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Sammanfattning 
Abstract  
 

There is a great demand for low-cost disposable sensors in a variety of markets, such as the food chain and health care. No assay is performed more 

than that of glucose and approximately 85 % of the entire biosensor market accounts for glucose biosensors. Each year, 6 billion glucose assays are 

performed and the majority of them are based on electrochemical detection. Organic electrochemical transistors (OECTs) have favorable properties 

in terms of low operating voltages and have previously been used as base for electrochemical detection of glucose. A low-cost disposable biosensor 

can be achieved by the use of high throughput printing techniques. Up until now, no printable biosensors based on organic electrochemical 

transistors have been developed. 

 

In this thesis a printable miniaturized prototype for a glucose biosensor based on an OECT with a platinized gate electrode has been designed, 

developed and evaluated. The biosensor has been functionalized with the enzyme glucose oxidase. Different platinum deposition techniques have 

been used to deposit platinum onto the printed carbon gate electrode: electrodeposition, platinum nanoparticle solution deposited either by inkjet 

printing or pipetting and thermal evaporation.  

 

The gate electrodes were characterized with cyclic voltammetry in hydrogen peroxide, ferricyanide and glucose. The characterizations revealed no 

significant differences between the different deposition techniques. However, with gate electrodes produced by printed carbon followed by 

electrodeposition of platinum it was possible to sense glucose in a concentration in the range of the values for diabetic persons. Thus, the electrodes 

are a promising option as gate electrodes in a glucose biosensor based on an OECT. The characteristics of the OECT revealed that the responses 

resembled a transistor.  
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There is a great demand for low-cost disposable sensors in a variety of markets, such as the food chain 

and health care. No assay is performed more than that of glucose and approximately 85 % of the entire 

biosensor market accounts for glucose biosensors. Each year, 6 billion glucose assays are performed and 

the majority of them are based on electrochemical detection. Organic electrochemical transistors 

(OECTs) have favorable properties in terms of low operating voltages and have previously been used as 

base for electrochemical detection of glucose. A low-cost disposable biosensor can be achieved by the 

use of high throughput printing techniques. Up until now, no printable biosensors based on organic elec-

trochemical transistors have been developed. 

In this thesis a printable miniaturized prototype for a glucose biosensor based on an OECT with a plati-

nized gate electrode has been designed, developed and evaluated. The biosensor has been functional-

ized with the enzyme glucose oxidase. Different platinum deposition techniques have been used to de-

posit platinum onto the printed carbon gate electrode: electrodeposition, platinum nanoparticle solution 

deposited either by inkjet printing or pipetting and thermal evaporation.  

The gate electrodes were characterized with cyclic voltammetry in hydrogen peroxide, ferricyanide and 

glucose. The characterizations revealed no significant differences between the different deposition tech-

niques. However, with gate electrodes produced by printed carbon followed by electrodeposition of 

platinum it was possible to sense glucose in a concentration in the range of the values for diabetic per-

sons. Thus, the electrodes are a promising option as gate electrodes in a glucose biosensor based on an 

OECT. The characteristics of the OECT revealed that the responses resembled a transistor.  



  

  



  

Sammanfattning  
I såväl livsmedelskedjan som i hälso- och sjukvården är behovet av billiga engångssensorer stort. Det är 

ingen analys som utförs fler gånger än den för glukos. Faktum är att 85 % av den totala marknaden för 

biosensorer utgörs av glukosbiosensorer. Varje år utförs cirka 6 miljoner glukosanalyser och majoriteten 

av dessa grundas på en elektrokemisk detektion. Organiska elektrokemiska transistorer har fördelaktiga 

egenskaper såsom att de kan användas vid låga arbetspotentialer. De har tidigare använts för att 

elektrokemiskt detektera glukos. Det är möjligt att tillverka en billig engångssensor genom att använda 

sig av vissa trycktekniker med hög kapacitet. 

Fram tills nu har inga tryckbara biosensorser baserade på organiska elektrokemiska transistorer utveck-

lats. I detta examensarbete har en tryckbar, miniatyriserad prototyp för en glukosbiosensor baserad på 

en organisk elektrokemisk transistor med en gate-elektrod belagd med platina designats, utvecklats samt 

undersökts. Biosensorn funktionaliserades med enzymet glukosoxidas. Olika tekniker har använts för att 

deponera platina på den tryckta gate-elektroden i kol: elektroplätering, en lösning av platinananopartik-

lar som antingen trycktes med hjälp av inkjet eller pipetterades på och förångning.  

Gate-elektroderna karaktäriserades med hjälp av tekniken cyklisk voltammetri i väteperoxid, ferricyanid 

samt glukos. Resultaten från karaktäriseringarna visar inte på några signifikanta skillnader mellan de 

olika deponeringsteknikerna. Dock var det möjligt med gate-elektroderna som var producerade genom 

elektroplätering av platina på tryckt kol att detektera glukos i en koncentration som motsvarar de 

glukosvärden som finns hos en person med diabetes. Därmed är dessa elektroder ett lovande alternativ i 

valet av gate-elektrod för en glukosbiosensor baserad på en organisk elektrokemisk transistor. Karaktä-

ristiken hos organiska transistorn liknade karaktäristiken av en transistor. 
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Chapter 1 
INTRODUCTION 
1.1 Aim 
This master thesis should bring knowledge in the field of printable biosensors based on organic electro-

chemical transistors (OECT). To the writer’s knowledge up until now no printable biosensors based on an 

OECT have been developed. The sensor should be able to detect the presence of glucose. It is therefore 

functionalized with the enzyme glucose oxidase, which is one of the most widely used enzymes for bio-

sensors (1). OECTs have previously been used to sense glucose (2-4).  

A printable, disposable and low-cost manufactured miniaturized prototype for a biosensor based on an 

OECT with a platinized gate electrode will be designed, developed and evaluated in this master thesis. 

The manufacturing process of the biosensor should be inexpensive, simple and rational. The process is 

limited to the resources and facilities at Acreo AB.  

1.2 Biosensor Background 
In the developed countries there is a need for inexpensive easy methods for testing for example infec-

tious diseases. Laboratory testing at a hospital require trained and experienced personnel and receiving 

the result of the test can take time. A faster result is received with point-of care testing (5), as near-

patient testing is referred to. The testing is then performed outside the conventional hospital (6).  

The market of the health care industry in the non-developed countries has started to change. The service 

and access of the near-patient testing and laboratory testing need to be improved. The demand for fast 

sensitive assays is strong (7). Thus, the point-of care testing is also a topic in the non-developed countries 

(8). Besides nursing and caring, there is a great demand for low-cost disposable sensors in the food chain 

(9).  

About 150 million people suffer from the disease diabetes mellitus, simply referred to as diabetes. Ap-

proximately 20 million people suffer from diabetes type 1 (10). The disease is one of the major causes to 

death and disability in the world. A diabetic person needs to monitor the glucose concentration continu-

ously to withstand the life-threatening hypoglycemia, high blood sugar levels (11). Approximately 6 billon 

assays are performed per year; no assay is performed more than that of glucose (10). The glucose bio-

sensors account for approximately 85 % of the entire biosensor market (12). 

Many research papers have been published on biosensors for glucose determination. Thus, the material 

covering the field is huge. The glucose biosensor is therefore a good standard for the development of 

new biosensor technologies (13). A glucose biosensor is therefore developed in this master thesis. 
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1.2.1 From Chemical Sensors to Biosensors  
Sensors can be found in different environments depending on their purpose. They can be imagined as 

sensing organs or by e.g. the litmus paper found in the laboratory. The litmus paper is a qualitative (col-

or) test for the presence or absence of acids. The human body utilizes sensing organs as the tongue, 

nose, ears and eyes. By chemically analyzing the environment for small quantities of chemicals (13) in 

e.g. liquids, solids and air it is possible to perceive smell and taste. Artificial tongues and noses can also 

perceive smell and taste and are considered as chemical sensors. The term chemical sensor was noticed 

for the first time during the 1970s (14).  

A chemical sensor is a device that transforms chemical information e.g. concentration of an analyte into 

a signal. The information is obtained by measuring the chemical or physical response of a chemical sub-

stance, referred to as either the analyte which is the more general term or the substrate. It is not neces-

sarily biological itself. Chemical sensors contain a chemical recognition element and a transducer that are 

connected in series (13,15). Normally the recognition element covers the transducer (16). The device can 

also contain additional signal amplification (processor) (13,14).  

The first sensor that is considered as a biosensor was the glucose sensor developed in 1962 by Clark and 

Lyons (17). The first commercially available biosensor was on the market in the mid-1970s (18). Biosen-

sors are a subclass to chemical sensors. The recognition (sensing) element is biological instead of chemi-

cal (13,15,16,19). A schematic layout of a biosensor can be seen in Figure 1.  

The element interacts with the target analyte, resulting in chemical or physical changes (16). The trans-

ducer converts the interaction into an observable response (13) i.e. a non-electrical signal (physical or 

chemical change) is converted into an electrical signal that is proportional to the concentration of the 

analyte (15).  

Biosensors have different applications depending on their purpose. They can be used in a wide area from 

home blood glucose monitoring to fruit ripening. Biosensors can both be low-cost (19) and disposable 

(20). 

1.2.2 Transducers in Biosensors 
Transducers can be divided into four groups: electrochemical, optical, piezoelectric and thermal 

(13,15,19). Sensors are most being developed from the electrochemical transducer due to the simplicity 

of the construction, low cost and the ability to use small sample volumes for the detection (21). Electro-

chemical disposable biosensors do not suffer from electrode fouling. The latter can lead to loss of sensi-

tivity and reproducibility (22); these terms will be discussed in Section 2.1. The advantages contribute to 

the fact that further on only electrochemical transducers will be considered as the transducer element. 

Figure 1 Schematic layout of a biosensor. 
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Electrochemical transducers include the field-effect transistor, FET, the amperometric and the potenti-

ometric (13,23). The advantage of using a transistor as the transducer part is that it is capable of amplify-

ing and control the input signal (7). The transducer element of an electrochemical sensor is an electrode 

which the recognition element is attached to via coupling (16). See Figure 2 for a schematic illustration. 

The biosensor invented by Clark and Lyons was an amperometric biosensor (17). The sensor monitors 

the current that results from oxidation or reduction, redox, reactions of electro active species relative a 

reference electrode. Oxidation is the donation of electrons. The reverse is reduction. Potentiometric 

sensors utilize a current and measure the change in potential of the working electrode relative that of 

the reference electrode (24). According to Gründler et al., amperometric devices are superior to the po-

tentiometric since the amperometric can be miniaturized (14). Miniaturization infers that the transducer 

is small and portable (21). 

1.2.3 Electrochemical Biosensors for Glucose Detection 
The first developed biosensor for glucose determination in blood was the first developed biosensor (17). 

The same fact applies to the first commercial biosensor (18), which was on the market in the year 1975. 

The device could detect glucose in 25 µl of whole blood. One sample took 100 s to analyze (10). The first 

in-vivo glucose monitoring was realized in 1982 (12).  

In 1987 the first electrochemical glucose monitor for self-monitoring of diabetes was launched. Until 

then, the glucose analyze of blood had been utilized by measuring the light reflectance of a strip contain-

ing dye. The self-monitoring device had the appearance like a pen (10). 

Today, the strips require 0.3-4.0 µl of whole blood and the analyzing time is 5-15 s. The root mean 

square value of the error is 5-10 % versus laboratory testing. The manufacturing of the strips is inexpen-

sive, 5-15 cents (American dollar) per strip. The low production cost is achieved by the use of screen 

printing or vapor deposition. A majority of the 6 billion performed glucose assays per year for the deter-

mination of glucose is based on an electrochemical transducer (10). One reason for the domination of 

electrochemical transducers on the glucose biosensor market is the possibility to achieve reproducible 

sensors as stated by Newman et al. (18).  

 

Figure 2 A schematic illustration of a biosensor in a sensing environment. 
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1.3 Organic Electronic Background  
1.3.1 From Electronics to Organic Bioelectronics  
The first transistor was constructed by a research team at Bell Laboratories in 1947. The device was a 

kind of bipolar junction (25). From that device the first solid-state amplifier was developed (26). Thus, it 

was now possible to control the switch and amplify electric signals. Transistors can in general perform 

the functions of both having a voltage-controlled switch and a voltage-controlled current source (27).  

The development of the semiconductor field continued with e.g. integrated circuits (26). In 1960 the 

metal-oxide-semiconductor field-effect transistor, MOSFET, device was invented (27,28). The device 

contains relatively low doped electrodes referred to as source, drain and gate. A low conductivity semi-

conductor material, for example silicon separates the electrodes. The gate electrode on top of the insula-

tor allows a voltage to control the source to drain current (7). 

The discovery that it was possible to change the conductivity of the organic polymer polyacetylene was 

made in the late 1970s. Polymers are considered as plastics and up until then, the polymers were used as 

insulators. Nearly 30 years later, in the beginning of the 21th century the Nobel Prize in chemistry was 

awarded for electrically conductive polymers (26,29). Polymers are built up by sub-units called mono-

mers (30), see Figure 3 for examples of chemical structures. Moreover, the polymer consists of a base of 

carbons (29), which also can be found in the nature as e.g. in DNA (9). However, all polymers are not 

conducting. It is only a special class of polymers with unsaturated carbon chains, the conjugated poly-

mers that have the semiconducting properties (26).  

The field of organic electronics deals with the usage of conducting polymers in electronic devices (29). In 

the beginning of year 2005 the first organic electronic products reached the market. The products in-

cluded flexible batteries for smart cards and mobile phones. Another example of a product is the passive 

identification cards that could be printed onto papers and used for e.g. tickets (31). Organic electronics 

offers the possibility to process materials from a solution. Therefore, the functionality of the material can 

be defined at a molecular level (32). The concept of organic bioelectronics combines the organic elec-

tronic with biological elements such as e.g. cells (33). 

Figure 3 Examples of chemical structures of a monomer and a polymer,  
A) The monomer EDOT and B) The Polymer PEDOT:PSS.  

A B 
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1.3.2 Organic Transistors 
Transistors can be divided into two subclasses, the bipolar junction and the field effect transistor. The 

thin-film transistor, TFT, has its origin in the FETs which is a key component both in analog and digital 

circuits (34). They differ in that the semiconducting polymer is deposited as a thin film (26). Integration 

of an organic material in the field effect transistor leads to the OTFTs (23,35). Organic material can be 

tailored to adjust the properties of e.g. the polymer (7). The first organic transistor was developed in the 

1980s (36).  

As disposable sensors, the OTFTs are ideal due to low manufacturing cost (35,37). Another advantage is 

that the organic semiconductor layer in an OTFT can be covalently integrated with recognition groups. 

The integration yields higher selectivity and sensitivity (38). The OTFTs can be divided into organic field-

effect transistors, OFETs, and organic electrochemical transistors, OECTs (39-41). One drawback of OFETs 

is that they require miniaturization to be able to perform well (7). 

1.3.3 Organic Electrochemical Transistors  
The first organic electrochemical transistor (OECT), thus the first organic transistor was invented in the 

80s by Wrigthon et al. (36). Advantages of the OECTs are that they can be miniaturized (42) and integrat-

ed with microfluidics (43), low operating potentials compared to OFET devices, direct contact between 

the channel and the electrolyte and they can be manufactured using common printing techniques. How-

ever, the OECTs are slow compared to other transistors (38).  

OECTs have previously been used as e.g. ion pumps (44), logic circuits (30) and sensors (43,45). Several 

methods are available for manufacturing the device as screen printing (9) and inkjet printing (46-48). 

Other techniques include lift off (2) and spin coating (38,42).  

1.3.4 Sensors based on Organic Electrochemical Transistors 
The first biosensor based on an OECT was introduced in the early 1990s (49). Since then, the OECTs have 

been used as biosensors for e.g. glucose (2), dopamine (50), penicillin (51), pH (52), DNA (53), copper 

ions (54) and prostate specific antigen (55). They have also been used as a sensor for nitrogen oxide (56) 

as well as for humidity i.e. water (9). The advantage of using an OECT as a base for a biosensor is that it 

operates at voltages below 1 V (7,40). Above the threshold of 1 V undesired redox reactions can occur in 

aqueous environments. Thus, low operating voltages make the OECTs particularly suitable for biosensors 

(7,41,50).  

1.4 Printing Background 
1.4.1 Printed Organic Electronics 
The printed organic electronics utilizes techniques that are known in the graphic art industry as screen 

and inkjet printing. Other techniques include flexo and gravure printing. The lowest and highest resolu-

tion is yield by the screen and inkjet printing, respectively (31). However, it is possible to achieve a high 

resolution with screen printing, although the screens are expensive. The inkjet printing is referred to as a 

thin-film technology (47) and the screen printing as thick-film technology (57). Other techniques include 

nanoimprinting of the polymer (58). With printing techniques it is possible to achieve high throughput at 

a low cost (31). 
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Polymers, as one kind of organic material, can be dissolved in common solvents (9) and processed from 

solutions as inks. Thus, they can be printed with different printing techniques which allows for produc-

tion of high volume at a low cost. Different substrates can be used as e.g. paper and flexible plastic foils 

(26). The conducting polymers can be used to print for example organic light-emitting diodes (31), OTFTs 

(31) and electro chromic displays (32). 

In the year 2000, the first published printed organic transistor was developed with the inkjet printing 

technique (48). A couple of years later Nilsson et al. developed the first printed OECT. The transistor was 

printed with the screen printing method (59). 

1.4.2 Printing Techniques for Biosensors 
In the 1980s the screen printing technique was adapted for the production of biosensors. The technique 

was one of the major reasons for the success of the commercialization of biosensors. However, the 

technique initially had drawbacks including expensive inks. Nowadays, there are many available inks for 

low temperature applications, which are less expensive than their precursors (18).  

Today, electrochemical transducers are most being manufactured from screen printing. The technique is 

widespread since electrodes easily can be produced with few printing steps and since the solid electrode 

material can be modified with a biological recognition element (22,60) e.g. enzyme or antibody. It offers 

inexpensive large scale production of miniaturized (61) and one time use (20,62) biosensors. The tech-

nique is suitable even for a small production (63). The first inexpensive screen printed enzyme electrode 

was created in the late 1980s (64). The technique has previously been used for printing electrodes for 

different bio sensing applications e.g. as cholesterol (65) and glucose (60,66).  

For biosensor research, inkjet printing has found application as delivery of enzymes for sensing urea (67), 

hydrogen peroxide (68) and glucose (69-71). Inkjet printing of biological molecules for non-sensor appli-

cations include e.g. chitosan for cotton fabric (72) and viable cells for biocompatibility evaluation of the 

inkjet device (73). Inkjet printing is suitable for both large and small scale production of sensor platforms 

(67). A combination of inkjet and screen printing techniques is believed to be a promising method for the 

production of electrodes for biosensors (71).  

1.5 Limitations 
The transducer part of the biosensor will be of electrochemical character. Simple construction, low cost 

and small sample volumes contributes to that only electrochemical transducers will be considered. Thus, 

the electrochemical biosensor is the only type of biosensor that will be covered in this master thesis. The 

work will bring knowledge in the field of glucose sensors, other biosensors will not be considered. On the 

contrary, biosensors in the field of OECTs will be included to achieve a better understanding of the de-

vice.  

The developed biosensor should be disposable. However, the covered theory includes biosensors in gen-

eral. The manufacturing process of the glucose biosensor should be inexpensive, printable and rational. 

It is limited to the resources and facilities at Acreo AB. Another limitation is towards the printing tech-

niques; only screen printing and inkjet printing will be considered since organic transistors and enzyme 

electrodes previously have been developed from these techniques.  
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Another limitation is towards enzymatic biosensors, thus knowledge in field of enzymatic electrochemi-

cal biosensors will be reported in this master thesis. The developed glucose sensor will detect the pres-

ence of glucose by immobilizing the enzyme glucose 1-oxidase onto the platinized gate electrode. Depos-

iting platinum in an inexpensive way is another limitation. The immobilization is limited towards drop 

coating since that seems to be a simple and easily adapted technique.  

On the contrary, a brief background will be given to enzyme electrodes based on screen or inkjet printing 

where inkjet is limited to the technique drop-on-demand, this since the other common technique, con-

tinuous inkjet, is not preferred for sensor applications.  

1.6 Outline of the Report 
The first segment of chapters includes Chapter 1, 2 and 3. Chapter 1 contains the aim, the historical 

backgrounds of the biosensor, organic electronic and printing techniques. The motivations for the tech-

niques as well as the limitations of this master thesis and information regarding the company, Acreo AB. 

Chapter 2 deals with the biosensor and enzyme theory. General theory regarding glucose sensors, im-

mobilization of enzymes and the selection of enzyme is included. Chapter 3 continues with the theory of 

OTFTs, OFETs and OECTs as well as biosensors based on OECTs.  

The next segment of chapters is Chapter 4, 5, 6 and 7 where Chapter 4 deals with the different printing 

techniques used in this master thesis. The design of the OECT is described in Chapter 5. Chapter 6 pre-

sents possible and performed methods for depositing platinum onto the gate electrode of the OECT. 

Different immobilization techniques for depositing the enzyme glucose oxidase onto the gate electrode 

are presented in Chapter 7.  

The last segment includes Chapter 8, 9, 10, 11 and 12. Chapter 8 presents possible and performed ana-

lytical methods. Chapter 9 includes all experimental details of the printed OECT. The results and discus-

sions are found in Chapter 10 and the conclusions in Chapter 11. The last chapter includes proposals for 

future work. 

1.7 Acreo AB 
Acreo AB is an independent non-profit research institute within the area of information and communica-

tion technology, which include sensor systems and printed electronics etc. The company also offers busi-

ness development for small and medium size enterprises. Acreo AB’s mission is to create value through 

research by bridging the gap between the academic research and industrial commercialization. Thus, 

spin-off companies transfer the academic knowledge into commercial viable market products.  

Printed electronics is one of the core competences at Acreo. The work is performed in a close collabora-

tion with the Organic Electronics group at the Department of Science and Technology at Linköping’s Uni-

versity. Acreo has established a printing facility, Printed Electronics Arena-Manufacturing (PEA), where 

the industry has the ability to test the viability of printed electronics for new applications.  
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A commercial product recently produced at PEA is the Jubilee book from Norrköping’s symphony orches-

tra; Hundra år av toner. At the last spread of the book there is a photograph which includes printed elec-

tronics. The photograph has a sensor that feels the open spread which makes the instruments on the 

photograph to light up. Figure 4 illustrates the open spread.  

  
Figure 4 Illustration of the open spread with printed electronics.  
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Chapter 2 
BIOSENSOR AND ENZYME THEORY 
2.1 Sensor Parameters 
Biosensors can be classified according to different parameters as selectivity, linear range and detection 

limit etc. Several of these parameters are interpretations of the calibration graph, which displays the 

value of known concentrations of the analyte versus the measured response value. Since biosensors 

respond with some individual variations it is important to make a calibration graph to achieve the precise 

result (14). The calibration graph can be presented with either the non-logarithmic (74) or as for electro-

chemical biosensors the logarithmic values of the concentrations of the analyte. For disposable sensors, 

the measurements are made for each batch instead of for each biosensor (13). Figure 5 displays a sche-

matic illustration of a calibration graph.  

2.1.1 Selectivity  
The selectivity of a biosensor is the most important property which both the transducer and sensing el-

ement impart (75). The sensing element imparts the selectivity of the sensor i.e. the ability of the sensor 

to respond selectively to a specific analyte. Thus, with high selectivity the sensor does not detect other 

species (13,15,19).  

2.1.2 Detection Limit and Linear Range 
The detection limit is the lowest detectable concentration of analyte where the extrapolated responses 

are linear for the covered concentration range in the calibration graph. Below the detection limit there is 

zero response for the analyte. Linear range is the detectable concentrations which range from the detec-

tion limit to the upper limiting concentration, where the measured response is linear (14).  

Figure 5 Schematic illustration of a calibration graph. The squares correspond to the  
measured values of the response with known concentrations of the analyte. 
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2.1.3 Sensitivity  
The sensitivity is determined by the slope of the linear range and is thus the corresponding change in the 

measured signal per concentration unit of the analyte (14). For sensors based on electrochemical transis-

tors, the sensitivity is defined as the slope of the resulting drain current versus the concentration of the 

analyte (76).  

2.1.4 Accuracy and Reproducibility 
The accuracy of a biosensor is the capability to measure the expected value within certain limits of error; 

the value should be approximately ± 5 % (75). However, the value for available glucose biosensors today 

is 5-10 % (10). Reproducibility is the ability of the sensor to replicate the measurement at the same con-

ditions within a certain range of the concentration of the analyte. For biosensors, the expected value is ± 

(5-10) % (13).  

2.1.5 Response, Recovery, Shelf and Life Time  
Response time is the time it takes for the device to achieve equilibrium when responding from a zero 

concentration to a step change in concentration (14). The acceptable time for biosensors is approximate-

ly five minutes (13). However, the value for available glucose biosensors today is 5-15 seconds (10). The 

recovery time is the time it takes for the sensor to be able to detect a new sample from the last detected 

one (75). For a disposable sensor, the recovery time is not considered since only one measurement will 

be performed for each device. Shelf time is the maximum storage time (14). The life time of a biosensor 

is determined by the biological recognition element and the life time can vary from days to moths (75).   

2.2 Sensing Elements in Electrochemical Biosensors 
For electrochemical biosensors, two biological recognition elements (sensing elements) can be distin-

guished. They are both proteins. The first is enzymes, cells or tissue as biological recognition element for 

bio-catalytic devices. The second is antibodies, oligonucleotides or receptors which are referred to as 

affinity biosensors (16). The choice of bio recognition element depends on the analyte to be detected 

(77). Selecting the correct biological recognition element is important since it imparts on the selectivity 

of the device (75).  

2.2.1 Affinity Biosensors  
The most selective biosensors are achieved by using antibodies which bind strongly to antigens, foreign 

substances (13). As a result of the binding between the antibody and the antigen electrical signals are 

triggered, which can be measured electrochemically (16). Antibodies are extremely selective towards 

their antigen and ultra-sensitive (75). However, antibodies and other affinity ligands are costly (78) and 

they are not capable of catalyzing as enzymes (13,75).  

2.2.2 Enzyme based Biosensors  
Enzymes catalyze chemical reactions under mild conditions (78) in different living systems (16), i.e. they 

break down food into small molecules in reactions called catabolism. The catalytic property improves the 

sensitivity of the biosensor. Enzymes are the most widely used biological recognition element in biosen-

sors (13). Coupling to the analyte involves oxidation or reduction, which can be detected electrochemi-

cally (75). An electrode consisting of an enzyme coupled to the surface combine the selectivity of the 

enzyme with the analytical power of electrochemical devices (16). However, the selectiveness of the 
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biosensor depends on the affinity for the enzyme towards the analyte (13). Due to the specificity of en-

zymes, they are excellent recognition elements for metabolites (2).  

However, like antibodies enzymes are expensive. The expensiveness arises from the purification and 

isolation process (77). Another disadvantage of enzymes is loss of activity to deactivation (75). 

2.2.3 Summary of the Sensing Elements 
A summary of the two different sensing elements is displayed in Table 1. The advantages of using en-

zymes are larger than of using an affinity based sensor. Glucose is a metabolite and it has previously 

been stated that enzymes are excellent for detection of metabolites. Thus, an enzyme will be used for 

the detection of glucose. 

Table 1 Summary of the advantages and disadvantages of each sensing element. 

Biosensor type Advantages Disadvantages 

Affinity  Extremely selective, ultra-sensitive (75),  
strong binding (13).  

Costly (78),  
no catalytic effect (13). 

Enzyme Widely used for biosensors, highly selective, improve sensitivity 
of the biosensor, bind specific to the substrate (75), fast-acting 
(13). Excellent for metabolites (2). 

Expensive,  
loss of activity (75). 

 

2.3 Enzyme Theory 
Enzymes accelerate reactions by factors of millions or more. The mechanism for an enzyme to catalyze 

one substrate is the following (16,75,79):   

                 
  
↔                             

  
↔               (s)  

The mechanism shown is the simplest, but describes the kinetics of many enzymes (79). The enzyme 

utilize active sites within its three dimensional structure to select the target, the substrate (21). The sub-

strate and the enzyme form a complex with the rate constant k1. The complex either breaks down to 

form the product(s) with the rate constant k2 or is re-formed back to the substrate and enzyme (79). 

During the production of the product(s) the enzyme is released from the complex and the activity is re-

tained (16). 

Enzymes have isoelectric points, referred to as pI. It refers to when the net charge of a protein (enzyme) 

equals zero (80). The enzyme is negatively charged if the point is lower than the pH value of the solution 

which it is dissolved in (81). 

2.3.1 Cofactor and Activity 
The catalytic activity of the enzyme depends on the cofactor, small molecules that can be present within 

the enzyme. The cofactor is important since it performs chemical reactions that cannot be performed by 

the twenty standard amino acids. The active sites of an enzyme are three-dimensional regions that bind 

to the substrate and the cofactor (79). The catalytic activity of an enzyme is described with the unit U. 

Each enzyme has a specific range of pH were the activity is maximized (82).  
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2.3.2 Turnover Number 
Another factor to be mentioned in enzyme theory is the turnover number of an enzyme. The number is 

equal to the rate constant k2. In an excess of substrate, the substrate is not the limiting factor in the re-

action. In such excess the turnover number defines how many substrate molecules that are converted 

into the product in a unit time (79).  

2.4 Immobilization of Enzymes  
Enzymes can be used in their soluble form or be immobilized. The latter offers an easy way to separate 

the enzyme from the product which makes it possible to reuse the enzyme. Thus, the cost of the enzyme 

can be lowered since enzyme can be recovered (83). The cost of an immobilized enzyme in a disposable 

sensor will be as for an enzyme in the soluble form. However, the characterization procedure can be 

simplified due to practical reasons. 

Coupling the enzyme in close contact to the surface of the transducer is done by immobilization. Such 

electrodes are referred to as enzyme electrodes (12). Miniaturized enzyme electrodes can be referred to 

as enzyme microelectrodes, which are in the range of micrometer. An enzyme sensor has an enzyme 

electrode (14). Immobilization refers to “enzymes physically confined or localized in a certain region of 

space with retention of their catalytic activities, and which can be used repeatedly and continuously” 

(78).  

2.4.1 Importance of Proper Immobilization  
The lifetime of a biosensor can be enhanced by proper enzyme immobilization. The selection of immobi-

lization technique(s) depends on the nature of the enzyme and the corresponding substrate as well as 

the configuration of the transducer (77). 

The response time of the biosensor can be decreased up to a certain level with an increase of the 

amount of immobilized enzyme on the electrode as well as higher substrate concentration. The reaction 

rate can be enhanced up to a certain limit with an increase in temperature, which leads to a decrease in 

response time. The temperature should therefore be controlled during the experiments (82).  

Enzyme immobilization alters properties including catalytic activity, thermal stability (78) and optimum 

pH range (77). Correct enzyme immobilization results in better sensitivity of the sensor (81), however, it 

is the limiting step towards commercialization. This, since biological molecules can be unsuitable for 

mass production due to poor reproducibility (84). 

2.4.2 Immobilization Techniques 
Immobilization techniques can be divided into five methods (13,77,81,82):  

o Adsorption: chemical and physical 
o Covalent bonding/attachment  
o Entrapment 
o Crosslinking 
o Microencapsulation 

A combination of these immobilization techniques is often used (13) such as bonding/attachment fol-

lowed by crosslinking (77).  
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In irreversible immobilization, the enzyme cannot be detached without destroying either the enzyme or 

the transducer to which it binds. In reversible immobilization, the enzyme can be removed during gentle 

conditions. For economic reasons, the reversible reactions are preferred since there will not be an addi-

tional cost for the destroyed transducer. However, for disposable sensors the cost for the transducer will 

be present regardless of the choice of immobilization technique. Chemical adsorption and covalent 

bonding/attachment belong to the irreversible methods while the others belong to the reversible meth-

ods (78). 

2.4.2.1 Adsorption 

Adsorption is an easy performed technique where no reagents are required; an enzyme is simply depos-

ited onto the surface of the transducer (81). Without reagents it is economically attractive (78) and a 

simple technique for disposable biosensors (84).  

Adsorption can be subdivided into physical and chemical adsorption. Physical adsorption occurs via e.g. 

formation of van der Waals bonds (78) or electrostatic bonds (81) where the bonding force is hard to 

control (84). See Figure 6 for a schematic illustration. Chemical adsorption is a stronger adsorption with 

covalent bonds (13).  

Adsorbed enzymes have drawbacks; they are sensitive to changes in temperature, pH etc., which can 

lead to disruption of the enzyme (13,82). Biosensors based on adsorbed enzymes suffer from poor oper-

ational stability as well as storage stability (81). 

2.4.2.2 Covalent Bonding/Attachment  

Covalent bonding/attachment is a strong bond between the enzyme and the surface of the transducer 

(78). It occurs via functional groups e.g. amines, carboxyls and alcohols which are not essential for the 

catalytic activity of the enzyme. Covalent bonding/attachment requires mild conditions; low tempera-

ture and pH in the physiological range. An advantage of the technique is that the enzyme will not be 

released during the measurement (13). Figure 7 displays a schematic illustration of covalent bond-

ing/attachment. 

2.4.2.3 Entrapment 

Entrapment of an enzyme into a gel is performed by polymerization of a solution containing monomers 

and the enzyme. The gel can be prepared as a thin film (82). It is possible to make a combined deposition 

of catalytic metal particles and the enzyme, which is especially suited for miniaturized sensor surfaces 

(16). Another way is to entrap the enzyme in a printable carbon paste. It is a convenient matrix for 

Figure 6 Schematic illustration of physical adsorption.  
 

Figure 7 Schematic illustration of covalent bonding/attachment.  



 

14 

biological components which yield reproducible electrode surfaces (81). A schematic illustration of en-

trapment is displayed in Figure 8. 

The technique offers the enzyme to be unmodified; it preserves the enzyme activity during the immobili-

zation procedure. Thus, the biosensors have an increased operational stability (81). The technique has 

drawbacks as barriers for diffusion to the substrate and loss of enzyme activity due to leakage. The latter 

can be outreached by using a crosslinker e.g. glutaraldehyde. Due to slower reactions, the crosslinker will 

also slow down the sensor (13).  

2.4.2.4 Crosslinking 

Crosslinking an enzyme yields a strong chemical bonding between either the enzyme and a surface or the 

enzyme and another molecule called a spacer arm. It occurs via the bifunctional groups within the cross-

linking molecule itself or between other molecules. Bifunctional crosslinkers refers to crosslinkers with a 

minimum of two identical functional groups. They can be subdivided into two groups; the homo e.g. 

glutaraldehyde and the heterobifunctionals e.g. 3- methoxydiphenylmethane-4 (82). The technique is 

well established for the development of biosensors (81). The crosslinking is illustrated in Figure 9.  

By direct coupling, the enzyme can denature and the mobility is affected (13). The alternative is to use a 

spacer arm e.g. Bovine serum albumin, BSA, between the transducer and the enzyme which can avoid 

steric hindrances. However, a spacer arm requires additional steps in the immobilizing process (81). See 

Figure 10 for a schematic illustration of the immobilization with spacer arm. 

2.4.2.5 Microencapsulation 

Encapsulation of an enzyme in a semipermeable membrane is used to prevent the enzyme to diffuse 

from the transducer. Also, other products or material are prevented to enter the membrane. Cellulose 

acetate and polytetrafluoroethylene, PTFE, are commonly used membranes for encapsulation. The latter 

is selectively permeable to gases e.g. oxygen (13,82). See Figure 11 for a schematic illustration. 

Figure 8 Schematic illustration of entrapment. 

Figure 10 Schematic illustration of crosslinking with a spacer arm.  

Figure 9 Schematic illustration of crosslinking. 
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The technique offers advantages as stability to changes in temperature, pH and ionic strength. One 

drawback is that microencapsulation can allow exchange of small molecules e.g. gases and ionization 

(13,82).   

2.4.3 Summary of the Immobilization Techniques 
A brief summary of the advantages and disadvantages of all the immobilization techniques discussed can 

be seen in Table 2. The choice of immobilization technique(s) to use depends on the nature of the en-

zyme. The selection of immobilization technique is discussed in Section 7.2.  

Table 2 Summary of the advantages and the disadvantages of each immobilization technique. 

Immobilization technique Advantages Disadvantages 

Adsorption  No reagents required (13). Normally used 
for enzymes (77). Simple for disposable 
sensors (84). 

Sensitive to pH, temperature etc. 
(13,82). Poor operational stability of 
biosensors (81). Hard to control 
bonding forces of physical adsorp-
tion (84). 

Covalent bonding/attachment  Enzyme not released during use (13,82).  Require mild conditions (13). 

Entrapment Gel can be used as thin film (82), com-
bined deposition suited for miniaturized 
sensors (16). Carbon paste gives repro-
ducible electrodes (81). 

Barriers for diffusion, loss of enzyme 
activity (13,81,82). 

Crosslinking Stabilize adsorbed enzymes (82).  
Well established for biosensors.  

Spacer arm can be used (81). 

Damaged enzyme due to sensitivity 
to crosslinkers (13,81,82). 

Microencapsulation Stability to changes in temperature, pH 
and ionic strength (13).  

Allows exchange of small molecules 
e.g. gases and ionization (13,82). 

 

2.5 Enzyme Selection 
For glucose biosensors, enzymes containing redox groups that change redox state during the reaction 

are most commonly used. Examples of enzymes are the dehydrogenases and the oxidases (18). Of these, 

the oxidases are the most widely used (85).  

2.5.1 Selection of Glucose 1-oxidase 
A biosensor for glucose detection is based on the oxidation of glucose (75). There are four types of en-

zymes that can oxidase glucose (1):  

 

Figure 11 Schematic illustration of microencapsulation.  
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o Glucose dehydrogenases  

o Glucose 1-oxidases 

o Glucose 2-oxidases  

o Quinoprotein glucose dehydrogenases  

The dehydrogenases are relatively unstable and expensive compared to the other enzymes (18). They 

also require a soluble cofactor. Glucose 2-oxidases oxidize other carbohydrates beside glucose, with lack 

of specificity. Quinoprotein glucose dehydrogenases are also relatively unstable (1). Glucose 1-oxidase is 

a relative inexpensive enzyme (13) and it is the most stable enzyme that can be achieved with a high 

quantity (86). However, it can oxidize e.g. aldohexoses and glyceraldehyde (1). The drawback is consid-

ered to be a minor problem, thus further on only the enzyme Glucose 1-oxidase will be taken into con-

sideration.  

2.6 The Enzyme Glucose Oxidase 
The biological recognition element to be immobilized onto the electrochemical transducer is the enzyme 

glucose 1-oxidase, GOX. The enzyme is capable of oxidizing glucose (1) and can therefore be used to de-

tect glucose electrochemically. The choice of immobilization technique(s) to use depend(s) on the nature 

of the enzyme and the corresponding substrate as well as configuration of the transducer (77). The na-

ture of the enzyme is therefore an important knowledge. A schematic illustration of the electrochemical 

glucose biosensor can be seen in Figure 12. 

2.6.1 Source of the Enzyme 
GOX has been purified from different microbial sources and the major used source is Aspergillus Niger 

(87) and different types of Penicillium as the Penicillium notarium (88) and Penicillium amagasakinese. 

The most stable enzyme is obtained from Aspergillus Niger (89). Other sources include red algae and 

citrus fruits (1).  

2.6.2 Carbohydrate Shell 
GOX has a molecular weight of approximately 130-175 kDa. It belongs to the flavoproteins, thus it con-

tains a ring of the coenzyme flavin adenine dinucleotide, FAD (87). The enzyme is also a glycoprotein 

(89); it has a carbohydrate shell that properties like high solubility in water and barrier for the transfer of 

electrons between the enzyme and the electrode may be ascribed to (1,90).   

2.6.3 pH, Stability and Temperature Impact 
The pI of GOX is at a pH of 4.2, thus it is an anionic enzyme and negatively charged at the physiological pH 

of 7. During mild alkaline conditions (pH 8) and at pH below 2 it starts losing the catalytic effect (1,75). 

However, the optimum pH range spans from 5.0 to 7.0 (87).  

Figure 12 Schematic illustration of the electrochemical biosensor for glucose detection.  
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Lyophilized enzyme stored at or below 0 °C can be stable for years (1), especially if it is sealed in foil (13). 

The largest yield and thus optimum temperature is achieved at 25-37 °C. The activity of the enzyme dou-

bles for every raise of 10 °C. Enzymes generally denature at temperatures between 40 -70 °C (87), GOX is 

not an exception since it is unstable above 40 °C (1). 

It is worth noting that some of the flavin in the enzyme will be destroyed when exposed to light, thus no 

long-term exposure should be used. Heavy metals such as silver, lead and mercury inhibits GOX at mi-

cromolar levels (1).  

2.6.4 Number of Active Units and Turnover Rate 
For GOX, U is the number of active units in the FAD (75). 1 U corresponds to the amount of enzyme which 

catalyzes 1 µmol substrate per minute at a temperature of 25 °C and a pH of 7.0 (91,92).The turnover 

rate of GOX is high (93). 

2.7 Glucose  
Glucose can be found in 16 different isomers; same molecular formula but different orientation (94). D-

(+)-glucose has previously been used for glucose sensors (66,95). Dissolving glucose results in the two 

cyclic structures β- ᴅ -glucose (63 %) and α- ᴅ -glucose (36 %)(1), where β-ᴅ-glucose is the most suitable 

substrate for glucose 1-oxidase (87). Figure 13 displays the chemical structure of β- ᴅ -glucose. 

For a healthy person, the glucose concentration in blood is approximately 4-8 mM (10,93). For diabetic 

persons, the range is normally wider, normally 2-30 mM (10) or 0.2-20 mM (13). 

2.8 Glucose Sensors 
Glucose sensors can be divided into at least two generations (some authors claim three); detection via 

hydrogen peroxide or oxygen and detection via mediator. The enzyme and the analyte are dissolved in a 

solution. The discussed third generation immobilizes the enzyme onto the surface of the transducer (75).  

For all different generations the general reaction mechanism is the following: GOX catalyzes the oxida-

tion of β-D-glucose. FAD is the cofactor in the reaction. During oxidation of β-D-glucose two electrons are 

accepted by FAD, which is consequently reduced to FADH2 (96). β-D-glucose is changed into an inactivat-

ed reduced state, D-glucono-1,5-lactone (18) and hydrolyzed to gluconic acid. Hydrolyzation infers spon-

taneously decomposition in presence of water. The reactions are the following (87): 

β-D-glucose + GOX-FAD (ox) ⟶ D-glucono-1,5-lactone + GOX-FADH2 (red) 

D-glucono-1,5-lactone ⟶ Gluconic acid 

Figure 13 Chemical structure of β-D-glucose. 
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2.8.1 First Generation of Glucose Sensors 
The first generation of glucose sensors detects hydrogen peroxide, H2O2, which is produced in the pres-

ence of molecular oxygen, O2 (16). The concentration of H2O2 is proportional to the concentration of β- ᴅ 

-glucose (93). FADH2 is reoxidized to FAD and the two electrons are transferred to molecular oxygen, O2 

since the active site of the GOX binds to the O2. As a result, H2O2 is produced (96).  

H2O2 can be oxidized at the surface of a platinum electrode and the two electrons are then transferred to 

the electrode (21). It results in a current that can be measured with an amperometric device (16). The 

reactions are the following (87): 

         (  )     ⟶          (  )        

    ⟶             

The technique is simple, especially for miniaturized sensors (12). It is also possible to measure the de-

crease in oxygen. Due to low solubility in aqueous solutions it can result in limitations in the produced 

current (21) and thus, the decrease in oxygen is not proportional to the concentration of glucose (75). 

The hydrogen peroxide is detected at around 0.6 V vs. Ag/AgCl at a platinum electrode, where several 

electro active species as ascorbic and uric acid also can be oxidized. The selectivity of the sensor will de-

crease with these interferences since the electro active species contributes to the response of the sensor 

(93).  

2.8.2 Second Generation of Glucose Sensors 
The second generation of glucose sensors does not detect H2O2 via O2. Instead, one electron from FAD is 

transferred to the electrode via artificial oxidizing species, called mediators. Commonly used mediators 

are ferricyanide/ferrocyanide, derivatives of ferrocence and conducting organic salts (12). The reactions 

are as following (97):  

         (  )       (  )             (   )      (   )      

    (   )      (  )       

With mediators, the voltages can be lowered thus minimizing the risk of interferences (90,98). The 

drawbacks include poor stability and the potentials where the reactions take place are dependent on the 

pH (97).  

2.9 Summary of the Requirements of the Developed Glucose Sensor 
The following requirements of the developed biosensor for glucose detection are necessary to achieve: 

o Manufacturing process of the disposable biosensor: inexpensive, printable, simple and rational 
o Detection β-ᴅ-glucose via an organic electrochemical transistor 
o Detection with: the enzyme glucose 1-oxidase from Aspergillus Niger immobilized onto the gate 

electrode 
o Detection range: 0.2-20 mM  
o Response time: < 5 minutes  
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Chapter 3 
THEORY OF OTFTS, OECTS AND SENSORS 
BASED ON OECTS  
3.1 OTFTS: OFETS Compared to OECTS 
An organic field-effect transistor (OFET) device is composed of an organic conducting polymer, insulator 

and gate, drain (D) and source (S) electrodes. The drain and source electrodes are connected via a chan-

nel of a conducting polymer (7). A gate voltage is applied at VG and a drain voltage at VD. The source elec-

trode is grounded. An illustration of an organic field effect transistor can be seen in Figure 14. The oper-

ating mechanism of an OFET is based on the field effect (30,99).  

An organic electrochemical transistor (OECT) is either a three or a four-terminal device (30). The three-

terminal device consists of three electrodes, the source (S), drain (D) and gate electrodes. It differs from 

the OFET in that the OECT has an electrolyte instead of an insulator (40). Immersed in the electrolyte is 

the gate electrode (100). The gate electrode is referenced to the source electrode, no reference elec-

trode is present. Another difference compared to amperometric and potentiometric sensors is that the 

conducting polymer is instead used as electrode (38). The source is defined as the source of the charge 

carriers and the drain electrode as the sink for the charge carriers (30). Figure 15 display a schematic 

illustration of a possible configuration of an OECT. OECTs are operating on the fact that an ion current 

that origins from the gate voltage modulates changes in the drain current (7,76).  

Figure 14 Schematic illustration of a possible configuration of an organic field-effect transistor.  
Drain and source is denoted D and S, respectively. 

Figure 15 Schematic illustration of a possible configuration of an organic electrochemical transistor.  
Drain and source is denoted D and S, respectively. 
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3.2 Conducting Polymers in Sensors based on OECTs 
The organic semiconducting polymer in sensors based on OECTs has previously been produced from 

techniques including parylene lift off (2,101), common lithographic processes and spin coating of the 

conducting polymer (38,41,42).  

Different conducting polymers have been investigated for sensors based on OECTs e.g. poly(3-

methylthiophene) (52), polycarbazole (54), polypyrrole (51), polyanilline (95,102), poly(3,4-

ethylenedioxythiophene), PEDOT (3,53) and PEDOT doped with poly(styrene sulfonic acid), PSS (4). The 

polypyrrole loses the electrochemical activity at pH above 5. It is therefore not suitable for sensor appli-

cations in physiological pH (103). PEDOT doped with PSS, PEDOT:PSS, is on the other hand electrochemi-

cally active at a wide range of pH (76) and exhibits biocompatibility properties (33). The polymer is stable 

in the presence of H2O2 (104), thus the channel of the developed OECT will not be modified. Table 3 dis-

plays the organic semiconducting polymers in glucose sensors based on an OECT, most of the examples 

use PEDOT:PSS. That and the advantages with PEDOT:SS contributes to the choice of PEDOT:PSS as or-

ganic semiconducting polymer in the OECT of this work. 

Table 3 Organic semiconducting polymers in different sensors based on an OECT. 

Detected specie Organic semiconducting polymer Reference 

Glucose  PEDOT:PSS (2,4,38,41,45,98,100) 

Glucose Vapour polymerized PEDOT (3) 

Glucose, lactate PEDOT:PSS (101) 

Hydrogen peroxide PEDOT:PSS (105) 

Dopamine PEDOT:PSS (50) 

 

3.2.1 PEDOT:PSS 
The commercially available PEDOT:PSS is a mixture of the deep blue neutral state which can be referred 

to as the reduced state (de-doped), PEDOT0, and the light blue oxidized state (doped), PEDOT+. The pol-

ymer is highly conductive in its oxidized form. When a voltage is applied, PEDOT:PSS can be switched 

between the reduced and oxidized state. The switching can be controlled via the reaction (52):  

                            

Where M+ refers to a cation in the electrolyte, e- is an electron from the source electrode. If the reaction 

goes in the direction to the right it indicates the reduction of the polymer. Sulfonic groups in the PSS 

serve as counter ions for the positive backbone of the PEDOT chain. When the polymer is reduced, the 

counter ions are neutralized with M+ (30). Figure 16 illustrates the chemical structure of PEDOT and PSS.  

A 

Figure 16 Chemical structures of A) PEDOT and B) PSS. 

B 
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3.3 Operating Mechanism for an OECT 
The operating principle of the device relies on modification of the conductivity of the polymer (7). The 

drain and source measure the current that flows through the channel (ID), the drain current (104).  

There are two modes in which a sensor based on an OECT can be operated; in the presence of analyte 

which is referred to as the electrochemical mode and absence of an analyte, ion-to-ion converter (76). 

Applying a gate voltage induces a voltage with opposite sign applied to the drain electrode. The sign and 

size of the gate voltage depend on the polymer. There are two interfaces which will be discussed; the 

gate/electrolyte and the electrolyte/channel interfaces. 

3.3.1 Ion-to-ion Converter Mode 
When a positive gate voltage is applied the negative ions, anions, in the electrolyte are attracted to the 

gate electrode. While cations, M+, are attracted towards the negatively charged channel of PEDOT:PSS. 

An electric double layer is created at the both the gate/electrode and the electrolyte/channel interface, 

which has a non-faradic current. Thus, no transfer of electrical charges occurs (2). Figure 17 shows a 

schematic illustration of the double layer at the electrolyte/channel interface.  

M+ simultaneously enter the polymer and cause an ionic current. The redox state of the polymer is then 

altered towards the reduced state, which is the less conductive state. As a consequence the electronic 

drain current decreases as a result of the decrease in conductivity. Thus, the OECT converts an ionic cur-

rent into an electric current (2). The distribution of the M+ in the polymer layer is not uniform since the 

drain is negatively biased with respect to the source electrode which is grounded (103). The migration of 

the ions which created the two double layers results in a potential drop at the interfaces. This is shown in 

Figure 18 where the potential drops are illustrated with the curves.  

Figure 17 Schematic illustration of the double layer at the electrolyte/channel interface.  

Figure 18 A schematic illustration of the potential drop at the interfaces. The distance between the interface 
of the electrolyte/channel or gate/electrolyte and the electrolyte is denoted X and Y, respectively. 
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As soon as the voltage is removed, the ions start to diffuse back to the electrolyte and the original con-

ductivity of PEDOT:PSS is restored (4). The electrons at the electrolyte side of the gate/electrolyte inter-

face are not transferred to the gate electrode. Instead the potential drop at the electrolyte/channel de-

termines the drain current. The potential of the electrolyte is determined by capacitances associated 

with double layer formation at the interface between the electrolyte and the channel (2).  

3.3.2 Electrochemical Mode and Detection of Glucose 
The electrolyte with the analyte gives rise to redox reactions that can be detected at the surface of the 

gate electrode (40). Thus, the gate electrode is used as a working electrode (76). 

When a positive gate voltage is applied an electric double layer is created at the electrolyte/channel in-

terface, which has a non-faradic current. Thus, no transfer of electrical charges occurs. However, for the 

gate/electrolyte interface there is an electron transfer, Faradic current, from the electrolyte to the gate 

electrode due to the redox reactions (2). The redox reactions increase the potential of the electrolyte 

(76), thus the potential drop at the gate/electrolyte interface is decreased (2). The decrease in potential 

drop at the gate/electrolyte interface is described in Figure 19.  

The gate electrode has a Faradic current which can be described by Nernst’s equation. The latter de-

scribes the change in potential of the electrolyte as a result of the electron transfer to the gate elec-

trode. The Nernst equation is defined as (2,41,76): 

            
   

  
  (

[  ]

[   ]
) 

E 0’ is the formal potential, k is Boltzmann’s constant, T is the absolute temperature and the n stands for 

the number of transferred electrons during the reaction. The e refers to the fundamental charge. The 

[Ox] and [Red] are the concentrations of the oxidized and reduced compounds. The equation is inter-

preted as the difference in voltage of the electrolyte relative to that of the gate electrode (2).  

The consumption, transfer, of electrons at the interface of the gate/electrolyte to the electrode results in 

an increase of the potential drop between the electrolyte and the channel. Which results in more M+ are 

entering the PEDOT:PSS, thus the polymer is further reduced and less conductive (30). Hence, the drain 

decreases in presence of an analyte. The drain current is dependent on the concentration of the analyte. 

Figure 19 Schematic illustration of the potential drop at the interfaces.   
The dashed and continuous lines correspond to the analyte being present or absent, respectively. 
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The relative change in drain current to the analyte concentration can be generated by a calibration curve 

(2). 

Figure 20 shows a schematic figure of the operating mechnism for a glucose sensor based on an OECT. 

For the determination of glucose, the enzyme GOX can either be immobilized onto a platinum gate elec-

trode or immersed in the electrolyte with the glucose. Due to oxidation of H2O2 at the gate electrode 

surface, electron transfer will occur from H2O2 to the gate electrode. This results in a potential drop at 

the electrolyte/gate interface (2,41,50). Hence, the variation in potential at that interface is therefore 

related to the concentration of H2O2 and thus the glucose concentration (41).  

3.4 Gate electrode Material for Sensors based on OECTs 
Electrochemically reaction rates can be enhanced by surface deposition of metals or metal oxides in 

small particles on the gate electrode. The catalytic activity of these metals depends on the size of the 

particles. For biosensors, platinum and rhodium are the most used metals (64). For OECTs gold or plati-

num are commonly used gate electrode materials, due to the easy miniaturized fabrication (42).   

Table 4 summarizes the different gate electrode materials used for glucose and hydrogen peroxide sens-

ing based on an OECT. A majority of the sensors use platinum. This is due to the catalytic properties of 

the platinum; usage of a platinum electrode will oxidize hydrogen peroxide (2). The catalytic properties 

are e.g. not present at a silver electrode (106) but at a gold electrode (107). However, none of the sen-

sors based on OECTs presented in Table 4 is using gold as gate electrode material.  

Table 4 Glucose/hydrogen peroxide sensors based on an organic electrochemical transistor. 

Detected specie Gate electrode material Reference 

Glucose Platinum (2-4,38,41) 

Glucose, lactate Platinum (101) 

Glucose PEDOT:PSS with mediator (98) 

Glucose PEDOT:PSS (45,100) 

Hydrogen peroxide Platinum (105) 

Figure 20 Schematic figure of the operation mechanism for a glucose sensor based on an organic 
electrochemical transistor. Drain and source is denoted D and S, respectively. 
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3.4.1 Platinum Compared to PEDOT:PSS 
Macaya et al. concluded that using an OECT as a biosensor, the platinum gate electrode seems to be a 

necessary component. This, since a transistor with PDOT:PSS as gate electrode material do not show any 

response to a solution containing different levels of both glucose and GOX (4). 

Shim et al. used PEDOT:PSS in combination with the mediator ferrocence as gate electrode for a glucose 

sensor based on an OECT. Platinum is replaced since it increases the cost and complicates the production 

of the device (98). Kanakamedala et al. extended the work by not using a mediator. They claim that by 

specific design in terms of material and dimensions of the OECT for high current modulation, no media-

tor is needed for the detection of glucose. It should however be noticed that they also claim that hydro-

gen peroxide is catalyzed at the gate electrode consisting of PEDOT:PSS (45). The operating mechanism 

of these sensors is to the writer’s knowledge not clear. Therefore, platinum will be considered as gate 

electrode material.    
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Chapter 4 

PRINTING METHODS 
4.1 Screen Printing 
In the screen printing technique an ink is forced through a stationary screen with a mesh consisting of 

e.g. metal threads or plastic as polyester onto the substrate. The relatively viscous ink is deposited onto 

the screen and loaded with the aid of a squeegee, a movable blade. The ink is then imprinted onto the 

substrate through the open areas of the mesh (108). The printed image is defined by the stencil of the 

mesh.  

The printing properties are determined by variables as e.g. the fineness, thickness of the screen and the 

threads. Depending on the viscosity of the ink the finesse, threads/cm of the fabric length, can be varied 

from 10 to 200. The screen printing offers the possibility to apply a thick layer of ink, 20-100 µm. Volatile 

compounds in the ink should be evaporated in a curing procedure as e.g. heating or UV (108). The print-

ed structures cannot be smaller than 100 µm (12). A schematic illustration of the screen printing tech-

nique is displayed in Figure 21. 

There are three different screen printing technologies: flatbed which was described, flat-to-round and 

rotary printing. The blade is stationary and the screen is movable in the both latter techniques, thus the 

reverse compared to flatbed (108).  

4.1.1 Reported Work on Properties of Screen Printed Electrodes 
Many research papers have been published on screen printed electrodes, SPE, for electrochemical bio-

sensors (109). One reason is the heterogenic nature of the electrodes (110). Carbon or graphite inks are 

the most used, where carbon is preferred since it is robust (20), has low background current and is chem-

ically inert (16).  

Carbon inks consist of a binder that makes the ink mechanically stable, carbon particles and a solvent to 

dissolve the binder (20). The sensitivity and selectivity of the electrodes is affected by the composition of 

Figure 21 Schematic illustration of the screen printing technique.  
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the ink (111). A layer of organic oil, pasting binder or other pollutants can cover the surfaces of the 

printed electrodes. The hydrophobic layer may block electrochemical reactions at the electrode surface, 

which can be prevented by oxygen plasma treatment according to Wang et al. (112).  

Fanjul-Bolado et al. presents a characterization study of commercially available screen printed carbon 

electrodes, SPCE, from inter alia DropSens and conventional printed electrodes. The roughness study 

revealed that the roughness profiles of the SPEs were 1.06 -2.99 µm (113). This is confirmed by Yuan  

et al. (114). Rao et al. present a study of five carbon inks were they concluded that some of the inks are 

more porous than others and that a surface area that is porous may not be reproducible (115). The 

rough and porous structure yields an increased surface area compared to a flat polished electrode. Yoon 

et al. suggests that the difference in surface area impart that the electrochemical behavior is different; 

SPE exhibit higher conductivity (116). Gao et al. supports the theory (117). Thermal curing of the carbon 

ink increases the roughness of the electrodes (14). 

The electron transfer rate can be enhanced by combining the carbon with either a mediator or different 

types of metals e.g. platinum, rhodium, and palladium (109). The metals or mediators can be incorpo-

rated into the carbon ink or deposited onto the surface. A metal layer is achieved e.g. by immersing the 

carbon electrode into solution with the metal (118). For platinum, there are different commercially 

available inks (107,109,119,120). It is also possible to do home preparation of the ink (109,121). The me-

diators can be e.g. drop coated onto SPCE (122).  

4.1.2 Reported Work on Screen Printed Electrodes for Glucose Sensing 
Different screen printed electrodes for enzymatic sensing have been produced for the detection of e.g. 

lactate and glucose where the enzymes lactate oxidase (123) or glucose oxidase (124,125) was incorpo-

rated into the printed carbon ink.  

SPE for glucose sensors have previously been printed onto different substrates as alumina (115,126) and 

plastic (20,62,112,127) etc.. The electrodes are thereafter deposited with mediators or metals and im-

mobilized with GOX (111). The immobilization is covered in Chapter 7. Some inks contain mediators and 

the enzyme while others only contain the enzyme. Using plastic substrates for screen printing can imply 

shrinking of the plastic film. Erlenkötter et al. avoids this by prebaking the polyester sheets at 130 °C for 

5 h (109). 

For glucose and hydrogen peroxide sensors, different mediators as e.g. Prussian blue (60,110), cobalt 

phthalocyanine (20), ferrocyanide (126,128), ferrocence (129) and manganese dioxide (124,130) have 

been mixed with carbon inks and screen printed. Crouch et al. used a water based ink with the mediator 

cobalt phthalocyanine and GOX. They concluded that the usage of water instead of an organic solvent 

can avoid denaturalization of the enzyme. The ink was cured in air and the electrodes showed a detec-

tion limit of 0.025 mM towards hydrogen peroxide (20). Pravda et al. developed reproducible air cured 

Prussian blue modified SPCE containing GOX. The detection limit was 0.2 mM and the linear range up to  

4 mM for glucose (60).  

Guo et al. constructed air dried sol-gel composites of ferrocence, GOX and surfactants for screen printing 

of a glucose sensor. The sensor was linear up to 15 mM glucose (129). Wu et al. claims that sol-gels do 

not provide good electrical conductivity. Therefore they are not easy to adapt to electrochemical biosen-
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sors. However, it is a good way of retaining the enzyme activity (131). Turkusic et al. incorporated man-

ganese dioxide and GOX in a carbon ink. The ink was sonicated screen printed and then cured at 40°C for 

one hour (130). The enzyme activity was assumed to be present since the SPCE with GOX responded to 

glucose (60).  

For glucose sensors, GOX has been screen printed in UV cured ink onto screen printed platinum (107,132) 

and in a graphite ink contain copper oxide (125). Schumacher et al. entrapped GOX and additives in a UV 

cured ink onto screen printed platinum. They concluded that additives can slow down the inactivation of 

the enzyme. The authors demonstrated that it was possible to screen print BSA (132). Mersal et al. ex-

tended their work by improving the composition of the enzyme layer (107).  

Wang et al. produced SPCE from a carbon ink containing ruthenium, cellulose acetate, acetone and cy-

clohexanone. GOX were deposited after the printing procedure. The electrodes showed catalytic proper-

ties towards hydrogen peroxide (133). Luque et al. developed SPE with a graphite ink containing copper 

oxide with catalytic properties towards hydrogen peroxide, oil and GOX. The ink was exposed to an agate 

mortar for several minutes. The detection limit of glucose was 0.2 µM at a potential of -0.1 V (125). Since 

gold and platinum were the most common gate materials for an OECT copper was not considered in 

Section 3.4.  

4.2 Inkjet Printing 
In inkjet printing droplets of a filtered liquid ink is fired from tiny nozzles of a drop generator onto specif-

ic positions of the substrate. Nothing transfers the image to be printed; no mesh is used as in the screen 

printing technique. The viscosity of the ink is small, from water of 1 mPa∙s to 30 mPa∙s (108). The drops 

fall onto the substrate with the aid of gravity (134). The distance between the droplets determines the 

thickness of the printed layer. The generated drops are highly reproducible (70) and in the range of 1-

1000 pL each (69). The structures cannot be below 20 µm (48). There are several different inkjet tech-

nologies; the most common are the continuous and the drop on demand. The ink is reused in the former. 

Thus, there is a risk of contamination which can be an issue for sensor applications (71). The drop on 

demand inkjet is available at the facilities of Acreo AB, thus from now on only that technology is consid-

ered. 

4.2.1 Drop on Demand 
The technique drop on demand only ejects droplets if it is required for the printing procedure. In these 

devices the pattern of the droplets is controlled by positioning the substrate and the print head (108). 

The drop on demand can be subdivided into several groups where piezoelectric and thermal inkjet are 

the most used (135). Small scale printing often uses the thermal inkjet due to low manufacturing costs 

while piezoelectric inkjet is mostly used for the industrial scale (71). 

The technique piezoelectric inkjet is based on the presence of piezoelectric crystals in each printer noz-

zle. Application of a voltage (pressure) pulse above a certain critical level causes the crystals to change 

size and shape (71). As a result the nozzle ejects a drop of liquid (108). During ejection, the liquid experi-

ence a compression (136). The applied voltage can be individually controlled for each nozzle.  
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There are several possible ways of mounting the piezoelectric crystal within the nozzle. An example is 

when one or several of the walls in the nozzle are constituted of the piezoelectric crystal (piezoelectric 

ceramic), which is illustrated in Figure 22.  

The thermal inkjet utilizes a jet chamber for vaporization and heating of the liquid to produce droplets 

(108). During the heating process the temperature inside the nozzle can reach 300 °C (135). 

4.2.2 Reported Work on Inkjet Printing of Enzymatic Biosensors  
Different enzymes have been printed to produce enzyme electrodes for biosensors such as urease (67), 

horseradish peroxidase, HRP, (68) and GOX (70). Other printable biological molecules for biosensors in-

clude BSA and antibodies (137).  

A piezoelectric inkjet was used to print the urease solution onto SCPE with polyanilline nanoparticles. 

The enzyme showed little loss of activity after the printing procedure (67). The activity of the horseradish 

peroxidase was not affected by the printing (68). Horseradish peroxidase is an enzyme that catalyzes 

hydrogen peroxide. However, Nishioka et al. reports that inkjet delivery of biological molecules such as 

the enzyme peroxidase can damage the enzyme due to high share rate and compression of the printed 

liquid (136). 

Setti et al. used thermal inkjet for the delivery of a solution containing GOX, EDTA as antimicrobial agent 

and glycerol as stabilizer onto plastic substrates. According to an activity assay the stabilizer did not af-

fect the enzyme activity, nor did the printing procedure. Thus, they concluded that it is possible to use 

thermal inkjet for the delivery of GOX (135).  

Wang et al. used piezoelectric inkjet for the delivery of a shaken solution of GOX in phosphate buffered 

saline, PBS, with glycerol onto SPCE. Light scattering revealed that the enzyme retained the tertiary 

structure after the printing procedure (71). This was confirmed by Cook et al.. However, they concluded 

that the activity of GOX decreased during piezoelectric inkjet printing (69). Wang et al. extended their 

work by adding the surfactant Triton-X to the solution. It lowers the contact angle of the electrode i.e. a 

more hydrophilic surface is achieved, which enables a more uniform deposition of the enzyme (70). 

4.2.3 Reported Work on Inkjet Printing of Metals 
Taylor et al. inkjet printed a carbon black ink with 20 wt% platinum and graded catalysts for the applica-

tion in fuel cells. The results were comparable with stencil printing of the same solution (138). Sanchez-

Figure 22 Illustration of a piezoelectric inkjet. 
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Romaguera et al. reports reproducible results of the piezoelectric inkjet printed 20 wt% silver nanoparti-

cles in ethylene glycol/ethanol onto glass substrates for electronic circuits (139). Another example of 

inkjet printing metal nanoparticles onto glass substrates is the printing of gold nanoparticles stabilized 

with 4-(dimethylamino)pyridine in water (140).  

4.3 Summary of the Reported Work for Glucose Sensors 
Table 5 summarizes the reported work for glucose sensors. Although GOX is unstable at temperatures 

above 40°C (1), it has been heat cured there for an hour (130). Is has managed to survive (with loss of 

activity) the thermal inkjet, which reaches temperatures up to 300 °C in the nozzle (135). In spite of the 

fact that some of the flavin part of the enzyme will be destroyed when exposed to light (1), the enzyme 

has been UV-cured (107,132). Heavy metals such as silver, lead and mercury inhibits GOX at micro molar 

levels (1). However, it seems to survive copper oxide (125). GOX does not seem to denature even by son-

ication (130), shaking (71) or by using a mortar (125).  

Table 5 Summary of the reported work for glucose sensors.  

Glucose oxidase,  
GOX in 

Screen  
printing 

Thermal  
inkjet 

Piezoelectric 
inkjet 

UV-curable carbon ink (107,132)   

Water-based air cured carbon ink  (20)   

Air cured carbon ink (60,129)   

Sonicated heat curable ink (130)   

Metal ink: Copper oxide Mortar used (125)   

PBS + additives  (135) (69-71) 

 
The possibility to print the enzyme solution offers the opportunity to achieve an all printed sensor based 

on an OECT. The different properties of the SPE have to be taken into account while selecting the charac-

terization methods for the gate electrodes.   
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Chapter 5 

METHODS FOR PLATINUM DEPOSITION 
5.1 Possible Methods for Platinum Deposition  
There are several ways of achieving platinum at the gate electrode. However, not all of them are cost-

effective since platinum is an expensive metal. So, how is it possible to make the manufacturing process 

of the gate electrode inexpensive and printable with an expensive metal at the resources available at 

Acreo AB? Another consideration is the methods that previously have been used for electrochemical 

glucose sensors. These methods are possible alternatives to achieve platinum as gate electrode: 

 Sputtering 

 Evaporation 

 Electrodeposition 

 Electroless deposition 

 Screen printing 

 Inkjet printing? 

The expensiveness of platinum is not a new problem. In the field of fuel cells the discussion about the 

expensiveness of platinum has been ongoing for a while. Fuel cells also utilize the catalytic performance 

of the platinum. Reducing the cost of platinum can be achieved by reducing the amount of platinum. This 

can be done by screen printing carbon and then deposit platinum nanoparticles onto the electrode e.g. 

by electro or electroless deposition (141). Screen printing or perhaps inkjet printing of platinum could be 

possible alternatives. Sputtering and evaporation do not reduce the amount of platinum, though both 

methods have previously been used to produce electrodes for glucose sensors (142,143).  

5.1.1 Selection of Methods 
Platinum can be sputtered (143) and evaporated (142). Both techniques are available at the facilities at 

Acreo AB. For practical consideration regarding the knowledge of the process and availableness of plati-

num, the evaporation will be selected.   

Electrodeposited platinum nanoparticles onto carbon nanotubes have previously been shown to possess 

excellent electro catalytic activity towards hydrogen peroxide. The nanoparticles enhances the surface 

area of the platinum (144) i.e. enables more enzyme to be immobilized compared to a flat surface. In the 

technique electrodeposition, biocompatible platinum nanoparticles are attached to the substrate from a 

metallic salt via an applied voltage. It has previously been performed for a sensor based on an OECT (41). 

In electroless deposition, a metallic salt is reduced by a chemical reducing agent during an auto-catalytic 

process (141). It requires several solutions (145) and does not seem to be rational, therefore electrode-

positing of platinum will be chosen.  



 

32 

Screen printing of platinum is possible. Commercial inks have previously been used for different applica-

tions (107,109,119,121). However, the inks which can be ordered from e.g. Gwent and Du Pont etc. are 

expensive (120,146,147). Home preparation is an alternative to the commercial inks (109,121). Although 

the conductivity was higher than for electrodeposited platinum (121), the method does not seem to be 

rational. Commercially available SPE for biosensors can be ordered from e.g. Drop sense (148) and Trace 

GmbH (149). However, the electrodes consist of a design with an integrated printed reference electrode 

which needs to be placed in a position that makes it possible to remove it without affecting the working 

electrode. Thus, neither of these will be ordered.  

To the authors knowledge there are no commercially available printable inks directed towards inkjet 

printing of platinum. However, a solution containing platinum nanoparticles in ethylene glycol with a 

viscosity of 16 mPa∙s has been found (150). It is not intended to be used in an inkjet printer, but if it 

would work it could be a cost-effective alternative. Thus, inkjet printing of the solution will be attempt-

ed. Inkjet has already been covered in Section 4.2. 

5.2 Evaporation 
The technique evaporation deposits a thin film of a material onto the substrate via heat-induced vapori-

zation in a vacuum chamber. The material is heated in the vacuum chamber until the point of vaporiza-

tion is reached, thus where evaporated particles start to form. Due to the vacuum chamber, the particles 

can then travel straight forward to the substrate mounted above the evaporation source, where they 

condense to a solid state. There are several evaporation techniques as e.g. electron-beam and resistive. 

The latter utilizes a large current passed in a resistive wire or foil which contains the material to be de-

posited. In the electron-beam technique a high temperature for the heating is achieved by focusing an 

electron-beam onto the material to be deposited (151).  

5.2.1 Reported Work on Evaporated Platinum for Biosensors 
Evaporation of platinum has been performed on carbon paper for fuel cells (152) as well as silicon coated 

wafers for glucose sensors (142,153). An adhesion layer can be used to achieve stronger adhesion be-

tween the evaporated material and the substrate (142). Park et al. concluded that strong adhesion can 

be achieved in absence of adhesion layer (152).  

Table 6 summarizes the reported work on evaporated platinum. 

Table 6 Reported work on evaporated platinum. 

Application Deposition target Adhesion,  
thickness  

Platinum, 
thickness  

Properties Reference 

Fuel cells Carbon paper  - 1000 Å Smooth surface, 
uniform thickness 

(152) 

Glucose  
sensor 

Silicon wafer with SiO2 Titanium, 1500 Å  1500 Å  - (142) 

Glucose  
sensor 

Silicon wafer with Si3N4  Chromium, 100 Å  1000 Å  Roughness equal to 
polished metal elec-
trodes 

(153) 
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5.2.2 Selection of Protocol to Adapt 
 Carbon papers are not available at Acreo AB. Silicon wafers are more expensive than some plastics, thus 

evaporate platinum onto a plastic would be a good option. However, to the author’s knowledge no 

evaporation of platinum onto plastic has previously been performed. Though sputtering of platinum has 

been performed with titanium as adhesion layer (154,155). Both techniques deposit a thin film of metal 

onto the substrate. An attempt to evaporate platinum onto plastic as well as printed carbon will be per-

formed.  

5.3 Electrodeposition 
In the electrodeposition or electroplating process a metal is deposited onto a conductive substrate. The 

substrate to be deposited, the working electrode, is immersed together with a counter and a reference 

electrode in a solution containing the metal in a soluble form (156).  

A negative voltage and a positive voltage is applied at the working and counter electrodes, respectively. 

The cations of the metal, MZ+, in the solution are forced to move towards the negatively charged working 

electrode. Some MZ+ ions from the counter electrode will enter the solution. The reactions are as follow-

ing (157):  

                             (  )     ⟶  ( )  

                           ( ) ⟶    (  )      

A number of e- from the counter electrode together with MZ+ create a solid layer of the metal onto the 

working electrode (157). The thickness of the deposited layer is determined by the applied voltage (156). 

5.3.1 Reported Work on Electrodeposited Platinum for Biosensors 
Electrodeposition of platinum onto SPE of carbon (119,158,159) or graphite (160), platinum (41,153), 

glossy carbon (85,161,162), carbon nanotubes (163,164), graphite rods (25), fluorine-doped SnO2-layered 

glass (165) as well as PEDOT (166) have previously been reported. Chang et al. presents a biosensor 

based on co-deposition of PEDOT and platinum to form a PEDOT-platinum film onto screen-printed car-

bon electrodes (167). The properties of the substrate affect the electrodeposition.  

Depositing platinum onto platinum does not create an inexpensive electrode, thus is it not considered as 

a realistic option in spite the fact that it has been reported for glucose sensors. However, it will be cov-

ered as reported work.  

Using PEDOT could involve less manufacturing steps compared to screen printed carbon or graphite. 

However, using not fully covered platinized PEDOT (167), 9 platinum particles per mm2 (166), as gate 

electrode for an OECT makes it possible for ions to also enter the gate electrode besides the channel. 

Thus, switching the redox state of the polymer and as a result the conductivity of the polymer will 

change. It is therefore difficult to know which aspect (glucose or PEDOT) that contributes to the change 

in the drain current. PEDOT will therefore not be considered. The screen printed electrodes are displayed 

in Table 7.  
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Table 7 Summary of the reported work on electrodeposition of platinum onto screen printed electrodes. 

Platinum 
solution  

Solvent, 
concentra-
tion 

Area of 
working 
electrode 

Counter 
electrode 

Electrodeposition 
(voltage vs. 
Ag/AgCl) 

Deposition  Deposition 
cycles 

Reference 

 

K2PtCl6,  

1mM, 98 % 
KCl, 0.1 M  - Silver +0.5 V then  

-0.7 V  
0.01 s 
10 s 

25 (158) 

K2PtCl6,  

1mM 
KCl, 0.1 M  4mm2 - -600 V to +400 V 50 mV/s 4 (119) 

PtCl6, 
1 mM 

HCl, 0.1 M  30 µl to 
2.64 
mm2 

Carbon -0.4 V 1-200 s - (159) 

PtCl6,  
3.5 % 

Lead ace-
tate, 0.005 
% in H2O 

2mm in 
diameter 

Carbon   - (160) 

 
Little work has been found on electrodeposition of platinum onto electrodes for glucose sensing. Wang 

et al. electrodeposited the porous platinum black onto evaporated platinum and concluded that the 

surface area was enlarged compared to only evaporated platinum (153). Tang et al. electrodeposited 

platinum for a glucose sensor based on an OECT and concluded that a longer deposition time results in 

more platinum sheets rather than particles (41). Table 8 summarizes the reported work.  

Table 8 Reported work for electrodeposition of platinum onto electrodes for glucose sensing. 

Platinum 
solution 

Solvent, 
concen-
tration 

Working 
elec-
trode 
material  

Area of 
working 
elec-
trode 

Counter  
electrode 

Electro-
deposition 
(voltage vs. 
Ag/AgCl) 

Deposition  Deposition 
cycles 

Reference 

H2PtCl6 

1mM 
0.2 M 
Na2SO4 

Glossy 
carbon  

- - -0.2 V 400 s - (164) 

H2PtCl6  

1 % 
0.1 M 
H2SO4 

Platinum 0.01 cm2 Platinum 
wire 

-1.4 to  
-2.0 V 

500 mV/s 45 (153) 

H2PtCl6 
5 mM 

0.05 M 
HCl 

Platinum 0.20 cm2 Platinum 
foil 

-0.3 V 90 s - (41) 

 

5.3.2 Selection of Electrodeposition Protocol 
Kim et al. concluded that pulses increased the surface area of the platinum (165). Thus, the protocol 

from Chikae et al. is not considered further on (159). Vanysek et al. did not receive an even depositing 

pattern of the platinum (160), it is therefore not considered. 

Del Torno-de Román et al. claimed that they had an acceptable reproducibility of 12 % (number of sam-

ples, n=5) in terms of relative standard deviation with an ink from Gwent (119). However, that ink is not 

available at Acreo AB. Electrodag PF-407 A used by Sanllorente-Méndez is on the other hand available. 
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Thus, the protocol from Sanllorente-Méndez is adapted (158). It is worth noting that Rao et al. presented 

a comparison study of five carbon inks, inter alia the porous Electrodag PF-407 A and an ink from Gwent, 

where they concluded that a porous structure may not be reproducible (115). However, since the 

adapted protocol uses Electrodag PF-4074A it will be selected although the reproducibility will be kept in 

mind.  

Dai et al. examined glossy carbon electrodes produced with the adapted protocol. They concluded that 

the platinum density increased by the usage of a higher number of potential step cycles. It was conclud-

ed that 25 cycles resulted in most nearly uniform size and the particle size was the largest without coagu-

lations present (161).  

The electrodes will be rinsed with deionized water and blot-dried after the electrodeposition of the plat-

inum, as in the procedure by Chikae et al. (159). 
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Chapter 6 

DESIGN OF THE OECT 
6.1 Design of the Gate Electrode 
The design of the gate electrode was based on two brief literature searches. The first included the field 

of screen printed carbon and graphite electrodes for different types of sensors, though mainly glucose 

and hydrogen peroxide sensors. The search was focused on mesh and working electrode sizes as well as 

conductive path material. The second search included the dimensions of the platinum gate electrodes 

for OECTs. Some practical considerations have been taken into account while designing the screen print-

ed gate electrode for a sensor based on an OECT. 

6.1.1 Sensors based on Screen Printed Carbon Electrodes 
Glucose and hydrogen sensors based on screen printed carbon electrodes, SPCE, appear to have a work-

ing area of approximately 7-16 mm2, although one uses 0.2 cm in diameter, see Table 9.  

Table 9 Mesh sizes and working areas of biosensors based on screen printed carbon electrodes. 

Specie  
detected 

Type of  
electrode 

Working area  
of electrode 

Mesh  Reference 

Glucose Amperometric 9 mm2 156 threads/inch (20) 

Glucose Amperometric 4 mm in diameter - (126) 

Glucose Amperometric 16 mm2 400 threads/inch, orientation 45° (60) 

Glucose Amperometric 
 

3.5 x 5 mm - (168) 

Glucose Amperometric - 390 threads/inch (66) 

Glucose Amperometric 0.2 cm in diameter - (169) 

Glucose Amperometric 0.07 cm2 - (170) 

Hydrogen peroxide Amperometric 3.0 mm in diameter - (149) 

Hydrogen peroxide Amperometric 16 mm2 400 threads/inch, orientation 45° (110) 

Hydrogen peroxide Amperometric 7 mm2 - (170) 

Ascorbic acid Amperometric 7.1 mm2 - (167) 

Immunosensing Amperometric 7 mm2 - (115) 
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The design of SPCE often includes a screen printed reference electrode, as Ag/AgCl. This enables testing 

with small sample volumes (116). Different configurations have previously been used; these have been 

covered in a review by Albareda-Sirvent et al. (84). However, designing a gate electrode for an OECT 

which not utilizes a reference electrode require either a smart design that enables removing of the ref-

erence electrode or two designs; one with the reference electrode and one without. Thus, it was not 

considered when designing a prototype for a printed sensor based on an OECT. 

SPE for biosensors, usually have conducting paths of carbon, platinum or some other metal ink (61). By 

covering the conductive path with an insulator it does not affect the working area of the electrode (20). 

Screen printed carbon or graphite electrodes with conductive paths of insulated silver of either vinyl 

white or polyurethane have previously been reported for hydrogen peroxide (110) and glucose sensors 

(60,66). Another insulating option is to use nail polish (129).  

6.1.2 Sensors based on Organic Electrochemical T ransistors 
The working areas of the gate electrodes for glucose sensors based on an OECT appear to be more 

spread out than 7-16 mm2, rather approximately 0.375-48 mm2. Often a wire seems to be used which 

can be seen in Table 10.  

Table 10 Glucose and hydrogen peroxide sensors based on organic electrochemical transistors. 

Specie detected Working area of  
gate electrode 

Electrode 
material 

Reference 

Glucose  Wire Platinum (2,3) 

Glucose Coiled wire 
(to enhance area) 

Platinum (4) 

Glucose  8 mm x 6 mm Platinum (38) 

Glucose, lactate 300 µm wide Platinum (101) 

Glucose 0.20 cm2 Platinum (41) 

Glucose  1 x 10 mm
2
 PEDOT:PSS (98) 

Glucose  8 mm x 6 mm
 

PEDOT:PSS (45) 

Glucose 1 mm wide PEDOT:PSS (100) 

Hydrogen peroxide 0.375 mm2 Platinum (105) 

 

6.1.3 Practical Considerations 
During electrodeposition of platinum the conductive path is connected to an alligator clip, which cannot 

be in contact with the liquid due to risk of a short circuit. Thus, consideration will be taken regarding the 

electrodeposition procedure for the design of the SPCE.  

6.1.4 Summary of Design of the Gate Electrode 
To conclude the SPE; the first manufactured series should have a working area of approximately 4-16 

mm2. Consideration is taken to that sensors based on SPCE appear to have a working area of approxi-
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mately 7-16 mm2 and to that some OECTs have smaller gate electrodes. The mesh size will be approxi-

mately 160 threads per inch, depending on which carbon ink to use. Consideration will be taken regard-

ing the electrodeposition procedure for the design of the SPCE. The decisions are displayed in Table 11. 

Table 11 Summary of the design of the gate electrode. 

Gate electrode  
material 

Ink Conductive path Working area of  
gate electrode 

Mesh size 

Screen printed carbon Electrodag PF 407-A Silver + insulator 4-16 mm2 160 threads/inch 

 

6.2 Design of the Sensor based on an OECT 
OECTs can be designed in two different configurations; lateral or vertical. In the lateral design, the elec-

trodes are situated in the same plane and the printing only involves one step (103). The ion transport 

takes place laterally (47). The electrolyte can be either on the top or on the bottom (29).  

The distance between the gate electrode and the conducting channel is flexible (40). However, a vertical 

design can minimize the distance between the source and drain electrodes which give a faster response 

(103). A vertical design can enable the sample to be placed in a microfluidic channel which enables the 

possibility to flow small sample volumes over the channel in a controlled way (43). Thus, the sample vol-

ume can be minimized with a vertical design. Also, deposition of platinum onto the gate electrode re-

quires that the gate and transistor are printed separately. A vertical design will therefore be used. The 

design of the transistor includes some design rules, which previously have been stated in the literature.  

6.2.1 Design Rules 
Yaghmazadeh et al. presented an optimization study of organic OECTs as sensors. Different ratios of the 

channel to gate area e.g. a small (Achannel/Agate =0.01) and large ratio (Achannel/Agate= 100) were compared. 

With a small ratio in presence of the analyte, the drop in the potential at the gate/electrolyte interface is 

nearly infinite. Thus, the drain current does not change noticeably (76). This is in agreement with Cicoira 

et al. which concluded that the ratio of the channel to gate area controls the response of the sensor ra-

ther than the relative areas of the gate and the channel. A larger ratio of the channel to gate area result-

ed in a larger change in drain current (105). The sensitivity of the device can be increased with a large 

ratio above one and by maximize the width between source and drain electrodes and minimize the 

length of the channel (76). The design rules can be summarized as: 

o Gate area versus channel area important (105) 

o Gate smaller than the channel of the transistor (76,105)  

o Maximize channel width and minimize channel length (76) 

6.2.2 Channel versus Gate Electrode Area  
The gate and channel areas of sensors based on OECTs are displayed in Table 12. The reader should keep 

in mind that all authors have not taken the design rules into consideration while designing their sensors. 
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Table 12 Sensors based on organic electrochemical transistors. 

Specie  
detected 

Gate  
electrode 
material 

Working area  
of gate  
electrode 

Channel  
dimensions 
(wide, length) 

Channel  
material 

Distance  
(channel 
to gate) 

Reference 

Glucose  Platinum Wire w: 1 mm  
l: 10 mm 

PEDOT:PSS - (2) 

Glucose Platinum Wire w: 2 mm  Vaper polymerized 
PEDOT 

- (3) 

Glucose Platinum Coiled wire 
(to enhance area) 

22 x 1 mm PEDOT:PSS, thickness  
≈ 100 nm 

- (4) 

Glucose  Platinum 8 mm x  
6 mm 

w: 5 mm 
l : 25 mm 

PEDOT:PSS - (38) 

Glucose,  
lactate 

Platinum 300 µm wide w: 300 µm 
l: 1.2 mm  

PEDOT:PSS 400 µm (101) 

Glucose Platinum 0.20 cm2 w: 6 mm 
l: 0.2 mm 

PEDOT:PSS, thickness  
≈ 80 nm 

- (41) 

Glucose  PEDOT:PSS 1 x 10 mm2 w: 0.1 mm PEDOT:PSS 5 mm (98) 

Glucose  PEDOT:PSS 8 mm x  
6 mm 

0.8 mm x  
0.8 mm 

PEDOT:PSS, thickness  
200 nm 

2 mm (45) 

Glucose PEDOT:PSS 1 mm wide w: 100 µm PEDOT:PSS - (100) 

- PEDOT:PSS 200 or  
500 µm 

w: 500 µm PEDOT:PSS - (46) 

Hydrogen  
peroxide 

Platinum Achannel/Agate 
=0.2 

Achannel/Agate 
=0.2 

PEDOT:PSS - (105) 

Dopamine Platinum 20 mm2 w: 6 mm 
l: 100 µm 

PEDOT:PSS, thickness  
≈ 80 nm  

- (50) 

 
The range of the working area of the gate electrode is from a wire to 0.20 cm2. The channel dimensions 

seem to vary from 100 µm to 6 mm for the width of the device. The length vary even more; from 100 µm 

to 25 mm.  

Depending on the design of the transistor, it can either be immersed in the electrolyte containing the 

analyte (41) or utilize some kind of flow system to prevent the electrolyte form escaping. One approach 

is to design a well for the electrolyte on top of the PEDOT:PSS channel produced by e.g. photolithogra-

phy of the silicone elastomer poly(dimethyl-siloxande), PDMS (3,4,98), or using double-coated adhesive 

tape in between two polyester sheets; one is cut as well (45). Another approach is to design a microfluid-

ic system (43,101).  
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6.2.3 Practical Considerations 
There are some practical considerations regarding the design of the organic electrochemical transistor. 

The screen printing technique cannot print structures below 100 µm (12), to be on the safe side the 

structures should be larger than 200 µm. The conductive pads of carbon should cover the side of the 

PEDOT:PSS channel, to get the best possible contact. The silver and thus the carbon pads should not be 

in contact with the electrolyte due to interferences of the signal.  

The design of the OECT is completed with printing an adhesive onto both the gate electrode and the 

channel. The printed adhesive determines the area of both the channel and the gate electrode. The de-

sign makes it possible to try different combinations of channel and gate electrode areas. Thus, the adhe-

sive should cover the gate electrodes enough to be able to combine with multiple channel dimensions. A 

micro fluid channel is created over the channel of PEDOT:PSS by the adhesive. The PEDOT:PSS channel 

needs to be a minimum 500 µm to allow a spontaneous flow of the electrolyte PBS (101).  
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Chapter 7 

IMMOBILIZATION OF GLUCOSE OXIDASE 
7.1 Previously Reported Work 
This section covers some of the previously reported work for enzymatic sensors based on OECTs and 

glucose sensors using the enzyme GOX. Some of the different immobilization techniques will be dis-

cussed. However, the search in the field of glucose sensors using GOX will be directed towards drop coat-

ing of the enzyme since that seems to be a simple, rational and easily adapted technique. Drop coating 

of GOX onto screen printed carbon and platinum electrodes will be covered in detail.  

7.1.1 Enzymatic Sensors based on OECTs 
Enzymatic OECTs have previously immobilized the enzyme or dissolved it in e.g. PBS. The immobilization 

techniques include adsorption in ionic liquids (100), or in gels as chitosan (41), a spin coated GOX film 

(99) and entrapment in an electropolymerized film (95,171).  

An ionic liquid, IL, is a low boiling point salt consisting of ions (104), which offers an alternative to the 

common used electrolyte in sensors based on OECTs, PBS. The RTIL, room temperature ionic liquids, 

which is a liquid at ambient state, is a subclass of IL. Yang et al. developed a glucose sensor by immobiliz-

ing GOX in a RTIL that disperses with the addition electrolyte (100). However, ILs can cause structure 

changes of the enzyme, which results in loss of activity (104). Thus, they are not considered further.  

Tang et al. developed a glucose sensor by adsorbing GOX onto the gate electrode. The enzyme was pre-

vented from diffusing with addition of a biocompatible film consisting of the inexpensive oligosaccharide 

chitosan (41). The film has also been used in a dopamine sensor (50).  

Another approach was presented by Liu et al. who spin coated GOX, the antimicrobial agent ethylenedi-

aminetetraacetic acid, EDTA, and glycerol onto PEDOT:PSS. By adding a membrane on top, GOX was pre-

vented from dissolving (99).  

Table 13 summarizes the reported work for enzymatic sensors based on OECTs. The most common im-

mobilization technique seems to be adsorption. The activity GOX seems to vary from 250 to 500 U/ml.  
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Table 13 Enzymatic sensors based on an organic electrochemical transistor.  

Specie  
detected 

Gate electrode 
material 

Enzyme, activity Immobilization/solution Refer-
ence 

Glucose  Platinum GOX, 500 U/mL  In PBS, pH 6.8. (2,4) 

Glucose Platinum GOX, 136.1 
U/mg 

In PBS. (3) 

Glucose  Platinum GOX In PBS. (38) 

Glucose,  
lactate 

Platinum GOX In PBS. (101) 

Glucose  PEDOT:PSS GOX, 500 U/ml In PBS. (98) 

Glucose  PEDOT:PSS GOX In PBS pH 7.2. (45) 

Glucose Platinum GOX, 50 U/mg Adsorbed onto the electrode with 20 µl 8 mg/mL 
GOX in PBS pH 7.2, followed by a kind of encapsula-
tion of a chitosan solution. 

(41) 

Glucose PEDOT:PSS GOX, 500 U/ml Adsorbed onto a RTIL suited at the PEDOT:PSS chan-
nel. 

(100) 

Glucose Nickel-silicon GOX, 250 KU In a spin coated glucose oxidase film covered by a 
membrane. 

(99) 

Glucose PEDOT:PSS GOX, 250 U/ml In electropolymerized film that contains PBS and 
aniline. 

(171) 

Glucose - GOX,229 U/mg In electropolymerized film that contains poly (1,2-
diaminobenzene). 

(95) 

 

7.1.2 Glucose Sensors with Glucose Oxidase 
Drop coating will introduce e.g. physical adsorption if solely the enzyme and e.g. PBS is mixed. Crosslink-

ing is achieved if e.g. glutaraldehyde is included. Immobilization of GOX in an ink has been covered in 

Section 4.1.2.  

The carbohydrate shell of GOX can be used to covalently bind the enzyme to a surface. It avoids chemical 

modification of functional groups which can result in minor loss of enzyme activity (77). 

A brief search in the field of the GOX based glucose sensors is presented in Table 14. The activity of the 

enzyme varies between 118 U/mg to 510 U/mg. 
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Table 14 A brief search in the field of the glucose oxidase based glucose sensors.  

Sensor Activity  Enzyme immobilized via Reference 

Amperometric 510 U/mg Drop coated (128) 

Amperometric 300 U/mg Drop coated (163) 

Amperometric 250 U/mg Drop coated (172) 

Amperometric 211 U/mg Drop coated (173) 

Amperometric 196 U/mg Drop coated (174) 

Amperometric 195 U/mg Drop coated (164,170) 

Amperometric 182 U/mg Drop coated (168) 

Amperometric 181 U/mg Drop coated (169) 

Amperometric 180 U/mg Drop coated (175) 

Amperometric 133.6 U/mg Drop coated (110) 

Amperometric 118 U/mg Drop coated (176) 

Amperometric 187.3 U/g Drop coated (177) 

Amperometric 500 U/ml Polymerized film (178) 

Amperometric - Drop coated (66,179-181) 

Amperometric 210 U/mg Electrodeposited (182) 

Amperometric 159 U/mg Electrodeposited (183,184) 

- 5.6 U/mg Electrodeposited (23) 

- 277 U/mg Electrodeposited (185) 

 

7.1.3 Immobilization of Glucose Oxidase onto Screen Printed Electrodes 
Commercial glucose biosensors are mainly developed from immobilizing the enzyme onto screen printed 

electrodes (85). In this section drop coating of GOX onto SPCE will be covered in detail. Drop coating can 

be performed in presence of glutaraldehyde (169), BSA (180) or as a combination of them (170). Encap-

sulate the enzyme in chitosan (168), as for an OECT has also been performed. Cellulose acetate mem-

brane (127) and Nafion (180) are used to make the biosensor less sensitive to interferences. 

Nafion is a polyanionic membrane which can exclude interferences of e.g. ascorbic acid (181) and pre-

vent the enzyme from diffusing into the solution (144). The glutaraldehyde creates a stable bond with 

the amine groups in the enzyme (180) and makes the compound insoluble in water (84). 

BSA has previously been used for SPCE (180). Ricci et al. took the advantage of both Nafion and BSA 

while developing a glucose sensor (170). Gonzalo-Ruiz et al. used BSA and glutaraldehyde for the devel-

opment of a glucose sensor with two enzymes present; GOX and HRP (180).  
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A brief search in the field resulted in Table 15 where all sensors are amperometric. The volume deposit-

ed is 5 -10 µl with an activity on the surface of 4.4- 20 U.  

Table 15 Drop coating of glucose oxidase onto screen printed electrodes.  
GA= Glutaraldehyde, RT = Room temperature.  

Electrode  
material 

Surface 
area of 
electrode 

Stock solution of 
GOX 

Volume 
added  

Method Activity 
of GOX 
on the 
surface 

Reference 

Carbon  
 

17.5 mm2 2.5 mg/ml GOX in 
0.02 M PBS pH 
7.0. 

5 µl 5 µl of each: i) 5mM ferrocence 
ii) 0.5 wt% chitosan iii) GOX iv) 
0.5 wt% chitosan v) 0.0025 w/v 
% GA. Dry in between. 

- (168) 

Carbon 
with me-
diator 

16 mm2 Ethanol, 4.4 U 
GOX, 0.25 % Nafi-
on 

10 µl Add solution to electrode. 4.4 U (110) 

Carbon 
with me-
diator  
 

0.07 cm2 20 µl GA and 30 
µl Nafion mixed 
with 100 µl: BSA 
(40 mg) and GOX 
(10 mg) in 1 ml 
PBS. 

7 µl Air dried RT, 45 min. Soaked in 
glycine. 

- (170) 

Carbon  1.66 % GOX, 1.66 
% HRP and 1.66 % 
BSA in PBS. 

5 µl i) GOX solution, ii) 5 µl of GA. 
Dry in 4 °C 1h. Excess removed 
with H2O. 

- (180) 

Graphite 
with me-
diator  

0.2 cm 
diameter 

-  Crosslinking with GA and then 
Nafion. 

- (169) 

Graphite  - -  i) Os-complex mediator  
ii) GA then BSA. 

6 U (66) 

Carbon  - 65 mg/ml GOX,  
70 mg/ml BSA 
and 70 µl/ml GA. 

10 µl  i) 100 µl of mediator solution to 
1 ml cellulose acetate. Ii) 20 µl 
to electrode. Dried overnight. Ii) 
10 µl GOX solution. 

- (127) 

Carbon  12 mg GOX and 
K3Fe(CN)6 in 1 ml 
distilled water. 

10 µl Dried over silica gel under  
reduced pressure at RT. 

20 U (177) 

 

7.1.4 Immobilization of Glucose Oxidase onto Platinum Electrodes 
This section covers drop coating of GOX onto different kind of platinum electrodes. The drop coating can 

be performed in presence of glutaraldehyde (176), BSA (175) or as a combination of both of them (172). 

Encapsulation of the enzyme in chitosan (174) has also been performed.  
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A brief search in the field resulted in Table 16 where all sensors are amperometric. The volume deposit-

ed is 1 -60 µl. 

Table 16 Adsorption of glucose oxidase onto platinum electrodes.  
GA= Glutaraldehyde, GCE= Glossy carbon electrode, CNT= Carbon nanotubes,  

MWCNT= Multiwall carbon nanotubes.  

Platinum  
surface 

Surface 
area 

Stock solution of GOX Volume 
added  

Method Reference 

Bare  2 mm 
diameter 

0.05-5 mg/ml GOX (e.g. 2 
mg/ml GOX and 2 mg/ml BSA) 

1 µl Dry in air, crosslink-
ing with GA vapor 
at 35 °C for 30 min. 
Stirred in PBS for  
5 min to remove 
excess. 

(172) 

Bare  1.0 mm 
diameter 

1 U/µl  10 µl Dried, add 20 µl 
GA. Gold nanorods 
added. 

(176) 

Bare  1 mm 
diameter 

0.2 mg GOX in 0.5 ml (1 %) 
chitosan in 0.005 M acetic 
acid and 10 µl GA (2.5 %) 

5 µl Dried at 4 °C for  
24 h. 

(174) 

Bare 1 mm 1 U/µL - i) 10 µl GOX solu-
tion mixed with 10 
µl gold nanorods ii)  
Dried in air iii) 20 µl 
GA. 

(176) 

With mediator  3.0 mm 
diameter 

Nafion/ GOX 0.05 µl Evaporate in air 
and room tempera-
ture for 30 min 

(181) 

With polypyrrole 4.0 mm 
diameter 

300 µl phosphate buffer with 
8 mg BSA and 0.1 mg GOX 
mixed with 30 µl GA 

1-2 µl Air dried at room 
temperature for 5 
min. 

(175) 

With triangular silver 
nanoprisms (AgTNPs) 

1 mm Dipped into a solution con-
taining 10 mg/ml GOX  

60 µl  i) 60 µl GOX mix 
with 0.12 ml Ag-
TNPs ii) 0.8 ml  
1 wt% chitosan 
solution iii) 0.02 ml  
2.5 wt% GA. 

(173) 

GCE with MWCNT and 
electrodeposited plat-
inum 

3 mm 
diameter 

10 mg GOX in 2 ml of 0.1 PBS 
in 250 µl 1 wt% chitosan solu-
tion  

5 µl Air dried at 4°C for 
10 h. Addition of  
3 µl 1 % Nafion. 

(163) 
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GCE with PB gold 
nanocomposite film 
and platinum 
nanoclusters 

4 mm 
diameter 

2 mg/ml GOX 10 µl Dried at 4 °C. Coat-
ed with 5 µl 0.5 
wt% Nafion. Dried 
at 4 °C. 

(179) 

GCE with CNT func-
tionalized with chi-
tosan, carboxylic 
groups and electrode-
posited Au-Pt alloy 

3 mm  
diameter  

2 U/µl 8 µl i) 6 µl 0.2 wt% chi-
tosan solution air 
dried ii) 0.25 % GA 
for 2 h. Rinsed in 
H2O iii) GOX. 

(164) 

 

7.2 Selection of Immobilization Techniques 
Physical adsorption is the simplest of all immobilization techniques, thus it will be tested due to its sim-

plicity. A volume of 5 µl was assumed to be enough for electrodes of 4-16 mm2. An activity on the sur-

face of 8 U is considered to a good crossing in between 4.4 and 20 U. 

Reducing the interferences of e.g. ascorbic acid is of value when developing a glucose sensor with a plat-

inum electrode. However, Nafion is not possible to use in a product that is intended to be commercial-

ized due to different regulations.  

Chitosan has previously been used for an OECT, SPC and platinum electrodes. It is an inexpensive poly-

mer and available at Acreo AB. The different possibilities of the chitosan preparation for biosensors are 

displayed in Table 17. Dissolving 1 wt% chitosan in acetic acid in a stirred solution seems to be the most 

common preparation of the chitosan solution.  

Table 17 Preparation of chitosan solution for biosensors. 
RT= Room temperature. 

Chitosan Solvent concentration and percent Stirred for Volume added, size of electrode Reference 

1 wt% Heated acetic acid, 100 ml, 1.0 % 3 h, RT 5 µl, 0.2 mm in diameter (186) 

1 wt% - - - (173) 

1 % Heated acetic acid, 0.05 M 3 h, RT - (174) 

1 % Acetic acid, 2 %  2 h - (163) 

0.5 wt% Acetic acid, 100 ml, 50 mM - - (41) 

0.5 % Acetic acid, 0.8 % (v/v) 3 h 5 µl  (168) 

 
BSA in combination with glutaraldehyde has previously been used for screen printed carbon and plati-

num electrodes. The combination offers the possibility to avoid steric hindrances and creates a stable 

bond in with the amine groups in GOX .The chemicals are available at Acreo AB. The different possibilities 

of the BSA/glutaraldehyde and enzyme preparation for biosensors are displayed in Table 18. Dissolving 

the enzyme in BSA and add glutaraldehyde seems to be the most common method. The highest amount 

of enzyme is 65 mg/ml solution. 1-10 µl has been added to the electrodes. 
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Table 18 Preparation of BSA/glutaraldehyde/enzyme solution for biosensors. 

BSA, volume 
and percent 

Enzyme,  
amount 

Glutaraldehyde, 
volume and percent  

Solvent Amount of enzyme in 
the added solution 

Volume  
added 

Reference 

1.5 ml,  
17.5 %  

50 mg  1.8 ml,  
2.5% 

2.7 ml PBS 8.3 mg/ ml - (82) 

25 µl,  
10 mg/ml 

125 µl 
 

20 µl,  
2% 

- 3 mg/ml 5 µL (187) 

8 mg 0.1 mg 30 µl,  
2.5 % 

300 µl PBS 0.33 mg/ml 1-2 µl (175) 

20 mg/ml 5 mg 40 µl, 
50 % 

1 ml PBS 5 mg/ml 5 µL (188) 

70 mg/ml 65 mg/ml 70 µl,  
5 % 

- 65 mg/ml 10 µl (127) 
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Chapter 8 

ANALYTICAL METHODS: CHARACTERIZA-
TION OF THE GATE ELECTRODE AND THE 
OECT 

8.1 Possible Methods for Characterization of the Gate Electrode 
To assure that a functional gate electrode is inserted into the OECT it is first characterized with different 

analytical methods. There are several options for characterizing modified platinum electrodes, screen 

printed electrodes as well as platinum nanoparticles:  

 Cyclic voltammetry 

 Chronoamperometry 

 Scanning electron microscopy (SEM) 

 Atomic force microscopy (AFM) 

 X-ray photoelectron spectroscopy (XPS) 
 Electrochemical impedance spectroscopy (EIS) 

8.1.1 Selection of Methods 
Cyclic voltammetry has previously been used to investigate the electrochemical characteristics of biosen-

sors (66). It is the most widely used electrochemical technique to obtain information about electrochem-

ical reactions (16,189). It is often the first performed experiment in an electro activity study (16).  

Recording the response of the biosensor to different concentrations of the analyte is usually performed 

with the technique chronoamperometry (114,126,129,144,153,190). The obtained responses can be 

plotted as a calibration curve (75).  

Electrodeposited platinum nanoparticles have previously been characterized with AFM (161,166) and 

SEM (41,153,158,159). AFM characterizes the topography, while SEM characterizes the morphology of a 

surface. Previously reported work reveals that the electrodeposited platinum nanoparticles from the 

adapted protocol have an average diameter of 113 nm. The density of particles given as number of parti-

cles per µm2 was 8.7 (161). The roughness of screen printed carbon is a couple of µm (113). Thus, detect-

ing nanoparticles of 113 nm deposited onto a carbon ink of a couple of µm with AFM will be hard. The 

platinum is conductive, it should be possible to reveal the number of density with SEM. 



 

52 

One technique for determining if pure platinum is achieved at the electrode surfaces is XPS. It measures 

the elemental composition and the electronic state etc. of the elements present in the sample (145). 

However, the technique is not available at the facilities at Acreo AB, Norrköping.  

Investigation of an interface between a solution and a modified electrode is obtained via electrochemical 

impedance spectroscopy, EIS, tests (164). The technique can obtain complementary information to other 

electrochemical techniques i.e. cyclic voltammetry and chronoamperometry. The equipment used for 

the measurement is a potentiostat together with a frequency response analyzer, FRA (191). An equiva-

lent circuit can be used to acquire more information from the EIS test (179).  

8.2 Cyclic Voltammetry  
Voltammetry refers to techniques where the potential of the working electrode is scanned over a poten-

tial range or a set of potential ranges (21). In parallel, the resulting current is continuously measured 

(169). A voltammogram displays the measured current against the potential (13). There are several tech-

niques that vary the potential of a working electrode as the linear sweep, cyclic voltammetry and differ-

ential pulse (24).  

The potential of the working electrode is linearly scanned with a triangular waveform between two val-

ues at a fixed scan rate by an electronic circuit called the potentiostat (14). The waveform is displayed in 

Figure 23.  

At the first chosen potential, no electrode reaction should occur and little current is obtained. When the 

scan moves towards the second voltage oxidation or reduction should occur and a larger current is 

achieved (192). At the second voltage or at a certain time the scanning is reversed and continues back to 

the first value (189). The term cyclic refers to that the potential is scanned forward and reverse in a pre-

defined number of cycles. Information regarding redox potentials and surface area can be obtained by 

the aid of cyclic voltammetry (24). 

The potentiostat utilizes a three electrode system consisting of reference, counter and working elec-

trodes immersed in an unstirred solution (16). The potential of the working electrode is measured rela-

tive the reference electrode and the current relative the counter electrode (24). 

8.2.1 Reference Electrodes 
A reference electrode has a fixed potential during the measurement. There are different reference elec-

trodes available on the market as the saturated calomel electrode (SCE), standard hydrogen electrode 

Figure 23 The triangular waveform used in voltammetry. 
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(SHE) or normal hydrogen electrode (NHE) and the silver-silver chloride (Ag/AgCl). The SHE is the primari-

ly accepted reference electrode. The SCE and Ag/AgCl relates to that as a potential of 0.242 V and 0.197 

V respectively (189).  

8.2.2 Redox Reactions: Reversible, Qvasireversible and Irreversible  
A schematic illustration of a cyclic voltammogram can be seen in Figure 24 where peaks are present. 

Oxidations occur at the anode, resulting in an anodic current with the anodic peak Ipa as the maximum 

value. Thus, reductions occur at the cathode which results in a cathodic peak, Ipc (189). The voltage dif-

ference between the peaks, ΔEp, can be used to determine if the reaction is reversible, qvasireversible or 

irreversible (14).  

The formation of a diffusion layer near the electrode surface causes the characteristic peaks. The posi-

tion of the peaks is related to the formal potential of the redox process and thus the redox potential 

(14). At reduction, the driving force is the reduction potential and at the oxidation vice versa. The redox 

potential is measured during standard conditions since it varies with e.g. temperature and pH. The peaks 

are always a bit shifted; the reduction potential is not equal to the oxidation potential with reversed sign 

(193). Each specific redox couple has an equilibrium potential which contributes to the net current. The 

overvoltage is the extra potential that leads to a net current (12).  

A reversible reaction is limited to the rate at which the redox couple reaches the surface of the working 

electrode; it is the desired shape of a cyclic voltammogram. ΔEp≥ 59 mV/n where n is the number of elec-

trons transferred during the reaction. The ratio Ipa/Ipc should be equal to one. The formal potential for a 

reversible reaction is placed in between the peaks (12). The current increase with the square root of the 

scan rate and is directly proportional to the analyte concentration. Ep is independent of the scan rate 

(194).  

For a qvasireversible reaction the current increase with the square root of the scan rate, but it is not 

proportional to the analyte concentration (168). The current is determined by both the charge transfer 

from the solution to the electrode and the rate at which the redox couple reaches the surface of the 

Figure 24 Schematic illustration of a cyclic voltammogram for a reversible redox process.  



 

54 

working electrode (12).The separation is larger than for a reversible reaction due to higher overvoltage. 

Thus, not full oxidation and reduction occur in a qvasireversible reaction.  

Poor electron transfer and high overpotential are features of an irreversible reaction. Thus, the peaks are 

more spread out than for a qvasireversible reaction. The currents are about 80 % of the value for a re-

versible reaction (12). 

8.2.3 Chemicals, Reagents, Scan Rates and Oxidation Potentials 
There are several solutions in which electrocatalytic surfaces can be characterized in e.g. the redox cou-

ple ferricyanide/ferrocyanide and sulphuric acid. The gate electrode will be characterized in glucose in 

absence or presence of GOX. However, enzymes are expensive and a cost effective alternative is to start 

with hydrogen peroxide. Voltammograms in PBS serve as negative controls. This section contains the 

motivations regarding the choices of concentrations and solvents as well as scan rates. It also contains 

the oxidation potentials for the compounds.   

The presence of hydrogen peroxide in human serum and blood in non-diabetic persons is in the mi-

cromolar range (195). The level in human blood plasma is reported to be approximately 35 µM (196). 

Platinum is reported to oxidize hydrogen peroxide at a potential of +0.6 to +0.7 V vs. Ag/AgCl (12,18,75). 

The catalyzation of hydrogen peroxide is an irreversible reaction where two electrons are transferred 

(197); it involves complex electrochemistry and will not be covered in this work. The mechanism is dis-

cussed in several articles from Hall et al. (198-201).  

Table 19 summarizes the parameters for cyclic voltammetry in H2O2. PBS seems to be the common sol-

vent and it will therefore be used. 

Table 19 Parameters for cyclic voltammetry in hydrogen peroxide. 

Specie 
detected 

Electrode  
material 

Concentration  Concentration 
in displayed 
voltammogram 

Solvent and 
concentration 

Scan rate 
(mV/s) 

Reference 

Hydrogen 
peroxide 

Platinized SPCE 16 µM – 2 mM 1 mM PBS  100  (159) 

Glucose Platinum with  
Nafion and ferrocence 

10 µM – 1 mM 5 mM + 2.0 mM 
ferrocence 

PBS 40  (181) 

Glucose Platinum with Prus-
sian blue 

- 3 mM PBS 50  (178) 

Glucose Platinum - 5 mM KCL, 0.1 M + 
PBS, 0.1 M 

20  (172) 

Glucose Platinum - 5 mM - 100  (186) 

 
The reversible reaction of the mediator couple ferricyanide/ferrocyanide has previously been used to 

characterize the kinetic barrier of the interface of an electrode (176). It is suitable for characterizing the 

surface of modified electrodes (164). A glucose sensor based on an OECT has utilized the mediator to 

characterize the gate electrode (41). Platinum electrodes (173,176,186) as well as SPE (170) for glucose 
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sensing have also been characterized in the mediator. It is therefore chosen to investigate the electrode 

behavior of the manufactured electrodes.  

Ferrocyanide, [Fe(CN)6]4- is oxidized to ferricyanide [Fe(CN)6]3- at a potential of 0.253 V (75) or 0.225 V vs. 

Ag/AgCl. One electron is transferred (97) during the qvasireversible reaction (109,154). 

Table 20 summarizes the parameters for cyclic voltammetry in ferricyanide/ferrocyanide. A concentra-

tion of 5mM with a scan rate of 50 mV/s seems to be most common for glucose sensors. Different poten-

tials have been scanned; -0.4 to 0.8 V is determined to be a good crossing. The cyclic voltammetry of 

H2O2 is run with PBS, hence PBS will be used.  

Table 20 parameters for cyclic voltammetry in ferricyanide/ferrocyanide. 
GC= Glossy carbon, MWCNT = Multiwall carbon nanotubes.  

Specie  
detected 

Electrode  
material 

Concentration  Solvent, concentration 
and pH  

Scan rate 
(mV/s) 

Scanned 
between 
(Voltage) 

Reference 

Glucose PEDOT/platinum 5 mM PBS, 50 mM, 7.4  - -0.5 to 0.8 (202) 

Glucose Platinum 5 mM PBS, 0.1 M, 7.0 50 -0.1 to 0.6 (173) 

Glucose GC  5 mM PBS, 0.1 M, 7.0  100 -0.2 to 0.6 (203) 

Glucose Platinum 5 mM  KCL, 0.1 M, 6.8  50 -0.2 to 0.6 (176) 

Glucose Platinum 5 mM  KCL, 1 mM, 7.0  50 0.6 to -0.3 (186) 

Glucose Cleaned platinum  5 mM KCL, 0.1 M + PBS, 
0.1 M, 7.0  

20  -0.2 to 0.6 (172)  

Glucose Platinized plati-
num, MWCNT or 
bare platinum. 

5 mM PBS, 7.2  50  -0.2 to 0.8 (41) 

Glucose SPCE 50 mM PBS, 100 mM, 7.0  50  -0.2 to 0.4 (112) 

Glucose Platinized GC with 
carbon nanotubes 

20 mM KCl, 0.2 M  20 0.5 to -0.2 (164) 

Glucose Platinized GC with 
carbon nanotubes 

5 mM KCl, 0.1  50 -0.2 to 0.7 (163) 

Hydrogen  
peroxide 

Polarized SPCE  1 mM KCL, 0.1 M + PBS, 
0.05 M, 7.4  

50  -0.75 to 
1.25 

(170) 

Lactate Platinum sputtered 
onto polymer 
sheet 

10 mM KCL, 0.1 M + sodium 
phosphate, 0.667 M, 7.4  

25-200  -0.6 to 0.6 (154) 

Biosensor SP platinum  10 mM KCL, 0.1 M + sodium 
phosphate, 0.667 M, 7.4  

50-250 -0.6 to 0.6 (109) 

- Platinized SP 
graphite electrode 

5 mM KCL, 1.0 M  50  -0.1 to 0.5 (160) 
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D-(+)-glucose (66,95) and D-glucose (110) have previously been used when characterizing glucose sen-

sors. Glucose is dissolved in PBS and the solution should be left in room temperature for mutarotation 

for several hours, 10 h (110) and 24 h (20,41,127,143) have previously been reported. 24 h will be used, 

to be on the safe side. Mutarotation is a change in the optical rotation of cyclic carbohydrates, as glu-

cose. A scan rate of 50mV/s will be used since comparison will be made with hydrogen peroxide. 

8.2.4 Summary of the Chemical and Reagents for the Cyclic Voltammetry 
Table 21 summarizes cyclic parameters that will be used for each chemical and reagent.  

Table 21 Summary of cyclic parameters for each chemical and reagent. 

Chemical or reagent Concentration Solvent Scan rate 

Hydrogen peroxide - PBS 50 mV/s 

Ferricyanide 5 mM PBS 50 mV/s 

Glucose - PBS 50 mV/s 

 

8.3 Chronoamperometry 
Chronoamperometry can be used to determine the diffusion of the analyte from the solution to the elec-

trode. With this technique the potential is stepped past or close to the value where the peak in a volt-

ammogram would be and the corresponding current is simultaneously measured. This is performed with 

the aid of a potentiostat and a square-shaped waveform, the resulting graph of the current versus the 

time is denoted chronoamperogram (75).  

The potential is at a fixed value while recording the response of a biosensor to different concentrations 

of the analyte. The value is determined by the potential of the redox reactions, which can be detected by 

e.g. cyclic voltammetry. The solution with the analyte present is stirred during the measurement to en-

sure that the homogeneity of the solution is retained (114). However, stirring can result in noise (144). 

Addition of higher concentrations should result in a higher response. A schematic illustration of the 

stepwise addition of analyte to the stirred solution can be seen in Figure 25.  

Figure 25 Schematic illustration of a chronoamperogram. The arrows indicate the stepwise addition  
of analyte to the stirred solution.  
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8.3.1 Chemical and Reagents  
The gate electrode will be characterized with chronoamperometry in different concentrations of H2O2 as 

well as glucose, if the potential of the oxidation of H2O2 at the produced electrodes is according to litera-

ture values. Thus, the applied potential should be circa 0.6 V.  

Table 22 displays a couple of chronoamperometric measurements. Regarding glucose, the addition of 10 

steps is considered to be too many steps, 6 is a more suitable number. Thus, the concentrations 2.5, 5, 

10, 15, 20, 25 mM are chosen. Addition of 0.1 mM H2O2 would result in numerous steps, fewer steps are 

chosen. 

Table 22 Chronoamperometric measurements for amperometric glucose biosensors. 
MWCNT= Multiwall carbon nanotubes, PtNP= Platinum nanoparticles , CNT= Carbon nanotubes. 

Electrode material Concentrations and analyte Solvent  Reference 

Platinized MWCNT Addition of 0.1 mM H2O2 PBS (144) 

Screen printed graphite with GOX 
and ferrocence 

Addition of 0.8 mM glucose PBS (129) 

Polytyramine film 2, 3, 8, 10, 12, 15, 18, 20, 22 and  
25 mM glucose 

PBS (190) 

Platinum with Prussian blue  Addition of 0.3 mM H2O2 Phosphate 
buffer  

(178) 

Platinum Addition of 5 mM glucose PBS  (23) 

PTNP on single wall CNT with Nafion Addition of 1 mM glucose PBS (204) 

Electrodeposited PtNP onto CNT Addition of 10 µM H2O2, or 1 mM glucose PBS (163) 

 
For platinum electrodes, it is possible to make chronoamperometric measurements of 0.5 M sulphuric 
acid to reveal the hydrogen and oxygen adsorption at the electrode (194).  

8.4 Activation of the Gate Electrode: Screen Printed Carbon and Platinum 
The gate electrode of SPC deposited with platinum might need cleaning (activation) due to adsorptive 

layers on the surface (14). The cleanliness of the electrode affects the electrochemical reactivity of the 

electrode, thus the electron transfer rate can be enhanced by activation. It is possible to activate both 

carbon and platinum surfaces (16). 

Gonzalo-Ruiz et al. cleaned the SPCE mechanically with grain sandpaper followed by activation of the 

surface by recording 20 cyclic voltammograms -2.5 to 2.5 V in KCL (180). Ricci et al. pre-treated the 

screen printed electrodes in 0.05 M PBS and 0.1 M KCL with an applied potential of 1.7 V (170).   

Yadav et al. performed cleaning of the platinum electrode in 0.5 M H2SO4 for 10 cycles while running 

from 0.0 to 1.4 V at a scan rate of 100 mV/s (205). Vanysek et al. cleaned the electrodeposited platinum 

onto graphite in the same solution while cycling at 4 V/s (160). Pan et al. presents another approach to 

achieve a clean platinum surface; to cut the electrode (178). Further methods include soaking the elec-
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trode in 3 M NaOH for 15 min (202). The platinum electrode can be polished with e.g. alumina powder 

(23,172,181,184,185) or diamond paper (174). 

8.5 Characteristics of an OECT 
The characteristic of a FET and thus an OECT is often presented in a graph that relates to the current and 

voltage of the transistor. However, the biasing of the devices is different. The FET is biased with a posi-

tive voltage at both the gate, VG, and drain electrodes, VD, thus the output characteristics are displayed 

as positive values. The OECT on the other hand has to be run with negative values of VD, due to the posi-

tive polarons as charge carriers in the device. VG is applied with a positive value. Hence, the current de-

creases towards more negative values with an increased gate voltage (30).  

A schematic illustration of the transistor characteristics of an OECT displayed in an IV-curve, current ver-

sus voltage, can be seen in Figure 26. 

At low VD, the current ID has a linear relationship with VD. This is indicated by point 1. A linear relation-

ship infers that the OECT acts as a resistor. At voltages less than approximately VG3 the transistor is 

turned off. The reduction of PEDOT:PSS is not equally distributed. Thus, as the VD reaches towards satu-

ration, PEDOT:PSS is reduced to zero at one side which is denoted pinch-off voltage (30). At voltages 

above VDsat, the OECT acts as a charge accumulator and ID is therefore constant (206). Thus, a transistor 

exhibit both linear and saturation regime.  

The characteristics of a transistor can also be displayed as the current, ID, versus VG. The on/off ratio of a 

transistor is defined by dividing the saturation current when no voltage is applied to the gate electrode 

by the saturation current at 1 V. The characteristics regarding the switching time of the transistor can be 

measured with chronoamperometry (30). Both the IV and the chronoamperometry can be performed 

with a parameter analyzer since it is capable of applying a voltage and measure the resulting current. 

8.5.1 Previously Reported Work 
The applied voltages for drain and gate electrodes for sensors based on an OECT is presented in Table 23. 

A voltage of -0.2 V at the drain electrode seems to be the most common. The applied gate voltage should 

Figure 26 Schematic illustration of the transistor characteristics of an OECT displayed in an IV-curve.  
Drain voltage and the current between source and drain electrodes is denoted VD and ID, respectively. 

ǀVG1ǀ>ǀVG2ǀ>ǀVG3ǀ.  
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be around 0.6 V while detecting hydrogen peroxide at a platinum gate electrode. However, for an OECT 

the voltage is not necessary equal to solely the gate electrode in the analyte.   

Table 23 Applied voltages for drain and source electrodes for sensors based on an OECT. 

Detected specie Gate electrode 
material 

VD 

(Voltage) 

VG 

(Voltage) 

Reference 

Glucose Platinum -0.2 Pulsed from 0.1 to 0.4 (2) 

Glucose Platinum -0.4 Pulsed from 0 to 0.4 (3) 

Glucose Platinum -0.2 0.1, 0.2, 0.4, 0.6 (4) 

Glucose Platinum -0.2 Pulsed from 0 to 0.6 (38) 

Glucose, lactate Platinum -0.2  0.3 (101) 

Glucose Platinum -0.2 0.4 (41) 

Glucose PEDOT:PSS with mediator -0.2 Pulsed from 0.1 to 0.4 (98) 

Glucose PEDOT:PSS -0.4 Pulsed from 0.1 to 0.4 (45) 

Glucose PEDOT:PSS -0.2 0.4 (100) 

Dopamine Platinum -0.1 0.6 (50) 

Hydrogen peroxide Platinum -0.2 0.5 (105) 

 
Chronoamperograms have previously been reported for glucose sensors based on OECTs where the ad-
dition of a higher glucose concentration decreases the current, as expected (38,99,100). IV-curves have 
been presented as VD versus ID, (99) and VG versus ID (2,99). 
A comparison of the glucose sensor detecting different concentrations of glucose and hydrogen peroxide 

is presented by Zhu et al. where the drain current is approximately 3 times higher for hydrogen peroxide 

at equal concentrations (38).  
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Chapter 9 

EXPERIMENTAL DETAILS: PRINTED OR-
GANIC ELECTROCHEMICAL TRANSISTOR  
9.1 Stencil Printing of the Gate Electrodes 
Stencil printing is faster than screen printing when a small amount of gate electrodes are printed. The 

technique was therefore preferred in front of screen printing. The stencil printing was performed at the 

laboratory facilities at Acreo AB, Norrköping.  

9.1.1 Manufacturing 
Screen printed silver on PET (polyethylene terephthalate), polyfoil, was used as conductive tracks. A 

stencil of covering plastic was cut with a plotter cutter and pasted onto the printed silver. The carbon 

ink, Du Pont 7102, was deposited with a slick and printed with the aid of a glass slide. The printed pat-

tern was left to dry and then cured at 120 °C for 5 min.  

9.1.2 Design 
A stencil which defines the area where the carbon should be printed was designed in the software 

CorelDraw vector graphics X4. The design consists of two squares; one defines the surface area and the 

other assures contact with silver. The design for the stencil is presented in the Appendix, Section A2. The 

silver was isolated with nail polish or UV cured polish, a small square was left for contact. The working 

area of each electrode was 4.0 x 3.0 mm. Figure 27 shows a schematic illustration of the design viewed 

from the top and the side of the stencil printed carbon electrode.  

9.2 Screen Printing of the OECTs 
The electrochemical transistors were screen printed at PEA, Acreo AB, Norrköping. The company already 

had experience of screen printing different electrochemical devices, thus advice were gratefully accepted 

regarding the choice of substrate, screens, inks and the design of the stencils. This section separates the 

gate electrode from the channel part. The OECT is achieved when the corresponding gate electrode is 

assembled with the channel part. The screen printing of the sensor based on an OECT including the de-

Figure 27 Schematic illustration A) viewed from the top B) viewed from the side 
of the design of the stencil printed carbon electrode.  

A B 
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sign of the device was performed in cooperation with another master thesis student at Acreo AB, Julia 

Hedborg from Linköping University. 

9.2.1 Manufacturing 
Screen printing of the organic electrochemical transistor was performed with 5 different screens with 

stencils, one for each layer to be printed onto the preheated plastic substrate. The process started by 

placing the screen with the stencil in correct position. Thereafter the first layer to be printed, the con-

ductive silver, is deposited onto the screen and loaded with the aid of the squeegee. Figure 28 displays a 

photograph of the manufacturing process. The silver was thereafter cured according to the conditions 

described in Section 9.2.2.  

The screen for layer number two, the channel material of PEDOT:PSS, was placed in a position that fits 

the pattern of the silver. Cross marks indicates that the pattern to be printed will fit the printed pattern 

on the substrate, which are illustrated in Figure 29.  

Figure 28 Photograph of the manufacturing process. The presented deposited material is adhesive. 

Figure 29 Photograph of the cross marks.  
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The process continued with printing of the carbon which makes the source, drain and gate electrodes. 

Last, but not least is the adhesive printed. The adhesive makes is possible to assemble the channel part 

with the separately printed gate electrode.  

Schematic illustrations of the different printed layers can be seen in Figure 30. 

9.2.2 Materials 
The printed materials and the curing times are presented in Table 24, which summarizes the materials 

for manufacturing of the sensor. PEDOT:PSS was channel material. The adhesive acts as insulator, makes 

it possible to assemble the transistor and defines the fluid channel.  

Table 24 Printed materials for manufacturing of the sensor based on and organic electrochemical transistor. 

Layer  
number 

Purpose Ink Curing 

1 Conductive tracks Silver,  
Du Pont Ag5000 

130 °C, 3 min 50 s 

2 Channel  PEDOT:PSS,  
Heraeus Clevios SV3 

130 °C, 3 min 50 s 

3 Source and drain  Carbon,  
Du Pont 7102  

130 °C, 3 min 50 s 

4 Gate electrode  Carbon,  
Du Pont 7102 or Electrodag PF-407A 

130 °C, 3 min 50 s 
or 120 °C, 15 min  

5 Isolating the conductive tracks, assem-
ble the gate electrode with the channel 
part and define the fluid channel 

Adhesive,  
3M SP4533 or 3M Precision Coatable UV 
Adhesive 7555 T PCA 

80 °C, 1 min 25 s 
or UV 

 
Silver, PEDOT:PSS and carbon are frequently used for screen printing. Thus, the curing temperatures are 
previously known. The adhesives have been printed, thus the conditions are adapted from previously 
settings.   

Figure 30 Schematic illustrations of the different printing layers of the channel and gate electrode. 
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Two different plastic substrates of PET were used as substrates; the rectangular shaped polyfoil PEA 292 

with an antistatic treatment at one side and the elongated hostaphan GN 100.0 4600A. They preheated 

for 30 min in 140 °C in order to avoid shrinking.  

Two different carbon inks were characterized as gate electrode material; Electrodag PF-407A and Du 

Pont 7102. This since the latter is more frequently used and the former was the same as the adapted 

protocol for electrodepositing platinum.  

There were two available options for printable adhesives; the heat curable water based SP4533 and the 

UV curable Precision Coatable UV Adhesive 7555 T PCA. Both were evaluated due to little knowledge 

about the hydrophobicity.  

9.2.3 Screens: Design of the Stencils  
The stencils, approximately the size of an A4 paper, of the screens were designed in the software called 

CorelDraw vector graphics X4. The designs were sent to the company Coated Screens Scandinavia AB, 

Skarpnäck for manufacturing. A total view of the design of all printed layers is presented in the Appendix, 

section A2. 

The mesh sizes of the screens are displayed in Table 25. The company Acreo AB had previously printed all 

materials, thus mesh sizes are chosen as previous printings. The mesh size for silver and PEDOT:PSS was 

120 threads/cm with a thread diameter of 34 µm. The screens for both carbon and adhesive were each 

77 threads/cm with a thread diameter of 48 µm. A larger thickness of the layer is achieved with a larger 

thread diameter.  

Table 25 Screen, mesh sizes and inks used for the manufacturing of the sensor. 

Layer  
number 

Ink Mesh size 
(threads/cm) 

Thread diameter 
(µm) 

1 Silver,  
Du Pont Ag5000 

120  34 

2 PEDOT:PSS,  
Heraeus Clevios SV3 

120 34 

3 Carbon,  
Du Pont 7102  

77 48 

4 Carbon,  
Du Pont 7102 or Electrodag PF-407A 

77 48 

5 Adhesive,  
3M SP4533 or 3M Precision Coatable UV Adhesive 7555 T PCA  

77 48 

 
During the design of the sensor based on an OECT, the design rules, practical considerations, dimensions 
from the literature search within the field of sensors based on OECTs as well as advices from Acreo AB 
were considered. 
The stencils are designed in a matter that made it possible to print the gate electrode and the channel 

part separately. Two stencils for the printing of carbon were designed; one for the gate electrode and 
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one for the channel part. The design offers the possibility to electrodeposit onto the gate electrode. The 

overlap in between each layer was 500 µm – 1 mm. The number assures that it is contact between the 

layers. The conductive tracks are stretched out, thus it is possible to connect them with an alligator clip.  

The flow channel was designed in three different versions; short, long and round. The long and short 

flow channels were created since there could be a difference of the width and length of the PEDOT:PSS 

layer. Thus, the width and length of the channel of PEDOT:PSS are reversed, the areas are of equal size. 

The round flow was a creative approach in comparison with the stricter designs of the others. The di-

mensions of the PEDOT:PSS channels are displayed in Table 26.  

Table 26 Dimensions of the transistor channels.  

Design Dimensions of the  
PEDOT:PSS channel 
(w x l in mm) 

Area of the 
channel 
(mm

2
) 

Width of the 
flow channel 
(mm) 

Short 1 x 4  4 1 

Short 1 x 16 16 1  

Short 1 x 24 24 1  

Long 4 x 1 4 2  

Long 16 x 1 16 2  

Long 24 x 1 24 2  

Round 16 x 1 16 - 

 
The long design includes a u-shaped flow channel for the electrolyte. The entrance and exit parts are 1 
mm wide while the bottom part is 2 mm. The corners are rounded. For each dimension of the long de-
signs the flow channel is longer and wider compared to the short design. Figure 31 displays a schematic 
illustration of the different designs of the adhesive that defines the fluid channels of the channel part.  

The design of the gate electrodes was created to fit the designed flow channels, thus the area of the gate 

electrode should be equal or smaller than the channel. The different widths of the flow channels affect 

the gate electrode design, however the area is equal. Only one area of the creative design was chosen 

due to ambiguities regarding the flow. Table 27 displays the dimensions of the gate electrodes.  

 

Figure 31 Schematic illustration of the adhesive of the channel parts of the sensor based on  
an organic electrochemical transistor. 
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Figure 32 Schematic illustration of the adhesive onto the gate electrodes.  

Table 27 Dimensions of the gate electrodes. 

Channel Dimensions of the gate 
electrode ( w x l in mm) 

Area of the gate 
electrode (mm

2
) 

Short 1 x 2 2 

Short 1 x 4 4 

Short 1 x 8  8 

Long 2 x 1 2 

Long 4 x 1 4 

Long 8 x 1 8 

Round 2 x 2 4 

 
The gate electrodes also have adhesive, which makes is possible to create a fluid channel with more 
height than if only the channel part would have had adhesive. Also, the assembly of the transistor is sup-
posed to be easier with two adhesive layers. The adhesive has two designs; one for the long, 2 mm wide, 
and one for the short fluid channels, 1 mm wide, except for the round. Figure 32 shows a schematic illus-
tration of the adhesive onto the gate electrode. 

The total adhesive length for all designs was 30 mm. Hence, it is possible to assemble all different dimen-

sions of the gate electrode with all the dimensions of the channel parts. However, a potential drawback 

is that the adhesive that defines the longer fluid channel is not u-shaped. This since it then would have 

been necessary to design the adhesive different for each dimension of the PEDOT:PSS channel.  

The channel part was assembled with the gate electrodes; the gate electrode was at the bottom side and 

the channel part on the top. The electrolyte was placed in the entrance of the fluid channel.   

9.2.4 Summary of the Screen Printed OECT 
A summary of the different designs with all printed layers of the printed sensor based on an OECT can be 

seen in Figure 33. Silver was printed first, then PEDOT:PSS followed by carbon and finally adhesive. The 

OECT is achieved when the corresponding gate electrode for each channel part is assembled. 
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9.3 Deposition of Platinum onto the Gate Electrodes 
The carbon of the gate electrodes were stencil or screen printed. Both techniques and carbons were not 

used for each deposition technique, due to limited amount of time. The electrodeposition and the use of 

the inkjet for deposition of platinum were performed at the laboratory facilities at Acreo AB, Norrköping. 

The evaporation of platinum was kindly performed by Tommy Schönberg at the facilities at Acreo AB, 

Kista. The company already had experience of electrodeposition of metals, thus advice were gratefully 

accepted regarding practical considerations. The different chemicals and reagents are summarized in the 

end of this chapter. 

9.3.1 Inkjet Printing of Platinum Nanoparticle Solution or Depositing by Pipette 
The inkjet printing was performed with a piezoelectric inkjet. SPCE of Electrodag PF-407A were used as 

substrates. Each droplet contained 10 pL and 16 nozzles were used. The platinum nanoparticle solution 

was not filtered before the printing due to the risk of losing particles. The distance between the droplets 

was measured in µm. The produced gate electrodes were:  

 10 µm in between the droplets, 2 electrodes 

 15 µm in between , 1 electrode  

 10 µm +15 µm in between, 1 electrode (one layer of 10 µm and one of 15 µm) 

 20 µm in between, 2 electrodes 

 25 µm in between , 2 electrodes 

 30 µm in between , 2 electrodes 

30 µm imply that the droplets are further away from each other than at 10 µm. The amount of platinum 

covering the surface of the electrode was counted. Due to hydrophobicity of the electrodes, a pretreat-

ment with oxygen plasma was applied for 5 min. The printed solution was heat cured for 5 min at 110 °C. 

Figure 33 Different designs of the printed organic electrochemical transistor, grey is silver, blue PEDOT:PSS 
and black carbon. The adhesives of the long, short and round are the large covered areas:  

purple, green and pink, respectively. 
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A photograph was taken during the printing, shown in next chapter. Since inkjet printing takes time and 

requires trained personnel, the nanoparticle solution was deposited by pipetting 1 or 5 µl of the solution 

to oxygen plasma treated stencil printed carbon, Du Pont 7102, electrodes. The nanoparticle solution 

was also added to a glass slide and investigated by microscope. 

9.3.2 Electrodeposition 
Electrodeposition has been performed with a potentiostat from microautolab and the software NOVA 

1.4 with a chronoamperometric program. A three-electrode system with a PCE of either stencil printed 

Du Pont 7102 or screen printed Electrodag PF-407A as working electrode, a platinum counter electrode 

and a reference electrode of Ag/AgCl in 3 M NaOH was used. Either nail polish or UV polish was used as 

insulation.  

Calculations of the adapted protocol reveal that for 1 g of Potassium hexachloroplatinate (IV), K2PtCl6, at 

a concentration of 1 mM equals to 2 L solution. The percentage of platinum in the solution was calculat-

ed as well.  

        
              

  
 

 
 

   

            
                     

  
 

 
 

                  

     
            

The electrodeposition solution of 1 mM K2PtCl6 was prepared by weigh Potassium chloride and Potassi-

um hexachloroplatinate(IV) and then add deionized water. Non stirring, stirring and heating was at-

tempted to dissolve the chemicals in the deionized water. 

The electrodes were immersed in a beaker with the prepared solution. No wet contact was achieved. 

The following settings were used for 25 cycles: + 0.5 V for 0.1 s and then -0.7 V for 10 s. The electrodes 

were rinsed with deionized water and blot-dried. 

The settings were modified by adding 0 V for 1 s in the start of the electrodeposition procedure. Differ-

ent volumes, 10 or 25 ml, of the prepared solution was investigated. The difference between electrode-

positing from a solution that previously had been used for electrodeposition and a freshly made solution 

was also investigated.   

9.3.3 Evaporation 
Evaporation of platinum has been performed with a resistive evaporator and a shadow mask. The sub-

strate was polyfoil or screen printed carbon. The polyfoil measured 3 x 60 mm, the electrodes were cut 

by a plotter cutter and mounted meticulous with Kapton tape onto stabilizing polyfoil. The electrodes 

were evaporated with 100 Å titanium as adhesion layer and 1000 Å platinum. Figure 34 shows schematic 

illustrations of the evaporated electrodes with carbon present and absent. No isolating layer was pre-

sent. 
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The produced electrodes were: 

- Du Pont 7102, 4 electrodes 
- Electrodag PF-407A, 11 electrodes 
- Polyfoil, 10 electrodes 

Due to problems with detaching of the titanium/platinum from the polyfoil, attempts were made to lam-

inate different thin silicone dioxide plastic substrates onto polyfoil. The laminating substrate was gluti-

nous at one side; that was used to cover the circa 10 x 14 cm square size of polyfoil for each SiOx. The 

polyfoil with the laminating substrate, the silicon dioxide and the backside of covering plastic were 

placed in a fold cleanroom paper and laminated. The different silicon dioxides were:  

- CPT 001: SiOx-coated PET, 50 nm thick 
- CPT 005: SiOx-coated PET, 80nm thick 
- CPA 002: SiOx-coated oPA, 80nm thick 
- CPP 002: SiOx-coated oPP, 60 nm thick 

Evaporation of platinum was performed with a resistive evaporator and a shadow mask. The layers were 

100 Å titanium with 2000 Å platinum. A thicker platinum layer was chosen to eliminate the possibility 

that a too thin layer of platinum was evaporated the first time. The electrodes were cut by hand. Figure 

35 shows schematic illustration of the evaporated electrodes with silicon dioxide as substrate. 

9.4 Immobilization of Glucose Oxidase onto the Gate Electrodes 
In this section the protocols for the immobilization of GOX on the platinized gate electrodes are present-

ed. In total, three different approaches were attempted; physical adsorption, physical adsorption fol-

lowed by a kind of microencapsulation and the last approach was to use a crosslinker and a spacer arm.  

The activity of GOX was 211 U/mg. 5 µl of the solutions were deposited by pipette onto each electrode 

with a working area of 12 mm2. The enzyme solution was prepared daily. The immobilized electrodes 

were stored in refrigerator at circa 4 °C for maximum a week. 

9.4.1 Physical Adsorption 
The enzyme solution was prepared by adding PBS to GOX, the solution was carefully mixed. An activity of 

8 U was obtained at each electrode. See calculations below. 

Figure 34 Schematic illustrations of the evaporated electrodes:  
A) Carbon present B) Carbon absent.  

A B 

Figure 35 Schematic illustration of the evaporated electrodes with silicon oxide . 
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9.4.2 Physical Adsorption Followed by a kind of M icroencapsulation 
The chitosan solution was prepared by adding deionized water to acetic acid ≥ 99.7 %. The solution was 

heated until it reached a hot temperature. Chitosan was added and mixed with the heated acetic. The 

solution was stirred under heating for circa 3 hours and then placed in refrigerator, at 4 °C.  

The enzyme solution was prepared by adding PBS to GOX, the solution was carefully mixed. A volume of 

5 µl of the cool chitosan solution was placed on top of the electrodes; it forms a kind of microencapsula-

tion. An activity of 8 U was obtained at each electrode. 

9.4.3 Crosslinker and Spacer Arm 
The adapted protocol used 50 mg enzyme in 2.7 ml PBS (82), which was a large volume, 0.5 ml is more 

convenient, thus the protocol was:                                     

             (      ) 

                       (     ) 

The enzyme solution was prepared by adding PBS to GOX, the solution was carefully mixed. The BSA solu-

tion was prepared by adding deionized water to BSA and carefully mixed. BSA solution was then added 

to the GOX solution. Glutaraldehyde was used as crosslinker. Glutaraldehyde was weighed by adding one 

droplet at a time with a glass pipette. Deionized water was added. The glutaraldehyde solution was care-

fully mixed with the BSA/ GOX solution. The solution was quickly placed onto the electrodes. The activity 

on each electrode was 8.79 U, compared to 8 U with the physical adsorption. 

                                                                              

                                                              

9.5 Cyclic Voltammetry 
The preparation of the chemicals and reagents and the characterization of the electrodes with cyclic 

voltammetry were performed at room temperature at the laboratory facilities at Acreo AB, Norrköping. 

The characterization has been performed with a microautolab potentiostat with a three-electrode sys-

tem consisting of a platinized printed carbon working electrode, a platinum counter electrode and 

Ag/AgCl in 3 M NaOH as reference electrode. Neither of the electrodes had printed adhesive as insulat-

ing layer. Printed carbon and platinum served as negative respectively positive controls. The characteri-

zations of the electrodes have been performed in PBS, hydrogen peroxide, ferricyanide and glucose. All 

types of electrodes have not been characterized in all solutions, due to shortage of time. A summary of 

the concentrations and chemicals is displayed in Section 9.10. 

For each recorded cyclic voltammogram, 10 scans were performed if nothing else is noticed. The scan 

rate was 50 mV/s for all solutions. The electrodes have been characterized both with and without GOX in 

glucose and ferricyanide.  
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9.5.1 Protocols for the Preparation of the Chemical and Reagents 
In this section the protocols for the prepared chemicals and reagents for the cyclic voltammetry are pre-

sented. The chemicals for the activation procedure are discussed in Section 8.6.2, the procedure is pre-

sented in this section. 

10 mM PBS solution with pH 7.4 at 25 °C was achieved by mixing one tablet of Phosphate buffered sa-

line, PBS and deionized water. The solution was stored in refrigerator at circa 4 °C. The pH was controlled 

once by a pH –meter. The H2O2 solutions were prepared daily by using 30 % H2O2 and 10 mM PBS. 30 

W/v % was assumed, as in reference (105).  

PBS was mixed with H2O2 to obtain either 8.8 mM or 0.1 M. The latter was diluted to 1 and 2 mM. The 

Ferricyanide solution was prepared once and stored in refrigerator at circa 4 °C. 10 mM PBS was mixed 

with Potassium hexacyanoferrate(III) to obtain a 5 mM ferricyanide solution. A concentration of 10 mM 

PBS was used due to a shortage of PBS tablets. The glucose solutions of 10 and 20 mM were prepared by 

adding to D-(+)-Glucose. The solutions were left to mutarotate in room temperature for 24 h and then 

stored in refrigerator at 4 °C. 

9.5.2 Characterization of the Electrodes 
Positive and negative controls have been characterized in hydrogen peroxide, PBS and ferricyanide as 

well as glucose. A large platinum grid was used as positive control. The surface area was huge compared 

to the SPE, thus the smallest possible area have been used. Printed carbon electrodes served as negative 

controls. Screen printed silver has been characterized in PBS and in ferricyanide PBS; to be able to ex-

clude whether silver is the reason for the behavior of the electrodes. Testing the enzyme electrodes 

twice were avoided due to risk of disrupting the enzyme from the electrode. Otherwise, the electrodes 

were used several times. 

The potential window of the positive control was determined in PBS. Thereafter the lower detection limit 

in H2O2 was investigated by recording cyclic voltammograms in different concentrations of H2O2 in PBS: 

0.1 mM, 1.0 mM, 2.0 mM and 8.8 mM. The concentrations were added to a stirred solution. However, 

the voltammogram was recorded with an unstirred solution. Since the oxidation of H2O2 is at a voltage of 

0.6, the upper limit for the cyclic voltammogram is determined to 0.8 V. For glucose, it was not possible 

to achieve a positive control immobilized with GOX. The printed electrodes without any platinum were 

immobilized with GOX and served as negative controls.  

The printed electrodes electrodeposited with platinum have been characterized in 8.8 mM H2O2 in PBS 

and 5mM ferricyanide in PBS. The two different carbon inks electrodeposited with platinum were char-

acterized in H2O2. The results were not that promising for the electrodeposited electrodes in H2O2. Alt-

hough, they still were characterized with and without GOX in 10mM glucose. All three immobilization 

approaches were tested.  

The evaporated electrodes were characterized in PBS, H2O2 in PBS, ferricyanide in PBS and in presence or 

absence of immobilized GOX in 10mM glucose in PBS. Two immobilization techniques were performed; 

physical adsorption with a kind of microencapsulation as well as only physical adsorption. However, due 

to shortage of time, only platinum evaporated onto silicone dioxide coated oPP plastic, referred to as 

CPP 002, was characterized in PBS and 8.8 mM H2O2 in PBS.  
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The PCE deposited with platinum nanoparticles have been characterized in PBS, H2O2 and ferricyanide as 

well as glucose in PBS. The electrodes have been characterized both with and without GOX in 10 mM 

glucose and in ferricyanide.  

9.6 Chronoamperometry 
The preparation of the chemicals and reagents and the characterization of the electrodes with chrono-

amperometry were performed at room temperature at the laboratory facilities at Acreo AB, Norrköping. 

The testing has been performed with a potentiostat with a three-electrode system consisting of a printed 

carbon working electrode, a platinum counter electrode and a reference electrode of Ag/AgCl in 3 M 

NaOH. 

The only tested electrodes, the evaporated polyfoil have been tested for the chronoamperometric re-

sponse of H2O2 at an applied voltage of 0.6. Volumes corresponding to concentrations of: 50 µM, 100 

µM, 200 µM, 400 µM, 800 µM and 1.6 mM were added to the stirred solution.  

9.7 Activation of Gate Electrodes  
9.7.1 Protocols for preparation of the Chemical and Reagents 
All solutions were prepared once by adding the chemical by pipette to deionized water. They were 

stored at room temperature. A summary of the concentrations and chemicals is displayed in Section 

9.10. 

9.7.2 Procedure and Activated Electrodes 
After interpreting the characterization results of the different electrodes in PBS, hydrogen peroxide and 

ferricyanide it was determined to activate the carbon and the platinum as well as only the platinum. The 

activation was performed in three different solutions; NaOH, NaClO4 and H2SO4. The two former was for 

carbon activation and the latter for platinum activation. The activation in NaOH was performed with 

chronoamperometry, while the others were performed with cyclic voltammetry.  

For the carbon activation, the electrodes were first immersed in NaOH for 300 s at 1.5 V and then 0.1 M 

NaClO4. The voltage was then scanned between 0 -1.2 V at a scan rate of 100 mV/s. The platinum activa-

tion in 0.5 M H2SO4 was performed by scanning the potential from -0.3 V to 1.2 V for the first cycle, then 

from 0 V to 1.2 V for the remaining cycles at a scan rate of 100 mV/s. The stop potential was 1.2 V. In 

total 40 cycles were scanned. The potentiostat could only handle one electrode at a time.  

The carbons of the negative controls were activated. One electrode was ordinary rinsed before the 

measurement to decide whether residues were left from the different activation solutions. Two different 

activation strategies were tested for the activation of the electrodeposited electrodes. In the first, the 

carbon was activated followed by platinum activation. In the second strategy, only the platinum was 

activated, since the activation procedure was time consuming. The electrodes were ordinary rinsed in 

PBS before the measurements started. An activation procedure of the platinum was performed with the 

printed electrodes deposited with platinum nanoparticles. The electrodes were ordinary rinsed in PBS 

before the measurements started. 
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9.8 Test of Hydrophobicity and Resistance towards Different Solutions 
The hydrophobicity of the two substrates, polyfoil PEA 292 and hostaphan GN 100.0 4600A, as well as 

the adhesives, 3M SP4533 or 3M Precision Coatable UV Adhesive 7555 T PC were tested with PBS. A 

couple of short, wide and a round fluid channels were assembled and tested with PBS. To be able to see 

if the liquid passes the channel, a green caramel color was added to the PBS. If the substrates or the ad-

hesives were hydrophobic, they were oxygen plasma treated for 5 min and tested again. 

The adhesives were also tested in the different activation fluids, 0.5 M H2SO4, 1 M NaOH, 0.1 M NaClO4 

and the electro plating solution 1mM K2PtCl6 in 0.1 M KCl as well as different concentrations of hydrogen 

peroxide. The water based adhesive, 3M SP4533, was tested for the resistance towards liquids.  

9.9 Test of Design and the Characteristics of the Transistors 
The test of the design included coloring of the electrolyte, to be able to see if the liquid leach out some-

where in the design. A droplet of circa 7 µl that contained green caramel color in PBS was used as elec-

trolyte.  

9.9.1 Selection of Designs to Test 
The dimension of the gate electrode area was determined to be about equal to the ones tested before 

since the behavior of that dimension has been characterized. Thus, the previously performed test results 

would be applicable to the results from the characterization of the transistor. A size of 8 mm2 was chosen 

to be a comparable size. A relationship of the gate electrode area versus the PEDOT:PSS channel area of 

1:1 and 2:1 were decided to be tested. A larger relationship than 2:1 was unfortunately not possible to 

use due to issues regarding the printing procedure of the silver. The channel sizes were: 4 mm2 and 16 

mm2. The round flow channel was tested as well. The selected designs are shown in Table 28.  

Table 28 Designs of the transistors to be tested. 

Design Dimensions of the PEDOT:PSS 
channel (w x l in mm) 

Dimensions of gate 
electrode (mm) 

Relationship 
channel/gate 

Width of the  
flow channel 
(mm) 

Name 

Short 1 x 4  1 x 4 1 1  A 

Short 1 x 16 1 x 8 2 1  B 

Long 4 x 1 2 x 2 1 2  C 

Long 16 x 1 2 x 4 2 2  D 

Round 16 x 1 2 x 2 4 - - 

 

9.9.2 Leaching Test, Modifications and Characterization of the Selected Designs 
The rounded sensor design was not considered further due to a non-working fluid channel. The other 

designs were tested for leaching of the electrolyte. If the assembled transistor designs were not ideal, 

they were modified with nail polish. Designs C and D where modified on both sides of the fluid channel 

of the gate electrode, on the parts were only one adhesive layer was present and where the adhesive 
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stops, this was to assure that the flow does not go around the adhesive. The other two designs were 

modified where the adhesive stops.  

A parameteranalyzator with a three electrode system connected to drain, source and gate electrodes 

was used to characterize the transistor. The gate electrode consisted of either Du Pont7102 (chronoam-

perometric response) or a carbon ink with mediator from Gwent Inks (IV-curves). Since no platinum elec-

trode was functional when the characterization of the selected designs started they were not character-

ized in the transistor. The transistors are disposable, thus it was not possible to measure the same tran-

sistor twice. The VD and VG voltage was set to -0.2 V and 0.55 V, respectively. The testing of the transistor 

was performed in cooperation with another master thesis student at Acreo AB, Julia Hedborg from Lin-

köping University, who worked with carbon inks modified with mediators. Thus, the VG was set to fit the 

mediated gate electrodes.  

Chronoamperometric responses were performed with a gate electrode consisting of Du Pont 7102 for 

the designs A, B, C and D. The measurements started after the addition of the electrolyte consisting of 

either PBS or 1 mM H2O2 in PBS. The responses for different VG were performed with a gate electrode 

consisting of a PCE of Du Pont 7102. Design A, B, C and D was tested. The measurements started after 

the addition of the electrolyte consisting of either PBS or 1 mM H2O2 in PBS.  

9.10 Summary of the used Chemicals, Reagents and Instrumentations  
A summary of the chemicals and reagents used can be found in Table 29. The inks are not included in the 

table.  

Table 29 Summary of the chemical and reagents used. 

Name Chemical  
formula 

Number, manufacturer Concentration 
or percentage 

Purpose 

Potassium hexachloro-
platanic acid(IV) 

K2PtCl6 206067, Sigma-Aldrich 1 mM Electrodeposition  
solution. 

Phosphate buffered saline 
tablet, PBS 

- P4417, Sigma-Aldrich 10 mM Background  
characterization of 
gate electrode. 

Hydrogen peroxide,  
≥ 30 % 

H2O2 95321, Fluka chemicals 1- 8.8 mM Characterization of 
gate electrode. 

Ferricyanide, Potassium 
hexacyanoferrate(III) 

K3Fe(CN)6 60299, Sigma-Aldrich. 5 mM Characterization of 
gate electrode. 

Glutaraldehyde 50 %, GA OHC(CH2)3CHO 34.085-5, Aldrich 2.5 % Crosslinking during 
immobilization. 

Bovine serum albumin, 
BSA 

- A7906, Sigma-Aldrich 17.5 % Spacer arm during 
immobilization. 

Glucose oxidase,  
211 U/mg, GOX 

- 49180, Fluka chemicals ≈ 1700 U/ml Enzyme to  
immobilize. 
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Chitosan, low molecular 
weight 

- 448869, Sigma-Aldrich 0.5 wt% Kind of  
microencapsulation 

Acetic acid CH3CO2H 320099, Sigma-Aldrich 0.4 wt% To dissolve the  
chitosan. 

Sodium perchlorate, 98 % NaClO4 410241, Sigma-Aldrich 0.1 M  Activation of carbon. 

Sodium hydroxide, tablets NaOH B1675 69813, Merck 1 M Activation of carbon. 

Sulfuric acid H2SO4 8420, Sigma-Aldrich 0.5 M Activation of platinum. 

 
A summary of the instrumentations used in this master thesis can be found in Table 30. The magnetic 
stirrer and the scale are not included in the table. 
 

Table 30 Summary of instrumentations used. 

Name Model name Purpose 

Screen printer TIC, SCF-550 Print the OECT. 

Inkjet  Dimatix Print the platinum nanoparticle solution. 

Plotter cutter FC 2200-90Ex Cut the polyfoil and the pattern for the stencil 
printing. 

Oxygen plasma cleaning device UVO Cleaner 144AX-220 Oxygen plasma treatment. 

pH-meter 826 Measure pH of the PBS. 

Potentiostat Microautolab type III Characterize the gate electrode: cyclic voltamme-
try and chronoamperometry. Electrodeposition 
of platinum. 

Semiconductor parameter analyzer  4155B Characterize the OECT. 

Microscope  Nikon optiphot 150 Look at the platinum nanoparticle solution at a 
glass slide. 

Oven number 4 Na Dry the stencil printed carbon ink and the plati-
num nanoparticle solution. 

Resistive evaporator - Evaporate platinum onto printed carbon and 
polyfoil. 

Laminating machine - Laminate the silicon dioxide for the evaporation. 
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Chapter 10 

RESULTS AND DISCUSSION 
10.1 Printing of the OECTs 
In this section, the results of the two different printing processes stencil and screen printing are present-

ed and discussed.  

10.1.1 Stencil and Screen Printing of the Gate Electrodes 
It was difficult to achieve a reproducible result in terms of thickness of the printed carbon electrode. This 

is due to that the thickness varies with the amount of deposited ink and the angle of the glass slide. The 

thickness of the stencil printed electrodes is larger than the screen printed electrodes. The ink will 

spread underneath the adhesive of the covering plastic if it does not adhere properly, thus it was hard to 

get reproducible results regarding the surface area. It was difficult to apply the isolating nail polish that 

defines the surface area of the carbon at exactly the same position for each electrode.  

During screen printing some problems occurred such as problems with fitting of the stencil to the printed 

substrate and difficulties to print one of the carbon inks as well as the water based adhesive. However, a 

more reproducible result was obtained compared to the stencil printing of the gate electrode.  

Unfortunately, the printed silver had a problem related to a hole in the stencil during the printing proce-

dure. PEDOT:PSS was easy to print and no problems occurred during the printing process. The hole in 

stencil resulted in that the largest PEDOT:PSS channel had contact with the silver. Thus, that size of the 

channel was not usable. Electrodag PF-407A was difficult to print due to thick consistency probably re-

lated to ageing of the ink. The other carbon ink, Du Pont 7102, was easy to print, hence it was chosen as 

gate material for the continuation of the work. The water based adhesive, 3M SP4533, was difficult to 

screen print due to quick drying. The stencil was therefore washed in between the printings. 3M Preci-

sion Coatable UV Adhesive 7555 T PCA, was on the other hand easy to print.  

The layers to be printed onto the substrate, hostaphan GN 100.0 4600A, were difficult to fit with the 

printed layer. This, since the curing somehow seemed to affect the dimensions of the elongated plastic, 

thus it was difficult to fit the cross marks. Polyfoil PEA 292 on the other hand was easy to print; the sub-

strate was not affected by the curing of the inks.  

10.1.2 Final Results and Assembly of the OECT 
The final result of the printing is displayed in Figure 36, where the substrate is polyfoil. The gate elec-

trode was printed with Du Pont 7102. 
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The assembly of the transistors was finically. To be able to reach the contacts of the source and drain 

electrodes, the adhesive needed some cutting modifications, see Figure 37.  

10.1.1 Summary of the Results of Printing the OECT 
The reproducibility of the gate electrodes produced by stencil printing was poor. On the other hand it 

was simple, fast and did not require any expertise knowledge. The screen printing achieved a reproduci-

ble result. However, it required expertise knowledge and took longer time. The carbon ink Du Pont 7102 

was preferred in front of Electrodag PF-407A and the UV curable in front of the water based adhesive 

since the former was easier to print. Polyfoil was unaffected by heat curing.  

10.2 Deposition of Platinum onto the Printed Gate Electrodes  
In this section, the results of the different platinum deposition techniques onto the printed carbon gate 

electrode are presented and discussed. 

10.2.1 Inkjet Printing of Platinum Nanoparticle S olution 
It was possible to inkjet print the solution containing 120 mg/L platinum nanoparticles in ethylene glycol, 

no problems occurred during the process. Figure 38 displays the droplets leaving the nozzles of the 

inkjet. All 16 nozzles were used; neither of them was plugged by the unfiltered solution.  

Figure 36 Final result of the printing procedure. 

Polyfoil was the substrate and the gate electrode was printed with Du Pont 7102 . 

Figure 37 A possible design of the printed assembled organic electrochemical transistor with cutting modifica tions. 
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At a distance of 30 µm, the droplets are further away from each other than at 10 µm. The covered area 

was larger with decreasing distance. It was possible to count the amount of platinum covering the sur-

face of the electrode. The distribution of the particles is assumed to be equal throughout the solution. 

Table 31 shows the calculated amount of platinum on the electrode surfaces. 

                                                         

                                                                              

Table 31 Amount of platinum on the electrode surfaces. 

Covered area 
(mm) 

Distance between the droplets 
(µm) 

Number of droplets on the surface  
of the electrode 

Platinum nano-
particles (mg) 

2.5 x 4.0  30  11256           

2.5 x 4.0  25  16261           

2.5 x 4.0  20  25326           

2.5 x 4.0  

2.5 x 4.0  

15  

10  

45024 

100651 

          

          

 

Figure 39 displays the photograph of the glass slide. The inserted bar indicates 100 µm. The platinum 

nanoparticles were possible to see in the microscope, although the dots are small. The particles merged 

together. It was not possible to zoom in closer.  

Figure 38 Photograph of the droplets leaving the nozzles of the inkjet. 

Figure 39 A photograph of the nanoparticles deposited onto the glass slide. The inserted bar indicates 100 µm. 
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It was possible to deposit the solution by pipette. It was uncertain whether the amount of platinum en-

tering the tip of the pipette was equal for each time, since the solution was turbid. For 1 µl and 5 µl de-

posited onto the printed carbon surfaces if the amount of platinum was equal distributed it would be: 

                                                                       

                                                                     

10.2.2 Electrodeposition 
The results from the calculations of the percentage of platinum in the electrodepositing solution which 

contain 1 mM K2PtCl6 in 0.1 M KCL: 

                       
             

            
               

                    
         

        
                    

The calculations show that the solution contains 1.625 times more platinum than the nanoparticle solu-

tion does. However, the number is not necessary valid for the electrodeposited platinum onto the gate 

electrode. 

During electrodeposition, the current grew larger towards more negative values for each, which was 

expected since a negative potential was applied for 10 s. DuPont 7102 ink seems to give more linear re-

sults from the deposition of platinum than Electrodag PF-407A. However, the best results were obtained 

from the Du Pont with 0 V added in the start of the process; highest current at -2.2 mA. A smaller volume 

of the solution seems to result in higher currents. The printed carbon surfaces are glittery after the elec-

trodeposition of the platinum. However, a covering layer was not achieved. A limitation of the equip-

ment was the possibility to only electrodeposit one electrode at a time, thus it takes about 10 minutes 

for each electrode.  

10.2.3 Evaporation 
The electrodes were successfully covered by an adhesion layer of 100 Å titanium and 1000 Å platinum. 

The substrate did not seem to be affected by the evaporation process; no shrinking was observed. The 

electrodes were fully covered by a layer of platinum. The attempts of evaporating onto the silicon diox-

ide were performed with different success: 

 CPT 001: SiOx-coated PET; the surface of the evaporated layer was not smooth and the platinum 
did not fully adhere to the surface. However some areas were smooth. 

 CPT 005: SiOx-coated PET; the surface of the evaporated layer was not smooth and the platinum 
did not fully adhere to the surface 

 CPA 002: SiOx-coated oPA; the surface of the evaporated layer was not smooth and the plati-
num did not fully adhere to the surface. 

 CPP 002: SiOx-coated oPP; the surface of the evaporated layer was not smooth and the plati-
num did not fully adhere to the surface. However some parts were smooth. 

A smooth surface was not possible to achieve for more than two electrodes of the size 3 x 60 mm for 

CPT005 and CPA 002. Thus, they are not considered further. However, it was possible to continue with 
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CPT 001 and CPP 002. Polyfoil was previously unaffected by the evaporation process, hence it should not 

be the reason. The laminating plastic or the plastic covered by silicon dioxides did not seem to withstand 

the procedure since the surfaces shrunk.  

10.2.4 Comparison of the Different Platinum Deposition Techniques 
Electrodeposition is a low-cost manufacturing technique and seems to be more rational then evapora-

tion. It is easy to imagine the electrodeposition technique in a manufacturing step of the printed dispos-

able sensor. However, the electrodeposition protocol has not been optimized in this master thesis due to 

shortage of time. Several parameters can be changed such as concentration of the electrodeposition 

solution and applied voltages. A higher concentration results in more platinum on the surface if the volt-

ages remain the same. The applied voltages can either be increased or decreased at the same time as 

the number of steps can be increased. The time can also be varied. Optimization is required to manufac-

ture electrodes that are tailored for this sensor application. For evaporation, the thickness can be varied. 

The manufacturing takes time; producing one electrode in 10 minutes is not long-term realistic. On the 

other hand, fewer parameters can be varied during evaporation than electrodeposition. Moreover, 

evaporation is possible to perform at Acreo AB, Norrköping, if the knowledge is transferred. Thus, if 

Acreo AB decides to buy an appurtenance to the potentiostat or another potentiostat that can handle 

multiplex of electrodes at a time, then the electrodeposition is a realistic option. However, until then 

evaporation is a better long-term option. It was possible to inkjet the platinum nanoparticle solution; 

hence it is the best option for achieving an all printed sensor based on an OECT. The characterization of 

the electrodes manufactured by the different deposition techniques will reveal whether the platinum 

nanoparticle solution is a possible realistic option to develop a platinized printed carbon gate electrode 

for OECT. 

10.3 Immobilization of Glucose Oxidase  
The immobilization procedure was easy to perform for all the different approaches. The quickest and 

easiest was physical adsorption; it dried at 24 h in the refrigerator. Chitosan mixed well with heated ace-

tic acid and could easily be deposited onto the electrodes; it dried at approximately 24 h in the refrigera-

tor. With carefully mixing, BSA dissolved in deionized water. Addition of glutaraldehyde resulted in a 

solution that solidified quickly, within 30 min. For all immobilization approaches, the GOX solution pro-

duced bubbles when the last droplet was pipetted, thus it was avoided by not applying the last droplet. 

10.4 Characterization of the Gate Electrodes: Cyclic Voltammetry 
This section presents the results from the characterization of the gate electrode in different solutions by 

cyclic voltammetry. In the following subsections the cyclic voltammograms, CVs, results and the follow-

ing discussion are presented for the negative and positive controls as well as for the different platinum 

deposition techniques. Scan number 8 is displayed in the CVs if nothing else is noted. Number 8 was cho-

sen since a stable CV was assumed to be achieved at that point. The CVs are displayed with voltages re-

ferred to as versus Ag/AgCl. The values of the peaks in the CVs are not e.g. Ipa, but instead the maximum 

values. The reader should keep in mind that during the characterization in H2O2 and with presence of 

GOX in glucose the concentrations are not constant due to oxidations.  
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10.4.1 Positive and Negative Controls 
The results from the characterization of the positive and negative references in H2O2, PBS, ferricyanide 

and glucose are presented in this section. A platinum grid with a surface area six times larger than the 

surface area of the printed carbon electrodes, PCE, deposited with platinum was used. It was difficult to 

obtain the same surface area of the platinum each time. Thus, some variations in the current densities 

were obtained. A larger surface area results in higher current densities, thus they are therefore expected 

to be larger than for the deposited platinum electrodes. The platinum reference is not activated nor pol-

ished, neither is it shiny, as platinum should be. Isolated printed carbon electrodes served as negative 

controls. 

The CV when different insulation, nail polish or UV polish, is used for PCE printed with either the carbon 

ink Electrodag PF-407A or Du Pont 7102 in PBS is displayed in Figure 40. Due to unclarity of the figure, it 

was not possible to separate the two inks from each other. 

The figure reveals an oxidation of a compound at 0.11 V and a reduction at -0.056 V of approximately 0.6 

µA. No redox processes should be present at a CV of PCE in PBS (66,207). Erlenkötter et al. proposes that 

chloride ions in the PBS can be the reason to the peaks around 0.1 V (62). Cleaning the surfaces could 

potentially lead to a CV without redox processes. H2O2 is oxidized at 0.6 V and is thus unaffected by the 

oxidation peak. The characterization therefore continues. Some noise due to bad contact with the elec-

trode is present below the potential of the reduction peak. Running the CV from 0 V instead of -0.4 V 

could remove both the noise and the peaks. Thus, the potential window is set to 0 - 0.8 V. No difference 

can be seen between the insulating layers. Since nail polish can be applied in the laboratory, it is consid-

ered as insulating layer.  

Figure 40 Cyclic voltammogram of printed carbon electrodes, Electrodag PF-407A or Du Pont 7102 with UV or nail 
polish as insulating layer in PBS. Arrows indicates oxidation and reduction. Each cycle refers to a new electrode.  
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From the CV in PBS that is displayed in Figure 41 it can be ascertained that insulation of the electrodes is 

a necessary manufacturing step.  

The surface area of silver without nail polish was not defined. It was therefore difficult to achieve an 

equally sized surface area as the other electrodes. The non-polished electrodes have an oxidation peak 

at circa 0.5 V of 3 mA; 5000 times larger than for insulated electrodes. Non polished silver reveals that 

silver is the reason for the oxidation peak. It is concluded that insulating the conductive path is a neces-

sary manufacturing step.  

  

Figure 41 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102 or Electrodag PF-407A, and  
silver displaying the difference of an insulating layer in PBS. Arrow indicates the oxidation.  

Each cycle refers to a new electrode. 
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The CV displayed in Figure 42 compares platinum to PCE in PBS.  

For platinum, no redox process is present in PBS. This is in consistence with previously reported work 

(50). The current density has a maximum value of 250 µA, 70 times larger than for PCE. The reason for 

the tail in the upper and lower part of the CV is the high and low potentials, respectively. Thus, a higher 

potential results in a higher current and vice versa.  

Platinum in different concentrations of H2O2; 0.1, 1.0, 2.0 and 8.8 mM in PBS are shown in Figure 43.  

Figure 42 Cyclic voltammogram of platinum compared to printed carbon electrode in PBS.  

Figure 43 Cyclic voltammogram of platinum in different concentrations of hydrogen peroxide in PBS.  
Arrow indicates oxidation of hydrogen peroxide. 
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Figure 44 Cyclic voltammetry of printed carbon electrodes displaying the different insulating layers in 8.8 mM 
hydrogen peroxide compared to only PBS. Arrow indicates oxidation. Each cycle refers to a new electrode. 

No redox processes are visible for concentrations of 0.1 mM, 1.0 mM or 2.0 mM; no large difference 

compared to PBS can be seen. However, at 8.8 mM an oxidation is present at a potential of 0.6 V. This is 

consistent with previously reported work (12,18,75). Since the surface area of the platinum is larger than 

for PCE deposited with platinum it is assumed that those electrodes neither can detect H2O2 at the lower 

concentrations. Thus, 8.8 mM is chosen for the continued measurements. 

CV with different insulation, nail polish or UV polish, was used for PCE printed with either the carbon ink 

Electrodag PF-407A or Du Pont 7102 in 8.8 mM H2O2 in PBS are displayed in Figure 44.  

A small difference is seen between the insulating layers; the maximum current value for nail polish is 

circa 0.8 µA and 0.05 µA for UV polish. Thus, nail polish seems to be affected by the H2O2. However, the 

difference is small and more tests are needed to confirm that UV polish is a better alternative. Since nail 

polish can be applied in the laboratory, it is considered as insulating layer. 
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The results from the characterization in ferricyanide, K3Fe(CN)6
3-, in PBS compared to only PBS for the 

negative and positive controls are presented in the CV in Figure 45. Platinum in PBS is not presented 

since it makes the figure unclear.  

The result from the characterization of the PCE in ferricyanide in PBS compared to only PBS is presented 

in the CV in Figure 46.  

Figure 45 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102 or Electrodag PF-407A in 5 mM  
ferricyanide in PBS compared to only PBS. Arrows indicate oxidation and reduction.  

Each cycle refers to a new electrode. 

Figure 46 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102 or Electrodag PF-407A in 5mM  
ferricyanide in PBS compared to only PBS. Arrows indicate oxidation and reduction.  

Each cycle refers to a new electrode. 
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In Figure 45, the PCE are hard to distinguish due to the large appearance of platinum. As previously dis-

cussed this was expected. The positions of the peaks and the separation are displayed in Table 32. 

Table 32 Peak positions and separation of the platinum in 5 mM ferricyanide in PBS. 

Material Oxidation Reduction ΔEp 

Platinum  0.28 V -0.13 V 410 mV 

 

The reaction is not reversible. As previously discussed, the oxidation should be present at a potential of 

0.253 V (75) or 0.225 V (97). Thus, the oxidation peak is situated at a higher voltage than expected. Acti-

vation of the surface could potentially bring the peaks closer to each other; Shi et al. run a cleaned plati-

num electrode in 5 mM ferricyanide in KCL and PBS. ΔEp was approximately 50 mV, however, the oxida-

tion was present at a potential of 0.165 V vs. Ag/AgCl. It is worth noting that the pH was 7.0 of the PBS 

solution (172) compared to 7.4 used in this work. On the other hand, Ren et al. presents a non-cleaned 

platinum electrode in the mediator in 0.1 M KCL. The oxidation was present at approximately 0.25 V vs. 

Ag/AgCl with ΔEp circa 200 mV (176), which is half the value presented in this work. Both articles present 

positive values of the reduction potential, as with the platinum.  In Figure 46, two peaks are present. The 

positions and the separations are presented in Table 33.  

Table 33 Peak positions and separations of printed carbon electrodes in 5 mM ferricyanide in PBS. 

Material Oxidation Reduction ΔEp 

Printed carbon electrode 0.6 V,  
30 µA 

-0.15 V,  
50 µA 

750 mV 

 

Compared to platinum, these electrodes have wider and more stretched out peaks. More stretched out 

implies that they have higher overpotential than e.g. the platinum. An activation of the printed carbon is 

assumed to reduce the overpotential and cause the peaks to be less stretched out. Wang et al. presents 

SPCE in 5 mM ferricyanide in 0.1 M KCL and 0.667 M sodium phosphate. ΔEp was 440 mV, 1.7 times less 

than for the PCE presented in this work. They concluded that by oxygen plasma treatment ΔEp was re-

duced to 156 mV. The reduction potential was at a positive value (112).  

The results from the characterization in absence or presence of immobilized GOX, BSA, glutaraldehyde 

and chitosan in 10mM glucose in PBS compared to only PBS are presented in Figure 47. The platinum is 

not presented. 
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Platinum is present in Figure 48.  

In Figure 47, neither oxidations nor reductions can be seen in 10 mM glucose in PBS with GOX and chi-

tosan. In PBS, oxidations and reductions are absent. For both solutions, the currents are < 1 µM, thus 

Figure 47 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102 or Electrodag PF-407A, with the 
enzyme glucose oxidase, bovine serum albumin and glutaraldehyde or chitosan present or absent in 10 mM 

glucose in PBS compared to only PBS. Each cycle refers to a new electrode. 

Figure 48 Cyclic voltammogram of platinum and printed carbon electrodes, Du Pont 7102 or  
Electrodag PF-407A, in 10 mM glucose in PBS compared to only PBS. Each cycle refers to a new electrode. 
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neither of the enzyme immobilization approaches seem to affect the electrodes. However, more tests 

are required to confirm the results. In Figure 48 it seems to be no large difference between the platinum 

in PBS and 10 mM glucose in PBS. 

10.4.2 Printed Carbon Electrodes Electrodeposited with P latinum 
The results from the characterization of the PCE electrodeposited with platinum in 8.8 mM H2O2 in PBS, 5 

mM ferricyanide in PBS and 10 mM glucose in PBS compared to solely PBS are presented in this section. 

The electrodes seem to be able to test several times in the same solution and achieve the same result, it 

is not shown here.  

The results from the characterization of PCE, Electrodag PF-407A and Du Pont 7102 electrodeposited 

with platinum in 8.8 mM H2O2 in PBS compared to PBS are displayed in Figure 49. A potential of 0 V was 

added in the start of the electrodeposition process.  

The results from the characterization of where a potential of 0 V was presence or absence in the start of 

the electrodeposition process of the platinum onto printed Du Pont 7102 electrodes in 8.8 mM H2O2 in 

PBS compared to PBS are displayed in Figure 50.  

 

Figure 49 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102 or Electrodag PF-407A, electrode-
posited with platinum in 8.8 mM hydrogen peroxide in PBS compared to only PBS. Arrows indicate oxidation 

and reduction. Each cycle refers to a new electrode. 
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In both figures, Figure 49 and 50, neither oxidations nor reductions are present in PBS which is consistent 

with previously reported work (66,207). The current is approximately 3.5 µA for all electrodes; 6 times 

larger than the negative controls. A large difference can be seen when comparing PBS to 8.8 mM H2O2 in 

PBS; an oxidation peak is present at approximately 0.42 V for all electrodes in H2O2, no difference in peak 

position is observed. Electrodeposited platinum onto Du Pont 7102 seem to give more reproducible re-

sults; 78-85 µA, while Electrodag PF-407A varies from 20-75 µA, see Figure 49. Hence, Du Pont 7102 is 

considered to be a better option than Electrodag PF-407A. In Figure 50 the electrodes electrodeposited 

with 0 V appear to have less variation in the current, 78 – 85 µA, compared to 70 – 85 µA without 0 V.  

Chikae et al. reported oxidation of 1 mM H2O2 at 0.6 V with SPCE electrodeposited with platinum (159). 

The difference in concentration should not cause the peak to be dislodged. Moreover, the positive con-

trol oxidizes H2O2 at circa 0.6 V. Another difference is the reduction peak observed at 0.15 V, which is 

more obvious for Du Pont 7102, see Figure 49. However, Pan et al. reported a CV of a platinum electrode 

in H2O2 in PBS where a reduction peak can be observed at circa 0.15 V (178). Unfortunately, the authors 

do not discuss this peak.  

Figure 51 shows the electrodeposition of platinum, without 0 V in the start of the electrodeposition pro-

cess, in 5 mM ferricyanide in PBS compared to PBS. The carbon ink was Du Pont 7102.  

 

 

Figure 50 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102, in presence or absence of 0 V in 
the start of the electrodeposition procedure of platinum, in 8.8 mM hydrogen peroxide in PBS compared to 

only PBS. Arrows indicate oxidation and reduction. Each cycle refers to a new electrode.  
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Redox processes are present in the PBS, one reason to that might be that the electrodes first were tested 

in ferricyanide and then in PBS. The redox processes in 5 mM ferricyanide are more distinct. Table 34 

displays the peak positions and separations of the electrodes.  

Table 34 Peak positions and separations of electrodeposited electrodes in 5 mM ferricyanide in PBS. 

Electrode material Oxidation  Reduction ΔEp  

Electrodeposited platinum 0.26 V, 80 µA 0.14 V, - 90 µA 400 mV 

Electrodeposited platinum with GOX 0.17 V, 17 µA 0.26 V, - 110 µA 430 mV 

Electrodeposited platinum with GOX and chitosan - - - 

 
The reaction is not reversible. The oxidation peak is situated approximately where it should be, as dis-

cussed previously. ΔEp = 400 mV and the reduction potentials are positive, as for the positive control. The 

CV is not as stretched out and the current is nearly 3 times higher than the negative controls. Thus, this is 

yet another indication of that an electro-catalytic surface has been achieved with electrodeposition of 

platinum onto PCE. However, ΔEp is twice the value compared to reported work (176). Thus, this is an 

indication of that the electrodes should be activated. An activation procedure will therefore be per-

formed. Presence of GOX should contribute to a higher response, hence it seems like the immobilization 

approaches affected the electrodes negatively. One possibility is that GOX might not have the correct 

activity. The best response was achieved in absence of GOX, however only one electrode responds well. 

More tests are needed to be able to conclude whether GOX affects the electrodes in a positive manner.  

Figure 51 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102, electrodeposited with platinum,  
without 0 V in the start of the electrodeposition process, in 5 mM ferricyanide in PBS compared to only PBS.  

Arrows indicate oxidation and reduction. Each cycle refers to a new electrode.  
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Figure 52 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102 or Electrodag PF-407A, electro- 
deposited with platinum in absence or presence of physically adsorbed glucose oxidase in 10 mM glucose in PBS  

compared to only PBS. Arrow indicates oxidation. Scan 1 and 8 in the same solution refers to the same electrode.  

Figure 53 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102 or Electrodag PF-407A, electro- 
deposited with platinum in absence or presence of physically adsorbed glucose oxidase and micro- 

encapsulation with chitosan in 10 mM glucose in PBS compared to only PBS. Arrow indicates oxidation.  
Scan 1 and 8 in the same solution refers to the same electrode.  

Although it was concluded that the oxidation potential of H2O2 was at 0.42 V, the electrodes were tested 

in 10 mM glucose in PBS in presence or absence of GOX. The results from the physical adsorption are 

compared to solely PBS and displayed in Figure 52. The carbon ink was Du Pont 7102 or Electrodag PF-

407A.  

The results from the physical adsorption followed by a kind of microencapsulation are displayed in Figure 

53. The carbon ink was Du Pont 7102 or Electrodag PF-407A.  
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The last immobilization approach was to use a crosslinker, glutaraldehyde, and a spacer arm, BSA. The 

results from the immobilization in 10 mM glucose in PBS compared solely PBS are displayed in Figure 54. 

The carbon ink was Du Pont 7102.  

Physical adsorption, microencapsulation and the usage of a crosslinker and spacer arm in PBS does not 

seem to affect the responses; no reactions and a maximum current of 10 µA. Thus, it can be concluded 

that GOX does not seem to affect the response in PBS. For all approaches there are large differences in 

10 mM glucose in PBS compared to PBS, all approaches have an oxidation at 0.6 – 0.7 V, thus at the cor-

rect position. Hence, the electrodes are capable of sensing glucose!  

From Figure 52 it could be noticed that for physical adsorption, the oxidation is noticed at 0.65 V, both 

electrodes show similar behavior in terms of reproducibility. The oxidation is not as distinct and the cur-

rent is lower for scan 8 than scan 1; circa 70 µA for scan 1 which is 7 times larger than for the negative 

controls. For each scan, the current is lower, not shown here. It is therefore concluded that GOX diffuses 

from the electrode surface, which is expected since physical adsorption creates a weak bond. It is there-

fore not possible to test the same electrode twice. There is a difference between scan 1 and 8 in absence 

of enzyme in glucose, which could be caused by the diffusion of enzyme to the solution and thus testing 

an electrode without enzyme can result in a small change, however the response is small, and thus ne-

glected.  

Figure 53 reveals that physical adsorption followed by a kind of microencapsulation seems to attach GOX 

to the electrode surface since the current is not lower for every scan, not shown here. The two elec-

trodes show similar behavior in terms of reproducibility; the oxidation is not as distinct in scan 1 as in 

Figure 54 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102 or Electrodag PF-407A,  
electrodeposited with platinum in absence or presence of immobilized glucose oxidase, bovine serum albumin  

and glutaraldehyde in 10 mM glucose in PBS compared to only PBS. Arrow indicates oxidation.  
Scan 1 and 8 in the same solution refers to the same electrode.  
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scan 8 and the current is lower for scan 1. One reason for the behavior could be that it takes time for the 

glucose solution to reach GOX due to the chitosan. The current for scan 8 is circa 60 µA; 6 times larger 

than without GOX. However, a test for a longer period of time, and thus more cycles are needed to con-

firm the results. The chitosan does not seem to affect the response in glucose; however, a negative con-

trol in PBS is necessary to confirm the results. 

Figure 54 reveals that one of three electrodes is capable of sensing glucose. The oxidation is not as dis-

tinct in scan 1 as in scan 8 and the current is lower, which is the same behavior as for the physical ad-

sorption followed by a kind of microencapsulation. One reason for that behavior could be that it takes 

some time for the glucose solution to reach the enzyme. The current for scan 1 is circa 20 µA; twice the 

size of the negative control. 

The PCE electrodeposited with platinum did not detect H2O2 at a potential of 0.65 V at a concentration of 

8.8 mM. One reason might be that the concentration is too high, thus the electrodes were overloaded 

with H2O2. However, the phenomenon is unclear to the author. Although the result for sensing glucose is 

promising, more tests are needed to conclude reproducibility of the electrodes to detect H2O2 in 10 mM 

glucose.  

10.4.3 Evaporated Electrodes 
In this section, the results from the characterization of the evaporated electrodes in 8.8 mM H2O2 and 5 

mM ferricyanide are presented. Unfortunately, the adhesion of platinum onto polyfoil was poor; plati-

num with titanium underneath detached from the polyfoil surface in H2O2. It was therefore not possible 

to test the same electrode twice. That is not a problem for a disposable sensor, although it obstructs the 

testing procedure since a limited amount of electrodes were obtained. The adhesion was better with 

printed carbon underneath.  

The electrodes were not insulated since the evaporated platinum covered the silver. Thus, the surface 

area of each electrode was not defined. The current response can therefore vary between electrodes, 

thus, the current is not discussed in the following section. While running CV in ferricyanide, evaporated 

platinum onto printed carbon and thus silver was found to be oxidized. Therefore, it would have been 

better to insulate the evaporated electrodes in the same way as the other electrodes. 

The results from the characterization of the evaporated platinum onto polyfoil in 8.8 mM H2O2 in PBS 

compared to PBS are displayed in Figure 55.  
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The results from the characterization of the evaporated platinum onto printed carbon, Electrodag PF-

407A or Du Pont 7102 electrodes in 8.8 mM H2O2 in PBS compared to PBS are displayed in Figure 56.  

Neither oxidations nor reductions can be seen in PBS. There is a difference when compared to 8.8 mM 

H2O2 where oxidation occurs which is an indication of that an electrocatalytic surfaces have been 

Figure 56 Cyclic voltammogram of evaporated platinum onto different carbon electrodes, Electrodag PF-407A or 
Du Pont 7102, in 8.8 mM hydrogen peroxide in PBS compared to only PBS. Arrows indicate oxidation and reduc-

tion. Each cycle refers to a new electrode. 

Figure 55 Cyclic voltammogram of evaporated platinum onto polyfoil in 8.8 mM hydrogen peroxide in PBS.  
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achieved. Evaporated platinum onto polyfoil, Figure 55, displays the oxidation at 0.5 V with a shape as 

the positive control. There might be a possibility that a too thin layer of platinum was evaporated, thus 

the amount of platinum is too small to be able to detect H2O2 at the correct potential. Platinum evapo-

rated onto silicone dioxide coated oPP plastic, referred to as CPP 002, showed similar behavior as the 

electrodes in Figure 55, not shown here. No reduction is present as for the evaporated platinum onto 

PCE in Figure 56 and the electrodeposited platinum. Thus, the reduction peak is caused by either the 

carbon/silver interface or the carbon/titanium/platinum interface. The oxidation is present at circa 0.4 V 

and appears to be more visible for Electrodag PF-407A than Du Pont 7102. The oxidation potential is 

equal to the electrodeposited electrodes.  

The platinum evaporated onto polyfoil is so far the most promising of the evaporated electrodes with an 

oxidation potential of 0.5 V compared to 0.4 V as for the evaporated platinum onto PCE. Although 0.6 V 

is not achieved, it is a step closer towards the goal. However, the problem regarding the detaching of 

platinum from polyfoil needs to be solved.  

The results from the characterization of the evaporated platinum onto PCE, Electrodag PF-407A or Du 

Pont 7102, in 5 mM ferricyanide in PBS compared to PBS are displayed in Figure 57.  

The evaporated platinum onto polyfoil is shown in Figure 58. 

 

Figure 57 Cyclic voltammogram of the evaporated platinum onto printed carbon electrodes,  
Electrodag PF-407A or Du Pont 7102, or onto polyfoil in 5 mM ferricyanide in PBS compared to only PBS.  

One electrode has glucose oxidase immobilized with physical adsorption. Each cycle refers to a new electrode. 
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In Figure 57, the CV does not show any reduction of the ferricyanide similar to the positive control. The 

shape resembles the CV of the silver in PBS. It seems like ions from the electrolyte have penetrated the 

platinum and/or the carbon into the silver and perhaps caused reactions with the silver. Thus, this is an 

indication of that the electrodes need an insulating layer to cover the silver.  

In Figure 58, difference between PBS and 5 mM ferricyanide in PBS can be seen. However, there seem to 

be a redox process present in PBS. On the other hand there are two distinct peaks in 5 mM ferricyanide 

in PBS. The position of the peaks and separation can be seen in Table 35. 

Table 35 Peak positions and separation of evaporated electrodes in 5 mM ferricyanide in PBS. 

Electrode material Oxidation  Reduction ΔEp  

Polyfoil with evaporated platinum 0.27 V  0.13 V 400 mV 

 

The reaction is not reversible. ΔEp is equal to the positive control and thus twice as the reported value. 

The oxidation peak is positioned at a slightly higher value than expected. However, compared to the 

negative controls, the peaks are not as stretched out. It is concluded that the evaporated platinum onto 

the polyfoil is the best option for the evaporated electrodes. More tests are required to see if the behav-

ior is constant or for a single electrode. Unfortunately it was not possible to run further CVs in 5 mM 

ferricyanide due to short of time.  

Figure 58 Cyclic voltammogram of evaporated platinum onto polyfoil in absence of carbon in 5 mM ferricy a-
nide compared to only PBS. Arrows indicate oxidation and reduction. Each cycle refers to a new electrode. 
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Although it was concluded that the oxidation potential of H2O2 was at 0.4 V, the electrodes were tested 

in 10 mM glucose in PBS in presence or absence of GOX. The results from the physical adsorption as well 

as microencapsulation are compared to solely PBS and displayed in Figure 59. The carbon ink was Elec-

trodag PF-407A. The electrodes were not insulated. 

Redox reactions seem to be present in PBS, which were not expected. However, a difference is observed 

when comparing PBS to 10 mM glucose in PBS. A tendency of oxidation is noticed at a potential of 0.65 

V, where high current is achieved. The response seems to decrease for each cycle, for both immobiliza-

tion approaches. One reason for that could be a not fully covered chitosan layer. Due to shortage of 

time, the tests could not be repeated. More tests are needed to be able to conclude whether the elec-

trodes are a good option for sensing glucose.  

10.4.4 Printed Carbon Electrodes Deposited with Platinum Nanoparticle S olution 
The PCE deposited with platinum nanoparticle solution have been characterized in 8.8 mM H2O2 and 5 

mM ferricyanide. It was unknown whether the particles were coated.  

The results from the characterization of the platinum nanoparticle solution deposited by inkjet printing 

onto PCE, Electrodag PF-407A, in 8.8 mM H2O2in PBS compared to PBS are displayed in Figure 60. The 

number of µm refers to the drop spacing during the inkjet procedure. 

 

 

Figure 59 Cyclic voltammogram of printed carbon, Electrodag PF-407A, evaporated with platinum in absence  
or presence of physically adsorbed glucose oxidase and microencapsulation with chitosan in 10 mM glucose  

in PBS compared to only PBS. Scan 1 and 8 in the same solution refers to the same electrode.  
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The results from the characterization of the platinum nanoparticle solution deposited by pipetting 1 or 5 

µl onto PCE, Du Pont 7102, in 8.8 mM H2O2in PBS compared to PBS are displayed in Figure 61.  

Figure 60 Cyclic voltammogram of the platinum nanoparticle solution deposited by inkjet printingo onto oxygen 
plasma treated screen printed carbon electrodes, Electrodag PF-407A, in 8.8 mM hydrogen peroxide in PBS  

compared to PBS. Arrow indicates oxidation. Each cycle refers to a new electrode. 

Figure 61 Cyclic voltammogram of platinum nanoparticle solution deposited by pipetting 5 µl or 1 µl  
onto oxygen plasma treated printed carbon electrodes, Du Pont7102, in 8.8 mM hydrogen peroxide in PBS  

compared to PBS. Arrow indicates oxidation. Each cycle refers to a new electrode.  
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For PBS, no reactions are present and the currents are below 1 µA which is similar to the negative con-

trols. There is a difference for all electrodes when compared to 8.8 mM H2O2 where oxidation occurs at 

0.65 V, thus exactly where the peak should be, this is an indication of that electrocatalytic surfaces have 

been achieved. No reduction is present.  

30 µm and 30 µm +5 µl for the inkjet deposition have very similar values, thus the 30 µm +5 µl is not 

visible in Figure 60 although it is present. Thus, adding 5 µl by pipette to the electrode did not result in a 

higher response and the nanoparticles might therefore not be equally distributed while deposited by 

pipette. An oxidation is present, for the electrode with the highest platinum content, 10+15 µm. The 

oxidation is observed at 0.65 V of 31 µA; 155 times larger than the value for the negative controls, how-

ever, the oxidation does not reach a plateau. One reason for that an oxidation is visible for solely 10+15 

µm can be that the other produced electrodes have too low density of platinum. Further tests with inkjet 

printed nanoparticles are needed to evaluate if that is the case.  

Figure 61 reveals that depositing 5 µl of the platinum nanoparticle solution by pipette results in a distinct 

oxidation peak. The oxidation is not as distinct for 1 µl deposited by pipette. All electrodes reach a plat-

eau. Electrodes deposited with 5 µl seem to be more reproducible; the current vary between 28 -30 µA, 

circa 60 times larger than the negative controls, compared to 5- 22 µA for 1 µl. 5 µl were expected to 

result in a better response due to a higher density of platinum. Thus, it is concluded that more than 1 µl 

of the platinum nanoparticle solution is needed to achieve reproducible results. Since the results differ 

between 1 and 5 µl, the nanoparticles seem to be somewhat equally distributed in the solution.   

The results from the characterization of the platinum nanoparticle solution deposited by either inkjet 

printing or pipetting 1 µl onto PCE, Electrodag PF-407A or Du Pont 7102, in 5 mM ferricyanide in PBS 

compared to PBS are displayed in Figure 62.  

Figure 62 Cyclic voltammogram of the platinum nanoparticle solution deposited by inkjet printing or pipetting 
onto oxygen plasma treated screen printed carbon electrodes in 5 mM ferricyanide in PBS compared to PBS.  

Arrow indicates oxidation. Each cycle refers to a new electrode.  
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Redox reactions can be seen in PBS, probably due to residues of ferricyanide onto the electrodes since 

they were tested in the mediated before PBS. The current is approximately 0.5 µA; similar to the nega-

tive control. In ferricyanide, redox reactions are present, the positions and separations of the peaks can 

be seen in Table 36. 

Table 36 Peak positions and separation of the platinum nanoparticles.  

Electrode material Oxidation Reduction ΔEp 

1 µl platinum nanoparticle solution 0.16 V, 17 µA -0.15 V, 35 µA 310 mV 

20 µm platinum nanoparticle solution 0.16 V, 17 µA -0.15 V, 37 µA 310 mV 

25 µm platinum nanoparticle solution 0.17 V, 60 µA -0.20 V, 60 µA 370 mV 

 
1 µl and 20 µm have very similar values, however both electrodes are present. The best response in 

terms of position and current is achieved for the 25 µm. However, the oxidation peak is positioned at a 

lower value than expected. The reduction potentials are negative, as for the negative controls. The ΔEp 

values are lower than for the positive control; 1.5 times higher than previously reported value. More 

tests are required to see if the low potentials are consistence. If that is the case, these electrodes are not 

a good option in 5 mM ferricyanide. Unfortunately it was not possible to run further CVs due short of 

time.  

In Figure 63, the results from the characterization of platinum nanoparticle solution deposited by pipet-

ting 5 µl onto PCE, Du Pont 7102, immobilized with GOX, BSA and glutaraldehyde in 10 mM glucose in 

PBS compared to PBS are displayed. 

Figure 63 Cyclic voltammogram of the platinum nanoparticle solution deposited by pipetting 5 µl onto  
oxygen plasma treated printed carbon electrodes, Du Pont7102, in absence or presence of glucose oxidase, bovine  

serum albumine and glutaraldehyde in 10 mM glucose in PBS compared to PBS. Arrow indicates oxidation.  
Scan 1 and 8 in the same solution refers to the same electrode.  
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There is no difference in the presence or absence of GOX, glutaraldehyde and BSA in PBS. Comparing PBS 

to 10 mM glucose in PBS reveals that one electrode is capable of oxidizing glucose at a potential of 0.7 V. 

However, the current is similar to the negative controls. The result is ambiguous given that the elec-

trodes were capable of detecting 8.8 mM H2O2 in PBS. However, the concentration of H2O2 is assumed to 

be much lower than 8.8 mM. Another cause could be inactivation of GOX, however the electrodeposited 

electrodes were immobilized with the same approach and tested at the same occasion. Thus, another 

reason could be low platinum content. More tests are needed to be able to determine whether GOX was 

inactivated or the platinum content too low.  

10.4.5 Comparisons of the Electrodes Deposited with Different Platinum Deposi-
tion Techniques 

In the following section comparisons of the different electrodes deposited with platinum for each solu-

tion compared to PBS are discussed, i.e. 8.8 mM H2O2 compared to PBS etc..  

For 8.8 mM H2O2, the electrodes electrodeposited with 0 V in the start of the electrodeposition proce-

dure appeared to have less variation in the current than without 0 V. However, the oxidation peak is 

present at 0.42 V rather than 0.6 V and a reduction peak is observed at 0.15 V. Platinum evaporated onto 

polyfoil was the most promising of the evaporated electrodes; the oxidation peak was present at a po-

tential of 0.5 V compared to 0.4 V as for platinum evaporated onto PCE. No reduction is present. Thus, it 

is concluded that the reduction peak was caused by either the interface of carbon/silver or car-

bon/titanium/platinum. When comparing the electrodes from the two different techniques, the evapo-

rated platinum onto the polyfoil shows the most promising potential.  

However, by depositing the nanoparticle solution onto oxygen plasma treated PCE by pipette the detec-

tion of H2O2 is observed at a potential of 0.65 V. Thus, it is where it should be according to the literature 

and the positive control! No reduction is present. It is uncertain whether it is the oxygen plasma treat-

ment or the ethylene glycol solution that inhibits the reduction. Further tests are needed to evaluate the 

reduction. Most reproducible results seem to be achieved with pipetting 5 µl compared to 1 µl of the 

solution onto the PCE surfaces. Thus, it is concluded that more than 1 µl of the platinum nanoparticle 

solution was needed to achieve reproducible results. Thus, for the detection of H2O2 the most promising 

results are achieved by pipetting 5 µl of the platinum nanoparticle solution onto PCE.  

The electrodes with the most promising results; PCE with 5 µl nanoparticle solution deposited by pipette 

in 8.8 mM H2O2 in PBS compared to PBS are displayed in Figure 64.  
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The results need to be confirmed in lower concentrations of H2O2 with less volume than 10 ml. However, 

the electrodes then need to be redesigned. A platinum electrode with the same surface area as the elec-

trodes to be characterized would improve the work even further since it would then be possible to com-

pare the results better. 

For 5 mM ferricyanide, the characterization of the electrodeposited electrodes resulted in a reaction that 

was not reversible with an oxidation at circa 0.26 V, which is approximately where they should be; 0.253 

V (75) or 0.225 V (97) versus Ag/AgCl. The current was 3 times the value of the negative controls. ΔEp = 

400 mV and the reduction potentials are positive, as for the positive control; twice the value achieved by 

Ren et al (176). Thus, an indication of that the electrodes should be activated. Presence of GOX did not 

contribute to a higher response, hence it seems like the immobilization approaches affected the elec-

trodes negatively. More tests are needed to be able to conclude whether GOX affects the electrodes in a 

positive manner. For the evaporated electrodes, platinum evaporated onto polyfoil resulted in a reaction 

that was not reversible with an oxidation at 0.27 V; slightly higher than expected. The current was 4 

times the value of the negative controls. These electrodes are promising! More tests are required to see 

if this is a behavior for one single electrode or a constant behavior. When comparing the electrodes from 

these two different techniques they are of equal good potential. 

For platinum nanoparticles deposited onto PCE, the best response in terms of both current and position 

was achieved by pipetting 5 µl of the solution. However, the oxidation potential was at 0.17 V; lower 

than expected. The separation was the best so far, 370 mV; 1.5 times higher than previously reported 

value. However, as the negative controls, the reduction potential is negative but twice the value. More 

tests are required to see whether the low potentials are consistence. If that is the case, these are not a 

Figure 64 The most promising results in 8.8 mm hydrogen peroxide compared to pbs were obtained with  
platinum nanoparticle solution deposited by pipetting 5 µl onto oxygen plasma treated printed carbon electrodes,  

Du Pont 7102. Printed carbon electrodes, Du pont 7102, in absence of platinum served as negative controls.  
Arrow indicates oxidation. Each cycle refers to a new electrode. 
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good option in 5 mM ferricyanide. Thus, these electrodes do not seem to be a promising option com-

pared to the others.  

In 5 mM ferricyanide, both the platinum deposition technique electrodeposition onto PCE and evapora-

tion onto polyfoil show promising potential. Thus, both these are displayed in Figure 65.  

A small difference in peak position is observed; the electrodeposited peaks are closer to each other than 

the evaporated. Thus, when evaluated separately the difference was not noticed. A higher current for 

the evaporated electrodes is probably due to a non-defined surface area; hence, the surface area can 

differ. Another reason could be that more platinum is obtained at the evaporated electrode; it is thus 

more electrocatalytic active. However, the results need to be confirmed in less sample volume than 10 

ml.  

For 10 mM glucose in PBS, all immobilization approaches (physical adsorption, physical adsorption fol-

lowed by a kind of microencapsulation in chitosan, usage of crosslinker and spacer arm) have an oxida-

tion at 0.6 – 0.7 V, thus at the correct position. Hence, the immobilized electrodes are capable of sensing 

glucose! The concentrations for diabetic persons are 2-30 mM (10), hence these electrodes are promis-

ing options as gate electrodes in a sensor based on an OECT. Though, they did not detect H2O2 at a con-

centration of 8.8 at 0.65 V. One reason might be that the concentration is too high, thus the electrodes 

were overloaded with H2O2. However, the phenomenon is unclear to the author. The best response in 

terms of visible oxidation of the produced H2O2 in 10 mM glucose in PBS was achieved with physical ad-

sorption. However, it causes GOX to diffuse, chitosan acts as an encapsulation and prevents diffusion. 

BSA and glutaraldehyde also seem so prevent GOX from diffusion. The second best option seems to be 

Figure 65 The most promising results obtained with printed carbon, Du Pont 7102, electrodeposited with  
platinum or platinum evaporated onto polyfoil in 5 mM ferricyanide in pbs compared to only PBS.  

Printed carbon, Du Pont 7102, in absence of platinum served as negative controls.  
Arrow indicates oxidation. Each cycle refers to a new electrode.  
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physical adsorption followed by encapsulation with chitosan. More tests are needed to confirm which of 

the immobilization techniques that works the best. PCE evaporated with platinum immobilized with 

physical adsorption in presence of encapsulation a tendency of an oxidation was noticed at a potential of 

0.65 V, high current was achieved. The response seemed to decrease for each cycle, for both immobiliza-

tion approaches. More tests need to be performed to be able to conclude whether the electrode is a 

good option for sensing glucose. As for now, the electrodeposited electrodes are a better option. 

For 5 µl of the platinum nanoparticle solution deposited by pipette onto the PCE in presence or absence 

of GOX, glutaraldehyde and BSA, one electrode of three responded to glucose. However, the current is 

similar to the negative controls. The result is ambiguous given that the electrodes were capable of de-

tecting 8.8 mM H2O2 in PBS. However, the concentration of H2O2 is assumed to be much lower than 8.8 

mM. As for now these electrodes does not seem to be a better option than the electrodeposited.  

Thus, the printed carbon electrodeposited with platinum seems to be the best option for sensing glu-

cose! All the different approaches did responded to glucose, however Figure 66 only display the physical 

adsorptions in 10 mM glucose in PBS compared to PBS. The carbon ink was either Du Pont 7102 or Elec-

trodag PF-407A. The negative controls are not included due to unclarity of the figure.  

More tests are needed to confirm which of the immobilization techniques that works the best for sens-

ing glucose. 

Figure 66 The most promising results obtained with printed carbon, Du Pont 7102 or Electrodag PF-407A, electro-
deposited with platinum, immobilized with the enzyme glucose oxidase in presence or absence of micro- 
encapsulation with chitosan in 10 mM glucose in PBS compared to only PBS. Arrow indicates oxidation.  

Scan 1 and 8 in the same solution refers to the same electrode.  
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10.4.6 Summary of the Cyclic Voltammetry 
It is hard to distinguish one technique with better responses from the others. The best option for detect-

ing H2O2 in a concentration of 8.8 mM at a potential circa 0.6 V, seems to be printed carbon electrodes 

deposited by pipetting 5 µl of the platinum nanoparticle solution. For the ferricyanide, the best option 

was the electrodeposited electrodes. The latter was also the most promising in 10 mM glucose. On the 

other hand, with the nanoparticle solution the sensor can be all printed and the deposition is fast and 

straight forward. More tests in hydrogen peroxide and with the immobilization of glucose oxidase in 

glucose would reveal which one of these techniques that is preferred over the other. The evaporation of 

platinum onto polyfoil did yield platinum that detached from the surface. The printed carbon electrodes 

evaporated with platinum did not show any promising results, however isolating them and perform 

more tests could be an option.  

10.5 Characterization of the Gate Electrodes: Chronoamperometry 
Unfortunately, after a few additions, the evaporated platinum and titanium started detach from the sur-

face of the polyfoil in the hydrogen peroxide. Thus, the test was not executed fully and no results were 

obtained.  

10.6 Characterization of the Gate Electrodes: Activation and the Following 
Cyclic Voltammetry 

The activation of the carbon resulted in softness of the nail polish. However, the UV polish withstood all 

activation solutions. Hence, the UV polish is a better option than the nail polish. During activation of the 

carbon, the current decreased for each cycle (not shown here). Thus, the reaction was smaller and this 

was expected since the activation should clean the carbon. The activation procedure was time consum-

ing; in minimum 15 min for the carbon and 20 min for the platinum for each electrode.  

10.6.2 Negative Controls 
The results from the activation of the carbon of the negative controls in 8.8 mM H2O2 in PBS compared to 

PBS are presented in Figure 67. The carbon ink was Du Pont 7102.  
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There is a difference between the activated and non-activated carbon in 8.8 mM H2O2. The lowest re-

sponse is the result of ordinary rinse in PBS. Thus, there is an indication of that the electrodes need to be 

ordinary rinsed in PBS to get rid of residues from the activation solution before the measurements start.  

10.6.3 Printed Carbon Electrodes Electrodeposited with P latinum 
The results from the activation of the printed carbon electrodes electrodeposited with platinum in PBS 

compared to 8.8 mM H2O2 in PBS are displayed in Figure 68. The carbon ink, Du Pont 7102, was activated 

before and platinum after the electrodeposition procedure.  

Figure 67 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102, with activated or non -activated 
carbon in 8.8 mM hydrogen peroxide in PBS compared to only PBS. Each cycle refers to a new electrode. 

Figure 68 Cyclic voltammogram of electrodeposited platinum onto printed carbon electrodes, Du Pont 7102,  
with activated carbon and platinum compared to only activated platinum in 8.8 mM hydrogen peroxide  

in PBS compared to only PBS. Each cycle refers to a new electrode.   
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The activation of both the carbon and the platinum resulted in electrodes that did not oxidize H2O2. 

However, with solely platinum activated the oxidation is present at a voltage of circa 0.4, which is com-

parable with the results obtained without the activation. The oxidation seems to be reproducible for the 

activated platinum. The reduction was not present for the electrodes with activated carbon and plati-

num. Thus, this is an indication of that it is the carbon that causes the reduction peak.  

Figure 69 display the comparison of the activated and non-activated printed carbon electrodes, Du Pont 

7102, in 8.8 mM H2O2 in PBS compared to only PBS.  

The electrodes are practically identical, in dispense with the activated carbon and platinum which do not 

have an oxidation peak. It is concluded that the activation does not shift the voltage of the oxidation 

from 0.4 V towards 0.6 V for the electrodeposited electrodes. Thus, the cleanness of neither the plati-

num nor the carbon was the cause for the dislocated oxidation peak. However, the activation seems to 

be able to remove the reduction peak to some extent. Activated carbon followed by electrodeposition 

was not performed.  

10.6.4 Printed Carbon Electrodes Deposited with Platinum Nanoparticle Solution 
The results from the activation of the printed carbon, Du Pont 7102, with 5 µl platinum nanoparticle 

solution deposited by pipette in PBS compared to 8.8 mM H2O2 in PBS are displayed in Figure 70.  

  

Figure 69 Cyclic voltammogram of printed carbon, Du Pont 7102, electrodes electrodeposited with platinum  
with activated carbon and platinum compared to activated platinum and non-activated electrodes in PBS  

compared to 8.8 mM hydrogen peroxide in PBS. Each cycle refers to a new electrode.  
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The results from the activation of the printed carbon electrodes, Du Pont 7102, deposited with 1 µl of 

the platinum nanoparticle solution in PBS compared to 8.8 mM H2O2 in PBS are displayed in Figure 71.  

Figure 70 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102, with 5 µl platinum nanoparticle  
solution deposited by pipette, with activated platinum compared to non-activated platinum in 8.8 mM  

hydrogen peroxide in PBS compared to only PBS. Each cycle refers to a new electrode. 

Figure 71 Cyclic voltammogram of printed carbon electrodes, Du Pont 7102, with 1 µl platinum nanoparticle  
solution deposited by pipette, with activated or non-activated platinum in 8.8 mM hydrogen peroxide in PBS 

compared to only PBS. Each cycle refers to a new electrode. 



 

110 

For Figure 70, the activation of platinum does not seem to be comparable with non-activated platinum. 

The current is less for activated than for the non-activated in 8.8 mM H2O2 in PBS. However, there is a 

difference compared to PBS. It is concluded that the activation of 5 µl platinum nanoparticles deposited 

by pipette does not increase the response towards H2O2 in a concentration of 8.8 mM. 

In Figure 71 it can be distinguished that the activation of platinum of the printed carbon with 1 µl plati-

num nanoparticles solution deposited by pipette seems to increase the response. For one of three elec-

trodes, there is a distinct oxidation peak present at approximately 0.6 V, exactly where it should be. 

10.6.5 Summary of the Activation 
The activation of the platinum and the platinum plus carbon of the printed carbon electrodes electrode-

posited with platinum did not shift the oxidation peak towards 0.6 V. Thus, the cleanness of neither the 

platinum nor the carbon was the cause for the dislocated oxidation peak. However, the activation seems 

to be able to some extent remove the reduction peak.  

The activation of the platinum for 1 µl of the platinum nanoparticles deposited by pipette onto printed 

carbon electrodes did increase the response compared to non-activated electrodes. For one of three 

activated electrodes, an oxidation peak was present at 0.6 V. However, compared to 1 µl, the 5 µl of the 

activated platinum nanoparticle solution deposited by pipette the response towards H2O2 at a concen-

tration of 8.8 mM did not increased. The results are ambiguous. One thought is that the adhesion is bet-

ter for some of the particles than for others. However, the result needs to be confirmed with additional 

measurements. 

10.7 Test of the Hydrophobicity and Resistance towards Different Fluids   
10.7.2 Substrates 
Hostaphan GN 100.0 4600A is hydrophobic on both sides while oxygen plasma treatment makes it hy-

drophilic. Polyfoil has an antistatic treatment on one side which is hydrophilic, the other side is hydro-

phobic. Thus, it is possible to either print onto the hostaphan GN 100.0 4600A and oxygen plasma treat it 

or use the antistatic side of the polyfoil. Since the printing procedure of the hostaphan GN 100.0 4600A 

included fitting problems, the polyfoil is chosen as substrate.  

10.7.3 Adhesives 
The adhesive 3M Precision Coatable UV Adhesive 7555 T PCA was hydrophobic and neither of the fluid 

channels did work properly. Unfortunately, the oxygen plasma treatment of the plastic removed the 

adhering properties of the adhesive. Thus, the UV cured adhesive was not further considered.  

The water based adhesive, 3M SP4533, was hydrophilic and no oxygen plasma treatment was found to 

be necessary. The fluid channels work properly and the resistance towards water based liquids was rela-

tively good, the adhesive does not dissolve for several minutes. It was possible to use electroplating and 

afterwards the adhering properties remain, although the adhesive was water based and the density of 

the adhesive cannot be guaranteed to be equal to that before the electrodeposition. The adhesive does 

not manage to survive without dissolving in any of the different activation solutions. 
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10.8 Test of the Design and the Characteristics of the OECTs  
The assembled transistor design was not perfect in any case; they all needed some modifications with 

nail polish. The round design did not work at all; the fluid did not get through the huge area of the circle. 

Thus, the PEDOT:PSS was not covered by the electrolyte. The round design was therefore not considered 

further.  

10.8.2 Leaching Test 
All the different designs; A, B, C and D had leakage problems in the beginning. The two latter designs, 

with the large fluid channel, had troubles with leakage of the electrolyte. The modifications had varied 

success and poor reproducibility. One layer of adhesive does not seem to be enough to define the fluid 

channel without any leakage. Design A and B with short fluid channels did on other hand not need sever-

al modifications to be free from leakage. The nail polish covers the short sides of the transistors, see 

Figure 72.  

If the adhesive would have covered a larger part on design A and B, the nail polish would have been un-

necessary. However, producing one adhesive for every size and design of the transistor was not possible. 

10.8.3 Characteristics of the OECT 
The results from the characterizations are presented in this section. The chronoamperometric responses 

are presented first followed by the IV-curves. Note that the electrodes are different, thus the results are 

not fully comparable. The characterization study was performed in collaboration with another master 

student at Acreo AB, Julia Hedborg, from Linköping University. The responses towards the electrolytes 1 

mM H2O2 in PBS compared to PBS are plotted as absolute values. Due to short of time, an IV-curve of 

design D was not performed.  

A B 

C D 

Figure 72 Modified designs A) A, B) B, C) C and D) D of the printed organic electrochemical transistor.  
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The results from the characterization with PBS compared to 1 mM H2O2 in PBS as electrolytes for design 

A are displayed in Figure 73.  

There seem to be no big difference between 1 mM H2O2 in PBS and PBS, which was expected since car-

bon cannot catalyze H2O2. The shape of the curves were expected, in presence of the electrolyte, PE-

DOT:PSS is reduced. Table 37 compares the results at 60 s. The time was chosen since it is where it 

seems to be largest variation in the current response, after linearity was achieved. 

Table 37 Comparison of the current responses at 60 s.  

Electrolyte Current (µA) 

PBS 306-380 

1 mM H2O2 in PBS 314-356 

 
PBS seems to have a larger spread of the values than the H2O2. However, more tests are required to con-
clude whether the transistor respond equal to PBS and H2O2 in PBS. 

Figure 73 Response of transistor design A towards 1 mM hydrogen peroxide in PBS compared to 
PBS as electrolyte. VG=0.55 V, VD= -0.2 V. Each line refers to a new component.  
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The results from the characterization with PBS compared to 1 mM H2O2 in PBS as electrolytes for design 

B are displayed in Figure 74.  

There seem to be no difference between 1 mM H2O2 in PBS and PBS. However, one transistor with 1 mM 

H2O2 as electrolyte has a lower response than the others. Table 38 compares the results at 60 s. The time 

was chosen since it is where it seems to be the largest variation in the current response, after linearity 

was achieved. 

Table 38 Comparison of the current responses at 60 s.  

Electrolyte Current (µA) 

PBS 483-494 

1 mM H2O2 in PBS 438-484 

 
1 mM H2O2 in PBS seems to have a larger spread of the values than PBS. One hypothesis to the different 

in behavior of one transistor with 1 mM H2O2 in PBS could be that they are all single transistors, thus it is 

not expected that they response equal. However, more tests are required to conclude whether the be-

havior is consistent or a single behavior. The lowest currents seem to be approximately 1.4 times larger 

for design B than for design A.  

 

 

Figure 74 Response of transistor design B towards 1 mM hydrogen peroxide in PBS compared to 
PBS as electrolyte. VG=0.55 V, VD= -0.2 V. Each line refers to a new component. 



 

114 

The results from the characterization with PBS compared to 1 mM H2O2 in PBS as electrolytes for design 

C are displayed in Figure 75.  

There seem to be no difference between 1 mM H2O2 in PBS and PBS. The shape of one of the curves for 

PBS was not expected, in presence of the electrolyte, PEDOT:PSS is reduced. However, it does not seem 

to be reduced. One hypothesis is that the electrolyte has not reached through the channel. However, 

more tests are required to conclude whether the behavior is consistent or a single behavior.  

Table 39 compares the results at 60 s. The time was chosen since it is where it seems to be the largest 

variation in the current response, after linearity was achieved. However, for this design the current does 

not seem to reach linearity at 60 s with 1 mM H2O2 in PBS as electrolyte.  

Table 39 Comparison of the current responses at 60 s.  

Electrolyte Current (µA) 

PBS 35-40 

1 mM H2O2 in PBS 37-38  

 
The spread of the current values for PBS and 1 mM H2O2 in PBS are rather equal. The currents seem to be 
approximately 10 and 11 times less for design A and B, respectively. However, more tests are required to 
be able to distinct whether the behavior is consistent or not.  
 

Figure 75 Response of transistor design C towards 1 mM hydrogen peroxide in PBS compared to 
PBS as electrolyte. VG=0.55 V, VD= -0.2 V. Each line refers to a new component. 
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The results from the characterization with PBS compared to 1 mM H2O2 in PBS as electrolytes for design 

D are displayed in Figure 76.  

For PBS, there are two OECTs at the top of the figure that do not respond as expected. One hypothesis is 

that the electrolyte has not reached through the channel. However, more tests are required to conclude 

whether the behavior is consistent.  

Table 40 compares the results at 60 s. The time was chosen since it is where it seems to be largest varia-

tion in the current response, after the linearity was achieved. However, for this design the current does 

not seem to reach linearity at 60 s for PBS as electrolyte.  

Table 40 Comparison of the current responses at 60 s.  

Electrolyte Current (µA) 

PBS 12-57  

1 mM H2O2 9-10 

 
The variation seems to be larger for PBS as electrolyte. The currents seem to be approximately 3 times 

less than for design C. More tests are required to conclude the behavior of the transistors.  

  

Figure 76 Response of transistor design D towards 1 mM hydrogen peroxide in PBS compared 
to PBS as electrolyte. VG=0.55 V, VD= -0.2V. Each line refers to a new component. 
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The result from the responses of different gate voltages for design A are displayed in Figure 77.  

It resembles the response of a transistor, at least for a gate voltage of 0 V and 0.25 V, and these exhibit 

both linear and saturation regime. Since 1 V never reaches saturation, the on/off ratio is not possible to 

calculate. 

The results from the responses of different gate voltages for design B are displayed in Figure 78.  

Figure 77 IV-curve displaying the Result of the responses of different gate voltages for transistor  
design A. PBS is electrolyte. Each line refers to a new component. 

Figure 78 IV-curve displaying the result of the responses of different applied gate voltages for transistor  

design B. PBS is electrolyte. Each line refers to a new component. 
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It resembles the response of a transistor! All different gate voltages exhibit both linear and saturation 

regime. The gate voltage of 0 V is assumed to be saturated at-VD = 1 V. The current reaches up to nearly 

2 mA. The ID is saturated at a -VD of 0.6 V when a gate voltage of 1.0 is applied. The relative on/off ratio is 

low; 3.58, as seen in Table 41. 

Table 41 Calculated relative on/off ratio. 

VG ID (saturated) Relative difference of ID 

0 V 1892 µA 3.58 

1.0 V 543 µA  

 
Hence, the modulation of the drain current, ID, is small compared to an electrochemical transistor with-
out the sensing function. However, this is expected since devices have different design rules (76). The 
linear and saturation regime and the on/off value of 3.58 indicate that design B is preferred in front of 
design A. 
 
The results from the responses of different gate voltages for design D are displayed in Figure 79.  

Again, it resembles the response of a transistor! All the different gate voltages exhibit both linear and 

saturation regime. The current reaches up to nearly 60 µA. The 0 V gate voltage is assumed to be satu-

rated at 1 V of the -VD. The ID is saturated at a -VD of 0.35 V when a gate voltage of 1.0 is applied. The 

relative on/off ratio is low; 8.0, as seen in Table 42. 

Figure 79 IV-curve displaying the results of the responses of different applied gate voltages for transistor  
design D. PBS is electrolyte. Each line refers to a new component. 
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Table 42 Calculated relative on/off ratio. 

VG ID (saturated) Relative on/off ratio 

0 V 54 µA 8.0 

1.0 V 6.7 µA  

 

The linear and saturation regime and the on/off value of 8.0 indicate that design D also is preferred in 

front of design A. The current reaches up to 2 mA for design B, whereas the current is 60 µA for design D. 

However, an on/off ration of 4.27 is lower for design B. More tests are needed to confirm these indica-

tions. 

The IV-curves display the mediated carbon ink from Gwent as gate electrode. The results are assumed to 

indicate how the carbon ink, Du Pont 7102, behave as gate electrode material. Although the response 

towards H2O2 is not assumed to be equal since solely carbon cannot oxidize H2O2. However, more tests 

are needed to be able to conclude which design that is the best.   
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Chapter 11 

CONCLUSIONS 
This master thesis has brought knowledge in the field of printable glucose sensors based on organic elec-

trochemical transistors, OECTs. Different techniques have been tested to achieve platinum at the printed 

carbon gate electrode of the organic electrochemical transistor in an inexpensive, simple and rational 

way. The techniques are; electrodeposition, platinum nanoparticle solution either deposited by inkjet 

printing or pipetting and thermal evaporation.  

The characterization of the gate electrode with cyclic voltammetry in hydrogen peroxide, ferricyanide 

and glucose revealed that it is difficult to distinguish one technique from the other. It was possible to 

inkjet print the platinum nanoparticle solution, thus an all-printed sensor based on an organic electro-

chemical transistor could be achieved with the technique. Evaporation of platinum onto the plastic PET, 

polyfoil might be a good option. However, due to manufacturing process problem regarding the detach-

ing of platinum it is not the best option at this point. With electrodeposited platinum onto printed car-

bon as gate electrode it was possible to sense glucose in a concentration in the range of the values for 

diabetic persons. The electrodes are a promising option as gate electrodes in a glucose sensor based on 

an OECT!  

The characteristics of the OECT revealed that the responses resembled a transistor.  
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Chapter 12 

FUTURE WORK 
To develop a commercial biosensor further work is required. The electrodes need to be carefully investi-

gated with respect to the manufacturing process of the carbon, platinum and the immobilization of the 

enzyme. Hence, optimization is required regarding the selection of carbon ink, protocol for the platinum 

manufacturing technique and immobilization. The design of the prototype of the sensor including the 

readout and sampling need to be considered. A proposal is to use a soft wear for designing the experi-

ments; they reduce the number of tests. There are other possible applications for the future work than 

glucose monitoring. This section will describe the future work regarding glucose sensors, however the 

discussion can be taken into consideration while developing other types of biosensors as well.  

12.1 Manufacturing  
The manufacturing of the electrodes has to be further developed to be standardized. Using nail polish as 

isolating layer is not sustainable since the area of the electrode is not reproducible. A printed isolating 

layer is therefore a better option. It would be possible to use the designed screens for the adhesive in 

the beginning of the standardization. However, the isolating layer would be unnecessary large and waste 

of isolating ink is an issue. If the isolation is cut, another interface arises. This would not be a problem if 

the bulk properties of the isolating material are equal to the surface properties.  

A design with a screen printed reference electrode of Ag/AgCl, counter electrode and working electrode 

would minimize the system and the sample volume while different tests are performed. It is possible to 

print only Ag and then convert that to Ag/AgCl by placing chloride ions on the top and apply a potential. 

There are several options to design the system. One is to print all of the electrodes in the system next to 

each other and then cut them to separate them from each other. Thus, a droplet is placed on top of a 

well of the working electrode, the reference and counter electrodes are then immersed into the droplet. 

Another option would be to create the design without the need for cutting. Hence, the droplet is placed 

in a position that reaches all the printed electrodes. However, if the electrodeposition is chosen to be 

continued the design can be complex. Inspiration for the design can be found in the review by Albareda-

Sirvent et al. (84). 

There are other possible alternatives to platinum, as for example gold and ruthenium. However, if the 

decision is to move forward with the inexpensive and rational methods electrodeposition, pipetting of 

the platinum nanoparticle solution and evaporation there are some suggestions for future work. The 

electrodeposition can be optimized with regard to the concentration, voltage and time. A higher concen-

tration would imply more platinum on the electrode surface. Yadav et al. used 40 mM of their plating 

solution, H2PtCl6 (205). Thus, a proposal is to increase the concentration to perhaps 10 mM.  
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The proposal for the platinum nanoparticle solution is to characterize for 5 µl of the solution onto print-

ed carbon electrodes, distinguish if there is a difference between oxygen plasma treatment or not, thus if 

it is not the manufacturing time can be reduced. Try to add more volume and see if the solution seems to 

be equal dispersed while pipetting. Then move forward to inkjet and try several layers while printing. A 

proposal is to determine the adhesion of the particles to the surface of the printed carbon. Thus, for how 

long do they adhere to the surface e.g. while running a cyclic voltammogram? Another proposal is to 

continue to activate the platinum and try to activate the carbon underneath as well to see if there is a 

difference. If not, the manufacturing time can be reduced.  

The proposal for evaporating platinum is to start with evaporating with a thickness of at least 2000 Å as 

compared to the 1000 Å used in this work. Optimize the procedure regarding to adhesion of the plati-

num. The platinum needs to be able to withstand different acidic and basic solvents for the characteriza-

tion procedure.  

12.2 Characterization of the Gate Electrodes 
The testing of the electrodes has to be further developed to be standardized. To be able to test and elec-

trodeposit multiple electrodes at the same time, which is a requirement if the testing should be stand-

ardized, Acreo AB needs to make sure that an appurtenance to the potentiostat or another potentiostat 

that can handle multiplex of electrodes at the same time. Another proposal is to buy a real platinum 

electrode; it would improve and simplify the characterization work. 

12.2.1 Cyclic Voltammetry and Chronoamperometry 
A proposal is to start with running cyclic voltammetry at lower concentrations of hydrogen peroxide than 

the 8.8 mM used in this master thesis. Start with a concentration in micromolar range since the level in 

human blood plasma is reported to be approximately 35 µM (196). Add a higher concentration and run 

several cyclic voltammograms. The oxidation potential of hydrogen peroxide should be 0.6 V. If that is 

achieved, continue with running chronoamperograms at 0.6 V, the electrodes should be reproducible 

and respond to addition of hydrogen peroxide. Start with a low concentration and decide the detection 

limits. Determine the sensitivity and selectivity of the gate electrode. The selectivity of the gate elec-

trode can be enhanced through reducing the interferences. A limit for the sensitivity and the selectivity 

needs to be determined.  

Another proposal for characterizing the gate electrode is to run more cyclic voltammograms in 5 mM 

ferricyanide to be able to conclude the reproducibility of the platinum deposition. The printed insulation 

layer should give a defined area of the electrode; however it can be concluded by the Randles-Sevcik 

equation if that is the case. The equation for a reversible reaction is (204): 

                           

Where A denotes the area of the electrode in cm2, C is the concentration of the analyte, D is the diffusion 

coefficient (6.70 ±0.02)∙10-6cm2s-1, ν the scan rate and n the number of transferred electrons (204). For 

the mediator, n equals to one. 

A test in sulfuric acid could reveal if the reason for the observed reduction peak at e.g. the printed car-

bon electrodes electrodeposited with platinum is hydrogen evolution and thus reduction of the plati-
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num, thus a proposal is to perform CV in 0.5 M sulfuric acid. A standard method for characterizing plati-

num electrodes is to run CV in 0.5 M sulfuric acid (160). A typical voltammogram of a platinum electrode 

in the solution is displayed in (16) and (194). Hydrogen and oxygen adsorption should be present in the 

voltammogram. The adsorbed hydrogen monolayer at potentials from 0 to 0.3 V has sharp peaks where-

as the oxygen at potentials between 0.6 and 1.2 V has wider peaks. However, for platinum black the 

adsorption of hydrogen results in wider peaks (184). 

From the voltammogram, the roughness factor of the surface can be determined by integrating the cur-

rent due to adsorbed hydrogen and subtract the background current (184). Table 43 summarizes the 

cyclic voltammetry parameters for a platinum electrode in sulphuric acid.  

Table 43 Summary of the cyclic voltammetry parameters for a platinum electrode in sulfuric acid. 

Electrode material Concentration (M) Scan rate (mV/s) Reference 

Platinized screen printed graphite  0.5 50 (160) 

Platinum black 0.5  50 (184) 

Electrodeposited platinum onto gold 0.5  100 (205) 

 

12.2.2 Additional Methods 
A proposal is to characterize the gate electrode further and obtain more information regarding the mor-

phology, electrocatalytical surface and determine if platinum is achieved with the different techniques 

electrochemical impedance spectroscopy, scanning electron microscopy and x-ray spectroscopy.  

To obtain additional information regarding the electrocatalytic surface, the gate electrode can further be 

characterized with electrochemical impedance spectroscopy. The suggested parameters for the meas-

urement are displayed in Table 44. 

Table 44 Parameters for the electrochemical impedance spectroscopy.  
MWNT= Multiwall carbon nanotube, GC= Glossy carbon, PB= Prussian Blue. 

Specie 
detected 

Electrode  
material 

Frequency 
range 

Amplitude Measured in Electron 
transfer 
resistance, 
RCT 

Reference 

Glucose Electrodeposited Pt 
onto MWNT/GC 

100 KHz- 
0.1 Hz 

5 mV 5 mM K3[Fe(CN)6]/ 
K4[Fe(CN)6] (1:1) and 
0.1 M KCl 

Nearly zero (163) 

Glucose GCE with CNT with 
chitosan functional-
ized with carboxylic 
groups and Au-Pt 
alloy nanoparticles 

0.01 Hz-  
10 kHz 

5 mV 1 mM [Fe(CN)6]
3-/4-

 
with 0.1 M KCl 

500 Ω (164) 
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Glucose GCE with PB gold 
nanocomposite film 
and platinum 
nanoclusters 

50 mHz-  
10 kHz 

5 mV 5 mM K3[Fe(CN)6]/ 
K4[Fe(CN)6] (1:1)  

134-513 Ω (179) 

- Platinized screen 
printed graphite 

1 MHz - 
1 Hz 

25 mV 5 mM K3[Fe(CN)6] with 
0.1 M KCL 

- (160) 

 
The results from the scanning electron microscopy of electrodeposited platinum can be compared to 
(161) and from the x-ray spectroscopy (145). 

12.2.3 Enzyme Immobilization 
Continue to optimize the immobilization procedure of GOX when the H2O2 tests are finished. The activity 

of the GOX is difficult to measure while immobilized, thus the activity should be measured before the 

immobilization procedure. Many researchers measure the produced H2O2 from the reaction between 

GOX and glucose. Horse radish peroxidase catalyzes the H2O2. Adding either o-dianidine (88,208,209) or 

Azino-di-(ethylbenzthiazolin-sulfonate), also called ABTS, to peroxidase and GOX in glucose results in a 

color change. The o-dianidine results in a quinoeimine dye which can be measured spectrophotometric 

at a wavelength of 500 nm. A green color is achieved with ABTS; it is detected at 420 nm (87). Another 

option is to use aminoantipyrine which also produces a quinoeimine dye (91,92). However, the o-

dianidine is available in the laboratory; the proposal is therefore to use that. 

Use as few steps as possible while immobilizing with inexpensive chemicals and reagents, however the 

importance is to achieve a reproducible electrode. Thus, start with drop coating the electrode with only 

PBS and the enzyme since that is the simplest and most inexpensive technique. Optimize the amount of 

GOX and the activity on the surface, there is a limit where the electrode is saturated and the oxygen in 

the glucose solution is the limiting step for the electron transfer reaction. Try to reach that limit. Test the 

electrodes in glucose and perform the same procedure as for the H2O2 but start with a concentration of 

approximately 0.2 mM, which is the lower value of glucose in the blood (13). However, the enzyme will 

diffuse throughout the glucose solution, thus the concentration of the glucose is not constant. Keep in 

mind that the reproducibility of biological molecules are not perfect, thus always make some extra elec-

trodes while testing the immobilization. As soon as reproducible electrodes are manufactured, carry on 

with different immobilization options and add e.g. BSA and/or glutaraldehyde to be able to test the elec-

trode twice without concerning about enzyme diffusion. Both BSA and GOX can be screen printed. 

12.3 Reducing Interferences at Platinum Electrodes  
The platinum electrode with immobilized enzyme will be sensitive to interferences in a real blood sample 

due to the presence of ascorbic acid, uric acid and 4-acetaminophen. The compounds are oxidized at 0.6 

V or lower (93). Thus, without reducing the interferences at the platinum electrode the electrode might 

detect any or several of those compounds instead of the produced hydrogen peroxide. Hence, it is not 

selective.  

An option is to use a selective membrane such as the cellulose acetate membrane (127). The effect on 

the interferences depends on the porosity and uniformity of the membrane. The addition of a mem-

brane is simple and fast, however the repeatability is poor. Another option is to apply a preoxidizing lay-
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er of e.g. ascorbate oxidase that oxidizes the ascorbic acid or a strong oxidant as mangan dioxide (93). 

Incorporating mediators such as the ferrocyanide (210) or ferrocence (181) in the immobilization process 

lowers the detection potential of hydrogen peroxide at a platinum electrode and is another alternative 

to reduce the interferences. However, the mediators are sensitive to pH and temperature. There are yet 

other possible alternatives for reducing the interferences; these are discussed in detail in the review by 

Jia et al. (93).  

The proposal is to use a mediator due to the poor repeatability of the membranes. There are several 

other possible options than ferrocence and ferrocyanide. Chaubey et al. presented a review concerning 

mediated biosensors (97). There are a couple of things that need to be considered while choosing media-

tor; the reduction potential, expensiveness, harmfulness, water solubility and the possibility to combine 

with glucose oxidase. The reduction potential cannot be negative due to the requirements of the gate 

electrode in the electrochemical transistor. All mediators might not be possible to combine with glucose 

oxidase. Some mediators are more harmful than others. A water soluble mediator will as the enzyme 

diffuse from the electrode surface while immersing it in e.g. PBS. It is not necessary a disadvantage since 

the sensor is disposable. However, it complicates the testing procedure.  

12.4 Characterization of the Organic Electrochemical Transistors  
A proposal is to start by testing Du Pont 7102 without platinum, then move onto a platinized gate in PBS 

and hydrogen peroxide. Set the gate voltage to 0.6 V and the drain voltage to -0.2 V. Characterize differ-

ent ratios of the gate electrode area versus the channel area. Another proposal is to optimize the gate 

voltage. 

Use the optimized immobilization technique to deposit the GOX and test the transistor with glucose. 

Make negative controls as well. As soon as that is functional, move forward by testing different ratios of 

the gate electrode versus the channel area. Determine the sensitivity, detection limit as well as sensitivi-

ty for the sensor in the same way as for the gate electrode.  
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APPENDIX  
A.1 Hand Printing of Gate Electrodes 
To be able to define a certain area where the carbon should be hand printed onto the silver to produce 

electrodes, a stencil of covering plastic was cut with the aid of a plotter cutter. The design of the stencil 

is presented in Figure A.1.  

 
  

Figure A.1 The design of the stencil that defines the area for printing the carbon. 
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A.2 Screen Printing of the OECT 
A total view of all printed layers, one color for each layer, of the OECT is presented in Figure A.2. 

 

 

 

 

Figure A.2 All printed layers of the OECT:  
silver (gray), carbon (black), PEDOT:PSS (blue) and adhesive (purple).  


