

semiconducting layers: PEDOT:PSS as the underlayer and nanotubes made from a co-

polymer PEDOT(EDOT-COOH-co-EDOT-EG3) to which for anti-cortisol antibodies were 

attached13.  Figure 1.2 illustrates the different components of the transistor and the 

electrical characteristics of the device through the output and transfer curves.  
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Figure 1.2.a) Representation of OECT and its respective components for the detection 

of cortisol in sweat: the gate electrode using an Ag/AgCl wire, the source and drain 

electrodes patterned by using ITO-coated glass substrate, and the anti-cortisol antibody 

as bioreceptor; b) output and c) transfer curves describing the depletion-mode of the 

OECT. When a positive gate bias is applied, the drain current will decrease when the 

voltage increases, reaching a saturation region while sweeping the drain voltage 

towards negative voltage. For the transfer curves, the drain current decreases when 

exposed to cortisol antibody due to formation of an insulation layer over the thin film 

area where the antibodies are attached. PP1-P2 NT: poly(EDOT-COOH-co-EDOT-EG3) 

nanotubes13. 

 

a) 

b) c) 
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An important component of a biosensor is the bioreceptor, which is a biological 

element that is naturally sensitive to an specific target; examples of this are enzymes and 

antibodies14. However, these entities often have several disadvantages such as 

complications in maintaining the integrity of enzymes during immobilization and operation,  

and high cost and limited lifespan of antibodies.15 Bacteriophages (phages) – which are 

viruses with the property to attach and infect a specific bacterial strain16 – have been 

applied as bioreceptors in various bacteria sensing devices due to their robustness, high 

specificity for target cells, and easy and cost efficient production17,18.  

Because of their respective features, it is proposed to develop a new device 

combining OECT and phages for rapid and affordable pathogen detection, with the aim 

E. coli O157:H7 infections. 

 

 

1.2 Objectives 

 The overall objective of this project is to fabricate a depletion-mode OECT using 

PEDOT:PSS thin films, followed by the tailoring of the thin film dimensions, and the 

chemical modification of a gold wire electrode for subsequent characterization of this 

device under different conditions and media. The goal for this work is to develop basic 

OECT devices with potential applications in the detection of the pathogen E. coli O157:H7 

based on ionic changes due to interaction with PP01. A schematic depicting the design 

of this device is shown in Figure 1.3. It consists of a commercial, pre-patterned substrate, 

a reservoir to hold the sample made by PDMS, a thin film prepared by using PEDOT:PSS 

as the conducting layer (for the device channel), and a gold wire that will be used as the 
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gate electrode for this device. In order to achieve this objective, many technical 

challenges must be addressed. 

 

Figure 1.3. Representation of PEDOT:PSS-based OECT with phages chemically 

attached to the gold wire (i.e. the gate) for the recognition of E. coli O157:H7 in liquid 

samples. 

 

For this work, the objectives are listed below: 

a) To fabricate an OECT through spin-coating of a thin layer onto a pre-patterned ITO 

substrate; 

i.  To select and optimize the appropriate PEDOT:PSS-based ink for the 

deposition in the substrate; 

ii. To optimize the length and width of the PEDOT:PSS thin film in accordance 

with transistor performance; 

b) To characterize the thickness and resistivity of the PEDOT:PSS thin film that 

comprises the device channel; 
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c) To chemically attach the phage PP01 onto the gold wire to be used as the gate 

electrode in the device; 

d) To evaluate the performance of the transistor for output and transfer curves in 

different media; 

e) To evaluate the performance of the transistor in the selected aliquots, so as to 

identify suitable media for use in; 

i.  Media alone; 

ii. Media and E. coli O157:H7; 

f) To compare transistor performance in two different media, a non-nutrient medium 

and a nutrient medium; 

g) To corroborate the selectivity of phage PP01 as bio-recognition element in 

presence of targeted and non-targeted bacteria. 

 

1.3 Organization 

In Chapter 2, background literature will be presented to support the hypothesis as well 

as to provide a deeper description of each element that comprises this project. Both 

fundamental concepts as well as relevant previous works found in literature will be 

described. 

In Chapter 3, the materials and methods for the preparation of the transistor, the 

attachment of the phages to the gold wire surface, as well as selected characterization 

techniques and conditions for analyses will be described. 

In Chapter 4, the results will be discussed in three sections. 1) Device fabrication: the 

characterization of PEDOT:PSS-based inks and their performance as conducting layer in 
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OECTs will be described. 2) Phage-immobilization on the sensing electrode: the 

attachment of phages to gold surfaces will be characterized. This includes investigating 

the EDC/NHS chemistry used for linker formation, and determining the antimicrobial 

activity of chemically attached phage PP01 onto gold surfaces in both solid and liquid 

media. 3) Device performance: In the final section, the effect of the medium on the 

transistor performance will be explored. Proof-of-concept results showing the detection 

of bacteria will be presented. 
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Chapter 2. Literature Review 

2.1 Escherichia coli 

  E. coli is a Gram-negative bacteria first discovered by Theodor Esherich4. It is a 

member of the Enterobacteriaceae, and easily grows in warm environments (37 ºC). This 

bacterium can be pathogenic and non-pathogenic or commensal.  

Non-pathogenic E. coli is naturally found in the digestive tract, performing tasks 

which are beneficial to the health of warm-blooded organisms such as helping in digestion 

of different nutrients. Pathogenic E. coli compromises the health of its host by producing 

illness such as diarrhea4.  Water sources contaminated with E. coli are mainly produced 

when contaminated faecal matter gets in contact with water, implicitly representing poor 

or deficient sanitation, hence leading to a potential outbreak.19 

 In the literature, pathogenic E. coli are classified based on how they will react with 

the host organism and which symptoms are developed: (1) enteropathogenic (EPEC); (2) 

enteroaggregative (EaggEC); (3) enteroinvasive (EIEC); (4) enterotoxigenic (ETEC); (5) 

diffusely adherent (DEAC); and (6) enterohaemorrhagic (EHEC), which includes the 

serotype O157:H76. EHEC E. coli O157:H7 produces the toxins Shiga toxins 1 and 2 

(Stx1 and Stx2), causing diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome 

(HUS)6,20. 

 Usually, E. coli O157:H7 infections are related to foodborne-related outbreaks, 

such as drinking contaminated milk or raw food, rather than to consuming contaminated 

water. For foodborne cases, the US Centre for Disease Control and Prevention (CDC) 

reports that the time between the first infection and the report of an outbreak can take 

three to four weeks21. For E. coli bacteria, the symptoms typically appear 3-4 days after 
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the ingestion of contaminated meals. Subsequently, medical care, lab studies, and the 

involvement of public health authorities are required to formally declare an outbreak in a 

specific area21. In other words, the process is time consuming, risking the health of other 

individuals in the meantime. Due to this, it would be valuable to develop new approaches 

to find a new way to detect pathogenic E. coli O157:H7 in a faster and affordable way; 

namely through the design and engineering of biosensors 22. 

 

2.2 Biosensors 

 A biosensor is defined as “a device that uses specific biochemical reactions 

mediated by isolated enzymes, immunosystems, tissues, organelles or whole cells to 

detect chemical compounds usually by electrical, thermal or optical signals”23. Each 

device consists of three components utilized to detect the presence of the analyte or 

target element present in a sample: (1) a biological recognition element, responsible for 

the detection and interaction with the target; (2) a transducer, the component capable of 

generating a measurable output signal, which can be fluorescent, electrochemical, etc24; 

and (3) a signal processing unit. A schematic of components making a biosensor is 

depicted in Figure 2.1. There are several characteristics that are desirable in a biosensor, 

such as sensitivity and selectivity, where the first one consists of recognizing and 

generating a signal when the target is found at a low concentration, and the second one 

consists of discriminating the target from foreign species in a sample .25,26 
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 Figure 2.1. Components of a biosensor.26  

 

2.3 Bacteriophages as biological receptors 

 A bioreceptor is a biological entity or molecule that is attach to the biosensing 

platform, which ideally must be capable of discriminating and interacting with a specific 

target of interest amongst other substances found in a sample or aliquot. Different 

receptors can be used in the design of biosensors; for instance the enzyme Glucose 

Oxidase (GOx) is often utilized in the generation of glucose biosensors27. Enzymes are 

complex proteins that acts as natural catalyzers for specific substances, such as, in this 

example, GOx catalyzing or transforming glucose into a different product28. For bacterial 

detection, elements such as E. coli biotin-modified aptamer probes are often used29–31. In 

the work reported by Liang et al32, an aptamer, a short single-stranded oligonucleotide, 

was used to detect the strain O157:H7 based on its high affinity towards the proteins 

found on the E. coli surface. However, some biological moieties require a very specific 

environment to preserve their stability, and hence, their performance. In addition, it is 
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often expensive to produce purified biomolecules (such as aptamers). A more stable 

species has been found to be effective on its performance as biological recognition 

element and relative cost-effective processing: phages.33,34 

 A phage is a virus targeting bacteria. It often has a natural affinity to a specific 

strain or even a serotype of bacteria. Receptors located at the bacterial surface are 

uniquely identified by these phages35,36. Historically, bacteriophages weren’t recognized 

as viruses, rather this term was applied to pathogenic agents found putrefying organic 

matter, wound infection, and infectious diseases. However in 1915, Frederick W. Twort 

observed a “sporadic” disintegration of bacterial colonies, which he firstly referred as 

“glassy transformations”37. Two years later, Felix H. d’Herelle observed lysis of cultures 

of dysentery bacilli in both liquid and solid medium. In this publication on Comptes Rendus 

de l’ Academie des Sciences (Reports from the Academy of Sciences), he proposed that 

this event was caused by an invisible micro-organism that, in addition to killing the 

bacteria, may also explain recovery and immunity from infectious diseases35. Two 

decades later, in 1940, the concept “bacteriophage” was acknowledged as reference to 

a virus. 35,37 

With respect to the mechanism of infection: once the phage recognizes the host 

bacterial cell, viral nuclei acid in injected into the host, leading to two possible cycles: (1) 

lytic cycle; and (2) lysogenic cycle. In the first process, the production of new progeny or 

new phages is performed by the bacterial machinery. An infected cell can produce around 

up to hundreds or thousands of new phages37. Phage progeny is released through 

breaking the cell membrane enabling infection of more bacteria. The lysogenic cycle 

consists of the injection of the viral DNA to the host and its integration into the bacterial 
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genome. The phage genome is then replicated it during cell division. Phages that possess 

this ability to carry out a lysogenic cycle are called temperate phages, which under certain 

circumstances such as for survival mechanism when they cannot sustain a lytic infection, 

can remain as temperate until the risk is gone and phages shift to lytic cycle35,38. Both 

mechanisms are summarized in Figure 2.2.  

 

Figure 2.2. Schematic representation of lytic and lysogenic processes: 1) attachment 

and phage DNA infection; 2) viral DNA replication; 3a) synthesis of new phages; 3b) 

introduction of viral DNA into bacterial DNA; 4a) phage assembly and cell lysis; 4b) cell 

division process; 5) Formation of plasmids.37 

 

This cost-effective production of phages through the lytic cycle, their natural 

robustness to temperature conditions and affinity to a specific strain make phages 

suitable for biosensing as recognition elements 37,39  

  Phages can be found in different shapes and sizes, which is also important for the 

recognition of a particular bacteria40. In Figure 2.3, five different types of phage 
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morphologies are displayed. Phage PP01, the phage used in this work, closely resembles 

the T4 phage structure. 

 

Figure 2.3. Schematics of different morphologies for bacteriophage families.40 

 

2.3.1 Phage Immobilization 

 An important aspect of using phages for sensing purposes is to make sure that 

they are properly immobilized so the bacteria can be captured. For this, different 

approaches have been explored for both physisorption and chemical attachment 

methods. 

 Phages naturally possess surface charge that can be used to orient them in order 

to have the tail free for infection of the target. Using this natural property, Zhou et al. 

prepared an electrochemical biosensor where T2 phages were oriented through an 

induced field electric immobilization over positively charged polyethylenimine-

functionalized multiwall carbon nanotubes41. Another example of physisorption was 

studied by Bone et al. where silica particles functionalized with 3-(aminopropyl) 

triethoxysilane (APTES) were used for electrostatic attachment of phages. This 

functionalization conferred a positive charge to the silica particles, allowing the phage 

capsid to bind and leaving the phage tail fibers free for infection42. Unlike for the work of 
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Zhou et al., there was no induced electric field used to orientate the electrostatic 

interaction, rather the samples were incubated overnight in phosphate buffered saline 

(PBS) at 20 °C under shaking. 

 The second approach consists of chemical attachment of phages, where functional 

groups (carboxyl and amines) found on the surface of the phages are used for covalent 

bonding with a proposed linker. In this context, sugars such as cysteamine43 and L-

cysteine44 have been used to form self-assembled monolayer (SAM) on gold surfaces 

,since these sugars possess thiol functional groups (R-SH) that will bond with the metallic 

surface. For further efficiency of functional groups, glutaraldehyde was used as a cross-

linker in both works. Another path investigated was described by Gervais et al. where 

phage T4 was genetically modified to produce biotinylated capsid heads which were 

covalently attached to streptavidin previously deposited on pre-cleaned gold surfaces31. 

Another common linker for biological entities uses the 1-(3-dimethylaminopropyl)- 

ethylcarbodiimide hydrochloride / N-hydroxysuccinimide (EDC/NHS)) chemistry. This 

method is applied in this project. To perform this coupling and form a linker on gold 

surfaces, a SAM that contains a free carboxylic group must be introduced onto the surface 

in order to link with EDC. 11-mercaptoundecanoic acid (MUA) is commonly used for this 

since it contains a thiol group on one end that binds to gold45,46, and a carboxylic (–COOH) 

group on the other end of the molecule. Then, EDC reacts with the carboxyl group to form 

an active o-acylisourea intermediate that can subsequently react with NHS to form a 

semi-stable amide. This amide then undergoes bonding with the phages47. The 

description of this coupling is depicted in Figure 2.4. 
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Figure 2.4. Representation of MUA/EDC/NHS coupling. 

 

 

2.4 Transducers 

The third element of a biosensor is the transducer, which is in charge of translating 

a reaction from the sensing area into a measurable signal40. Transducers can generate 

different types of signals, including fluorescent, magnetic, or electrochemical signals. The 

latter has several advantages over other transducing methods: it leads to fast-responsive 

systems, and it can be integrated into miniaturized microdevices that can form the basis 

of user-friendly portable biosensors. One well-known example is portable glucose 

sensors, where screen-printed electrodes comprises the conventional 3-electrode 

electrochemical systems for detection of glucose48.  

In recent years, OECTs have been demonstrated as efficient sensing platforms 

based on their signal amplification for small changes in the ionic environment, low voltage 

of operation as well as its biocompatibility49,50. 
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2.5 Introduction to Organic Electronics 

 Organic electronics refers to modern electronics in which one (or more) of the 

components is a carbon-based material. The discovery of electrically conductive organic 

compounds, a partially conductive material obtained from anodic oxidation of aniline, was 

first reported in 1862 by Henry Letheby 51. More than one hundred years later, in the late 

1970s, Heeger, MacDiarmid, and Shirakawa discovered that polymer polyacetylene was 

highly conductive; these investigators were awarded the Nobel Prize in 2000 for this work. 

Since then, research in the field of organic electronics has increased due to several 

advantages that organic materials provide – including ease of tailoring and processing. 

These make them promising candidates for the replacement of conventional inorganic 

semiconductor, such as silicon, and some conducting materials to develop devices that 

are cost-effective with better mechanical flexibility devices. One area of specific interest 

is the study of organic thin-film transistors (OTFTs).52  

 

2.6 Organic Thin Film Transistors 

 OTFTs are platforms that offer several advantages from conventional systems, 

starting from their inherent signal amplification, resulting in a higher sensitivity and lower 

limit of detection (LOD). Because of these features, in addition to low cost for organic 

semiconductor processing and miniaturization, OTFTs are good candidates for use as 

chemical and biological sensing devices.53 

  In general, the design of an OTFT consists of a three-electrode circuit, including 

the source, drain, and gate electrodes, and a thin film of an organic semiconductor 

deposited between the source and the drain, working as an active channel; the purpose 
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of this channel is to allow the current flow between electrodes that will be modulated by 

the voltage applied to the gate electrode54. Current changes can be used for sensing 

purposes since when a interaction occurs (attachment, electrostatic interaction), the 

surface charge changes, causing a change in the current registered.55 

 According to their structure and working principle, OTFTs are divided in two main 

categories: organic field-effect transistors (OFETs) and organic electrochemical 

transistors (OECTs) (Figure 2.5)54. In an OFET, a solid film of an organic semiconductor 

is separated from the gate electrode by either an insulator layer or a dielectric layer 

working as a parallel plate capacitor. When applying OFETs as biosensors the substrate, 

gate, and dielectric layer are deposited, followed by the deposition of the source/drain 

electrodes on which the bioreceptor will subsequently be immobilized. Once this step is 

finished, the modified electrodes are in contact with the analyte for a determined amount 

of time. The last part consists of covering the electrodes by the semiconductor film to 

evaluate the current change due to this interaction; one example of such a device is 

reported by Yan et al.56 In OECTs, there is no dielectric layer separating the gate from 

the two other electrodes and the active layer. Rather, there is an electrolyte whose ions 

can penetrate the active channel and, thus, modulate its conductivity57. 
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Figure 2.5. Representation of a) organic field effect and b) organic electrochemical 

transistor. 

2.7 Organic Electrochemical Transistors 

 The first report on the fabrication of OECTs is attributed to Mark S. Wrighton in 

1984 in which he introduced a “chemically derivatized microelectrode array” to amplify a 

signal with a small charge applied to this system.58  

 As described above, OECTs are a type of OTFT whose design is considered as a 

special form of OFET, consisting in a three-electrode array (metallic gate, source, and 

drain). The gate electrode is separated from the design of the transistor but is in contact 

with an electrolyte contained in a well57. In contrast with typical OFETs, the electrolyte, 

which has a high volumetric capacitance, is a substitute for the dielectric layer. As well, 

an organic semiconductor with high carrier mobility is in direct contact with the pair of 

drain and source electrodes. When a gate bias or gate voltage (VG) is applied, ions 

migrate from the electrolyte and are injected in the semiconductor layer, causing either 

an increase or decrease of the conductivity of the active channel59. Depending on the 

nature of the organic semiconductor (including its structure), the doping type (whether it 

is p-type or n-type), the electron mobility, and the ion mobility, transistors may operate 

a) b) 
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either in accumulation mode or in depletion mode. When the transistor operates in 

accumulation mode, a negative gate bias is applied from the injection of anions, 

increasing the charge carrier mobility in the channel; whereas for the depletion mode, 

injected cations de-dope the semiconductor channel, decreasing the recorded current. 

Figure 2.6 shows the mechanism for both modes of operation and illustrates the variation 

in drain current (ID) that occurs as VG modulates the transport of the ions in the electrolyte. 

As a result of this mechanism, and the simultaneous transport of ionic and electronic 

charges, these devices present higher transdoconductance than OFETs, making them 

more suitable for biosensing since the range of operation is usually below 1 V60,61. Figure 

2.7 shows the energy diagram of an OECT, where the electric double layer (EDL) 

between the gate and the electrolyte, and the electrolyte with the semiconductor are 

represented as capacitors (C1 and C2) that influence the effective gate voltage applied 

in the system. In this work, we will focus on depletion-mode devices.54 
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Figure 2.6. Schematics of a) depletion-mode transistor, where ions injected from the 

electrolyte compensate the doping areas in the backbone of the semiconductor, leading 

to a decrease in the current of the transistor; and b) accumulation-mode transistor, 

where ions introduced from the electrolyte increase the conductivity of the transistor 57. 

 

Figure 2.7. Energy diagram and ionic circuit for an OECT. VG: gate voltage; EDL: 

electric double layer; C1, C2: capacitors one and two (gate-electrolyte and electrolyte-

thin film). 

a) b) 
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2.7.1 Organic semiconductors for OECTs 

 Organic semiconductors are key components of OECTs since the working 

principle relies on the characteristics of the semiconductor, which operates by de-doping 

or by accumulation mode62. An organic semiconductor is a carbon-based compound that 

has the ability to conduct electricity in the form of both holes and electrons, and exhibits 

an electronic band gap. This conductivity is attributed to conjugated π bonds that allow 

the delocalization of the charge carriers via molecular orbitals. Polymeric semiconductors 

also have enabled the fabrication of a new class of flexible devices, since polymers are 

not as rigid as the traditional semiconductor material, silicon. In specific, for the purpose 

of bioelectronics devices, several features must be considered; for instance, 

biocompatibility (to avoid damage or death of the biological entities when in contact), and 

long-term stability (to assure the efficiency of the developed devices without presenting 

any fluctuation while performing a specific measurement or analysis)63,64.  

 Conductive polymers are divided in two main categories: (1) extrinsically 

conducting polymers (ECP), which are made conductive through the addition of 

conductive materials, such as metallic particles, to a polymer matrix, and (2) intrinsically 

conducting polymers (ICP), whose structure confers them the ability to be naturally 

conductive, without adding any metallic additives65. Redox polymers are considered 

ICPs. One of the main advantages of ICPs is their ease of processing due their solubility 

and dispersion in different media (depending on their polarity)65. Some examples of these 

semiconductors are poly(3-hexylthiophene) (P3HT), poly(triarylamine), polyaniline, 

pentacene, and poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic acid) 

(PEDOT:PSS)54,63. Their structure is depicted in Figure 2.8. During the next section the 
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fundamentals, properties an applications of PEDOT:PSS will be further discussed, as it 

is used in this thesis.  

 

 

 

Figure 2.8. Chemical structure of a) poly(3-hexylthiophene) (P3HT); (b) 

poly(triarylamine); c) polyaniline (PANI); d) pentacene; and e) poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS). 
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2.7.2 Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS) 

 PEDOT:PSS is a conductive polymer that has been widely used for the generation 

of new organic electronic devices due to its advantageous characteristics: (1) good water 

stability and dispersibility, (2) biocompatibility, (3) tailorable conductivity, (4) stretchability, 

and (5) good film-forming properties66. The formation of this polymer starts with the 

polymerization of the ionomers PEDOT and the polyanion PSS. Due to its hydrophilic 

properties, PSS wraps the hydrophobic PEDOT chains making nanoparticles in water. A 

certain portion of deprotonated styrene sulfonate units are found near the PEDOT chain 

working as dopants, compensating the positive charge of the backbone PEDOT67,68.  

 When PEDOT:PSS is used as the organic semiconductor in an OECT, an applied 

gate voltage leads to ions from the electrolyte being injected into the film, changing its 

doping state, which results in a modulation of the current. This provides PEDOT:PSS with 

a ionic-to-electronic current transduction property57. Since this phenomenon does not 

require high voltages to perform the de-dedoping process, PEDOT:PSS-based devices 

have great potential for biological applications57,69.  

Different commercial formulations of PEDOT:PSS can be found depending on the 

needs of the device, such as PH1000, designed for applications where a high optical 

transparency and high conductivity is needed, as well as HTL Solar, a mixture applied for 

matching interfacial energy level in electronic devices such as organic photovoltaic cells70. 

 At the time of writing, there were no reports of merging phages and PEDOT:PSS-

based OECTs for the fabrication of biosensors. Relevant works for both elements will be 

reviewed in the next sections. 
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2.8 Bacteriophages as biological recognition elements in electrochemical systems 

 As mentioned in section 2.3, phages can be used as recognition elements in 

bacterial sensing. For the recognition of the bacteria E. coli, different phages, specific to 

different strains of the bacteria, have been explored. For instance, El-Moghazy et al. used 

phages as the recognition element in an electrochemical biosensor for E. coli BL2171. In 

their work, they modified the genome of phage T7 to induce the expression of alkaline 

phosphatase (ALP) during the infection process. The reaction of ALP with the substrate 

1- naphtyl phosphate generates the electroactive compound 1-naphthol by 

desphosphorylation. This compound, when in contact with a single-walled carbon 

nanotube-modified screen-printed electrode (SWCNT-SPE), is oxidized which generates 

an electrical response measurable through differential pulse voltammetry (DPV). During 

the evaluation of the sensor, different parameters were analyzed for optimal conditions: 

phage concentration, nanotube concentration, substrate concentration, and the response 

time for measuring low concentrations. For example, when assessing a cell contamination 

of 1 colony forming units (CFU)/mL, the authors performed a pre-incubation step to 

increase the quantity of bacteria present before assessing the sample in the presence of 

a fixed titer of phages, demonstrating that the overall time for processing and measuring 

the sample was less than nine hours, a shorter time than conventional methods. As well, 

results showed that increasing the amount of both phages and the non-electroactive 1-

naphthol did not translate to better performance. In the case of the phage, the current 

obtained could be compromised because of the competition between phage infection and 

expression of ALP. For the case of 1-naphthol, at concentrations above 2 mM, the current 

reaches a plateau region for enzymatic activity. From DPV curves (Figure 2.9), a linear 
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trend was found correlating the logarithmic concentration of the electroactive compound 

with potential, making it possible to apply this device in spinach leaves previously 

inoculated with the bacteria tested71. 

 

 

Figure 2.9. a) DPV response of phage-based electrochemical sensor in presence of 

different bacterial concentration; and b) calibration curve taken from current peaks from 

electrochemical evaluations for each concentration of E. coli 71. 

 

 In another electrochemical setup, a capacitance-based biosensor was reported by 

Ashianik et al 72. Their device used biotinylated phage T4 immobilized on a glassy carbon 

electrode (GCE) that was chemically-modified with streptavidin/polyaniline. The 

conductivity of three different cases was evaluated through cyclic voltammetry (CV) it was 

evaluated: bare GCE, chemically immobilized electrode, and biotinylated phage T4 

immobilized on the gold electrode. Results showed that the presence of oriented phage 

T4 on the electrode surface produced a reduction of the current and corresponding peaks 

on the voltammogram using K3[Fe(CN6)] in PBS as probe solution. This showed the 

phages essentially acting as an insulator in comparison with polyaniline/glassy carbon 
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electrode (PANI/GCE), where PANI is well known for its electroactive characteristics, 

improving the electron transfer when present in an electrochemical system. To evaluate 

the selectivity of the biosensor, the device was exposed to different bacteria and the 

output signal was measured through changes in capacitance. During the test, it was 

demonstrated that the biggest difference in capacitance corresponded to the presence of 

E. coli compared to non-targeting bacteria (Figure 2.10)72.  This demonstrates the 

capacity of the phage used to selectively interact with this E. coli strain amongst bacteria 

of other genera. 

Phage T2 were also used as bioreceptors on glassy carbon electrodes (GCE) for 

the sensing of E. coli B, as reported by Zhou et al41.  In this sensor, the negative charge 

of the phage capsid aligned the phage towards the positively charged GCE surface 

previously modified with multiwall carbon nanotubes (MWCNTs) functionalized with 

polyethylenimine (PEI). The effectiveness of the immobilization method and the decrease 

of the Nyquist arc when the concentration of E. coli B increases, which is related to the 

charge transfer resistance, were demonstrated through electrochemical impedance 

spectroscopy (EIS). This behavior was attributed to the incubation time of the electrode 

with E. coli B. The longer the incubation, the more bacteria were infected. During the 

infection, progeny phages were released in the medium, causing the bacteria to release 

intracellular material upon lysis, increasing the ionic concentration in the suspension. This 

resulted in decreasing the arc or charge transfer resistance of the electrode.41 
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Figure 2.10. Capacitance difference response on selectivity tests for different bacteria: 

1) Staphylococcus aureus; 2) Kebsiellapneumoniae; 3) Shigelladysenteriae; 4) Vibrio 

cholera; 5) Salmonella typhiand; and 6) E. coli.72 

 

2.9 PEDOT-PSS based OECTs as sensing platforms for E. coli sensing 

 In literature, there are a variety of examples demonstrating the use of OECTs as 

biosensors. Some examples of these are glucose sensors73 and sensors for different 

cells, such as epithelial cancer cells55. However, few studies report their use for the 

evaluation of the bacteria of interest, E. coli. 

 An inkjet-printed OECT using antibodies to sense E. coli was reported by Demuru 

et al.74 In their work, a planar and flexible device was fabricated by using biocompatible 

materials, such as gold, for the gate, drain, and source electrodes, and PEDOT:PSS for 

the active channel (Figure 2.11). Functionalization of the surface with antibodies was 

performed through silanization of the gold gate. The medium standard nutrient broth (NB) 

was used as electrolyte solution, serving as both medium and for evaluation of the 

bacteria attachment. E. coli detection involved incubation for 2 h before measurements. 
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Cyclic voltammetry was used to characterize the electro-transfer resistance effect of both 

gate-antibody and gate-antibody-bacteria functionalization, proving the presence of both 

biological entities. As for evaluation of the OECT, the authors proposed that the antibody-

bacteria interactions modified the electric double layer of the gate-electrolyte interface 

(Figure 2.11), which decreased the voltage drop caused by the EDL of this interface and 

increased the potential applied to the active channel, hence, decreasing the drain current 

of this channel. This means the presence (and concentration) of bacteria is related to the 

reduction of drain current for the transfer curves in comparison with measurements in 

medium alone74. 

 

 

Figure 2.11. Image of a single inkjet-printed OECT74. © [2019] 

 

 For the evaluation of E. coli O157:H7, He et al. fabricated a PEDOT:PSS OECT 

using anti-E. coli antibodies that were attached to a chemically-treated PEDOT:PSS 

active layer75. In their work the devices were tested at different concentrations of the 

electrolyte (KCl in water) to study their effect on the curves during experiments. As well, 
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this study discussed the influence of the electrical properties of E. coli O157:H7 on the 

performance of the transistor.75 

The authors studied the influence of selected concentrations of KCl at VG = 0.4 V 

and VD = -0.1 V applied on the transistor. The behavior of the transfer curves for each 

concentration was attributed to two main factors: the ionic strength of the solution and the 

calculated electric double layer (EDL) for each concentration of KCl.  At lower 

concentrations, the ionic strength allowed the bacteria to have more negative charges on 

the surface; in addition, the thickness of the EDL was expected to be higher than the 

length of the antibodies attached, causing a higher gate voltage shift on the transfer 

curves in efforts to compensate the negative charge of the bacteria. On the other hand, 

at higher concentrations, calculations showed that there was no shift in voltage. This 

behavior, according to the authors, was attributed to both the increased ionic strength of 

the medium and the smaller EDL, which may screen the negative charge of the bacteria, 

making a weak interaction with the PEDOT:PSS active layer; hence, no significant shift 

in transfer curves. The device and relative shift changes of the gate voltage are depicted 

in Figure 2.12.75 
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Figure 2.12. a) Schematic of OECT with anti-E.coli O157:H7 antibodies attached to pre-

treated PEDOT:PSS active layer; b) calculated gate voltage shift in transfer curves for 

each KCl concentration.75 
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3. Experimental Procedures 

3.1 Preparation of Organic Electrochemical Transistor 

As mentioned before, the first challenge consisted of the preparation of a 

depletion-mode transistor by using PEDOT:PSS as the proposed semiconductor. The 

first step in the fabrication process was to manufacture the transistor, including 

interdigitated electrodes, and the PEDOT:PSS channel. For the preparation of the 

transistor, a pre-patterned interdigitated ITO substrate was purchased from Ossila® UK 

(Product code S161) with five pairs of source-drain electrodes; each pair contains three 

fingers with channel length of 50 µm and width of 30 mm and an overall glass substrate 

size of 20 mm x 15 mm76. A picture of the substrate is shown in Figure 3.1. Before the 

deposition of the thin layer, the substrate was cleaned by sonication, first in a diluted 

solution of Sparkleen® powder soap in deionized (DI) water for 20 min, then in DI water 

for 20 min, and then in acetone and isopropanol for 10 min each. After this, the substrate 

was dried under a nitrogen flow and the surface was further cleaned by using a Jetlight 

UV-O cleaner with a 190-nm lamp for UV-Ozone cleaning for 15 min. 

 

 

Figure 3.1. Picture of ITO Glass substrate from Ossila® UK.76 
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 The first ink evaluated in this project was pristine PEDOT:PSS suspension 

(483095, Sigma-Aldrich), which was previously sonicated for 30 min and spin-coated at 

different velocities (from 1500 to 4000 rpm) with a selected acceleration of 500 rpm/s2 for 

40 s and baked at 120 ºC on a hotplate. Consecutively, a pristine PEDOT:PSS PH1000 

suspension (M122, Ossila©) was tested using the same range of spin rates but increasing 

the acceleration to 1500 rpm/s2. Baking of this ink was done in a vacuum oven, performing 

alternate cycles of vacuum and nitrogen atmosphere three times at different temperatures 

depending on the ink studied. 

 The third mixture evaluated consisted of PEDOT:PSS PH1000, 5 (v/v)% glycerol 

(G9012, Sigma-Aldrich), 1(v/v)% (3 glycidyloxypropyl)-trimethoxysilane (GOPS, 440167, 

Sigma-Aldrich), and 0.5 (v/v)% 4-dodecylbenzenesulfonic acid (DBSA, 44198, Sigma-

Aldrich). The thin films were prepared by spin coating at different velocities, increasing 

the acceleration to 1500 rpm/s2 for 40 s. Ink baking was done by purging the vacuum 

oven three times with alternate vacuum and nitrogen atmosphere cycles and curing the 

samples at 140 ºC for 1 h. 

 For the final mixture and active channel deposition, a PEDOT:PSS ink was 

prepared from PH1000, a commercial emulsion consisting of PEDOT:PSS in water. 

PH1000 was mixed with isopropanol (99%) (A451-1, FischerSci) at a 1:1 volume ratio, 

followed by rigorous stirring at room temperature using a magnetic hotplate for 24 h. 

Typically, 0.99 ml of PEDOT:PSS emulsion was added to 0.99 ml of isopropanol. 

Subsequently, (3 glycidyloxypropyl)-trimethoxysilane (440167, Sigma-Aldrich) was added 

in a 2 (v/v)% proportion and the final mixture was then further mixed with a vortexer for 

60 s to integrate this reagent to the final ink. The mixture was spin-coated onto the freshly 
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cleaned substrates at 3000 rpm for 30 s at an acceleration of 1500 rpm/s2 using a Laurell 

WS-650SZ. The curing was performed under nitrogen atmosphere as aforementioned at 

140 ºC for 1 h. 

The channel dimensions were then defined by using a Q-tip and toothpicks by 

gently immersing them in DI water, carefully removing excess PEDOT:PSS, with the 

exception of the desired area as depicted in Figure 3.2. 

 

Figure 3.2. Procedure for removing excess ink from active channel deposition. The Q-tip 

was gently immersed in DI water and then swabbed over the substrate. Excess ink was 

removed starting from the edges of the substrate until reaching a smaller area as shown 

in step 2 of the figure. From this and until defining the active channel, the tip of a 

toothpick was gently immersed in DI and used to carefully further remove excess until 

the desired dimensions were reached. 

 

3.2 Thin-layer characterization 

 To characterize the physical properties of the spin-coated PEDOT:PSS inks, 

representative samples of the mixture were deposited on glass substrates. The thickness 

was measured through step height of the thin film edges using an Alpha-Step Profilometer 

with a scan speed of 100 µm/s and a sampling rate of 50 Hz. For the evaluation of 

resistance and resistivity, a Four-Point Probe Lucus Pro4 4000 with a Keithley 2601A 
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sourcemeter was used. The software was set up to measure five points on a square wafer 

with size of 80 and edge exclusion of 8.  

 

3.3 Bacteria and phage preparation 

 For bacterial overnight culture and phage amplification, Bacto tryptic soy broth 

(TSB) (DF0370-17-3, BD) was used as the culture broth at a concentration of 30 g/L. 

Tryptic Soy Agar (TSA) plates were prepared for cell counting and phage titration. TSB 

at a concentration of 30 g/L was mixed with Bacto Agar (214010, BD) at a concentration 

of 15 g/L to make TSA. The same process was used to prepare TSB soft agar but with 

Bacto Agar was added at a concentration of 6 g/L. For all these preparations, Milli-Q water 

was used and all glassware was sterilized by autoclave at the same time as the broth and 

agar using a liquid cycle (121 °C, 20 psig) for 20 min. 

For the TSA plates, a laminar flow hood was used to prevent contaminations. 20 

mL of recently sterilized TSA was poured in sterile 100 mm x 15 mm polystyrene Petri 

dishes with clear lid (Fisher Scientific) by using a sterile serological 50-mL pipette. The 

plates were left to air dry until the agar was solidified and then stored at room temperature, 

piling them with the lid facing down to prevent condensation on the agar, and covering 

them with aluminum foil to prevent light degradation. Process for TSA plates preparation 

is shown in Figure 3.3. 
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Figure 3.3. Representation of TSA plates preparation. 

 

3.3.1 Bacteria streaking 

 For the preparation of separated colonies of E. coli O157:H7, the streaking plate 

method was applied (Figure 3.4), using a frozen stock of the pathogen in a ratio of 3:1 

with 60% glycerol stored in a 2.0-mL cryogenic vial (typically a stock is prepared using 

0.75 mL overnight bacterial culture and 0.25 mL of 60% glycerol (BP229-1, Fisher) and 

stored at -80 °C). The cryogenic tube was taken out and placed on ice to prevent rapid 

melting of the stock. A small quantity of the bacterial stock was taken with a sterilized 

metallic loop and spread in the first quadrant of a TSA plate (black lines in Figure 3.4). To 

further spread the bacteria to isolate colonies, a small amount of the inoculum was taken 

and streaked with the sterilized metallic loop (blue lines in Figure 3.4). This step was 

repeated one more time (green lines in Figure 3.4). Once the streaking was completed, 

the plate was taken to incubation at 37 °C for overnight growth of the colonies. 
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Figure 3.4. Graphical representation of streaking plate method. 

 

3.3.2 Phage PP01 amplification 

 To obtain a stock of phage PP01, a bacterial culture of E. coli O157:H7 was 

prepared by inoculating one colony from the streaking method mentioned above in 10 mL 

of TSB, followed by overnight incubation at an orbital speed of 250 rpm and 37 ºC. From 

this culture, 0.5 mL were inoculated in a 9.5 mL of TSB, and the mixture was incubated 

for 1-1.5 h at 170 rpm speed and 37 ºC temperature until an optical density at a 

wavelength of 600 nm (OD600nm) of 0.45-0.55 was reached. To perform the phage initial 

infection, 1 mL of the host mid-log culture, 0.1 mL of a previously prepared stock of phage 

PP01 was serially diluted to a titer of 105 plaque forming units (PFU)/mL, and 0.5 mL of 

mTSB (TSB with 10 mM MgSO4·7H2O) were incubated for 15 min at 170 rpm at 37 ºC. 

After this, the total volume was transferred to 18.4 mL of mTSB, and amplification was 

allowed to proceed for 5 h at 190 rpm and 37 ºC. During this process, it is expected that 

the OD600nm value continues increasing until a maximum point where phage infection and 

its proliferation outcompetes the bacterial growth, resulting in a decrease of the value of 
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absorbance. The culture was then centrifuged at 6000 x g for 10 min at a temperature of 

4 ºC to separate cell debris from the phages, and then filtered using a 0.2-µm SFCA filter 

(C431219, Fisher-Corning™).   

 

3.3.3 Phage titration method 

Phage titration on soft agar was performed to assess the phage titer of stocks and 

samples. For this method, 10-fold dilution series from the phage stock or sample were 

prepared, by combining 0.9 mL TSB broth and 0.1 mL of corresponding phage dilution. 

Subsequently, 4 mL of TSB Soft Agar was inoculated with 0.1 mL overnight bacterial 

culture and added to the TSA plate. Immediately after, 0.01 mL of each serial dilution was 

applied on the agar to make a spot. Once the spots were dried, the plate was incubated 

overnight. The day after, 10-100 plaques were counted from the last dilution where these 

plaques were well defined and the titer was determined. For instance, if 20 plaques were 

counted in the serial dilution of 108 spot that means the titer is 2x109 PFU/mL. A schematic 

is shown in Figure 3.5. 

The formula for phage titer is (plaque count)*(dilution factor)/volume = titer in 

PFU/mL. 
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Figure 3.5. Schematic for plaque assay; the serial dilution with at least 10 well-defined 

phage plaques is the one that is used for counting. In this figure, for serial dilution 8 

(number marked at the bottom right of the block) shows 20 plaques for counting. 

 

 

3.3.4 Deposition of phage PP01 onto gold surface through the MUA-EDC-NHS method 

 For XPS and antimicrobial activity analyses, representative samples of gold-

coated silicon wafers used as gold substrates for the phage deposition through the 

EDC/NHS chemistry77. Gold surfaces were firstly cleaned by sonication with acetone, 

isopropanol, and ethanol for 5 min, respectively. After this, the cleaned substrates were 

transferred to sterile polystyrene culture test tubes for 24 h of incubation in 1 mL 10 mM 

11- mercaptoundecanoic acid (MUA) (450561, Sigma-Aldrich) in ethanol to form the first 

part of the self-assembling monolayer (SAM) under room temperature conditions. 

Subsequently, the substrates were washed two times with ethanol and DI water and 
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transferred to sterile microcentrifuge tubes for a 30-min incubation in 0.1 M 1-Ethyl-3-[3-

dimethylaminopropyl] carbodiimide hydrochloride (EDC, 22980, FisherSci) followed by a 

second 30-minu incubation with N-hydroxysuccinimide (NHS, 130672, Sigma-Aldrich). 

Three different concentrations of NHS were tested (0.05, 0.1, and 0.4 M). Both EDC and 

NHS solutions were prepared in 2-(N-morpholino)ethanesulfonic acid (MES, BP300-100, 

FisherSci) buffer at  pH 5.5, reached by addition of 10 M NaOH. Once this step was 

finished, the SAM was fully formed (or MUA-EDC-NHS linker). The next step was the 

incubation of phages for chemical attachment on the gold surface. The substrates were 

then washed again by pipetting two times with sterile Milli-Q water and incubated in 0.5 

mL of PP01 stock at a titer of 109 PFU/mL for overnight phage attachment at 4 °C. The 

next day, the wafers were taken out of incubation with sterile tweezers and washed twelve 

times by pipetting with sterile 0.02 M PBS and stored in this solution for tests. Before each 

testing, 12 more washing steps were perform to remove unbound phages. 

 

3.3.5 Preparation of Lactobacillus plantarum samples 

 To corroborate the performance of the transistor, tests were performed with the 

non-targeting Lactobacillus plantarum. A colony was collected with a sterile loop and 

cultured overnight in 10 mL of Lactobacillus MRS broth (LMRS, Fisher) at 150 rpm and 

30 °C in an orbital incubator. To obtain a concentration of 108 CFU/mL, 0.1 mL was taken 

from the overnight culture and incubated in 10 mL of LMRS for orbital shaking at 150 rpm 

with a temperature of 30 °C until an OD600 in the range of 0.4-0.5 was obtained. Once this 

absorbance value was reached, bacteria were centrifuged twice at 6000 x g at 4 °C for a 

period of 10 min to remove the LMRS broth and replace it for the medium to be evaluated. 
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3.4 X-ray photoelectron spectroscopy  

 To assess the SAM formation, X-ray photoelectron spectroscopy (XPS) was 

performed using the PHI 5000 Versa Probe III (U of A Nanofab) with monochromatized 

Al Kα line, with an X-ray probing size of 200 µm and power of 50 W. The sprectrometer 

was previously calibrated at a binding energy of 84 eV of Auf7/2 with reference to Fermi 

level. The pressure of the chamber during analysis was lower than 5x10-8 Pa. For the 

survey scan, the pass energy applied was 280 eV, and for the high resolution, the energy 

applied was 55 eV. 

 For the processing of the spectra, the CasaXPS software was used with a baseline 

type Shirley or linear, depending on the nature of the peak and the surrounding noise. All 

graphs and atomic percentages correspond to data taken from high resolution spectra for 

each element evaluated in the characterization. As well, all spectra were calibrated by 

compensating the difference between the peak for Au4f7 of each sample with the  

standard binding energy for metallic gold at 84 eV78. 

 

3.5 OECT evaluation 

3.5.1 Characterization of OECT and conditions 

 To characterize and evaluate the performance of the PEDOT:PSS-based OECT, 

the sourcemeter units (SMU) Keithley 2400 and Keithley 2401 controlled by the software 

Kickstart v 2.6.0 (©Keithley Instruments, LLC) were used. An uninsulated 99.95% gold 

wire with a 1.0-mm diameter was used as the gate (Product AU00-WR-000171, 

GoodFellow, Cambridge). To minimize noise during measurements, SMUs were joined 

through a cable at the backside of the units where the ground is located. The drain and 
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the source are found on the pre-patterned substrate, made from indium tin oxide (ITO). 

For these experiments, all electrodes were connected through alligator clips, and the gate 

electrode was supported by using a laboratory stand support as shown in Figure 3.6. 

 

 

 

 

Figure 3.6. Setup for OECT evaluation: a) diagram shows the connections from the 

sourcemeter units to the transistors and b) picture shows alligator clips and gate 

electrode positions for evaluations. 

a) 

b) 
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To delimit the area of the liquid samples, a PDMS well was prepared by using 

Sylgard-184 Silicone Elastomer base and curing agent (Sylgard-184, Dow Corning) in a 

proportion of 10:1, removing the bubbles through vacuum and pouring it in a compartment 

of a Petri dish with four compartments and letting it cure for 48 h at room temperature. 

Once the PDMS was cured a portion of the polymer was taken with an X-acto knife and 

a hole was cut to make a well that covers the active area without fully covering the source 

and drain electrodes. This procedure is depicted in Figure 3.7. 

 

Figure 3.7. Illustration of procedure for the preparation of PDMS well. 

 

Phosphate buffered saline (PBS) and tryptic soy broth (TSB) were used as media. 

For PBS, tablets were diluted in 200 mL DI to yield a solution of 0.01 M phosphate buffer, 

0.0027 M potassium chloride and 0.137 M sodium chloride; for TSB, a solution at 30 g/L 

was prepared and sterilized. Each liter contains 17 g/L casein peptone (pancreatic), 2.5 

g/L dipotassium hydrogen phosphate, 2.5 g/L glucose, 5 g/L sodium chloride, and 3 g/L 

soya peptone (papain digest). 

To measure the output curves, a sweep voltage from -0.5 to 0.5 V with a step rate 

of 50 mV was applied between the drain and the source, while applying a gate bias that 
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goes from 0 to 1 V in increments of 0.1 V. For transfer curves, the sweep was applied 

from 0 to 1 V with a step rate of 50 mV between gate and source electrodes, as well as 

drain bias from 0 to -1 V with decrements of -0.1 V. All tests were performed with an 

integration rate of 10 for measurements to decrease the noise effect of the lab-made 

setup. 

 

3.5.2 Application of OECT for E. coli O157:H7 detection 

 To evaluate the performance of the OECT in contact with bacteria, different tests 

were performed. For this purpose, different controls were evaluated: (1) media, (2) media 

+ PP01, (3) media + E. coli O157:H7, (4) media + L. plantarum. As well, experiments with 

phage PP01 attached to the gold gate electrode were performed, evaluating its 

performance in (1) media, (2) media + E. coli O157:H7 (4) media + L. plantarum. Most of 

the experiments were performed at room temperature without agitation, and the 

measurements were made every ten minutes with a gate sweep from 0 to 1 V, using a 

step rate of 50 mV and a constant drain bias of -0.5 V. The overall volume evaluated 

during each experiment was 0.5 mL. 

 Regarding to bacteria preparation, overnight cultures were prepared as described 

in section 3.3.2 for E. coli O157:H7, followed by preparing serial dilutions until achieving 

a final concentration of 108 CFU/mL (it is known through growth curves that an overnight 

culture can reach a maximum concentration of approximately 109 CFU/mL)79. The dilution 

was then centrifuged and suspended in the desired medium two times at 6000 x g for 10 

min each. For L. plantarum, the procedure is described in section 3.3.5. For the gate 

electrode, chemical attachment was performed using the methodology described in 
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section 3.3.4 selecting a concentration of 0.1 M NHS for OECT tests. As well, 

bacteriophages were taken from the lysate prepared (PP01 109 PFU/mL) as described in 

section 3.3.2 with no more than a month from preparation, centrifuged at 21,000 x g for 3 

h and resuspended in the desired medium two times. 
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4. Results and Discussion 

In this chapter, results related to three different technical challenges will be 

addressed: (1) the characterization of the PEDOT:PSS thin layer and its performance in 

PBS as non-nutrient medium, (2) the characterization of chemical attachment of phage 

PP01 onto gold surfaces, and (3) the impact of the modified gold wire on the performance 

of the OECT with the proposed controls mentioned in the objectives, as well as the 

comparison with TSB as nutrient medium. 

 

4.1 Characterization of PEDOT:PSS-based transistors: film thickness, conductivity and 

performance 

 The first goal of this project was to find the most suitable PEDOT:PSS-based ink 

to be deposited on the substrate and be applied for the OECT fabrication. In the device, 

the PEDOT:PSS acts as the active channel where charge carriers navigate from the drain 

to the source electrode when a potential is applied. It is important that PEDOT:PSS has 

high conductivity, presents the expected operation mode, and remains stable through the 

measurements in aqueous conditions. In search of the suitable ink for this project, several 

mixtures were prepared and characterized. The results are discussed based on the 

suitability of the inks based on conductivity, and output and transfer curves of transistors 

fabricated in this study. To characterize conductivity, representative thin film samples 

were deposited onto glass surfaces that went through the same cleaning process as the 

substrate. 

 The first ink evaluated was pristine PEDOT:PSS suspension (483905, Sigma 

Aldrich), which was spin-coated from 1500 to 4000 rpm at an acceleration of 500 rpm/s2. 

Four-point probe analysis was used to determine that the conductivity varies from 0.42 to 
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7.2 mS/cm (Table 4.1). There was no clear trend relating conductivity to thickness in these 

experiments. By solely using this PEDOT:PSS suspension, conductivity values were 

substantially lower than  values for PEDOT:PSS thin films found in literature, which varies 

from 0.3 to 1000 S/cm80.  

 

Table 4.1. Characteristics of first set of experiments with pristine PEDOT:PSS.  

Substrate Spin rate 

(rpm) 

Average 

thickness  

(nm) 

Average 

resistivity  

(ohm-cm) 

Average 

conductivity 

(S/cm) 

1 1500 204.5 138.87 0.0072 

2 2000 192 186.89 0.0053 

3 2500 160.3 458.72 0.0022 

4 3000 92.3 229.66 0.0043 

5 3500 84.3 347.07 0.0029 

6 4000 84.75 23953.22 0.000042 

 

To improve the conductivity of the films, a commercial PEDOT:PSS formulation, 

PH1000 (Ossila©), was used since this product is marketed specifically for the fabrication 

of highly conductive devices,70 and it was expected that conductivity values obtained 

would be improved. Given the higher viscosity of the PEDOT:PSS PH1000 suspension, 

the acceleration for the spin-coating process was increased to 1500 rpm/s2 for 40 s for 

the next set of samples. After spin-coating, samples were baked under nitrogen 

atmosphere by applying three rounds of alternate vacuum and nitrogen cycles using a 

vacuum oven at approximately 200 ºC for 1 h. Results shown in Table 4.2 show that these 

changes indeed improved conductivity, with values ranging from 0.07 to 0.17 S/cm, 

compared to pristine PEDOT:PSS thin films when compared to results in Table 4.1. 
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Results suggests that baking samples with N2 improve PEDOT:PSS thin films 

conductivity compared to annealing with air. From the literature it is known that annealing 

in N2 results results in better stability81.  

Table 4.2. Characteristics of with pristine PEDOT:PSS PH1000 baked in inert 

atmosphere. 

Substrate Spin rate 

(rpm) 

Average 

thickness  

(nm) 

Average 

resistivity  

(ohm-cm) 

Average 

conductivity 

(S/cm) 

7 1500 129.6 6.04 0.17 

8 2000 102.6 7.36 0.14 

9 2500 86.1 6.49 0.15 

10 3000 81.7 9.69 0.10 

11 3500 67.6 8.04 0.12 

12 4000 74.3 14.50 0.07 

 

Transistors with pristine PEDOT:PSS suspension were prepared by depositing the 

active channel to cover all the five sets of interdigitated source and drain electrodes 

fingers (Figure 4.1.a) where the film was spin-coated at 1500 rpm for 40 s. As mentioned 

in the experimental section, a PDMS well was used to retain the electrolyte during tests. 

In initial testing, the hydrophobicity of the glass substrate affected the performance of the 

transistor due to poor interaction between the substrate and PEDOT:PSS. To address 

this, substrates were treated in a UV-Ozone chamber with a 185 nm lamp for 10-min 

surface cleaning before moving on to the spin-coating process.  

The first experiments for transistor performance were carried out using the Keithley 

4200 Semiconductor Characterization System (SCS) (Figure 4.1b) at the nanoFAB at the 
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University of Alberta. Output and transfer curves are depicted in Figure 4.2. For the output 

curves (Figure 4.2.a), when the positive gate bias (VG) is applied, the drain current-drain 

voltage (ID-VD) curves move to more negative voltage values, starting at VD= -0.02 V at 

ID= 0 µA for VG =0 V and moving towards VD= - 0.11 at ID= 0 µA for VG = 1 V. This suggests 

that the device is working depletion mode. In the range of 0 to -0.5 V sweep voltage, it 

can be seen that the transistors is still in the linear range (i.e. saturation has not been 

reached). Although the saturation region could potentially be reached by applying a higher 

gate potential difference, the gate voltage was limited to less than 1.5 V as a higher 

voltage may compromise both the stability of PEDOT:PSS thin films and the integrity of 

the interdigitated electrodes. Experiments in which applied potentials applied were higher 

than 2 V damaged the interdigitated fingers, and could also cause water electrolysis when 

applying a VG greater or equal to 1.2 V. Transfer curves (Figure 4.2.b) showed a linear 

trend for the sweep from 0 to 1 V for the evaluated drain bias (VD). For both cases, the 

range of biases applied was not broad enough to turn the device OFF, as would be 

expected for depletion mode transistors. Overall, these curves show that pristine 

PEDOT:PSS PH1000 was not suitable under these experimental conditions.  Considering 

this, another approach was explored by including additives (widely explored for OECTs 

semiconductor layers) to the PEDOT:PSS mixture. 
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Figure 4.1. a) Coverage area of thin film on substrate using pristine PEDOT:PSS; b) 

Setup for OECT evaluation using a gold plated tungsten probe as the gate electrode in 

the Keithley 4200 SCS. 

 

 

Figure 4.2. a) Output and b) transfer curves for pristine PEDOT:PSS PH1000 OECT 

using PBS 0.01 M as electrolyte solution and a thin film deposited at 1500 rpm. 

 

b) a) a) 

a)

b) 

b)

b) 
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Since high conductivity is necessary for good performance of the transistor, and 

since the output and transfer curves were not satisfactory, secondary dopants or 

conductivity enhancing agents were added to pristine PH1000. Based on literature, 82–84 

an ink was prepared made of 93.5 (v/v)% PEDOT:PSS PH1000 (Ossila©), 5 (v/v)% 

glycerol, 1(v/v)% (3 glycidyloxypropyl)-trimethoxysilane (GOPS), and 0.5 (v/v)% 4-

dodecylbenzenesulfonic acid (DBSA). In this mixture, GOPS acts as cross-linker, glycerol 

acts as conductivity enhancement agent, and DBSA acts as a surfactant to facilitate film 

processing and to improve the conductivity of the thin film84. Most articles in the literature 

specify that samples should be baked at a temperature between 130 and 140 ºC after 

spin coating. Kiebooms et al. demonstrated that the presence of dopants could increase 

the degradation of PEDOT:PSS above 150 ºC, even when this semiconductor is stable 

up to 250 ºC 81,85. A set temperature of 140 ºC was selected for the preparation of 

samples. Results showed that the presence of DBSA, GOPS, and glycerol chemicals 

indeed increased the conductivity of the thin layer to hundreds of siemens per centimeter 

as shown in Table 4.3.  
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Table 4.3. Characteristics of third set of experiments with PEDOT:PSS PH1000, 

GOPS, and DBSA. 

Substrate Spin rate 

(rpm) 

Average 

thickness  

(nm) 

Average 

resistivity  

(ohm-cm) 

Average 

conductivity 

(S/cm) 

13 1500 243.1 0.0035 283.78 

14 2000 202.0 0.0033 301.17 

15 2500 182.6 0.0035 284.03 

16 3000 175.8 0.0038 261.20 

17 3500 167.6 0.0038 263.59 

18 4000 119.3 0.0029 340.99 

 

For the pre-patterned substrates, the source and drain electrodes are 

interdigitated, allowing the active area of the sensor to be varied by varying the size of 

the area defined by the semiconducting ink. To determine the area that gives the best 

response, five different areas were explored. A width of approximately 1 mm per pair was 

maintained in all cases, and the length was varied: 5.74 mm for area 1, 4.55 mm for area 

2, 3.2 mm for area 3, 1.48 mm for area 4, and 0.25 mm for area 5. A schematic is shown 

in Figure 4.3. 
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Figure 4.3. Representation of covered areas by ink for each pair of ITO interdigitated 

electrodes on glass substrate (Ossila©). 

 

Output and transfer curves for each area are shown in Figures 4.4 to 4.8. For area 

1 (the largest area), increasing the gate voltage did not cause any decrease of the ID-VD 

curves (Figure 4.4.a), as expected; decreasing the current once VG= 1.1 V was applied. 

This could be attributed to the large volume for the area 1 design; the voltage applied was 

not able to initiate the de-doping process for this PEDOT:PSS film. As well, transfer 

curves (Figure 4.4.b) confirm that, using these dimensions, the device did not reach the 

OFF state.  

For area 2, the transfer curves (Fig 4.5.b) were slightly better than for Area 1, as it 

can be seen that applying a gate voltage does cause the current start decreasing, 

however the device did not reach reach the OFF state under the tested conditions. As 

well, the threshold potential is non-zero (VD= -0.11 V) which means that more potential is 

needed for the output curves to take place (Figure 4.5.a).  
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For area 3, the transfer curves (Figure 4.6.b) are similar to those collected for area 

2, with the main difference being that the threshold potential in the output curves was 

closer to zero (VD= -0.02 V, Figure 4.6.a).  

As for area 4, the transfer behavior (Figure 4.7.b) was comparable with those 

observed for areas 2 and 3; but the output curves (Figure 4.7.a) showed that below VG= 

0.5 V, VD-ID curves remain similar, which could be due to the channel saturation level 

remaining the same for VG= 0.6 to 0.8 V. This was the case even when a higher potential 

was applied but further investigation is needed to confirm this. However, there is no 

saturation region in any of the output curves, only linear regions in the VD-ID curves.  

For the smallest area, area 5 (Figure 4.8), neither output (Figure 4.8.a) nor transfer 

curves (Figure 4.8.b) showed good performance. For the transfer curves, it was noticed 

that the registered current increased – instead of decreasing as expected in depletion-

mode transistor – above VG= 0.2 V; the same behavior was observed in output curves. 

This could be attributed to an over-oxidation of the thin film, leading to the alteration of 

the conductivity of the polymer due to structure changes, which results in an 

accumulation-mode PEDOT:PSS transistor. These changes have been reported when a 

certain critical positive bias is applied or when the device is exposed to sodium 

hypochlorite86,87.  
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Figure 4.4. a) Output and b) transfer curves for area 1 in Figure 4.3 in 0.01 M PBS at a 
step rate of 50 mV. 

a) 

b) 
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Figure 4.5. a) Output and b) transfer curves for area 2 in Figure 4.3 in 0.01 M PBS at a 
step rate of 50 mV. 

 

a) 

b) 
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Figure 4.6. a) Output and b) transfer curves for area 3 in Figure 4.3 in 0.01 M PBS at a 
step rate of 50 mV. 

 

a) 

b) 
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Figure 4.7. a) Output and b) transfer curves for area 4 in Figure 4.3 in 0.01 M PBS at a 
step rate of 50 mV. 

a) 

b) 
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Figure 4.8. a) Output and b) transfer curves for area 5 in Figure 4.3 in 0.01 M PBS at a 
step rate of 50 mV. 

 

 

 

 

a) 

b) 
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In general, experiments showed that, under the conditions tested, the area of the 

thin film plays an essential role in the characteristics of the PEDOT:PSS OECT since it 

defines the quality and stability of the PEDOT:PSS-based channel area. If the area is too 

large, there is probability that the de-doping process will not happen, and if the area is too 

small, the stability of the film can be compromised by over-oxidation when it is under an 

applied voltage.  

Based on these curves it was concluded that the best coverage area is between 

areas 2 and 3 (4.55 mm2 and 3.20 mm2). Nevertheless, none of the devices tested during 

the area study was able to reach an OFF state under the conditions tested, showing that 

a sufficient number of ions could not be injected into the PEDOT:PSS to cause this 

transition. 

A new formulation of PEDOT:PSS was prepared, following the recipe given in the 

study by Tang et al.88 , in which an OECT was fabricated to study the effects of cross-

linkers on performance. Unlike the ink previously tested, there is no surfactant (DBSA) 

present and an organic solvent, 2-isopropanol (IPA), is used as conductivity enhancing 

agent. Substrates were spin-coated using an ink composed of 90 (v/v) % overnight stirred 

mixture of isopropanol-PEDOT:PSS in a ratio 1:1, and 2 (v/v)% of  (3 glycidyloxypropyl)-

trimethoxysilane added right before spin coating and mixed for 1 minute through a 

vortexer. The PEDOT:PSS PH1000 suspension was  previously sonicated for 30 min, 

followed by filtration with a 1.3-µm filter and three subsequent filtrations steps through 

0.45-µm nylon filters before mixing with IPA. For the spin-coating deposition, a speed of 

3000 rpm was selected for more homogeneity (with a standard acceleration of 1500 

rpm/s2). The samples were then dried under nitrogen atmosphere at 140 ºC for 1 h. The 
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average values of sheet conductivity for each substrate are summarized in Table 4.4. The 

average values of sheet conductivity for each substrate are summarized. The expected 

average deposited thickness of the PEDOT:PSS-based thin film under this procedure is 

180 nm, and the selected length and width of the thin-film for transistor fabrication were 

4.6 mm and 1.0 mm respectively. The thin film is shown as a blue rectangle in Figure 4.9. 

 

Table 4.4. Characteristics of set of experiments with PEDOT:PSS, IPA, and GOPS. 

Substrate Average thickness 

(nm) 

Average resistivity 

(ohm-cm) 

Average conductivity 

(S/cm) 

18 182.9 0.69 1.45 

19 177.4 0.63 1.59 

20 180.1 0.82 1.22 

21 177.1 0.44 2.27 

22 181.6 0.70 1.42 

 

 

Figure 4.9. PEDOT:PSS-based thin film deposited onto pre-patterned ITO substrate 

through spin coating. 
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The curves for the transistor prepared with the active channel using PEDOT:PSS 

PH1000, IPA, and GOPS are shown in Figure 4.10. Note that, at this point in our work, it 

was necessary to change analysis systems to one that could be used in the lab, in 

preparation for our work with biological samples. Two Keithleys were therefore used with 

the Kickstart software. This led to an increase in noise in the signal (Figure 4.10). These 

curves exhibit the expected depletion mode, where the ID values decrease when a 

positive gate bias is applied, in both output and transfer curves (Figure 4.10.a). In addition, 

the current increases in the transfer curves where a negative drain bias is applied, while 

it decreases under a positive gate sweep (Figure 4.10.e),  even when the values of sheet 

conductivity were much lower than values registered for the PEDOT:PSS + DBSA + 

glycerol + GOPS samples. Dual sweep led to the formation of hysteresis (Figure 4.10.c) 

at VG > 0.4 V. This is attributed to the presence of ions and depends on the potential; 

higher voltage leads to greater hysteresis due to the high amount of ions injected into the 

thin film89. At VG =0.9 V, the transistor does not fully reach the OFF state. In the ON state, 

the current is – 97 µA at VG= 0 and VD= -0.5 V. As can be seen when the potential VG= 

0-0.4 V, the current increases instead of decreasing, which can be attributed to the fact 

that this range of potential is too low to push enough ions to reach a saturation region; 

instead, it contributes to hole mobility in the PEDOT:PSS thin film. These curves suggest 

that the introduction of IPA as secondary dopant improved the performance of both output 

curves simultaneously. 

On the other hand, the output and transfer curves were evaluated when using TSB 

as electrolyte. From the output curves (Figure 4.10.b) it can be seen that, unlike in tests 

using PBS (Figure 4.10.a), the transistor reaches the OFF state by applying VG = 1.0 V 



63 
 

with a registered ID = -1.05 µA. In the case of dual output curves (Figure 4.10.d), 

hysteresis was observed at lower gate bias values compared to tests done in PBS, and 

the hysteresis area in gate bias values above VG = 0.7 V started to decrease again. All 

transfer curves for drain voltage VD = 0 to -0.6 V converge to similar values when ID range 

from -0.4 to -2.6 µA. Even though the curves are not touching each other, improvements 

are noticeable when using TSB rather than PBS. This is attributed to the components of 

the broth that contribute to the PEDOT:PSS de-doping process, possibly due to higher 

load of cations or positively charged components found in the ingredients of TSB. 
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Figure 4.10. a) Linear output, c) dual output, and e) transfer curves for OECT using PBS 

0.01 M as the electrolyte; and b) linear output, d) dual output, and f) transfer curves for 

OECT using TSB as the electrolyte. Step rate of 50 mV. 

c) 

a) b) 

f) 

d) 

e) 
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4.2 Attachment of phage PP01 onto gold surface and antibacterial activity  

Phages were immobilized on gold nanowires through chemical bonding.  

EDC/NHS coupling was selected because of the vast background supporting the 

chemistry of this coupling when used for biological molecules attached to inorganic  

surfaces47,77,90,91. This method, for gold surfaces, consists on the formation of a SAM that 

contains a free carboxylic group that reacts with EDC to form an intermediate product (o-

acylisourea), followed by reacting with NHS to form a semi stable amide bond that 

interacts with the amino group of the bacteriophage to chemically immobilize it to the gold 

surface. 

In this section, the results regarding the attachment of the bacteriophage PP01 

onto gold surfaces and the evaluations will be discussed. 

 

4.2.1 Surface characterization of chemically treated gold surfaces by XPS 

 The SAM was evaluated through XPS by comparing the atomic percentage of 

different atoms (Au, C, N, O, and S) in different samples that underwent the EDC/NHS 

chemistry described in section 3.3.4. Prepared samples and labels are summarized in 

Table 4.5. Labels “0.4”, “0.1”, and “0.5” refer to samples that only went through the 

chemical attachment method without exposure to phages; “0.4-PP01”, “0.1-PP01”, and 

“0.05-PP01” refers to samples that went through chemical modification and PP01 

overnight incubation in TSB, and “No C. A.” (i.e. no chemical attachment) denotes wafers 

without chemical surface modification that were exposed to overnight incubation of phage 

PP01 in TSB. 
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Table 4.5. List of samples and its characteristics for solid/liquid phase evaluation.  

Label of sample Chemical treatment EDC:NHS ratio of 

concentration (M) 

Phage incubation 

0.4 No 1:4 No 

0.1 No 1:1 No 

0.05 No 2:1 No 

0.4- PP01 Yes 1:4 Yes 

0.1- PP01 Yes 1:1 Yes 

0.05- PP01 Yes 2:1 Yes 

No C. A. No 1:1 Yes 

Note: No C. A. refers to wafer phages went through physisorption (no chemical 

attachment). 

 

As shown in Table 4.6, the gold surface atomic percentage decreased when the 

surface is chemically modified with SAM, and the nitrogen percentage increased when 

the linker is present in comparison with pristine Au-Si wafers. For the case of oxygen, it 

can be noticed that the surface atomic percentage value is greater for wafers that were 

only cleaned for characterization purposes rather than for samples that underwent 

chemical modification with the linker MUA/EDC/NHS (but not phage attachment). High 

resolution spectra for O1s shows two peaks at 532 and 533.2 eV (Figure 4.11), which 

suggests that this oxygen surface atomic percentage is related the linker, and possibly to 

the presence of water or organic compounds from the atmosphere that were adsorbed to 

the sample before analysis92. 

The spectra corresponding to S2p were used to confirm the presence of 11-MUA 

on the gold surface. The presence of the first section of the linker (11-MUA) was 

confirmed by XPS through two pairs of doublets found in the spectrum: the presence of 

thiol binding to gold at 161.9 eV, and S-H bonds from the 11-MUA molecule at 163.8 eV93 
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(Figure 4.12.a). Moreover, Figure 4.12.b shows the spectrum of Au4f which was used to 

calibrate the spectra of other elements (as was described in section 3.4). 

High resolution XPS spectra shows one peak for nitrogen (Figure 4.13a), at 400.5 

eV, corresponding to C-N bonds 93,94. For C1s (Figure 4.13c) peaks were found at 285.3 

eV corresponding to methylene groups, at 286.9 eV for C-O bonds, and 288.9 attributed 

to C-O-C*=O bonds 45,91–93. For the peaks in O1s spectra (Figure 4.13.e), three peaks –

at 532.1, 533.1 and 534.1 eV– are found when the spectrum is deconvoluted. These can 

be attributed to carbonyl, C-O/C-N bonds, and the O*-C=O functional group78,91 (the 

asterisk is used to clarify the element where the peak is assigned from), respectively. 

When the samples were incubated with phage PP01 lysate, the atomic percentages of N 

and O increased again, while the percentage of Au drastically decreased due to the 

presence of the phage PP01. For the spectra corresponding to nitrogen (Figure 4.13.b), 

the peak was shifted to 400.7 eV, corresponding to amide nitrogen, which could be 

attributed to the nature of the protein-based phage surface93. From Figure 4.13.d, it can 

be seen that the peak corresponding to carboxylic carbon increased compared to the 

sample without phage PP01 (Figure 4.13.c). As for oxygen (Figure 4.13.e and Figure 

4.13.f), the height of the peak corresponding to the O*-C=O functional group increased 

as well, again likely due to the presence of phages. In overall, HR S2p spectra confirms 

the formation of the 11-MUA SAM by showing the peak corresponding to the bonding to 

the gold surface, as well as the increment in atomic percentage for N and O elements in 

evaluated samples where incubation with PP01 was performed suggest that the 

bacteriophages are present and attached to the gold surface.  
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Table 4.6. Atomic surface percentage of different elements in evaluated surfaces. 

Samples are labeled according to Table 4.5. 

 Sample 

Element Au-Si wafer 0.4 0.1 0.05 0.4-PP01 0.1-PP01 0.05-PP01 

Au 47.39 21.67 25.84 25.45 15.67 15.17 10.58 

C 36.04 57.47 54.07 54.77 54.50 56.57 61.34 

N - 4.20 3.72 4.95 11.83 10.53 10.48 

O 14.58 13.37 13.61 12.25 16.48 16.13 15.75 

S 1.98 3.29 2.76 2.58 1.51 1.59 1.85 

 

  

Figure 4.11. High resolution XPS spectra (dotted line) and deconvoluted peaks for O1s 

element in Au-Si wafer. 
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Figure 4.12. High resolution XPS spectra and deconvoluted peaks for a) S2p and b) 

Au4f for sample 0.1-PP01. 

 

 

 

 

 

 

 

a) b) 
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Figure 4.13. High resolution XPS spectra and deconvoluted peaks for (a,c,e) chemically 

modified Au-Si wafers for sample 0.1-No PP01, and (b,d,f) chemically modified Au-Si 

wafers with attached PP01 (sample 0.1-PP01) for N1s, C1s, and O1s.  

a) 
b) 

c) d) 

e) f) 
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4.2.2 Antibacterial activity of phage PP01 immobilized on Au-coated wafers on solid 

agar 

Immobilized phage orientation is important because the tail fibers need to be free 

to detect and anchor to the target bacteria. Since bacteriophage orientation is not 

controlled by the selected attachment method, it is expected that some of the immobilized 

phages may not be in a convenient orientation for bacterial infection. To determine 

whether the immobilized phages are able to infect bacteria, experiments in TSA (solid 

phase) and TSB (liquid phase) were performed by using chemically modified gold wafers 

with attached phage PP01. For solid-phase evaluation, 0.1 mL of overnight culture of the 

host E. coli O157:H7 was added to TB soft agar and poured to the agar plate. Once the 

agar was dried, three different types of substrates with and without phages were tested: 

(1) Gold-coated silicon wafers treated with 0.1 M EDC-0.4 M NHS without phage 

incubation; (2) gold-coated silicon wafers treated with 0.1 M EDC-0.4 M NHS immersed 

overnight in phage solution; (3) gold-coated silicon wafers treated with 0.1 M EDC-0.1 M 

NHS without phage incubation; (4) gold-coated silicon wafers treated with 0.1 M EDC-0.1 

M NHS immersed overnight in phage solution; (5) gold-coated silicon wafers treated with 

0.1 M EDC-0.05 M NHS without phage incubation; (6) gold-coated silicon wafers treated 

with 0.1 M EDC-0.05 M NHS immersed overnight in phage solution; and (7) control 

wafers, which were made by immersing non-chemically treated wafers (no EDC/NHS 

chemical functionalization) overnight in phage solution. These samples were placed on 

the soft agar and incubated overnight for phage infection.  

The samples on the left side of the petri dishes in Figures 4.14.a, 4.14.b, and 4.14.c 

show that chemical modification (EDC/NHS 1:4, EDC/NHS 1:1, and EDC/NHS 2:1) alone 

did not lead to bacterial cell lysis; however, samples incubated overnight with phage 
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solution (samples on the right side of the petri dishes) exhibited antimicrobial activity 

through the formation of clear lysis areas around the substrates. This suggests that even 

if a portion of phages were not immobilized with controlled orientation, at least some of 

the phages were in a proper direction (tail free) to perform infection activity on bacteria 

present in the agar.  

For the control wafers without chemical treatment (Figure 4.14.d), zones of 

clearing also appeared around the substrates, suggesting that phage PP01 also can be 

attached through physisorption when interacting with the gold surfaces. This behavior 

was also reported by Tawil et al. where phages were present on gold surfaces through 

electrostatic interaction when exposed to gold surfaces46. 
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Figure 4.14. Lytic activity in TSA plaques of substrates with and without phage PP01 

attached using a) 0.1 M EDC-0.4 M NHS; b) 0.1 M EDC-0.1 M NHS; c) 0.1 M EDC-0.05 

M NHS; and d) no chemical attachment (No C. A. as shown in agar plate). 

P= Phage attached to wafer surface, NP= No phages attached at the surface. 

 

 

 

c) 

a) b) 

d) 
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4.2.3 Antibacterial activity of phage PP01 on Au-coated wafers in liquid phase 

The second part of the evaluation of antibacterial activity consisted on testing the 

lytic activity of phages attached to gold surface (same substrates as in section 5.2.1) by 

adding the substrates to mid-log cultures of E. coli O157:H7 and monitoring OD600, a 

proxy for cell density, for 8 h. Table 4.5 summarizes the samples that were evaluated 

through this experiments and corresponding labels for Figure 4.16. The results of 

antibacterial activity of these substrates were compared to infections of cultures by free 

phages at a multiplicity of infection (MOI) of 0.01. The MOI is described as the ratio of 

phage to bacteria. It is an important parameter as it dictates, in many ways, the infection 

dynamics; the higher the value, the faster the infection will overtake the host population. 

This MOI was selected so the phage infection was in a relatively similar velocity as for the 

samples tested. The results from this free phage infection culture were used as a control 

sample. 

 

Figure 4.15. Sterilized flask with bacterial culture and wafer being tested. 
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Figure 4.16 shows the results obtained through the measurement of OD600. The 

results for the first three curves, corresponding to wafer with chemical treatment at 0.4, 

0.1, and 0.05 but without phages), suggest chemical treatment alone did not impart any 

antibacterial activity towards E. coli O157:H7 cultures. The cultures showed a constant 

increase in OD600 values over the 8-h range, which means that E. coli O157:H7 was 

continuously growing. For samples that were both chemically treated and incubated with 

phage PP01 (labeled as (0.4-PP01, 0.1-PP01, and 0.05-PP01) the lytic activity, 

evidenced by the drop inOD600, started at approximately 5 h, around the same time as for 

sample with non-chemically attached phages (labeled as “No C. A.”). However, OD600 

values were lower with the latter samples compared to 0.4-PP01, 0.1-PP01, and 0.05-

PP01 samples, which could be attributed to the fact that more phages were available to 

infect the bacteria in the culture. 

An important question for the work at hand is whether the phages are chemically 

bonded to the gold surface, or just weakly physisorbed. To clarify this, it is necessary to 

look at the OD600 values for each set of samples. For the sample comprised of phages in 

solution (MOI 0.01), it is seen that bacterial infection starts at 3 h, and reached a plateau 

after 5 h, indicating the end of the infection process. The OD600 of the sample labelled No 

C. A. (the control sample with physisorbed phages) decreases after 5 h, indicating that 

infection is occurring. The OD600 of samples with chemically-attached phages (0.4-PP01, 

0.1-PP01, and 0.05-PP01) also began to decrease after 5 h, but at a slower rate, while 

the absorbance of the samples without phages continued to increase over the duration of 

the experiment. This shows that for samples without phages, no infection occurs and the 

bacteria continue to grow unchecked, while for the chemically-attached phages, infection 
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led to the number of bacteria to decrease. The rate of OD600 decrease for samples with 

chemically-attached phages occurred at a lower rate than the No C. A. curve. This 

observation could be attributed to the nature of the bonding and the conditions of the 

experiment: constant agitation from the orbital shaker in the incubator may have led to 

the detachment of phages that were physisorbed to gold surfaces, leaving them free, 

increasing the probability to find a host and infect it, whereas for chemically bonded 

phages, it is probable that a certain percentage were not properly oriented for infection. 

Overall, results suggest that phages may be chemically attached to gold surfaces, 

able to perform bacterial infection even though this is a method that does not control the 

orientation of the phages. For the immobilization of phages PP01 on the gold wire surface, 

it was decided that the coupling reaction will be performed on a concentration ratio 0.1 M 

EDC and 0.1 NHS (1:1 in molarity). Results showed that antibacterial activity was 

relatively similar with the three selected ratios, especially for the liquid phase evaluation, 

which was the phase of interest for followed experiments in the fabricated OECT. 
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Figure 4.16. Phage activity in E. coli O157:H7 cultures at three different linker ratios. 

Error bars correspond to standard deviation for the measurements. Legends: 0.4, 0.1, 

and 0.05 refer to chemically modified gold surfaces; 0.4-PP01, 0.1-PP01, and 0.05-

PP01 refer to chemically immobilized PP01 on gold surfaces; No C.A. refers to sample 

that underwent on phage incubation with no chemical surface modification; and MOI 

0.01 refers to the ratio between the phage PP01 titer and E. coli O157:H7 

concentration.  
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4.3 Incorporation of phage PP01 and E. coli O157:H7 to OECT measurements 

Once the OECT, the gate wire and the effect of the phage immobilized on a gold 

surface were separately studied and characterized, it was necessary to evaluate the 

performance of these elements altogether in comparison to different controls: (1) medium; 

(2) medium and phage PP01 free in medium and immobilized on gold wire; (3) medium 

and E. coli O157:H7; and (4) medium and non-target bacteria, Lactobacillus plantarum.  

To engineer a sensor for bacteria, it was important to consider the environment of 

analyte (bacteria). For an OECT, the liquid medium is especially important since ions from 

the medium diffuse into the thin layer and de-dope the PSS side chains, decreasing the 

overall current of the active channel. To determine the effect of medium on device 

performance, two media were explored: PBS, a non-nutrient medium and TSB, a nutrient 

medium. PBS, a buffer commonly used for biological applications, was utilized as medium 

because of its ability to maintain a constant pH around 7.0 and to stabilize proteins95. TSB 

is a complex medium used for culture growth. 

First, the response of the transistor was measured using the bare gold electrode as the 

gate. Measurements of the blank for the medium at a constant VD = -0.5 V in a 1-h 

window, taking measurements every 10 min, were performed. As shown in Figure 4.17.a, 

throughout the 60 min timeframe the measurements of the blank were stable at a drain 

bias of -0.5 V. Similar behavior was found when the medium was TSB (Figure 4.17.b). It 

is important to note that evaluation at time = 0 led to different curves than those collected 

at other time points, which could be attributed to stabilization of the gate electrode with 

the electrolyte. Through these measurements it was concluded that the device is stable 

for both media under the test conditions. 
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Figure 4.17. Transfer curves for blank gold wires in a) 0.01 M PBS, and B) TSB at VD= -

0.5 V at a step rate of 50 mV. Curves are shown for wires equilibrated in media at 

different times. 

 

a) 

b) 
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 The response of the transistor when in contact with free bacteria E. coli and PP01 

in PBS were evaluated through VG-ID curves on a constant drain potential of VD= -0.5 V, 

using a bare gold wire, and testing in a timeframe of 30 min for each experiment. The 

transfer curves at time = 0 for exposure to either bacteria or phages in PBS (Figures 

4.18.a and 4.18.b, respectively) show the lowest drain current (ID) through the gate 

positive sweep. Again, after 10, 20 and 30 min the ID increased compared to time = 0, 

which could be attributed to stabilization/equilibration of the system. For the curves 

corresponding to E. coli O157:H7 (Figure 4.18.a), it can be seen that after 10 min, all the 

curves have the same trajectory, whereas for phage PP01 (Figure 4.18.b) the trajectory 

was most similar at times t = 20 and 30 min. For the case of E. coli O157:H7 in TSB 

(Figure 4.18.c), VG-ID curves shows similar trends from 20 min onwards. In general, the 

VG-ID set of curves for all experiments show stability through the selected time frame for 

exposure to phage and pathogen in separate measurements. 
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Figure 4.18. Transfer curves with a) E. coli O157:H7 at 1x108 CFU/mL in 0.01 M PBS; 

b) phage PP01 1x107 PFU/mL in 0.01 M PBS; and c) E. coli O157:H7 1x108 CFU/mL in 

TSB. VD= -0.5 V at a step rate 50 mV. 

 

Further experiments were performed to evaluate the transistor response when in 

presence of both phage PP01 and E. coli O157:H7. For this, aliquots were prepared as 

followed: 0.25 mL of E. coli O157:H7 at 1x108 CFU/mL and 0.25 mL PP01 at 1x107 

PFU/mL (MOI of 0.1) were added into the PDMS well, and measurements were carried 

a) b) 

c) 
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every 10 minutes for 1h under a constant VD = -0.5 at room temperature. Transfer curves 

showed no response indicating ionic change as a result of the infection presumably 

occurring in the medium (Figure 4.19.a) – the ID had similar values curves of 10 to 60 min. 

This is surprising since lysis was expected by showing a change in the ionic environment 

of the electrolyte that would affect the transfer curves, which typically occurs after 

approximately 20 to 40 min41. 

To explain this lack of response in transfer curves VG-ID after 1 h of phage-

pathogen exposure, a new test was performed. For this, the temperature was increased 

to 37 °C to create an environment more favorable to cell growth and phage infection. Two 

samples were prepared for this experiment: (1) the first one consisted of 1 mL of 0.01 M 

PBS, 1 mL of E. coli O157:H7 at 108 CFU/mL suspended in PBS, and 0.3 mL of PP01 at 

109 PFU/mL suspended in PBS (MOI = 3), and (2) the second sample consisted of a 

control prepared with 1.3 mL of 0.01 M PBS and 1 mL of E. coli O157:H7 at 108 CFU/mL 

suspended in PBS. The final volume was 2.3 mL for both types of samples. The volume 

of phage added to the solution was 0.3 mL; this relatively large volume was chosen to 

ensure that lysis would occur rapidly (larger MOI). For sample 1, both ID and OD600 were 

measured to evaluate the evolution of the interaction in a time frame of 300 min 

simultaneously, and the control sample (sample 2) was used to compare OD600 

measurements.  

Figure 4.19.b shows a significant instability of the transfer curves when a VD= -0.5 

V is applied. This could be attributed to the fact that, in order to keep the temperature 

high, it was necessary to keep the PBS containing the phages and bacteria in an 

incubator, and to transfer them to the transistor for measurements. This procedure likely 
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affected the measurements of the transistor because of temperature fluctuations, and the 

system may still have been stabilizing during initial measurements. Moreover, the OD600 

of the sample (Figure 4.19.c) remained relatively constant and similar to the control 

without phages, suggesting that no infection was occurring over the time frame of the 

measurement. This could be due to the absence of nutrients allowing cells to actively 

grow in PBS, which impedes the lytic cycle96. Based on the results of this experiments, it 

can be concluded that liquid samples tested should remain in the PDMS well to not alter 

the performance of the test, and that 0.01 M PBS does not offer favorable conditions for 

the lytic infection to take place; however, the fact that there is not lytic cycle does not rule 

out the possibility that the phages are able to attach to the bacterial membrane.  
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Figure 4.19. Transfer curves for a) bacteria E. coli O157:H7 at 1x108 CFU/mL and PP01 

at 1x107 PFU/mL at RT; b) bacteria E. coli O157:H7 at 1x108 CFU/mL and PP01 at 

1x109 PFU/mL at 37 °C; and c) Optical density OD600 comparison for sample (E. coli 

O157:H7 and PP01) and control (E. coli O157:H7). VD= -0.5 V at a step rate 50 mV in 

0.01 M PBS. 

  

The stability of the transistor (as assessed by transfer curves) when using a 

chemically immobilized gold electrode with phage PP01 was studied by using both PBS 

and TSB as the electrolyte. Experiments were performed by measuring transfer curves 

b) 

c) 

a) 



85 
 

(VG-ID) using a constant potential of VD= -0.5 V. The curves shown in Figure 4.20.a 

correspond to the measurements of modified gate electrodes in 0.01 M PBS, and show 

that drain current was increasing with time; this suggests that phage PP01 were released 

from the surface of the wire over time, and, due to their charged nature, contributed to the 

ionic load in the solution; providing charges that could increase the drain current under 

the same bias in the transfer curves. Another possibility to consider is that detachment of 

phage PP01 decreased the surface coverage, decreasing as well the charge-transfer 

resistance of the gold wire. On the contrary, when similar experiments were run using 

TSB as the medium (Figure 4.20.b), the drain current curves remained fairly constant 

from t= 0 to 60 min. As the only difference between these experiments was the medium, 

these results suggest that the current increment in PBS was likely caused by the release 

of phages that were weakly adsorbed on the electrode’s surface, and the ionic strength 

of TSB was sufficiently to not show these variations over time. This suggestion was further 

confirmed by doing a plaque assay of liquid samples measured in TSB after the 

experiment, where it is seen that phages were present in the media (Figure 4.20.c). At 

the same time, this demonstrated that at least some phages in the media after 1h of 

experiment possibly were not damaged by the constant voltage applied, which is shown 

their ability to infect and form plaques in the agar. 
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Figure 4.20. Transfer curves using immobilized PP01 on gold wire in a) 0.01 PBS 

medium, and b) TSB medium; c) plaque assay of TSB sample after 1 h experiments. 

 

 

 

a) b) 

c) 
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The response of the transistor in the presence of E. coli O157:H7 when using a 

gold electrode with chemically immobilized phage PP01 for targeted detection was 

studied. Experiments were performed by measuring transfer curves (VG-ID) using a 

constant potential of VD= -0.5 V in both PBS and TSB media. Experiments were 

performed with E. coli O157:H7 (the target bacterium) and Lactobacillus plantarum (a 

non-target bacterium) at a concentration of 108 CFU/mL. Results are shown in Figure 

4.21. When using 0.01 M PBS as the medium, transfer curves showed that after 20 min 

all curves were recorded at relatively the same ID (Figure 4.21.a), which suggests that 

phages in fact were attaching the bacteria without cell lysis happening during the 

timeframe of the experiment. Meanwhile, when using TSB as the electrolyte (Figure 

4.21.b), there was a reduction of the drain current in the set of transfer curves which could 

be attributed to the interaction of phage PP01, both attached and detached from the gold 

wire, with E. coli O157:H7; the process between these two biological entities requires an 

infection where the tail of the phage will be inserted into the bacterial membrane. Since 

the bacteria is anchored to the electrode through the bioreceptor, it is probable that the 

electron-transfer resistance of the electrode would increase, leading to a decrease in the 

recorded drain current over time74. Another factor that may have influenced the decrease 

of current in OECTs is the decreasing amount of bacteria during cellular lysis. Butina et 

al. showed that ID changes over time corresponded to bacterial growth (S. Enteritidis 3934 

and the isogenic mutant ΔcsgD) when compared to ID results when M9 minimal medium 

was measured with no inoculated bacteria75,97. Here, the curves shifted upwards from 0 

to 30 min as the device stabilized.  It can be seen that at 40 min there was a sudden 

increase of the current, which suggests that these changes could have occurred as a 
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result of lysis. Through this experimental setup, it is not possible to conclude which 

interaction is happening at the experimental point, but if compared to Figure 4.20.b, it can 

be seen that the OECT can recognize that an interaction is indeed taking place. 

As a control L. plantarum was added to PBS along with phages. The phages 

should not be able to infect or attach to this bacterium.  Indeed, there was no significant 

change in the drain current when PBS was used as the medium (Figure 4.21.c), but this 

result was not conclusive since the same effect was shown for E. coli O157:H7. However, 

performance in TSB confirmed that phage PP01 is selective and only attaches to E. coli 

O157:H7, as shown in Figure 4.21.d. In fact, unlike for E. coli, no significant change of 

current was observed for the set of curves with L. plantarum. This demonstrates that the 

ID changed due to the targeted interaction between the bacteria and phages in E. coli 

experiments. From these experiments it is concluded that phage PP01 can selectively 

attach to this bacterium when TSB is used as the media, but nutrients are necessary to 

reach lysis that would show a change in current in the VG-ID set of curves. Thus, this 

device can potentially be used to detect the presence of E. coli O157:H7 in liquid samples. 

Further studies are required to verify the reproducibility, selectivity and sensitivity of the 

transistor, but it is believed that this project acts as a starting point for the development 

of a new biosensor.  
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Figure 4.21. Transfer curves using immobilized PP01 on gold wire for E. coli O157:H7 

108 CFU/mL in a) 0.01 M PBS and b) TSB media. Curves for L. plantarum 108 CFU/mL 

evaluation are shown in transfer curves using c) 0.01 PBS + PP01 in media using a 

bare gold wire; and d) TSB as the media using the chemically modified electrode with 

PP01.   

 

 

a) b) 

c) d) 
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5. Conclusions 

5.1 Summary 

 In this report, results regarding the fabrication of an organic electrochemical 

transistor and its potential application in the detection of bacterial pathogens in liquid 

samples were presented. A pre-patterned ITO substrate with interdigitated fingers for 

source-drain electrode pairs was used as the substrate. The best performance for the 

active channel for this device was observed when using an ink prepared with 

PEDOT:PSS PH1000, IPA, and GOPS with dimensions of 180 nm thickness x 4.6 mm 

length x 1.0 mm width. As expected, the transistor operated in depletion mode where 

cations from the electrolyte are injected into the thin film, de-doping the PEDOT:PSS 

structure and decreasing the drain current registered for the device. In this study, two 

electrolyte solutions were tested: PBS and TSB. Results showed that the load of positively 

charged ions and molecules found in TSB were enough to bring the transistor into the 

OFF state at a VG = 1.0 V with a registered ID = -1.05 µA. TSB contains ionic species 

(sodium chloride and dipotassium phosphate), as well as carbon and nitrogen sources 

for the bacterium E. coli O157:H7 to grow. In PBS it was not possible to detect phage-

pathogen interactions; however when TSB was used as the electrolyte solution, the 

transfer curves (VG-ID) showed a change in drain current during the evaluation period with 

the modified gold gate electrode with immobilized PP01.  Meanwhile no changes were 

seen when the OECT with immobilized phages was used to assess a sample containing 

the non-target bacterium L. plantarum, showing that the device is selective to the bacteria 

of interest. 
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5.2 Strengths and weaknesses 

 The devices that exhibited the best performance were made with the PEDOT:PSS 

PH1000/ IPA/ GOPS ink; even though the sheet conductivity of this ink is 2-fold lower 

than that of samples with glycerol and DBSA. As well, it is important to highlight that the 

width and length of the active channel are in the order of millimeters, which is larger than 

for examples of transistors in literature. However, this can also be an important factor in 

the quality of output and transfer curves and the observation that the OECT did not reach 

a common OFF state as expected. More studies are need to redefine the channel 

dimensions.   

With regards to the modification of the gate electrode, it was shown that the 

MUA/EDC/NHS method potentially works for the chemical attachment of phage PP01 to 

the surface; further studies are needed to fully confirm this immobilization. However, this 

method did not avoid the fact that phages can be also physisorbed – physisorbed phages 

can be released from the surface with time as shown through plaque assay. This leads 

to questioning whether the recorded change in the transfer curves was due to the 

interaction with phages attached to the gold surface as required or with phages released 

to the medium. Nevertheless, results show, in general, that a biological interaction can be 

sensed in this transistor when a bacterial concentration of 108 CFU/mL is present in TSB. 

 

5.3 Applicability and future work 

 The present work can be a starting point for new OECTs where the bio-receptor, 

located in the gate electrode (and not on the active channel), can let the transistor be 

reused for bacterial detection, since the bacteria is not attached to the thin film surface. 
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However, a methodology must be proposed for surface cleaning and re-immobilization of 

phages on the gold wire. Also, channel dimensions in the order of the millimeters may 

represent an advantage for the potential fabrication of PEDOT:PSS-based transistors in 

the far future. 

 This project has several areas that can be improved. One of the future 

recommendations is the evaluation of the volumetric capacitance for the 

transdoconductance calculation, which is considered a figure of merit for these devices. 

Through this evaluation, this device can be fully compared with others in literature, and 

the results should enable the identification of other areas of improvement for the ink and 

thin film dimensions. Also, another path of exploration is the relationship between gate 

electrode and thin film, testing different wire diameters and the role that the gate electrode 

plays for both output and transfer curves. 

 As for the characterization of the modified gold electrode, even though it was 

confirmed that phages were immobilized on the gold surface, it may be beneficial to image 

the gold wire and the representative samples to calculate the phage density over a 

specific area through this attachment method. 

 In terms of bacterial evaluation, the device was only studied for high cell 

concentrations (108 CFU/mL). It is suggested to repeat the performed experiments to 

understand the interaction happening on the gate electrode as a function of time, as well 

as its performance in presence of lower concentrations, and determine the limit of 

detection of the device.  

 In conclusion, this work has shown a potential application for E. coli O157:H7 

detection in complex media when phage PP01 is used as the bioreceptor in an OECT 



93 
 

sensing platform. It is expected that this work brings a new perspective for a new 

generation of transistors where phages play an important role to selectively detect 

pathogens in a fast response, easy-to-use and with relatively easy fabrication 

methodology. 
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