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ABSTRACT 

The study of silicon nanowire-FET-based electronic biosensor applications is an emerging scientific 
field. These biosensors have the benefit of being theoretically extremely sensitive and reports of 
down to femtomolar (fM) levels of biomolecule detection have been reported.  This thesis is written 
from a biotechnological perspective on the development of a silicon nanowire-FET biosensor. The 
thesis project was oriented towards developing a novel affinity-based silicon nanowire-FET biosensor 
based on small (2-3 nm) protein affinity-binders denoted Affibody molecules. The hypothesis was 
that a smaller biological detector element would reduce the effect of Debye screening of the charged 
biomarker. This hypothesis was neither proved nor disproved, and a substantial amount of time and 
effort was spent on improving the function of the different biosensor components. In paper I, a study 
on the effect of the redox state and pH at solvent-to-surface interfaces of the reference gate 
electrodes was done by using solutions with alternating pH and varying ratios of the Fe(CN)6

3-/ 
Fe(CN)6

4- redox pair. These experiments showed that the selection of reference gate electrode has 
major implications on the signal readout in terms of false response and current instability. While a 
current drop due to potential change on the surface of a platinum reference electrode was observed, 
no such thing was observed using a silver/silver chloride reference gate electrode. The conclusion is 
that it is critical for performance to use a reference gate electrode that has a stable electrode 
potential such as silver/silver chloride. In paper II, a discovery was made when intending to use 
nanowire joule heating to lyse HT-29 and MCF-7 cells. Using fringing electric fields irreversible 
electroporation of a cell on top of a nanowire was achieved at 600-1200 mVpeak-to-peak at 10 MHz 
for 2 ms. The process was monitored using a 3,3´-dihexyloxacarbocyanine iodide (DiOC6(3)) and 
Propidium Iodide (PI) live-dead dye kit. The nanowire-mediated electroporation method releases the 
cell content without the risk of heat denaturation and it is ultra-localized. To address the concern on 
how to control and monitor organosilane monolayer formation in the surface functionalization of 
silicon nanowires, a microwave-assisted method was evaluated in paper III. Using ellipsometry, AFM, 
ATR-FTIR and fluorescence scanning it was shown that less than 10 minutes of incubation in 1% (v/v) 
APTES in toluene at 75⁰C is needed for formation of a 0.7 nm monolayer. In paper IV, surface 
functionalization was further explored by using microdispensing of solutions of capture probes for 
localized functionalization of individual devices for a multiplexed silicon nanowire-FET biosensor 
application. Besides showing by fluorescent scanning that oligonucleotide or protein spots of ~ 100 
µm diameters could be deposited on individual silicon nanowires, the functionalization chemistry 
was validated by using the same protocol for immobilization of the Z domain from Staphylococcus 
aureus Protein A (SpA) on silicon dioxide-coated SPR sensor chips, followed by real-time detection of 
the binding of immunoglobulin G. The immunoglobulins as affinity-binders have a drawback due to 
large size and the importance of having the binding event near the device in silicon nanowire-FET 
biosensor due to the effect of Debye screening. In paper V, in an effort to further minimize the size of 
affinity-binders of potential value as capture probes in silicon nanowire-FET applications, a backbone-
cyclized, minimized 2-helix affibody-molecule (ZHER2:342min) was designed and produced by Solid Phase 
Peptide Synthesis(SPPS). The 2-helix affibody-molecule was evaluated for in vivo molecular imaging 
of HER2-expressing tumours, which was demonstrated in mice carrying SKOV-3 xenografts. 
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“Scientific Education is based in the main on statistical truth and abstract knowledge and therefore 
imparts an unrealistic, rational picture of the world, in which the individual, as a merely marginal 

phenomenon, plays no role. The individual, however, as an irrational datum, is the true and authentic 
carrier of reality, the concrete man as opposed to the unreal ideal or normal man to whom the 

scientific statements refer. What is more, most of the natural sciences try to represent the results of 
their investigations as though they had come into existence without man´s intervention” 

Dr. Carl Gustav Jung  
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Prologue: 

The emerging field of biotechnology is a cross-breed; the name itself is composed of the word bio the 
greek word for life and tekhnologia meaning systematic treatment, in particular the knowledge of an 
art or craft, and being the crossing of scientific disciplines from biology to engineering. Thus experts 
from these scientific disciplines, theoretical and engineering disciplines, have been confronted to 
compound and add to the strengths of both fields.  So, starting my doctoral studies I with an 
education in biochemistry considered myself a soon to be expert in the bio-derived, non-engineering 
parts of the scientific project I was to crash myself against.   How naive I was, to convince myself of 
such folly. The truth is that I became neither an expert in the theoretical background or in the 
engineering discipline, but an expert in the cross-section, the interdisciplinary science of 
biotechnology!  

It has been a pleasure to write this doctoral thesis, and the author wishes that it will be 
educational or at least delightful for the reader to consume. With that I wish to thank the reader, 
for taking his or her precious time. Enjoy! 
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General Introduction 

 “Biosensors are a valuable tool to rapidly obtain relevant clinical information and contribute to a 
more timely and adequate treatment” Dr.Warry van Gelder, Medical manager at Clinical Chemistry 
laboratories Albert Schweitzer Hospital, the Netherlands 

Life is driven by evolution. The law of life is run by one principle; the procreation of life. The survival 
of the species is done through adaptation to the environment that the living organism populates; this 
is called Evolution*1. The adaptation is done through a chaotic process called mutagenesis in which 
the genetic material is altered. Unlike the divine touch, the process of mutagenesis is random and 
has no will of its own, but through the selective pressure from the environmental forces mutations 
that will give the species a competitive edge will propagate and thus order will come out of chaos.  
However, the process of evolution through mutagenesis drives for survival not perfection. The fact 
remains:  we are faulty.  

Society is driven by solidarity. Life forms on earth have during the evolutionary processes self-
organized according to diverse schemes to increase the survival of the species and/or the entity. The 
formation of societies where the entities collaborate and compete for their individual and/or 
common benefit has led to human civilizations.   While not unique to mankind, we have through the 
division of labour and our evolved brain capacity managed to invent technologies to create wealth.  
In economic theory, the homo economicus has long hang about as a model of humans driven purely 
by rational self-interest*2.  This model does not take into account the fact that we as humans have a 
strong sense of empathy to other humans.  Thus we care for the young and weak, sick and old in our 
society, not for direct personal benefit but because we can identify ourselves in them.  We invent 
new technology for our kin but not ourselves in particular. The knowledge we generate is shared in 
the society, unbound by our physical bodies to the benefit or doom of mankind. 

Technology drives progress and wealth. Three historical inventions transformed human life to its 
core. One was the steam-engine that pioneered the industrial revolution, making means of 
productions more efficient and thus enabling a smaller part of the population involved in the 
agricultural production of goods than ever before and concurrently increasing the wealth of the 
population*3. Another invention was the discovery of penicillin, extending the life expectancy so 
dramatically that the productive time of a human was more than doubled and the health status 
greatly improved. The discovery foretold of an era when medicine would become a science based on 
biological facts*4.  The wealth of nations measured as the combined production of goods produced 
and sold reached levels where dedicated resources could be spent on improving human life not only 
for the privileged elite or as a means to secure human labour force but also to enhance human life as 
a whole.  The more recent invention of integrated circuits eventually led to the ICT revolution which 
made information abundant and accessible.  For the first time in human history we can now collect 
vast amounts of data, process it, share and store it.   

 

 

 

*1  While Charles Darwin in On the Origin of Species explained that natural selection drives the evolution the exact mechanisms was for 
him a mystery. *2 The term is not used in Adam Smith’s Wealth of Nations but in the criticism of these classical economic theories. Even 
though reciprocity and solidarity as human characteristics are taken up in The Theory Of Moral Sentiments the economic rationality is 
assumed to be the driving force for societies. *3 The thorough analysis of the role of industrial revolution for modern society and the 
means of production is a central part of Karl Marx criticism of political economy in Das Kapital . *4 It has been argued that modern 
medicine based on biomedical research was pioneered 1796 when Edward Jenner published the smallpox vaccine discovery. However the 
impact on human life expectancy was minor compared to Sir Alexander Flemings serendipitous discovery in 1923. 
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Medical professionals are investigators and care-providers. The definition of disease is an abnormal 
condition, which is the situation of a medical condition either felt or silent. The first estimation of an 
incoming patient is a triage, to determine the acuteness of the illness; the reason for this is to 
prioritize the activities towards patients coming in with the intention to serve the most urgent cases 
first.  While the triage is a rather straight forward procedure to check vital parameters, the problems 
come when trying to couple the symptoms of illness to a particular cause of illness. Symptoms tend 
to be vague, similar for many causes and complex due to a set of causes.  The medical professional 
thus works through asking questions to pinpoint the cause, by elimination of unlikely causes and 
setting in actions that should give a particular response or at least reducing symptoms. The 
Hippocratic maxim being “first do no harm”*5, the ethics of the medical practitioners are to make 
decisions that should benefit the patient. As an investigator the success rate is dependent on the 
questions asked and the relevant information made available. The former is improved by experience, 
the latter by technology*6.  

Biological processes are the cause of illness and their symptoms. Modern medicine is based on the 
knowledge of the causality biological processes have on our wellness. While sharing the Hippocratic 
/Galen concept of bodily or mental unbalance, we now know that the human body is not composed 
of four fluids but a complex network of own and foreign biological materials, ranging from organs 
composed of cells to single cells and large and small biological molecules. A healthy individual is a 
vessel of many species that we live in symbiosis with, and the cells that fill functions are exchanged 
during our lifetimes. Some cells proliferate and die a programmed death faster than others, 
depending on their role and the pressure from our environment. A healthy human is thus not 
identical throughout his or her lifetime and although we share traits as a species there is a large 
extent of variation within the species. The cause of illness may be from external agents or failing 
internal machinery but it is the biological process that leads to the unbalance, and thus it is the 
biological cause that also holds the possibility for treatment. Once the cause or causes are known, an 
arsenal of targeted actions can often be taken through surgery, medication and other forms of 
medical treatment.  While far from perfect, the actions are based on scientific knowledge rather than 
the quackery practices of ages past. The best practices in medical treatment and medicine are today 
regulated through legislation and governmental institutions to protect us citizens from fraudulent 
products. That is the reason that both U.S. Food and Drug Administration (FDA) and European 
Medicines Agency (EMA) nowadays expect the pharmaceutical companies to not only prove an effect 
but also to demonstrate the scientific rationale for the medication to have the effect, for example 
through knowing the biological target and mechanism.  In the optimal situation a scientist or medical 
practitioner could directly monitor the performance and levels of the targeted biological process. 
Unfortunately this is not always possible; instead a set of direct or indirect markers that are 
correlated to the target can be used. That is why medical test are seldom binary tests although there 
are sometimes direct test that will give a “Yea or Nay” type answer, which is more common for 
testing for infectious agents.  The indicators of a healthy biological process versus pathogenic 
processes or response to pharmacological treatment are called Biomarkers. 

 

 

 

 

 

*5 The maxim is not actually part of the Hippocratic oath but is the spirit of the Hippocratic corpus. *6 Technology of course allows for new 
questions to be asked. 
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Chapter 1 – Biomarkers 

“The ability to detect disease using molecular biomarkers could greatly reduce the toll that ailments 
such as heart disease and cancer exact on society”  Prof. Amy E. Herr, UC Berkeley, USA 

Biomarkers are in the field of medicine a measurable indicator of health state. While the term 
“biomarker” has various meanings in scientific fields such as cell biology and geology it is most 
commonly used in clinical diagnostics. In medicine the term of biomarker thus is an indicator of 
normal, pathological processes or pharmacological response in the human body. It can be any 
detectable and measurable parameter such as physical, chemical or biological in the body, bodily 
fluids or respiration. The term biomarker is nonetheless most commonly associated with specific 
biological elements, such as cells, proteins, nucleic acids and small molecules.  The biomarker can be 
the direct cause of the medical condition, as is often the case with infectious diseases. The biomarker 
can also be the indirect cause of the medical condition, which is common in metabolic diseases. The 
biomarker can further be the consequence of the medical condition and thus be an indicator rather 
than the cause of the disease. The implication is that a biomarker often is a biological element 
present under normal conditions, but is elevated or diminished by the disease, and that measuring 
the concentrations of the biomarker tend to be more important than merely its detection.  Since the 
pharmaceutical industry is pushing for finding new customer segments to increase profitability and 
regulatory agencies such as the FDA and EMA put pressure on companies in delivering products that 
have increased efficacy and limiting side effects in the target population, the need for biomarkers is 
increasing. Biomarker discovery in pre-clinical phase often is associated with screening techniques, 
proteomics and genomics to gain insights into the biological mechanisms of the disease1. Because of 
the recent breakthroughs in molecular biology and omics technologies, the finding of biomarker 
candidates is rather easy, but due to heterogeneity among patients few biomarkers pass the 
validation process making commercialization hard and expensive. The molecular biomarkers can 
offer the medical practitioner a wealth of data making the investigational work of pinpointing the 
cause of disease easier. Through the development of tests that can be run on patient blood and urine 
samples the information can be collected and analyzed without the patient necessarily hospitalized 
and the medical practitioner locked up during the waiting for results. Thus molecular biomarker 
discovery and validation in medical biology tend to affect the healthcare service that is provided and 
the outcome of the medical treatment. While the discovery of biomarkers is an important field of 
research so is the goal of providing healthcare with sensitive and specific sensors for a biomarker 
with analytical value. 
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Figure 1. Detection of biomarkers seldom gives binary answers; often a concentration span between 
healthy control and patient is used for diagnosis. Also, seldom is one biomarker enough in a medical 
investigation. 

 

1. Classes of biomarkers 

1.1 Cells (non-molecular) 
 

Red blood cells and platelet counting is a common practice in medicine to determine the health 
status of the patient. The detection of a particular cell type in a specific location can also give 
indications of inflammatory response. Circulating tumour cells (CTC) in the blood have also been 
described as a biomarker for metastatic cancer (1-10 CTC per mL)2-3. Single-celled pathogenic 
organisms are direct biomarkers of infections and are thus searched for when symptoms and 
suspicions dictate so4. Cells as biomarkers are often distinguished by size exclusion or cell-surface 
characteristics by antibodies binding to cellular receptors. The focus lies on counting and identifying 
cells. 

 
 

1.2 Proteins and polypeptides 

Detection of specific proteins such as creatinine (CrT) in urine is used as markers for kidney function 
whether from trauma, infection or chronic disease5. Insulin levels can also be used as a direct 
biomarker in blood for diabetes type 1 (glycohemoglobin test and fasting glucose levels in blood are 
however more commonly used) 6-7. Cardiac troponin (TnI) is a biomarker for damage to heart muscle 
from myocardial infarction (>0.11 mg/L) 8. Autoantibodies involved in inflammatory responses have 
long been used as biomarkers in blood for autoimmune diseases9.   There are protein biomarkers in 
oncology10 such as Human Epidermal Growth Factor Receptor 2 (HER2), which is a prognostic and 
predictive biomarker in breast cancer recurrence (immunohistochemistry, grades 2+ and 3+). HER2 is 
used to select patients that would benefit from Trastuzumab therapy11 . The proteins do many of the 
operations in the living organism and their correct function is dependent on both the level of 
expression and the location in the body. While the enzymatic activity or binding-capacity of the 
protein can be used to detect it per se, the value is often on knowing the concentration span of the 
protein in a particular bodily fluid.  
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1.3 Nucleic acids 
 

1.3.1 RNA 
 

Having potential of being the first indicator of disease through over expression of a particular 
gene, RNA biomarkers are measured by QPCR and RNAseq12. Using these methods, RNA 
measurement has been used in biomarker discovery phase, but less so in clinics. One reason for 
this has been related to the problems associated with handling of the fragile RNA transcripts 
from blood (requiring stabilization at collection, isolation of RNA and removal of compounds such 
as RNase).  There are also other types of RNA of which the scientific community has lately been 
interested in using microRNA (miRNA) that are short strands of RNA that function as a post-
transcriptional regulator and can be found circulating freely in blood and can potentially be used 
as a biomarker for certain types of cancer13-15.  

 
1.3.2 DNA 

 
Genetic variation in a population has a major implication both to disease transmission, severity 
and medical treatment response.  Genetic disorders can be caused by deletions of genes, as in 
the case of Duchenne muscular dystrophy16, or point mutations, such as in Cystic Fibrosis, Sickle-
cell disease and Color Blindness. Single Nucleotide Polymorphism (SNP) is a common variation 
between healthy individuals, as are Short Tandem Repeats (STR), deletions, and insertions in the 
DNA sequence17.  These genetic variations have an effect on the individual’s response to 
medication, and this has been known since WWII18-19. Since the DNA is in essence the blueprint 
for the life organism, foreign DNA can be used as biomarker for detection of infectious 
pathogens20. It is also possible to detect the viral-load of DNA as in the case of herpes simplex 
virus (HSV), which is uncomfortable but harmless to the majority of the population and evades 
the immune system throughout our lives, 21 and Hepatitis B Virus (HBV), which targets the 
kidneys and leads to a chronic illness if untreated22.  
 

 
1.4 Small molecules and ions 

The levels of a small molecule can give information of the health status and since they tend to be 
the result of enzymatic-processes in the body they are an indicator of the function of the 
metabolic processes. Thus common biomarkers are such molecules that are directly connected to 
the production of a metabolite, such as glucose levels in blood (normally 4.0-6.0 mmol/L in blood) 
and in urine (normally <3 mmol/day) and lactate (normally 0.5-2.3 mmol/L) vital parameters for 
diabetes diagnosis and monitoring23. Other examples include bilirubin values (normally <26 
µmol/L in adults), which are indicators of liver straining that could indicate Hepatitis infection or 
Mb Gilbert genetic disorder. Some small molecule biomarkers are hormones, such as cortisol, 
which is a biomarker for chronic stress24.  It is not only small biomolecules that can be used as 
biomarkers for health conditions, but ion concentrations in blood can give important information 
of the metabolic status of the patient25 , as in the case of sodium, potassium and chloride. For 
example it is possible to detect a lethal poisoning through intentional or unintentional over-
consumption of psychiatric drugs containing lithium from a test of the lithium ion concentration in 
blood making it possible to reverse the toxicity ( 0.5-0.9 mmol/L is a typical therapeutic interval)26. 
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1.5 Approaches for biomarker detection 
 

1.5.1 In vivo molecular imaging 
 

Visualizing the biomarker in vivo is done by use of a labelled molecule that will allow for imaging; 
this conjugate is called the tracer. The tracer that will locate the biomarker is injected to the 
patient; the tracer will detect or monitor processes inside the body. Although less invasive than 
taking a biopsy, the method is associated with high costs and some discomfort for the patient. 
Molecular imaging is typically used for monitoring processes in the brain, studying cardiovascular 
complications or locating a tumour in a cancer patient27.  The imaging mode is often optical, 
where fluorescence or bioluminescence is used for contrast, or radioactive, as in Single Photon 
Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET). These modes 
will subject the patient to more or less harmful wavelengths and tracer molecules. 

 
1.5.2 In vitro detection 

 
Biopsies and cerebrospinal fluid are the most invasive classes of samples used for in vitro studies. 
A biopsy is a sample of cells or tissue that is removed from the patient. The biopsy is often 
optically examined under a microscope with some staining to increase contrast. Biopsies are often 
used when a suspected tumour is found and determination of benign or malignant form is needed 
to be known for cancer classification and treatment to be set in. Cerebrospinal fluid on the other 
hand is an important source of biomarkers for neurological diseases such as infections targeting 
the central nervous system as is the case with tuberculous meningitis. These invasive samples are 
very informative, but are limited to certain diseases and lead to discomfort and stress for the 
patient. 
 
The classical sample from a patient is a blood and/or urine sample. The former is rich in content, 
which is both the benefit and problem with the fluid as a means of detecting biomarkers. The 
latter is less invasive, but has lower analytical possibilities due to less biological molecules 
available and the concentrations being heavily dependent on volume of urine.  
 
Blood is a mixture of many components due to the many roles of blood. It contains red blood cells 
to transport oxygen to the mitochondria in the cells, white blood cells to defend the organism 
from external invaders, and platelets to stop bleedings.  If cell content is removed the blood is 
called plasma. The plasma still contains the proteins, such as the major component albumin, 
which has roles in maintaining osmotic pressure, buffering pH and transporting blood 
components, immunoglobulin for defence and fibrinogens for coagulation capacity. It also 
contains glucose as nutrition for cells, clotting factors and hormones for cellular signalling. The 
major component being water also contains electrolytes and carbon dioxide. Recently, scientists 
have also discovered that blood contains genetic material as well, which was earlier believed only 
to reside within the cell and its nucleus28. These facts make blood the most widely used sample to 
search for biomarkers. This is true both in the hospital central labs that process hundreds to 
thousands of samples per hour on a daily basis29 and in Point-of-Care (PoC) testing.   
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The problem with blood are many, one being that collecting it requires a needle-penetration into 
the veins and arteries and thus opens risk for infections and is by some patients felt as 
uncomfortable or even scary when done by a professional or by-themselves when using self 
testing kits. Another problem is that blood can be a source of disease transmission as is the case 
with HIV-infected blood. In hospital central labs sample preparation is due to extensive 
instrument usage not a problem but for point-of-care testing this aspect has been a challenge. 
One solution proposed by scientists has been to use microfluidics to control sample delivery and 
pre-treatment30.  Yet, for surface-based label-free technologies the complexity of blood samples is 
a major hurdle that needs attention since many components in blood tend to stick to surfaces 
through adhesion31.  
 

Urine is mainly composed of water and by-products of the metabolism, with nitrogen containing 
chemicals such as urea and creatinine. Urine also contains sodium and potassium salts. Urine is a 
sterile liquid and can be collected from the patient through urination, thus making it very handy to 
work with. The sample preparation needed is less labour intensive but the problem with urine is 
that the volume of urine depends heavily on hydration and activity level as well as medication, 
environment and individual, thus making the predictive power lower if knowing the concentration 
of the biomarker is needed for correct diagnosis. 

 

 

Medical 
Facility 

Number of 
Tests 

Examples of types of test 

 
Point-of-Care 

 
18 Blood gas, Glucose, Hemoglobin, Strep-A 

 
Clinic Lab 

 
31 

Glucose, Hemoglobin, Leukocytes, Albumin/Creatine, Strep-
A, lactose and allergy screening 

 
Hospital 

Central Lab 
 

3270 
Clinical chemistry, clinical microbiology, clinical pathology, 

clinical genetics and abuse assays 

Source: www.karolinska.se/sv/Karolinska-Universitetslaboratoriet/ 

 

Table 1. Number and Types of common tests in Point-of-Care, clinic labs and hospital central labs (18, 
31, and 3270 respectively in total). Many tests have the same biomarker as target but different test 
method or sample type. The table demonstrates that while there are many tests (using biomarkers), 
the majority of them are done in the central labs. Observe, the data has been translated and modified 
for this table. 
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Chapter 2 – Biosensors 

“The essence of a good biosensor lies not in what it is but what it does. Irrespective of the subtlety of 
the molecular recognition, the elegance of the signal transduction or the power of the data 
processing, the [good] biosensor does it in a faster/cheaper/simpler way” Prof. Tony Cass, Imperial 
College London, UK 

 
 
Figure 2. Constituents of a biosensor. A biosensor is made selective towards a biomarker through the 
use of a biological detector element (exemplified by Y-shaped structure), this detector element is 
often immobilized on the surface of a transducer ( which uses physiochemical detection principles) 
that converts a signal. The signal is picked up by the reader device which is often an electronic signal 
processor such as a computer. 
 

A sensor is a detector of a physical entity that is converted to a signal that can be read out. A 
sensor is thus often composed of three (3) components, a detector element, a transducer and a 
reader. The role of the detector is to interact with the physical entity of interest. The role of the 
transducer is to convert the response to a signal that can be analyzed and stored (typically to an 
electric signal). The role of the reader is to record the converted signal and make it accessible for 
storage, analysis and visualization. Thus, a sensor is an analytical device. A biosensor is a sensor that 
combines a biological detector element with a classical physicochemical detector (or in some 
disciplines a sensor that measures biological entities). The biosensor element can be a natural 
biomolecule, an engineered biomolecule or a biomimetic that can interact with the analyte of 
interest. The analyte is often a biomolecule, which is a biomarker for illness for diagnostic or 
prognostic purposes. It is true that sensors lacking a biological detector element are also at times 
referred to as biosensors, if they are measuring biological processes. Typical biological detector 
elements are such molecules that can interact through a chemical reaction or bind non-covalently to 
the analyte. Enzymes32, immunoglobulins33, and other affinity reagents are widely used as detector 
elements in biosensors, as well as oligonucleotides34. They all share the common nominator of being 
selective detector elements. There are also detector elements based on organelles, cells or tissues, 
but they are less frequently used35.   
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The transducer is based on a physiochemical detection principle. The typical transducers in 
biosensors are a) optical, b) electrochemical, c) electronic, d) piezoelectric, e) gravimetric and f) 
pyroelectric, of which the optical and electrochemical transducers are the most abundantly used. The 
optical transducer often requires some form of labelling of the analyte for measurement36, and the 
electrochemical depends on good referencing, since the signal is derived from electrochemical 
reactions that need to be coupled to analyte concentration37. There are also transducers that can 
detect un-labelled entities including optical, and that can translate a binding event to a real-time 
electrical readout without computer modelling38 and these types of biosensors will be the focus of 
this thesis. The reader device is generally composed of electronic signal processors, such as 
computers or handheld devices. The device properties are often determined by the processing speed 
required or the intended usage of the biosensor. Since the reader device is mainstream electronics, 
this component of the biosensor will not be further discussed in the thesis. 

 

2.1 Types of biosensors  

Different types of biosensors are often classified by the transducer element that is used; the 
reason being that this sets the limitations of the physiochemical property that is detected upon 
analyte recognition by the biological detector element. 

2.1.2 Optical transducers 

Signal transduction in optical transducers relies on detection of photons, electrons or other 
forms of electromagnetic radiation. The wavelength of the electromagnetic radiation 
determines the resolution that can be achieved. The radiation can be detected through 
transmission, reflection or fluorescence to mention a few methods. The binding event can be 
detected through absorption of radiation, or other types of alteration such as change of 
wavelength or reflection angle. Absorption-based optical transducers often rely on enzymatic 
reactions that have a substrate or product which will absorb light at a specific wavelength. 
When light is passed through the sample some of it will be absorbed by the analyte and the 
transmission is detected.  If the extinction coefficient for the analyte is known, the 
concentration can be calculated through Lambert-Beer´s law.  

Fluorescence-based optical transducers often need labelling of the analyte to be able to 
specifically detect it or a labelled competitor, and thus require sample treatment. The 
fluorescent label can be conjugated directly to the analyte of interest or to a secondary 
reagent, such as a complementary strand in the case of DNA or an affinity-binder to the 
analyte. DNA microarrays is one example of a technology commonly associated with 
fluorescence-based optical biosensing but does not per definition use a transducer to convert 
the optical signal to an electric39-40. An optical transducer can however be added to convert the 
signal. The fluorescent dye that is conjugated to the analyte can be selected so that the 
excitation and emission spectra do not overlap, or at least not much. Thus one wavelength is 
used to excite the fluorescent dye and the emission wavelength is being detected. Since there 
are many types of fluorescent dyes with different excitation/emission spectra, several dyes can 
be used and detected simultaneously. The benefit of this approach is that several analytes can 
be investigated simultaneously and independently, to gain knowledge of compartmentalization 
in a cell or solid structure. This is for example used in fluorescent cell staining41, or for analysis 
of functionalized surfaces. The benefit of immunofluorescence techniques is that a researcher 
will have control of the experimental setup, since the label is selected a priori and the detected 
wavelength correlates to the labelled analyte38. However, the problem is that this is a labour 
intensive process, requiring sample preparation, often in multiple steps, making it impractical 
for clinical usage in large scale.  
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There are label-free optical techniques that rely on the analyte binding to a functionalized solid 
surface, thus detecting the molecular interaction.  In Surface Plasmon Resonance (SPR)  light is 
passed through a prism and is totally internally reflected (TIR) creating surface plasmons on the 
gold surface upon which the prism is positioned. In this technique changes in reflection angles 
are detected upon analyte-binding to the functionalized gold-surface42. The SPR technique is 
extremely useful to determine in real-time the affinity between two biomolecules as well as 
avidity effects in binding43-44. The technology thus has enormous scientific value for 
understanding the biological processes, and since it is done with small volumes and in a flow 
cell it suits an academic setting. The clinical usage in hospital central labs is limited by the 
rather slow throughput and need of pure samples. SPR can still be regarded as the golden 
standard for high quality biosensors. 

 

2.1.3 Electrochemical transducers  

Signal transduction in electrochemical transducers is based on electrochemical reactions that 
occur when the analyte binds. These transducers can be divided into a) amperometric, b) 
impedance, c) potentiometric and d) conductometric methods. 

Amperometric transducers measure the current changes that are caused by redox reactions.  
The biological detector element is immobilized on the working electrode and a potential is 
applied between the working electrode and a reference electrode. When a biomarker binds to 
the detector element there is a change in the electron transfer reaction and thus the current 
shift is a measure for biomarker binding45.  

Impedance transducers measure the dielectric properties of a medium as a function of a 
frequency that is inserted, which often is a sinusoidal voltage. When a biomarker binds to the 
biological detector element, the impedance of this three-electrode system changes. The 
impedance change originates from the electric dipole moment of the sample which is altered 
by the chemical reaction46. 

Potentiometric transducers react to accumulation of potential in an electrochemical cell. This 
accumulation is often the result of an enzymatic reaction involving the biomarker, resulting in 
ion formation. The ion selective electrode (ISE) has a membrane that interacts with the ions of 
interest while the reference electrode will not be affected by the biomarker concentration, 
thus the difference between the ISE and reference electrode can be recorded as the 
accumulation of charge in the former47.  When the difference in potential is measured by a 
high impedance voltammeter the concentration of biomarker can be determined. This 
correlation is determined by the Nernst equation48-49. 

Conductometric transducers react to changes in conductive properties of a medium such as the 
sample fluid. This may happen when the reaction between the biological detection element 
and the biomarker leads to a chemical reaction that changes the ion concentration of the 
solution. The transducer is thus composed of two electrodes with an AC potential applied 
between them so that a current flows. Upon reaction with biomarker the conductance in the 
channel is modified which can be detected50. 
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2.1.4 FET –based electronic transducer 

Electronic transducers have the benefit of directly translating the reaction between the 
biological detector element and the biomarker to an electrical signal. There are Field-Effect 
Transistors (FET)-based technologies where the charges on the biomarker create a modulation 
of the electrical conductivity of a channel by the externally induced electric field.  The external 
field however penetrates only a short distance into the material. Even in semiconductors that 
have a lower density of electrons or holes this distance is limited.  Thus there is a difference 
between the bulk and the surface of the material. FET-based electrical transducers have the 
potential to make very sensitive, label-free and real-time biosensors51-52. The FET-based 
biosensor will be the focus of this thesis and will be described in detail in Chapter 5. 

 

2.2 Biosensor performance characteristics 

2.2.1 Specificity and sensitivity 

There are many ways to define the performance characteristics of a biosensor. Sensitivity is 
often in scientific literature defined as the lowest concentration of biomarker possible to 
detect and specificity can often be found in scientific literature to refer to the detection of a 
specific biomarker, whereas the term selective should be more suiting to show 
differentiation53.  Since biosensors do not exist in only one scientific context, but as earlier 
described fill a clear function in healthcare, I have decided to use sensitivity and specificity as 
statistical measurables in binary classification tests. The term sensitivity thus is a measure of 
the true positive rate and is a proportion of true positives to total positives (which is the sum 
of true and false positives). The term thus is important in determining if the patient is truly ill, 
and a high sensitivity means that true positives are captured by the test.  The term specificity 
on the other hand refers to the proportion of true negatives to total negatives (which is the 
sum of true and false negatives).  Thus the specificity refers to the ability to exclude true 
negatives from the test result54-55. These two performance characteristics are valuable for the 
medical practitioner.  

2.2.2. ROC curve 

The sensitivity and specificity can be used to illustrate the performance of a biosensor test by 
plotting the True Positive Rate (TPR) against the False Positive Rate (FPR) in a Receiver 
Operating Characteristic (ROC) curve57. The implication of plotting sensitivity against (1 – 
specificity) is that the risk vs. benefits can be visualized before making a clinical decision.  A 
good biosensor diagnostic test should have high TPR and low FPR, while a test with linear 
ROC-curve has no predictive power. There has been concern on unsatisfactory methodology 
in how diagnostic test are evaluated and lack of standards58. 
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Figure 3. ROC-curve showing a typical test (green curve) vs. ideal test (red curve) and no 
predictive value test (blue curve). The True Positive Rate (TPR) is the Sensitivity and the False 
Positive Rate (FPR) is (1-Specificity). It is used in decision-making using the cost/benefit 
approach. It builds on binary classification where a prediction is matched towards outcome. 
Each point in the test represents when the threshold between “Positive” and “Negative” is 
changed. 

 

2.2.3 Limit of Detection 

The lowest concentration that can be identified within statistical confidence limits on the other hand 
is called the limit of detection (LOD). This term refers to the smallest concentration of the biomarker 
that can be detected compared to a blank sample within a certain confidence interval56, typically 1% 
or 2 to 3 standard deviations. Another way of determining what is the performance limit is to 
determine the signal to noise ratio (SNR). The source of noise can be many, some intrinsic to the 
technology such as electronic noise or external events and phenomenon such as temperature, 
vibrations, humidity that can either be controlled or if characteristic of the noise is known to be 
filtered out.  Depending on which technology is used and what types of noise affect the system 
different approaches may be taken. However, when the SNR is calculated by dividing the signal 
power to the noise power it is crucial that they are measured at the same points in the system. Thus 
once the SNR is known it is possible to interpret a meaningful signal from background noise. 
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2.2.4 Selectivity 

 What should be the first criterion of a biosensor, the selectivity, meaning that the sensor 
actually only detects the biomarker (or set of biomarkers of) interest, is here presented after 
sensitivity and specificity because selectivity is so abused that the statistical biosensor 
characteristics had to be cleared first. Selectivity refers according to IUPAC to the extent to 
which a method can determine particular analytes in mixtures or matrices without 
interferences from other components59. Selectivity thus has to do with the differentiation of 
biomolecular analytes by the biological detection element. The preference of binding to the 
particular biomarker to form a complex is an important factor when selecting biological 
detection element and biomarker pair. Also an unfunctionalized detector element cannot be 
called selective if there is no discrimination, and while a biological detection element based 
on affinity between a receptor and ligand often is needed, there are cases where surfaces can 
discriminate biomarkers without being functionalized60-61. The topic of affinity interactions will 
be discussed further in Chapter 7. 

2.2.5 Robustness and repeatability   

A good biosensor used in a medical context needs other characteristics such as precision, 
which refers to low standard deviation between measurements, and signal stability, which 
affects the precision of the test if drift and other instabilities occur. A typical way of 
calculating the variability is to use the Coefficient of Variation (CV), which is the standard 
deviation divided by the mean value, and it gives a measure of the variation disregarding the 
units measured.  This allows for estimation of variation between data sets and methods of 
collecting data. These are matters of robustness and repeatability of the test, which are 
important for a hospital central lab (typically divided into Anatomic pathology and Clinical 
Pathology), which will do most test in a hospital setting. In the Clinical Chemistry, typically a 
sub-group to Clinical Pathology where most test on body fluids (blood and urine) are done, 
approximately 1200 samples an hour, 24/7 are processed which is more than the number of 
experiments required for a scientific publication29, 62. The number and type of tests vary a lot 
depending on setting (see Table 1)63.  Also while low LOD may be important for some 
biomarkers, the dynamic range or working range is more important in disease diagnosis and 
monitoring.  
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Figure 4.  Components of a PoC biosensor instrument. Convenience and at the patient testing are the 
characteristics of a PoC device. Fast, portable and handheld are other typical characteristics but not 
essential. 

2.2.6 Simplicity, economy and response time 

Depending on usage, whether intended as a one-time use point-of-care device or a biosensor 
technology to be used in a hospital central lab, the criteria for a biosensor application differ.  
For a PoC device there is a need for simplicity and low cost since the test will only be used 
once and the healthcare budgets are strained in most if not all countries. Complexity adds 
cost and thus fabrication and operations need to be cheap. If on the other hand a hospital 
central lab biosensor technique is the goal, totally other criteria for a biosensor application 
are playing. Since clinical chemistry laboratories often get a requests for a set of tests, such as 
metabolic tests, the need for regeneration possibility and regeneration time are important, 
and the number of times the test can be run, as the economy is based on the cost divided by 
the number of tests performed. Also the integration of the biosensor application to the 
existing sample treatment process is important since there is a high cost associated with 
changing the process and instruments. The scientific publications have often covered 
materials and productions cost, but these costs are only minor parts of the cost associated 
with adopting a biosensor application compared to the integration costs64-65 .Not only does 
this put focus on the supplier rather than the customer, it neglects marketing and sales costs 
for the supplier and cost associated with customization to the particular customer needs. 
Most importantly it stresses the pricing based on Cost of Goods Sold (COGS) rather than 
market pricing66. Finally, response time is usually important in both cases and rather than 
expecting real-time results it is often sufficient if the results are within the time of the visit to 
the medical practitioner. Thus making test results faster makes sense only in a limited time 
perspective and if within minutes any improvements in time will have a marginal value 
creation. A good example of this principle in play is the allergy test kits available in clinic, 
which have not been optimized to be real-time but are rapid enough to match the time of the 
doctor’s visit67. While the author does not advocate scientists to necessarily be businessmen, 
seeking information of the problem from many sources and understanding the clinical need is 
helpful for the scientist in order to direct his or her attention to those things that create most 
value for science and society. 
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2.2.7 Point-of-care vs. hospitals  

Personalized healthcare can be seen as a paradigm shift in how medical practice is performed, 
in particular when it comes to medication. While the variation of susceptibility to certain 
diseases and response to medical treatment has been known since at least the WWII68, there 
has been little effort from the pharmaceutical companies to address this problem on own 
initiative. Knowledge of hypo- and hyper-responders to medication, as well as adverse effect 
in minorities and females, was by large ignored since profitability was high enough and cost 
associated with lawsuits, etc., was too low. Since the Pure Foods and Drugs Act passed in 
congress and signed by Theodore “Teddy” Roosevelt in 1906, the authorities have regulated 
the pharmaceutical market through what would later become the US. Food and Drug Agency 
(FDA)69.  The agency has since 1938 through legal authority demanded that pharmaceutical 
companies perform tests on drug candidates to determine the safety of usage. Since 1962 
specifications on who will be the responders need to be confirmed through clinical studies. 
Legal pressure on improved efficacy in patient segments has lead to investments in 
diagnostics and prognostics. The market responding to public demand by government 
regulations has created an incentive for companies to create new diagnostic test and find new 
biomarkers. There has of course been a similar drive in government-financed research and 
thus finding new biomarkers and making new PoC devices has had an upswing the last 
decade.  The fact that funding is directed towards PoC devices for personalized healthcare 
does not imply that this is what actually is needed; The WHO Health Report of 200870  and all 
the way back in The Declaration of Alma Ata71, pin-pointed mainly on poorly distributed 
healthcare services, the healthcare system itself as the major cause of illness worldwide. 
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 Factbox 1 – What type of analytical instruments are used in healthcare? 

 
  

 

 
 

 

 Picture used with the permission from Roche Diagnostics Scandinavia AB 

 
 
Clinical Chemistry laboratories that are used in hospitals worldwide to analyze patient samples 
are geared towards throughput and standardized procedures. The reason for this is the 
thousands of samples per hour that are coming in. Thus the biosensor instruments are built 
into modules, these modules become stations and important parameters are high 
repeatability, sample processing time and fit into the system flow. These modules can often be 
configured in dozens of ways, doing hundreds of different test based in the field of clinical 
chemistry and immunochemistry.  
 

  
  

 
 

 Picture used with the permission from Abbott Scandinavia AB 

 
Point-of-Care devices are used directly when the healthcare provider meets the patient. The 
test tends to have a disposable element that is designed for one-time use and the instrument 
being portable, and often handheld. The biosensor instrument is often a stand-alone test and it 
is important that the test is user-friendly, takes less than the allocated time for the patient and 
is informative enough for the healthcare provider to make a first assessment. 
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Chapter 3 – Microfabrication 

“Silicon microelectronic devises today are characterized by their immense complexity and 
miniaturization: a billion transistors fit on a chip the size of a fingernail” Prof. Sami Franssila, Aalto 
University, Finland 

Microfabrication techniques were invented to make more electronic circuits on a smaller area. 
Electronic circuits are composed of several electronic components to perform operations such as 
signal amplification, data transfer or computational analysis to mention a few.  Electronic 
components used to perform the various task are for example a) transistors, b) resistors, c) 
capacitors, e) inductors and f) diodes.  The dimensions of the first electronic components such as 
Alessandro Voltas’ Galvanic cell in 1798 were decimetres in size, but as Feynman argued in his 
famous presentation in 1959 “There is plenty of room at the bottom”, the electronic components can 
in theory be scaled-down to 10 to 100 atoms in diameter72, and his predictions also became true in 
practicality.   The term integrated circuit comes from having all components of the electronic circuit 
created on the same substrate.  Thus to enable scalability and the economics of scalability, 
microfabrication techniques were developed to put more transistors on a substrate, often called a 
chip. This integrated circuit-based chip developed with microfabrication techniques was thus named 
a microchip.  The microchip was originally intended for data processing and to be able to do so, 
digital electronic circuits were desirable. To use a semiconducting material as a transistor, which 
could be regulated by gating, would produce the open-closed voltage switch that would become the 
computer language of ones (1) and zeros (0), paving the path to the first digital calculators and 
computers, and onwards towards a digitalized world of internets and computers inside us 
(pacemakers), in our homes and cars (gyroscopes), in our office personal computers and in our 
Smartphone telephone-supercomputer hybrids.  Few of us can truly comprehend the importance of 
microfabrication techniques in our everyday life and the power of the material that made it possible, 
neither rare on earth or possessing the lustrous aura of gold; microfabrication techniques could for a 
long time just been referred to as silicon techniques. The focus of this chapter will thus be 
microfabrication techniques with silicon as central theme; while soft materials, metals and ceramics 
will be mentioned, they will be the focus of the next chapter on microfluidics.  

  



26 
 

 

 
 
Figure 5. a) Top-down photolithographic microfabrication of microchips on wafer level, b) microscope 
image of transistors on a microchip and c) microchips on a silicon wafer 

 

3.1 Substrates 

The central material and/or substrate in microfabrication is silicon. Out of historical and 
practical reasons silicon has been the conventional substrate in microfabrication techniques. 
This does not mean that other materials are not used, since glass, metals and soft polymers 
and plastics are regularly used and it is perfectly possible to use microfabrication techniques to 
make devices without any silicon. The point being that dominance of silicon will make this the 
reference material when comparing substrate characteristics. This is for good reason, since 
silicon is a versatile, cheap and abundant material74. 

However, abundant as an element on earth and in particular on the earth’s crust, pure silicon 
cannot be mined or extracted directly. Silicon is bound in metal alloys such as ferrosilicon, in 
sand as silica, in silicate minerals and in living organisms as organosilicon compounds or silica 
as is the case with glass.  To make pure monocrystalline silicon an ingot is grown using the 
Czochralski process. The ingot is a continuous crystal lattice and can be cut into a wafer that 
will be used as substrate in microfabrication. There are a number of impurities and 
crystallographic defects that are normally checked for, such as a) point defects, b) line defects 
and c) planar defects. Point defects are for example interstitial defects of impurities, vacancy 
effects and substitution effects. A typical line defect is dislocation, which means misalignment 
of the crystal lattice. Typical planar effects are stacking faults and grain boundaries, which 
often result from several crystals growing and thus not being a monocrystalline ingot.  So far, 
the discussion has been on pure silicon, but for making good semiconductor transistors from a 
substrate the material needs to be doped.  Doping which is a form of ion implantation is the 
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process of intentionally introducing a selected impurity at a known level to modify the 
electrical characteristics of the material. The reason for doping being to change the carrier 
concentration in the material, and improving the charge carrier mobility.  If additional valence 
electrons are wanted pure silicon is doped with a Group V element, typically phosphorus, 
making it an electrically conductive n-type semiconductor. If instead more holes, as missing 
valence electrons are called, the pure silicon is doped with a Group III element, which typically 
is boron, making it an electrically conductive p-type semiconductor. The n stands for negative, 
and the p for positive, to denote the charge carrier used. The effects of doping can be seen in 
changes of the energy states in the band gap. The doping can be done directly during ingot 
growth, but diffusion or ion implantation techniques can instead or additionally be done on the 
cut wafers.   The wafer being a cut slice of the silicon ingot is controlled if free from defects. 
The substrate wanted in semiconductor manufacturing of integrated circuit microchips is a 
layered silicon-insulator-silicon substrate. This is called a Silicon On Insulator (SOI) wafer. In an 
SOI-wafer the insulator often is silicon dioxide that has been made through oxidation of a 
wafer. The two-layered material is then bonded to a silicon wafer making it a three-layer 
substrate, which can be thinned down if necessary75-76. 

 

3.1 Deposition 

Since the microchip will need to have layers of new materials introduced to make the 
integrated circuit or other functionalities, deposition of materials to the substrate is needed. 
The deposition of a thin-film is done through thermal oxidation, chemical deposition or 
physical deposition.   

In order to make an insulating silicon dioxide layer, thermal oxidation is often used for oxide 
growth. The oxide growth can be regulated by controlling the oxidation time for example.  The 
silicon oxide layer can also be made through chemical vapour deposition. 

The commonly used chemical deposition techniques used are a) spin-coating, b) chemical-
vapour deposition (CVD) and c) atomic layer deposition (ALD).  There is an improved version of 
CVD that is plasma enhanced (PECVD). The chemical deposition techniques depend on a 
chemical reaction with the surface as the name implies. PECVD and ALD can for example be 
used to introduce an insulating layer of silicon nitride. 

The physical deposition techniques on the other hand use thermodynamic, mechanical and 
electromechanical properties to create a layer on the surface. The widespread physical 
deposition techniques are a) thermal evaporation, b) pulsed laser deposition (PLD), also known 
as laser ablation, c) ion-beam deposition and d) physical vapour deposition (PVD), such as 
sputtering. The deposition of metals for contacts is for example often done through 
sputtering77.  
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3.2 Lithography 

If the layer should uniformly cover the surface then deposition is sufficient on its own.  Yet, 
since structures on the microchip are often the goal, for example to create integrated circuits, 
a way of discrimination is needed78. The solution is to pattern the whole substrate or the thin-
film layer by covering it with a photoresist through spin coating.  The photoresist being 
sensitive for light exposure can be patterned by using a photomask that is an imprint of the 
wanted structure. When the photoresist then is developed through chemical treatment the 
pattern will be imprinted. Depending on usage of photoresist a positive or negative photomask 
can be used. An example of a negative photoresist is the epoxy-based SU-879. The photomask 
exposure is done through a laser beam or monochromatic UV light. It is possible to pattern 
without photomask by use of electron beam (e-beam); which owing to the smaller wavelength 
gives a better resolution when making small structures, but this is a costly and slow process80 
that is often sought to be avoided in commercial microfabrication. Once the photoresist is 
developed it can be hard-baked to solidify it to make it more durable during the etching 
process that normally follows.   

 

3.3 Etching  

Etching is the final of the three classical microfabrication techniques used in microfabrication 
of integrated circuits. The deposition and lithography are techniques that add layers. The 
etching is the technique to remove layers to make structures. The etching techniques can be 
divided into wet and dry etching. The wet etching refers to liquids being used and the dry to 
plasmas being used. Example of a wet etch is KOH and a dry is CCl4 plasma that both etch 
silicon, while HF and CF4 plasma etch silicon dioxide.  In etching the chemical reagent reacts 
with surfaces that are unprotected by photoresist or inactive to the reagent. The etching can 
be directional, anisotropic and thus have a higher etching rate in one crystal direction or 
unidirectional, isotropic and thus have the same etching rate regardless of crystal direction. 

 
 
Figure 6. Design for photolithography steps to produce microchips on a wafer 
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The dry etching can be divided into Sputtering and Reactive Ion Etching (RIE). The etching rate 
is controlled and once finished the photoresist is removed through stripping with a liquid or 
oxygen plasma treatment. Repeated cycles of deposition, lithography and etching are done to 
make the final microchip. Reducing cycle number is correlated to cutting costs and thus 
simplicity is the mantra for making industrially viable microchips76. 

 

3.4 Micromachining /drilling 

There are alternatives to the triad of deposition, lithography and etching. If structure size is not 
critical, micromachining offers a simple solution. The bulk micromachining can refer to wet 
etching of a bulk wafer or my mechanical drilling to make structures. This method is often 
sufficient to make MEMS structures such as pressure sensors, accelerometers and 
gyroscopes76. While very simple these are widespread devices in our cars and Smartphones to 
mention a few items. 

 

 

 Factbox 2- Why are improved microfabrication techniques leading to increased microchip 

performance?  

 

 

 

 

  
The revolution in ICT has been driven by continuous breakthroughs in microfabrication 
enabling more transistors on a smaller surface, thus enhancing performance in microchips. 
The trend is often called Moore´s law and is an observation that the number of transistors on 
integrated circuits double every two years. While it is not a natural law and cannot continue 
in eternity, the trend coupled to increased performance makes microfabrication techniques 
attractive to utilize in biosensor applications.  
 

 

   

 

Microchip performance 
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Chapter 4 – Microfluidics 

“The “lab-on-a-chip” concept promises reduced reagent consumption and analysis time, the capacity 
to integrate multiple functions onto a single device, and the potential for high throughput analysis” 
Prof. Aaron Wheeler, Toronto University, Canada  

Controlled sample delivery is needed to manage the binding event of the biomarker to the 
detector element of a biosensor. The binding of a biomarker to the biological detector element on 
the biosensor requires that both parties come physically in contact with each other for the 
interaction event to occur. This means that the target biomarker has to be transported to the 
detector element or vice versa.  While the most basic biosensing can be done in a small reaction 
chamber, where a fluid containing the biomarker is added to a reference liquid already present in the 
chamber, this has the consequence that the reaction rate is seriously affected by Brownian motion 
for transportation80-81. There have been discussions on whether this diffusion-limited transport can 
or cannot lead to the rapid response observed to the low concentrations of biomarker added, or if 
there are alternative forces driving the kinetics such as electrostatic interaction82.  No matter which 
perspective is taken the fact remains that transport driven by passive diffusion lacks the control of 
knowing when the sample with biomarkers reaches the detector element. Also, this challenge limits 
the experimenter of running several experiments in sequence without altering the volume in the 
reaction chamber. Microfluidics has been used to address the sample delivery control and sample 
preparation83. 

Microfluidics allows controlled movement, separation and mixing of small volumes of fluids. 
Microfluidics can be divided into two classes, active and passive. The former refers to usage of 
macroscopic or microscopic pumps and valves to move the fluid and the latter relies on capillary 
flow. Microfluidics control combined with a biosensor, for making sample preparation, chemical 
reactions and transport of biomarkers for detection, have been given the name of Lab on a Chip 
(LOAC), the metaphor being for a miniaturized laboratory on microchip scale84.  Focus has lately been 
on appealing design of microfluidic structures and less on sample process integration85. The 
abundance of “novel” microfluidics structures for PoC devices86-87 strengthens the point. There are 
cases where full-integration has been performed88.  However, there are also problems related to 
using conventional intuition from our Newtonian world when designing microfluidics systems. These 
problems arise from the fact that on a microscopic scale, the contribution of intermolecular forces 
becomes larger, as can be seen with effects of surface tension between media such as the fluid itself, 
the solid surfaces and air.  The molecules in the fluid will then adjust to minimize the energy, thus 
wetting a hydrophilic surface or avoiding a hydrophobic surface. If correctly used, this can be used to 
drive a capillary flow and control sample delivery, but if poorly understood it may lead to creating a 
barrier for fluid delivery and need of high pressure. The surface properties can be altered chemically, 
and so can the fluid by addition of surfactants. The surface tension can be checked with Contact 
Angle Measurement (CAM), which is a non-destructive and fast way to test the surface properties89 
(see Chapter 6).  If surface tension is under control, there is still another obstacle since microfluidics 
flows operate in channels of small cross-section area, and fluid velocity is lower due to the high 
pressure needed to move a volume of fluid a longer distance through a narrow cross-section area, 
the effect being that a laminar flow is generated. In laminar flow the fluid does not mix, but moves in 
layers where the layer closest to the surface moves slower than the central layers, and any mixing in 
between them is driven by diffusion. The rapid mixing in turbulent flow is thus often wanted, and 
can be achieved through the addition of microscopic structures to create eddies and vortexes. The 
form of flow can be calculated through the Navier-Stokes equation that modified will give the 
Reynolds number (Re).  
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A flow below Re=2400 is laminar and flow below Re=1 have Stokes flow (an extreme form of laminar 
flow). Typical microfluidics channels of about 100 µm in diameter have a Re=0.1 which makes the 
layers at the surface hardly move at all90. The conclusion being that although one can calculate from 
the fluid velocity the time point when the central layer reaches a location this is not true for the layer 
closest to the surface, and if the biosensing element is located on the surface the time of biomarker 
interaction will thus be governed by diffusion from the central moving layer to the slow surface layer.  

The problems addressed in this chapter are typical for pressure-driven microfluidics and scenarios 
where the sensor element is dependent on surface reactions, thus other types of microfluidic 
systems and operations need not be affected similarly. Nonetheless, the criticism on usage should 
not be seen as towards microfluidics techniques but to the zeitgeist in the scientific community of 
which the author is part of. Microfluidics still hold the possibility for integration of the biological 
detection element to other functions such as pre-sensing sample preparation, and biosensors such as 
FET-sensors would benefit from this control91.  As explained in the previous chapter, the methods for 
creating a custom-made system depend on the material used.  

 

 

 

 

 

 

 

 Factbox 3- What is laminar flow?  

 

 

 

  

A laminar, streamline flow is generated when a liquid is moving through a 
channel at low velocity. The fluid flows in parallel layers, where the front of the 
liquid flows at a higher speed than then borders at the surface which may not 
move much at all. Molecules move between the layers only by diffusion. In 
small dimensions, such as microfluidics, all flows are laminar unless eddies or 
vortexes are introduced to make chaotic mixing. 
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Figure 7. Lab on a chip microfluidics in theory and reality. In theory functions normally performed in a 
conventional lab are miniaturized and performed on stations on a small chip. Microfluidics is used to 
transport samples to and from stations. However, in reality the integration of the miniaturized device 
to macro-world units such as pumps and electronics is important and has often been overlooked since 
it is more development than research.  

 
4.1 Microfluidics material 

4.1.1 Photoresist 

Originally epoxy-based negative photoresist such as SU-8 was used in lithography to make 
integrated circuits76. The fluid would be spun on the SOI-wafer, soft baked and then masked 
and exposed to light, making the chemical cross-link and solidifying the material.  Subsequent 
hard baking can be used to further cross-link and harden the material, and finally development. 
Using SU-8 as a high-resolution material made it popular in microfabrication, and now it is used 
to make delicate microfluidics structures since it is easy to work with using soft lithographic 
techniques and the material is biocompatible92.  

4.1.2 Polymers 

Organosilicones, or just silicones, are polymers that share some common traits such as being 
inert and rubber-like. They are composed of silicon, carbon, oxygen and hydrogen and the 
most widely used is polydimethylsiloxane (PDMS)76. This organosilane is elastic, often referred 
to as “biocompatible”, allows oxygen diffusion and is used in medical replacements, sex toys, 
contact lenses and lubricants (some foods and beverages also have PDMS as an additive). Since 
it can so easily be moulded, it is used in making microfluidics structures either by soft 
lithography directly or by use of a hard SOI-wafer mould that the PDMS liquid is poured onto 
and left to harden. The mould can then be removed and the process repeated, and if the PDMS 
microfluidics structures are needed to be bonded to another PDMS or silicon surface a short 
oxygen plasma treatment will activate the surface and covalent bonds will be formed between 
the two surfaces93. Because of the elasticity of the material there are restrictions on channel 
dimensions since the walls may change upon added pressure.  
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Figure 8. A microfluidic setup consisting of a) narrow channels of photoresist (SU-8) and a thicker lid 
made of polymer (PDMS) with openings for connecting and b) the tubing. 

4.1.3 Thermoplastics (PMMA) 

Poly(methyl methacrylate), or Plexiglas, is a thermoplastic, meaning that it melts  by heating.  It 
is a petroleum-based product that after hardening is hard and transparent, sharing many of the 
optical properties of glass it is often used as an alternative for it. Normally pellets of PMMA are 
used as starting substrate that upon heating melt and can then be used for hot embossing or 
injection moulding techniques. When the polymerization and moulding are done 
simultaneously the process is called cell casting, and this produces the highest resolution of 
microscopic structures. Microfluidics structures of PMMA are particularly suiting if optical 
detection is used94. Since PMMA is a biocompatible polymer it is used in dental fillings and 
plastic and prosthetic surgery. 

 

4.2.4 Inkjet printing technology 

The commercially most abundant and profitable microfluidics usage has been in inkjet printers, 
where the printer head or nozzle, is a MEMS device made through microfabrication. Either 
based on a thermal or piezoelectric element behind the nozzle, these printers produce 
microscopic droplets that compose the image75. The inkjet printer technique can be used to 
more than printing documents; if the cartridges are loaded with a biological sample, they can 
be used to immobilize the biological detection element in a targeted fashion to the sensor96. 
Spotting different receptors on sensor devices can produce a multiplexed biosensor, suiting the 
demands from medical professionals that often would gain more information from detecting 
several biomarkers at once. 
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Chapter 5 – Silicon Nanowires  

“FET biosensors enable (bio)chemical analysis on computer microchips” Mohammadreza Sohbati , 
Imperial College London, UK 

Silicon nanowires are thin (<50 nm) structures that can be used as the semiconducting channel in a 
Field Effect Transistor (FET) to build transducers. Silicon is a semiconducting material, with a 
dielectric constant of 11.7 and forming crystal structures, which is a suitable material for use in FET-
transistors.  A FET-transistor is built from three terminals; the source and drain electrodes that are 
connected through the semiconducting channel and a gate that regulates the channel width.  The 
gate electrode either builds or eliminates the conductivity of the channel depending on the voltage 
applied between the gate and source.  Depending on the potential the FET response will be in an 
inversion, linear or depletion mode which will have an impact on signal transduction and the 
directionality of the signal.  The signal readout is the current passing from source to drain, where the 
charge carriers may be holes or electrons depending on the doping conditions of the silicon 
nanowire.  Boron is a common dopand for p-type sensors while phosphorus and arsenic are used for 
n-type sensors. The silicon nanowire-FET is used as a transducer to convert a sensing response of a 
biomarker interacting on the detector element to an electronic signal. The benefit of decreasing the 
dimensions of the semiconductor material is according to theory that smaller dimensions will make 
the field-effect experienced throughout the whole wire rather than only at the surface and leaving 
the bulk unaffected80.  

 

 

Figure 9. Silicon nanowire a) image and schematic shown together with b) theoretical explanation 
why “nano”-wires lead to a Field-Effect throughout the whole device. Larger devices will have a 
conductive channel that is not experiencing the effect of altered surface potential. 

 

  

A     B 



35 
 

 

Silicon nanowire-FET operations, characterization and readout is at best structured, but not 
standardized. Consider the fact that nanowire-FET can trace its origin to microfabrication of 
integrated circuits, and that processing them at least is rather straightforward if you possess the 
access to a clean-room facility with the instruments and reagents needed. Combine that with the fact 
that testing the devices on the microchip, such as that their CV-characteristics follow good transistor 
behavior is routine work done in industry, foundries and academia. Then you should be puzzled to 
find that no results from scientific publications on the nanowire-FET biosensors can be directly 
compared.  So, while the microfabricated devices in our home electronics undergo stringent testing 
the microchips for biosensor applications are not always as well characterized and if they are, it is 
unusual that the outcome is stated in publications.  It is not only the standardization of operations 
and characterization that is troublesome, but how the readout data is to be interpreted. There are 
fortunately scientific groups that work on improving our knowledge on how to interpret the readout 
and how data processing should be used to understand signal-to-noise, drift and instabilities, which 
is beneficial for the whole discipline96-97.   

Silicon nanowire-FET readout lack robustness and repeatability due to device-to-device and chip–
to-chip variation. How can we reverse the trend of a decade where the initial claims are still hard to 
repeat, and any new publication is met with a more than fair share of skepticism? A huge step 
towards creating trust is transparency; in a Brandeisian manner information of chip performance and 
success rates would disinfect the air of mistrust.  This mutual sharing would highlight to the whole 
community a well-known fact for those involved in the operational work of making nanowire-FET, 
which is that the robustness and repeatability are extremely low. Instead of improving limit of 
detection, it would be beneficial to improve repeatability.  Airing these issues to the larger scientific 
community reduces the group-think that occurs in any small or large society composed of likes98. The 
philosophical nature of argumentation should not hide the fact that the majority of peer-reviewed 
publications have worked from a similar framework and problem formulation and that good chip-to-
chip and device-to-device performance studies with a simple biological model system are missing99-

100. This chapter will be organized according to from the straightforward production of nanowire 
devices, to the use of them as components of FET, inherent limitations and non-FET applications. 

 

5.1 Nanowire fabrication  

Silicon nanowires-FET can be manufactured top-down or bottom-up. Silicon is as described in 
the microfabrication chapter a common material used in industry for building lots of 
transistors on a small area using deposition, lithography and etching processes.  The 
transistors can thus be made through traditional Integrated Circuits (IC) manufacturing 
methods such as Complementary Metal Oxide Semiconductor (CMOS) fabrication, called the 
top-down method81, 101-108. CMOS fabrication is done with a Silicon On Insulator (SOI) wafer, 
which is sandwich-like, has a thick silicon layer, a thinner silicon layer, and an in-between 
insulating silicon dioxide layer.  The nanowires can also be made by growing silicon rods and 
harvesting them and depositing on the device by the bottom-up method109.  The bottom-up 
method was first used for biosensing by the Lieber group in 200180.  Disregarding whether 
the nanowire is produced top-down or bottom-up, at least one of the dimensions of the 
nanowire is in the nanometer regime. That means that nanowires, nanorods or nanoribbons 
or plates, as they are also called, share one nominator: the thickness is less than 50 
nanometers. The other two dimensions of width and length may vary, and the effect that 
these dimensions have on the performance of the device have been discussed110.  
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Because of the small dimensions, the dopand distribution has an immense impact on device 
performance111. A thin layer of insulating material such as silicon dioxide (SiO2) is used as the 
gate-dielectric. The role of the gate-electric is to prevent gate leakage currents and current 
instabilities due to contact with the fluid sample, however, silicon dioxide while easy to grow 
is not optimal as a gate dielectric material112. The benefit of the bottom-up method is that 
thinner rod-like and thus more sensitive nanowires are produced, but it requires manual 
alignment of the nanowire to contact pads. The benefit of the top-down method is that it can 
be mass-fabricated, where the bulk of the cost is for the process and not material, which 
makes the production cost almost constant for an increased number of chips produced, 
making the cost per chip decrease with volume.  

5.1.1 Bottom-up growth 

The original method of producing nanowires is built around vapour-liquid-solid (VLS) growth, 
where a metal catalyst is deposited on a substrate and constitutes the starting point for 
nanowire growth. The nanowire is grown through the injection of silane gas and once the 
nanowires are grown to wanted length they are harvested.  Since the growth conditions can be 
controlled, the nanowires have proportions desired but the alignment of nanowire to contact 
pads, to create the Ohmic contacts is tricky.  There are publications on how to use self-
alignment and fluid-flow alignment to address these issues113. 

5.1.2 Top-down fabrication  

The method of producing nanowires through lithography and etching, utilizes the CMOS 
microfabrication techniques available to make the nanowires directly on the microchip. The 
starting point is thus the SOI-wafer, and through a stepwise process the nanowires are 
produced. However, due to a combination of mask resolution and etching limitations the 

dimensions of top-down fabricated nanowires are larger. E-beam lithography is often used to 
make smaller structures, but the usage of e-beam can be reduced or removed (which is of 
economic reasons beneficial) and the limitations bridged if devices can be reduced by etching 
steps introduced after the initial etch and photoresist removal106,114 . 

 

5.2 FET 

A Field-Effect Transistor (FET) is an electronic device that amplifies a signal. This is the 
fundamental use of a FET. As mentioned earlier it is composed of three electrodes, a substrate 
and an insulating layer. It is contacted by the three electrodes, the Source (S) and Drain (D) 
electrodes that are the entry and exit points of the charge carriers and the Gate (G) that 
regulates the channel conductivity and thus controls the current passing from source to drain.  
The charge carriers being electrons or “holes” depending on doping can pass through the 
channel or not depending on the gate being open or closed. Thus as the name indicates the 
gate is a switch, that can generate the zeros and ones of a digital signal. The point where the 
conducting channels starts opening the channel and allowing contact between source and 
drain is referred to as threshold voltage (Vth) 115.  The threshold voltage depends on intrinsic 
characteristics of the device such as the doping type and levels, oxide thickness and also on 
extrinsic parameters such as temperature, and constitution or immobilization with biological 
detector elements on the device. 
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When a charged particle is close to the nanowire surface that in FET sensors is the detection 
element, the field effect of the charges will affect the FET operation in a similar way as a 
change of gate voltage. A shift of threshold voltage can be seen in the Capacitance-Voltage 
(CV)-curve, often plotted instead as a Current-Voltage plot (IdVg). While FET is the type of 
transistor operation, the term Metal-Oxide-Semiconductor-FET (MOSFET) is the most common 
physical device and it refers to the physical structure. The MOSFET are an abundant digital 
circuit used in microprocessors in computers, smartphones and pads. 

 

 

 

Figure 10. FET is a) 3-terminal device where the gate electrode controls the current passing through 
the device where the b) CV-curve can demonstrate the operations mode of the device and shows that 
the device can be used for signal amplification where the capacitance change is large to a voltage 
shift. 

 

 
Figure 11. Nanowire-FET measurement station setup. The power supply to generate the voltages 
and reader shown (left) and the measurement station where the microchip is inserted is sheltered 
within a Faraday-cage to reduce noise from electromagnetic fields (right).  

 

 

A   B 



38 
 

5.2.1 ISFET  

The charged particle leading to a threshold voltage shift in a FET is in its simplest form an ion, 
such as H+. Being a point-charge and able to react with a non-metal gate oxide surface this 
enabled Bergveld in the early 1970s to build the first ion sensor. The Ion Sensitive Field-Effect 
Transistor (ISFET) is essentially a MOSFET where the gate electrode is separated by an ion-
sensitive barrier and space for the fluid with ions to come into contact with the barrier, 
meaning that the gate insulator is in direct contact with the electrolyte. The ISFET needs a 
reference electrode, which is often made of silver/silver chloride to set a reference potential, 
Vref, instead of fixing the gate potential. The reference gate is also introduced directly to the 
fluid. Most problems that arise with ISFET sensing are related to the reference electrode, or 
current drift due to diffusions of ion through the gate dielectric.  The technology is currently 
used in medical devices since the ion-concentration can be measured. The potential drop has 
been explained by a model where the total potential drop is divided into its components. The 
total potential drop is explained to originate from the following interphases which each acts as 
a capacitor, a) the drop in the solution with its diffusion layer, meaning both the inner and 
outer Helmholz layers, b) the drop in electrolyte-gate oxide interface, c) across the oxide layer, 
d) across the oxide to semiconductor layer and e) across the bulk of the semiconductor. Thus if 
the Voltage of the Reference Electrode (Vref) is kept constant, a change of current from source 
to drain is correlated to the ion concentration116-118. The ISFET ion sensor has been applied to a 
novel ion-based semiconductor sequencing method for DNA referred to as Ion Torrent119. In 
this sequencing method, the template DNA is added to a microwell and when one of the four 
deoxyribonucleotide triphosphates (dNTP) is added and is complementary to the DNA 
template, it will be incorporated by a polymerase and release a proton. This proton will be 
detected by the ISFET ion sensor.  Consecutive incorporation of several copies of the same 
dNTPs will release more protons and thus lead to a higher electric signal and can thus be 
counted. Through cycling of the dNTP the whole sequence will be determined through 
electrically measuring the DNA polymerization reaction. 

 

  

 
 
Figure 12. MOSFET vs. ISFET  
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5.2.2 Nanowire-FET  

The main strength with downsizing to nanowires is that the depletion or accumulation of 
charge carriers will occur throughout the bulk material, not only on the surface as in planar 
methods, such as ISFET. The first silicon nanowire-FET biosensors showed good pH response 
and protein biomarker sensing down to picomolar concentration in spiked samples80.The ability 
for real-time and label-free biosensing using functionalized nanowires has been demonstrated 
for proteins, oligonucleotides, small molecules, single viruses and cells120-125.  Since the 
nanowires are small devices, chips with multiple devices can be produced and different 
biomarkers have been detected allowing for multiplex in parallel126. The conductance change 
or related electrical property has been plotted over time to show the binding of the biomarker, 
or in some cases, the histograms of compiled results have been presented127-129.  

The response to a charged biomarker in the near vicinity of the silicon nanowire is a shift of 
threshold voltage, in the conductivity and thus is observed as an increase or decrease of 
source-to-drain current. The response is in fact not dependent on a selective binding reaction, 
but on physical position and thus makes the biosensor reacts to adsorption similarly as to 
binding130. This requires the charged biomarker to actually be in vicinity to the sensor element 
surface, the kinetics for this can either be diffusion or reaction controlled depending on how 
the biomarker is introduced in a container or in a microfluidic flow82,131.  Further the response 
direction is dependent on two factors, one is intrinsic and the other is extrinsic. The former is 
the doping of the nanowire-FET, which depends on what type of charge carrier is used, and 
thus how it will react to further depletion or addition of charge. The latter is the net charge of 
the biomarker, or more correctly the effective net charge of the biomarker. The response is 
dependent on how these factors are combined, to exemplify: if a p-type silicon nanowire-FET is 
used the charge carriers are holes, and if the biomarker is an oligonucleotide that has a 
negative net charge, the field-effect will result in a current increase due to further addition of 
charge carriers in the bulk.  The current change between source and drain will respond to a pH 
change due to protonation/deprotonation of the surface following the Nernst equation. The 
current will respond logarithmically to a linear increase of a biomolecular biomarker due to the 
screening effect of the electrical double layer. The reason for this counter-intuitive behaviour 
lies in how the Field-Effect is influenced either directly by surface reactions or in interactions in 
the fluid at a distance from the device132. A typical readout of a silicon nanowire-FET is 
however noisy, and has substantial drift. The signal-to-noise ratio is seldom calculated, but 
there has been publications on how to use this number as a characteristic of performance96-97.  
The output is also depending on in which regime the silicon nanowire-FET is operated133-134.  
Obtaining detection of biomarkers at low concentrations is however not straightforward but 
requires tuning and may still not be very reproducible due to a set of problems that mainly are 
device-dependent, but also including the functionalization, which will be further discussed in 
Chapter 6. Another setback which is neither device-dependent nor functionalization-
dependent is the Debye screening effect132, 135. 
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 Factbox 4 – What is the source of charges in biomolecules such as proteins and nucleic acids, 

and how are they dependent on their surrounding? 
 

 

 

The charge in 
nucleic acids 
such as DNA 
and RNA 
originates from 
the phosphate-
backbone and 
is not 
dependent on 
the actual 
sequence. The 
net charge of 
nucleic acids 
depends on the 
length of the 
oligonucleotide 
and is negative 
at physiological 
conditions. 

 

 

The charge in 
proteins 
depends on the 
9/20 naturally 
occurring 
amino acids 
potentially 
being charged. 
Whether these 
amino acids 
are protonated 
or 
deprotonated 
depends on the 
surrounding 
solution and on 
the folding of 
the protein.  

  
The net charge of proteins is both dependent on the amino acid composition 
and solvent. The protein can thus have a positive, negative or neutral net charge 
depending on situation. 
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5.3 The limitations imposed by the Debye Layer  

 The Debye screening effect, or ionic screening effect, is a physical phenomenon in fluids with 
dissolved ions. When a charged particle is added to the fluid, such as a biomarker molecule, it 
will be surrounded by counter ions. The counter ions will have the effect of screening the 
charge of the biomarker molecule. However, they are not doing so in a perfect uniform way. 
Instead structured layers will form in the fluid. These layers are explained by the Debye –
Huckel theory which is mathematical model derived from the Poisson-Boltzmann model149. 
When a fluid with salt ions is added to a solid surface such as the detector element it will 
according to the Debye – Huckel theory form layers through self organization. These layers will 
have different characteristics. The first layer will be composed of ions directly adsorbed to the 
charged surface, and the second layer will be attracted to the first by Coulombic forces and 
thus screening the first. The first layer is referred to as the Stern Layer or Helmholtz Layer and 
the second layer as the Diffusion layer, and they have thus different charge properties than the 
bulk of the fluid. This is called an Electrical Double-Layer (EDL), and the consequence is that a 
charged biomarker in the bulk of the fluid will not have an effect on the detector device since it 
will be effectively screened. The distance from the detector surface to the bulk of the fluid, is 
referred to as a Debye Length (λD). This can be calculated with equation λD = √((ε0 
εrKBT)/(2Nαe2[I]) where the important parameter [I] is the concentration of counter ions in the 
solutions. This calculation shows that for phosphate-buffered saline (1 x PBS), which has the 
same ionic concentration as blood; the Debye Length is 0.7 nm. Considering that a biological 
detector element layer, typically of several nanometers, is needed on the sensing element, it 
becomes hard to detect any biomarker under such conditions136-138. Diluting the body fluid to 
reduce the ionic concentration increases the Debye Length, as exemplified by 0.1x PBS, which 
has a 2.3 nm Debye Length. However, in these models a charged biomarker is counted a as a 
point charge, which just is not the case. Other limitations are assumed constant permittivity 
and viscosity of fluid, and that other types of molecular interactions are not accounted for.  

When using the Debye-Huckel model, both the biomarkers and the counter-ions that through 
Coulumbic forces interact with them are considered point charges. This causes some 
conceptual problems; first it assumes that the charge originates from a single source, which is 
incorrect when it comes to biomolecules. Since biomolecules are composed of a number of 
atoms they carry charges that are distributed in the molecule, and the number of charges and 
their distribution are set by the composition but is not equally distributed. The result is a net 
charge of the biomolecules which is not homogeneously located on the biomolecular entity. 
Second, the net charge in the biomolecular biomarker is dependent on its surrounding fluid; a 
change of pH will protonate or deprotonate the biomolecule and thus shifting its net charge.  

Also, a change of pH, ionic concentration or physical property, such as temperature, can 
change the structure of the biomolecule and thus the distribution of charges. This will have an 
impact on both the receptor-ligand interactions, but also on the signal strength if more of the 
biomarker is screened by counter ions.  Third, the model does not account for the size and 
structure of the biomolecular biomarker, which will have an effect on how well counter ions 
can screen.   Thus the Debye screening effect problem is not a mere practical issue, but also a 
theoretically challenging hurdle139. 
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Figure 13. The Electrical Double Layer (EDL) consists of the Stern and Diffuse Layer and the 
consequence is the effective screening of charges in the bulk solvent. The EDL distance from the 
surface to the bulk solution is referred to as the Debye Length, λD. The screening distance is 
dependent on the concentration of counter ions in the solutions and the charge induced Field-Effect 
does thus exponentially decay to counter ion concentration in the solvent. In this schematic ions and 
biomolecules are as considered point charges. 
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5.4 Delimitations 

5.4.2 Drift caused by ion diffusion 

A common problem associated with the silicon nanowire-FET technology is the current drift, 
which is assumed to originate from gate to source leakage due to tunnelling and ion 
diffusion118, 127.  A rationale currently investigated by several groups is to use thinner but better 
dielectric materials such as the “High-K materials” hafnium oxide, aluminum oxide and 
tantalum oxide140-141. High-K materials have a better gate oxide capacitance and have been 
used in IC industry142.  Thus it should come as no surprise that these materials may provide the 
silicon nanowire-FET with better properties to reduce the gate leakage and ion diffusion that is 
observed as current drift. High-K materials have been shown to improve pH sensing 
experiments and signal strength140-141. For future biosensing it is important to test if potential 
improvements are due to improvements in the gate dielectric or due to improved 
immobilization of the biological detector element to the surface since, the material has 
different properties from the native silicon oxide commonly used143. 
 

5.4.3 Redox reactions at the electrode 

Another source of current instability originates from the reference electrode to electrolyte 
interface rather than the gate dielectric. The importance of good reference electrode is known 
in the ISFET technology, where the application of a silver/silver chloride reference electrode in 
the fluid is used144. When it comes to other materials used as gate electrodes there is less 
knowledge145.  It is crucial that the potential of the reference electrode is kept constant so that 
a change of threshold voltage is attributed to field-effect at the detector surface and not a 
potential drop at the reference gate interface and this is further discussed in Paper I.  

 

5.5 Alternative usage of silicon nanowire-FETs 

5.5.1 Joule-heating  

An electric current passing a conductor releases heat according to Joule´s first law (Q = I2 x R); 
this is also referred to as resistive heating. The resistance in a conductor (which is not 
negligible) will depend on the dimensions and voltage applied, which will when passing a 
current though the material release heat accordingly. The heat is typically used to create 
electrical heaters and thermal radiation in lamps etc. However the joule-heating can also be 
used to direct functionalization steps, or running the heat-cycles in Polymerase Chain Reactions 
(PCR) 124,146-148.  
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Factbox 5 – Why is the reference gate electrode important? 

 
 

 

 

  

 
Since the silicon nanowire-FET operations demand that a shift of threshold voltage 
(and current) is dependent on biomarker binding to the biological detector 
element on the nanowire surface, the gate voltage should be constant. There 
should thus be no interference in signal readout originating from other sources.  
 
Thus the reference gate electrode has two roles, first of setting the voltage such 
that the signal transduction and amplification is optimal, and second to ensure the 
shift is from the biomarker binding at the surface of the silicon nanowire-FET. 
Poorly constructed and controlled reference gate electrode makes the biosensor 
unpredictable and unsuited for biosensor applications.  
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Chapter 6 – Surface Functionalization and Characterization 

“Selectivity is a fundamental attribute of an useful sensor, more so than sensitivity. A sensor sensitive 
to everything is no sensor at all. The surface functionalization is important, because it makes a sensor 
selective and therefore functional” Prof. Muhammad Alam, Purdue University, USA 
 
Biosensing has been demonstrated with silicon nanowire-FET by functionalizing SiO2 surface. Since 
nucleic acids (RNA, DNA) have a negative net charge due to the phosphates in the backbone they 
have upon binding to the nanowire surface the same effect as an alteration of the gate voltage. This 
alteration can be measured as an increase or decrease of drain-source current or channel 
conductivity. Polypeptides and proteins on the other hand have protonatable groups in several of the 
amino acids that they are constituted of; this may make the net charge different from the bulk 
solution and thus make them possible targets.  Large entities such as viruses and cells have also been 
detected on the nanowire surface.  In order to selectively bind the analyte to the surface, the SiO2 
surface has been functionalized through different steps of chemical reactions, often based on the 
covalent attachment of a first organosilane linker and then subsequent functionalization steps to get 
the desired receptor on the nanowire surface. To do so, surface chemistry is used to make a 
preferably thin layer, because of the previously mentioned Debye screening effect. Also, the 
interaction between the biomarker and the biological detection element is of chemical character, 
although often non-covalent. In this chapter the types of intra- and inter-molecular bonds that are 
involved in biomarker binding and surface functionalization will be described, also the types of 
chemistry used for immobilization of receptor molecules on the sensor surface. 

 

 

6.1 Types of chemical binding  

Chemical bonds can be classified in two ways, whether they are intramolecular or 
intermolecular, and if they are covalent or non-covalent. The former classification refers to if 
the binding is within the molecule or between molecules. The latter classification tells if the 
binding results in sharing of valence electrons, thus the name covalent, or non-covalent, in 
which case no electrons are shared, but the interaction is still depending on electromagnetic 
effects.  

6.1.1 Covalent bonds 

Covalent bonds are what we classically think of when we say a chemical bond, the reason being 
that these bonds build the atom to atom bonds needed to create molecules. The molecules can 
be small, just a few atoms or constituted of thousands of atoms, like many of the biomolecules 
that are the building blocks of life.  Examples of covalent bonds are the bonds between O, N, C 
and H in organic molecules. A reaction will be spontaneous if a negative Gibbs free energy is 
the sum of the enthalpy and entropy constituents. An example of this is when a surface-
exposed Si-O-H group reacts with the organosilane H-O-Si-R with the sum of Si-O-Si-R + H2O 
where the R, represents the rest of the molecule not involved in the chemical reaction. That 
does not mean the reaction will be instantaneous since there is often an energy barrier that 
needs to be overcome to reach the lower energy state. Catalysts are molecules that can reduce 
the energy barrier through stabilization of the intermediate state and which themselves not 
consumed in the process. The chemical bond can be broken if energy is applied into the system 
through heating, for example to drive the equilibrium state towards the initial reactants, or to 
add a new chemical entity that will react to form a new lower energy state.  
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6.1.2 Non covalent bonds 

In life, not all interactions should be so rigid. Fast and dynamic interactions are important in 
making biomolecules that can change structural formation or to reversibly bind to a target or 
targets. Thus nucleic acids need to hybridize and melt, and proteins need to bind and unbind. 
An example of this is haemoglobin binding oxygen and transporting it to locations where it will 
unbind to be delivered, or a ligand binding and unbinding to its receptor to regulate 
immunological responses, or transcription factors regulating the DNA expression by binding 
and unbinding. There is a tendency in the nanowire-FET biosensor discipline to focus on model 
systems with strong  receptor-ligand binding and models where the structure of the interaction 
partners is rigid, following the lock-and-key principle rather than the common induced fit. So, 
what are these non-covalent bonds that are so important in biomolecular chemistry; they are 
weak chemical bonds. The individual contribution is low, but combined their contributions is 
significant. The non-covalent bonds that will be important in biomarker binding to biological 
receptor element in this thesis are ionic bonds, hydrogen bonds, Van der Waals or London 
dispersion force and the hydrophobic effect, which is not a chemical bond but an entropic 
effect149. 

 

6.2 Functionalization of SiO2 surfaces 

Surface activation of the silicon nanowires is needed to immobilize the biological detector 
element. This activation is performed with oxygen plasma and organosilanes. While silicon 
dioxide after some time on the shelf is unreactive, washing away organic molecules and 
activating the surface by oxygen plasma will make it ready for functionalization in order to 
immobilize the biological detector element on the surface. Organosilanes are used to form Si-
O-Si bonds making a handle for further chemical reactions to create an enduring layer on the 
surface. There are monosilanes that lack polymerization capacity, but the most commonly used 
organosilanes such as 3-aminopropyltriethoxysilane, APTES, have the capacity to polymerize150-

151.  There are articles where the formation or control of APTES monolayer formation is 
referred to as Self-Assembled Monolayers (SAM); this is however a false use of the term. A 
SAM is formed by a spontaneous surface adsorption of a molecule that by organization creates 
beneficial Van der Waals interactions. Organosilanes often form SAMs to a surface but if a 
chemical reaction is used to form a covalent bond between the organosilane and the surface it 
is not classified as a SAM152-155.  Also the multilayer formation is based on covalent bonds, and 
the polymerization process needs to be controlled. This control can be achieved by managing 
reaction time, concentration of organosilane or solvent composition, humidity and 
temperature156.   
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Figure 14. Models of silanization possibilities of APTES to a silicon surface (a-d), and an APTES 
molecule binding non-covalently to the hydroxyl-group of the native silicon oxide surface via its NH2 
group which is not desirable (e). Ethanol is a good leaving group in the silanization reaction of APTES. 

6.2.1 Amine coupling  

The organosilane layer is a starting point for further coupling chemistry to immobilize the 
biological detector element on the surface. Independent of its thickness, the organosilane layer 
will have a handle for further chemical reactions, such as an amino-terminated end group. The 
amino-group can be reacted with succinic anhydride to form a carboxylic acid end group. If this 
approach is taken, amine coupling can be used by forming an active NHS-ester group on the 
organosilane that can react with a primary-amino group on the biological detector element, 
such as the N-terminal amine or the lysine side chain amino group present  in polypeptides. 
The active ester can be created by a mixture of N-hydroxysuccinimide, NHS, and the coupling 
reagent 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, EDC. Since the 
coupling chemistry is versatile, the biological detector element that will be immobilized on the 
surface can be a protein, a peptide, an oligonucleotide with an amino-group introduced, or 
small molecules157. 

 

Figure 15. Amine coupling steps leading to the surface functionalization of the silicon nanowire with a 
biological detection element, the receptor. 
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6.3 Multiplexing 

Information quality is improved through multiplexing. Diseases are not always (as in the case of 
infections or toxins) caused or indicated by the simple presence or absence of biomolecules 
but rather the up-or down-regulation of one or several biomolecules.  These biomolecules in 
combination are thus the biomarker for the disease and relevant targets for a biosensor 
application.  The amount of information is thus an important parameter of an efficient 
biosensor and by focusing on single molecule detection of one biomarker, which may be 
technically interesting; the field has neglected in large the practical advancements in other 
biosensor fields.  Using localized immobilization by for example spotting on a surface, each 
spot can be regarded as a separate experiment and by deposition of many spots on a specific 
location a larger quantity of information is achieved. This is the rationale of high-throughput 
experiments such as microarrays158-162. The silicon nanowire-FET biosensor technology, which 
in itself is a cross-disciplinary field, has much to gain from learning from biotechnological 
techniques such as microarrays and SPR-based biosensors.  

Surface biomolecular functionalization by spotting. The functionalization of the surface can be 
achieved by spotting of the biological detector element. Silicon nanowire-FET devices can thus 
be locally functionalized with a set of biological detector elements. The benefit of this is that a 
multiplex biosensor is achieved, making it possible to test for several biomarkers 
simultaneously. While the technique is precise and can handle many tasks through the robotics 
used, the droplet formation and spot characteristics, once deposited on the surface, are 
dependent on many parameters. Some are depending on the solvent constitution including the 
biomolecule component, and some on the surface material properties, while some are external 
parameters such as temperature and air humidity. Improving one set of parameters is hard if 
others are not kept constant. Since the surface properties are mainly depending on how 
hydrophilic or hydrophobic the material is, this can be altered, but will also have an impact on 
surface characteristics and performance. The external parameters can be either semi-
controlled for or adjusted for, as is the case with dew point problems. Thus the approach for 
getting well behaved droplets and avoiding coffee stain problems on the surface is typically to 
add surfactants, change the ionic concentration or pH of the solvent163.  

 

6.4 Surface characterization 

Well characterized functionalization of SiO2 is essential for specific and selective binding. The 
ability to selectively bind to the silicon nanowire-FET and thus give a signal corresponding to 
the presence of biomarker is dependent on an immobilized biological detection element on the 
surface. This element should preferably be bound covalently to the surface so that number of 
receptors on the surface will not vary during or in-between experiments, thus the 
functionalization chemistry needs to be robust.  The receptors on the surface should also cover 
the surface in a homogeneous and regioselectively optimal fashion, and the surface should be 
densely packed to maximize the number of biomarkers that can selectively bind to the 
sensor164.  The density of surface immobilization is dependent on the surface material, the 
chemistry of the steps involved in functionalization as well as the composition, size and 
directionality of the receptor molecules165-166.  The functionalization of the SiO2 surface is thus a 
critical part for ensuring a signal that correlates to the interaction between receptor and target 
molecule and not unspecific adsorption, and the functionalized surface needs to be properly 
controlled and characterized.  
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6.4.1 CAM  

Contact Angle Measurement (CAM) is a fast and informative method if used right to determine 
the density and hydrophobicity of a molecular layer. The contact angle measurement is based 
on deposition of a droplet on a surface, thus creating a three-phase situation with a solid 
surface, the liquid and the gas (air) phase. There will thus be a solid-liquid interface, solid-gas 
interface and a liquid-gas interface. The shape of the liquid droplet will be determined by the 
boundary conditions in the Young´s equation, where the free energy between phases (γ) is 
coupled to the contact angle (θ) by (γsolid-gas = γsolid-liquid+ γliquid-gas cos θ). It means that the 
molecular interactions between these interfaces will determine the contact angle of the liquid 
droplet.  A hydrophobic surface will have repulsive forces to the water droplet and the contact 
angle will be higher to reduce the liquid-solid area compared to the liquid-gas area. A 
hydrophilic surface will instead have attractive forces to the molecules on the surface and thus 
the contact angle will be lower to increase the surface area between the liquid-solid compared 
to the liquid-gas area.    Taking a photograph of the droplet from the side will give the 
information needed to calculate the contact angle when all the other parameters are kept 
constant except the surface material. The contact angle will depend on the molecules 
immobilized on the surface, thickness (which can correlate to length of alkyl-chains in organic 
molecule) and the density of such a layer167-168. The technique is non-destructive and simple; in 
fact a simple USB-microscope or a good digital camera can be used to make rough estimations 
of the contact angle, but for more reproducible results both advancing and retreating contact 
angles should be used in combination with good control of the deposited water droplet 
volume. The problem with CAM is that it does not give information about what is present on 
the surface making it more or less hydrophobic, and because of this limitation CAM is a 
technique that needs to be combined with other techniques. 
 
 
 
 
 
 

  
 

 
Figure 16. CAM is non-destructive and gives rapid information of how hydrophobic a surface is. CAM 
is thus a good method for following a surface functionalization reaction. 
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6.4.2 Ellipsometry  

Ellipsometry is a non-destructive and contact-free way to determine density and thickness of a 
molecular layer. By directing polarized light and comparing the change of angle due to 
variation in the refractive index between a clean surface and a functionalized surface the 
thickness of the surface is obtained when knowing the identity of the molecule and its 
refractive index. While doing one test will reveal only thickness, knowing the molecule size and 
orientation will show if this thickness correlates to a complete coverage since the ellipsometry 
data is a mean value over a surface area. A thickness corresponding to the molecule’s size is a 
completely covered surface, a lower value means that the surface is not fully covered and a 
higher values that polymerization is occurring.  Making series of different functionalization 
times will show whether the thickness increases or not and thus is informative of how long 
time is needed to achieve a monolayer. The limitation of ellipsometry is that it does not reveal 
the identity of the molecule and that the refractive index is needed to be known a priori. This 
means that it is a good tool to control the organosilane process, and together with other 
surface characterization techniques it is helpful169. 

6.4.3 FTIR  

Fourier Transform Infrared Spectroscopy (FTIR) is a method to obtain a spectrum of which 
wavelengths are absorbed by a material, thus giving indication of which molecules are present. 
In the infrared region this is done primarily by rotational and vibrational energy of the 
molecular bonds involved. To obtain a spectrum Fourier Transform is used, and the spectrum 
gives characteristic peaks and drops for particular chemical bonds. FTIR can thus be used to 
monitor a chemical reaction where new bonds are introduced and others eliminated. If for 
example peaks corresponding to primary amines are found in the spectrum for a silicon dioxide 
surface functionalized with APTES, it is an indication that the reaction has occurred. If then the 
primary amine peak is being reduced while a new carboxylic acid peak appears, this is an 
indication of a successful reaction with succinic anhydride.  Thus FTIR is a powerful tool if a 
known reaction is monitored; it does not however identify the molecular source of the peak170. 

6.4.4 XPS 

X-ray Photoelectron Spectroscopy (XPS) is a method to identify and quantify the chemical 
elements on a surface. When focusing an X-ray beam on a surface material, photo-emitted 
electrons will take off from the top-layer and can be collected in a detector. The characteristics 
of these electrons can be correlated to which chemical elements are present and to which 
extent. This information can be used to verify a clean surface or detect if contaminations are 
present, but also to monitor a chemical reaction in the functionalization of a surface171. Thus 
similarly to FTIR, this method gives information of the state of the chemical elements on the 
surface. It does not however identify the molecular source of the chemical elements. 
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6.4.5 AFM 

Atomic Force Microscopy (AFM) is a tool with limited application, if no structural 
characteristics are present.  While AFM is able to give high-resolution images of a surface and 
measuring materials on the nano- and micro-scale, the information obtained is the roughness 
of the surface. The reason for this is that the AFM technique has a cantilever that passes over 
the surface, either in contact with or without contacting the surface. The cantilever tip can be 
functionalized to detect a particular molecule.  Thus it needs structured motifs to be able to 
identify materials or biomolecules. To do so, a particular label-molecule with a characteristic 
structure can be applied172-173. It cannot differentiate between a monolayer or a multilayer, 
unless there is an unfunctionalized surface adjacent as reference. Also it cannot determine 
whether a speck is a biomolecule if no labelling is performed. While informative if correctly 
interpreted and used, AFM is a restricted technique for characterization of surface 
immobilization174-175. 

 

 

 
 
Figure 17. Atomic Force Microscopy (AFM) determines surface roughness and depth. a) Surface 
roughness profile b) Height/depth at a particular line in the roughness profile c) cantilever passing 
over a silanized surface. 
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6.4.6 Optical – LIF  

Laser Induced Fluorescence (LIF) is a good way to identify the presence of a labelled molecule.  
Optical spectroscopic methods such as microscopy have the problem of small size of 
biomolecules, differentiating the molecule of interest from other molecules. Also, even if a 
shorter wavelength is applied to reach higher resolution, many biomolecules are colourless and 
need phase contrast usage to be seen.  Thus coupling/conjugating a fluorescent molecule, a 
fluorophore, can be used to identify and detect the biomolecule.  The fluorophore will be 
excited by a specific wavelength which often is in the UV/Vis-spectrum, and it will emit a 
longer, less energetic wavelength that will be detected. Several fluorophores can thus be used 
with emission spectra that do not overlap, thus a particular biomolecule can be labelled with a 
fluorophore emitting in the green spectrum (such as Cy3) and another with a fluorophore 
emitting in the red spectrum ( such as Cy5) etc. This enables the scientist to check for multiple 
biomolecules simultaneously.  

 

 

 

Figure 18. Excitation and emission spectra of the Cy3 fluorophore shown. Laser Induced Fluorescence 
(LIF) using one wavelength for excitation and measuring the emission wavelength can be used to 
detect fluorophore-tagged biomarkers. 
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Chapter 7 – Affinity Interactions 

“The use of affinity-based tools has become invaluable as a platform for basic research and in the 
development of drugs and diagnostics” Prof. Mathias Uhlén, KTH – Royal Institute of Technology, 
Sweden 

A well characterized surface with an adequately dense layer of biological detector elements is a 
fundamental part of a biosensor. Understanding the interaction between the biomarker and the 
detector element however is important for understanding the readout. So, ensuring that a selective 
detection of biomarker can be achieved through a biological detector element at the sensor is 
important for the biosensor to be valuable for clinical usage. As mentioned in Chapter 2, sensors 
have three elements 1) a detector element, 2) a transducer and 3) a reader, of which the final 
element is important for the end-user. The readout should show a relationship to the interaction 
between the biomarker and the biological detector element. There are many parameters at play in 
the interaction, how they will enforce or interfere, and which will dominate, are subjects that can 
either be approached through mathematical models or practical scientific experiments. One of these 
is the nature of the interaction itself. The affinity between a ligand and receptor, or biomarker and 
biological detector element, with the nomenclature used in this thesis, is typical for a binding event, 
and understanding the affinity interaction, its strength, and association and dissociation rates, are 
valuable for a scientist in order to determine the performance of the biosensor.   The readout from a 
nanowire-FET, which is a real-time and label-free method, should thus give the information required 
for calculating these measures of performance.  Finally, since nonspecific binding is such a problem 
with biological samples, that good referencing is not just good scientific practice but vital to getting 
readouts that correlate to specific binding events.  The problem of unspecific binding due to the 
“stickiness” of biomolecules is a commonality in most biosensor systems and has often been solved 
through well characterized and controlled immobilization and/or blocking strategies.  

 

7.1 Types of affinity-binders 

Affinity-binders are biomolecules that have the ability to recognize and bind to a particular 
target biomolecule through non-covalent binding. The biomolecule can be of natural origin or a 
synthesized biomimetic, or an engineered version of a natural biomolecule. In the case of 
proteins the binding is often related to the structure of the protein. This is often referred to as 
the structure-function relationship; the structure itself is of course dependent on the amino 
acid sequence as postulated in Anfinsen´s dogma. In protein engineering it is often thus 
wanted to alter the function of a protein in the active binding site by substitution of amino 
acids or introduction of new groups, but retaining the protein core structure. There are many 
methods of protein engineering, which can be classified as rational design or directed 
evolution. The rational design can also be subdivided into de novo and site-directed 
mutagenesis methods.  The de novo design is a method that mostly is used by mathematicians 
and computational experts to make predictions of binding strength of a novel protein. The 
rational design method of site-directed mutagenesis is a method used for example in the 
pharmaceutical industry to understand binding interactions in well known binding sites, and 
are typically based on structures available from X-ray crystallography. Changing an amino acid 
to an alanine is for example a typical procedure to check the receptor-ligand binding strength 
and constituents. The directed evolution method comprises of molecular biology methods of 
introducing mutations randomly or into specific regions and combined with screening 
techniques this method of selecting binders towards a ligand mimics Nature’s own 
evolutionary processes. In biosensor techniques the immunoglobulins (Ig) or antibodies (Ab), 
as they are also known, are the most commonly used biological detection element and they 
are used both as polyclonals, monoclonals and antibody fragments176-177.  
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7.1.1 Antibodies 

Antibody molecules are a natural part of the immune system with the role of detecting foreign 
molecules, which are called antigens. In order to protect the organism the repertoire of 
antibody molecule are thus good at binding to non-self biomolecular targets. Not all antibody 
molecules are monomers such as IgG, there are for example dimers (IgA) and pentamers (IgM) 
in humans. Antibody molecules, also called immunoglobulins (Ig), are in humans composed of 
four polypeptide chains, two heavy and two light chains. The light and heavy chains of an 
immunoglobulin form a Y-shaped structure that is connected through disulfide bonds. The 
structure has three domains, the Fc-domain constituting the stem and the two Fab-domains 
being the branches.  The immunoglobulins are produced in B-cells and the immunoglobulin 
fold and tertiary structure are rather conserved. It is the outmost part of the Fab-domains that 
are called the VL and VH where the protruding loops that are involved in the binding are 
located. These loops are called the complementarity determining regions (CDR) and are also 
called antibody idiotypes.  Thus changes in the CDRs will result in altered selectivity for a 
biomolecular target, the biomarker that is sought after.  

7.1.2 Antibody mimetics 

Antibody mimetics or non-immunoglobulin-based binders are not necessarily composed of 
proteins with an immunoglobulin fold, but of other organic molecule that have the capacity of 
binding to an antigen. These mimetics are often but not always artificial proteins generated 
through protein engineering, but can also have nucleic acid or small molecule composition. 
When a certain known protein fold is used to build up the core of the antibody mimetic, but 
the binding site is altered to change the target of the antibody mimetic, it can be referred to as 
an Alternative Scaffold Protein (ASP).  Typical ASPs are derived from a living organism and have 
a natural affinity binding role, but limited to a particular task. Examples of ASPs are the 
DARPins from naturally occurring proteins with ankyrin repeats178-179, Monobody molecules 
from human fibronectins180 and the Affibody molecules originating from the Z-domain of 
Protein A in Staphylococcus aureus181. The benefit of antibody mimetics is that both the 
binding interaction and their other properties can be engineered to fit the wanted purpose. 

 
Figure 19. Affibody based silicon nanowire-FET would enable biomarkers to bind closer to the surface 
than if antibodies were used as capture reagents. 
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7.2 Production of affinity-binders 

The production of affinity-binders depends on the type of biomolecule and its size. Since most 
alternative scaffold proteins are polypeptide-based, the typical processes are either based on 
the use of recombinant DNA technology to produce the protein or using chemical peptide 
synthesis. The former has benefits when producing large proteins and the latter has the benefit 
of customization and adding non-natural conjugates but is limited to short <80 residue 
polypeptides that fold easily. A good example of such proteins is the around 60 amino acid long 
Affibody molecule that folds to form the three-helix structure without assistance of 
chaperones. It can unfold when denatured and refold, thus making it a robust antibody 
mimetic to work with and it can be produced by Solid-Phase Peptide Synthesis (SPPS)182. The 
peptide synthesis is done on a solid resin onto which a starting linker is immobilized. Synthesis 
is performed by adding an activated Fmoc-protected amino acid to couple to the unprotected 
linker, a covalent bond is created, and the Fmoc group can be removed with piperidine to 
enable coupling of the next Fmoc-protected amino acid. Thus by using cycles of coupling-
washing-deprotection-washing a polypeptide is produced in a sequential manner. Also 
functional groups can be introduced to enable chemoselective coupling to surfaces or 
radionuclide chelators183. In an Affibody molecule there are typically 13 amino acid positions 
that are modified to define the binding to the target, and the other amino acids are kept 
unchanged. Making modification on the core, or adding or reducing components can have 
other intentions such as improving clearance in organs, or increased synthetic yield. In the case 
of in vivo imaging techniques the Affibody molecule needs to be small in size to have high 
extravasation, high tumour penetration and fast clearance. In the case when Affibody 
molecules are used as biological detection elements, for example in protein microarrays or 
biosensors184-185, they need to be able to refold and retain function even after denaturation 
and/or regeneration. Further the small size of 2-3 nm of an Affibody molecule is thought to be 
beneficial as a biological detector element in silicon nanowire-FET since the smaller size makes 
the interaction happen near the silicon nanowire surface and thus reduce the effect of Debye 
Screening. 

 

7.3 Kinetic studies   

Binding kinetic studies are important for event monitoring and interpretation of interaction 
signal. Biomolecular binding events are equilibrium reactions that consist of association and 
dissociation events.  The association constant, KA, is the on-rate divided by the off-rate and the 
dissociation constant, KD, is the inverse of that. These constants are determined by both 
internal factors, such as properties of the two binding elements and external, such as the 
environment where the binding occurs.  The external elements are not only physical 
properties, such as temperature, but also the additional components present in the solution186.  
The effect on the surrounding on the constituents and vice versa makes the sensing setting 
more complex than is often expressed, it is therefore helpful to compare the signal from 
binding events detected by new biosensor technologies to well established methods such as 
Surface Plasmon Resonance (SPR)-based biosensors and published kinetic parameters for the 
reaction as a means of benchmarking187-188. 
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Figure 20.  SPR Sensorgrams show the association and dissociation phases of the biomarker binding 
to the biological detector element on the surface.  

 
 
 

7.4 Adsorption/ Non-specific binding  

Since biomolecules are “sticky”, meaning that they adhere to surfaces such as silicon dioxide, a 
good protocol for immunoassays needs washing steps and other practical procedures, such as 
blocking189.  The fact that biomolecules such as proteins are sticky is easily demonstrated by 
pouring milk (containing the milk protein casein as well as lipids) to a clean glass and drinking 
up. There will remain a thin layer of mostly casein covering the glass surface, even after a quick 
rinse with water there will be some casein left. Using detergent and mechanical cleaning will 
add enough force to break the non-covalent bonds to the silicon dioxide surface. This 
adsorption should however not be confused with a binding event since this process is not 
selective, and requires no biomolecule detection element. In order to make a good 
immunoassay, the nonspecific binding of biomolecules should be reduced through multiple 
washing steps where only the selective binding will endure. 

Another approach to hinder the adsorption of the biomarker is to block the surface with 
another biomolecule. Blocking with casein in 1x PBS, followed by rinsing with buffer prior to 
the biosensing experiment can be used to hinder parasitic adsorption to the surface.  Bovine 
Serum Albumin (BSA) of varying concentrations is also commonly used for blocking190. 
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7.5 Regeneration 

Since the affinity binding interactions are non-covalent they are in their nature reversible, and 
altering the fluid constitution has an effect on the non-covalent bonds. Thus sodium hydroxide, 
hydrogen chloride or glycine buffers can be used to change the pH of the fluid and thus 
interrupting the binding interaction by destabilizing the bonds itself or deforming the protein 
structure by protonation/deprotonation of the amino acids. While a one-time use biosensor is 
not requiring any regeneration, a biosensor that will be used multiple times or in a continuous 
flow does so. Also for scientific purposes, testing the binding strength and robustness of the 
biosensor technique are important, thus regeneration offers information about the character 
of the interaction. However, when using a silicon nanowire-FET biosensor with a silicon dioxide 
gate dielectric it is important to use a regeneration solution that does not damage the gate 
dielectric or have ion leakage through the gate dielectric. For this reason, using sodium 
hydroxide (NaOH) is not suitable due to sodium ion leakage and hydrochloric acid (HCl) based 
regeneration buffers are instead preferred.  

 

Factbox 6 – What is an Affibody molecule? 

 

 

 

 Image is designed by Per-Åke Nygren 

Affibody molecules are derived from the Z domain in Protein A from Staphylococcus aureus. The 
biological function is to bind to the Fc region of Immunoglobulin G. It is composed of a three-
helix bundle where 13 positions on the two frontal helices shown in the figure are responsible 
for the binding selectivity for the native binding Fc binding function. Through altering these 13 
positions selectivity towards new targets affinities can be achieved.  

Since an Affibody molecule is built from roughly 58-60 amino acids it can be synthesized with 
sufficiently high yields by Solid Phase Peptide Synthesis. It can refold and retain its activity after 
denaturation without the aid of chaperones. The small size also allows for excellent properties 
when it comes to tumour penetration and clearance in in vivo imaging applications. The  
selectivity, robustness and small size can also be utilized by using an Affibody molecule as 
biological receptor element in a biosensor. 
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Present Investigations (Publications I-IV) 

 

Aim of study 

 

The initial aim of the study and my doctoral thesis was based on a hypothesis that an Affibody-based 
silicon nanowire-FET can detect lower concentrations of biomarkers than silicon nanowire-FET 
biosensors with larger biological detector elements such as antibodies or at least perform detection 
at higher ionic concentrations. The reason for this should have theoretically been that the Affibody-
molecule is smaller in size and thus the biomarker binding is closer to the biosensor surface and the 
Debye Screening is thus lower. The hypothesis was to be straightforward to test. However, as 
research is not a straightforward process but a matter of trial and error, the task tended to become 
like a hydra. Finding a solution to one problem, opened doors to new problems and soon I found 
myself further from the goal than when I started. Thus, instead of regarding the Affibody-based 
silicon nanowire-FET as a personal Pandora’s box it is in hindsight that the aim of my study was not 
necessarily proving the hypothesis but the evaluation of the elements that comprise silicon 
nanowire-FET biosensor from a biotechnology perspective.  

The chapters of this doctoral thesis are systematically representing these elements and show the 
hydra´s heads in a logical order. To assume that the work on these problems was tackled 
systematically and logically would be an overstatement, since priorities in a project tend to change 
constantly. Nonetheless, the effort did pay off in the format of the articles in peer-reviewed journals 
and manuscripts that form the publications of this doctoral thesis and in acquisition of knowledge for 
my part.  As any scientist knows, commonly positive results are publishable and not all results are 
trendy enough for publication, the publications do of course not cover all the labour of the study. The 
common nominator for the publications is that they tackle the elements of a silicon nanowire-FET 
biosensor.  Publication I is focusing on the effect of redox reactions at the surface of the reference 
electrode. Thus the selection of reference electrode material has an impact on the silicon nanowire-
FET operations and signal and it is shown that using silver/silver chloride as a reference electrode 
reduces problems of signal drift and current instability.  Publication II is also focusing on the 
elements of the silicon nanowire-FET, in how the fringing electric fields of the silicon nanowire can be 
used for ultra-localized electroporation of cells. Irreversible electroporation was successfully 
demonstrated on HT-29, MCF-7 and MCF-10a cells with their interiors leaking out through necrosis, 
which would enable an adjacent silicon nanowire-FET biosensor to detect an intracellular biomarker 
in solution. Cell positioning on top of the devices was achieved by manipulating magnetic beads.  
Publication III is spotlighting the functionalization of the silicon nanowire surface with the 
organosilane APTES. The microwave-assisted silanization reaction was monitored and the surface 
characterized to evaluate the parameters needed to get a monolayer by means of ellipsometry, AFM, 
ATR-FTIR and fluorescence scanning. Publication IV is centred on the possibility to use spotting to 
make multiplex silicon nanowire-FET biosensors, use microfluidics for referencing purposes and in 
evaluating the surface functionalization method through the use of fluorescence scanning and SPR.  
The biomarker binding was investigated as well as blocking and regeneration strategies. Thus 
Publications III-IV are concentrating on surface functionalization and characterization of surface 
chemistry.  Publication V being on synthesis of Affibody molecules for in vivo molecular imaging may 
seem out of scope since it is not based on a silicon nanowire-FET. However, as the project goal was 
to develop a novel Affibody-based silicon nanowire-FET biosensor, based on the fact that an 
Affibody-molecule can be used as the biological detector element in such an application, this 
publication shows on a fractal of the work done on developing a set of Affibody-based affinity 
ligands.  
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Publication by publication summary  

 
 
 
 

I. Chen, S., Nyholm, L., Jokilaakso, N., Eriksson Karlström, A., Linnros, J., Smith, U., and 
Zhang, S-L. (2011). Current instability for silicon nanowire field-effect sensors operating 
in electrolyte with platinum gate electrodes. Electrochemical and Solid State Letters, 
14(7), J34-J37.  

 
 
 
 
Redox reactions at the reference electrode lead to current instability for silicon nanowire-FET 
sensors (Publication I). Silicon nanowire-FET operations typically have problems with stability of 
signal and a source of current instability originates from the reference electrode – electrolyte 
interface rather than the gate dielectric. The importance of good reference electrode is known in the 
ISFET technology, where the application of a silver/silver chloride reference electrode in the fluid is 
used. It is crucial that the potential of the reference electrode is kept constant so that a change of 
threshold voltage (Vth) is attributed to field-effect at the detector surface and not a potential drop at 
the reference gate interface. However, for microfabrication reasons it is hard to make an integrated 
silver/silver chloride on the chip. Thus materials such as platinum are commonly used for reference 
electrode purpose. The problem is that materials such as platinum will react with the electrolytes in 
the liquid through redox reactions and thus lead to potential drop. The effect will be current 
instability and drift but also lead to problems in defining if a signal is coming from the reference gate 
electrode surface or the detector element surface (the nanowire). In the study a comparison was 
made between a silver/silver chloride and a platinum reference electrode. In order to show the 
readout difference at constant pH, a redox pair of Fe(CN)6

3-/ Fe(CN)6
4- was used. The ratio of the 

redox pair was changed with retained pH to avoid protonation/deprotonation reactions at the silicon 
nanowire-FET surface.  The result of this study shows that a platinum reference electrode will lead to 
a Vth shift and Idrain-source drift due to redox reactions at the surface and should be avoided in biosensor 
applications and that a silver/silver chloride reference gate electrode is preferred. 
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Figure 21. The schematic of potential distribution in a classical ISFET, these principles are also valid for 
a silicon nanowire-FET. Since potential changes at the surface of the nanowire (ψs2) are used to 
interpret the readout electronic signal it is absolutely crucial that this signal is ONLY derived from 
potential changes at the nanowire surface and not at the other interphases (ψs1). 

 
 

 

 
 
 

Figure 22. When comparing platinum (a) and silver/silver chloride (b) performance as reference 
gate electrode the redox potential of the electrolyte was changed by altering the [Fe(CN)6

4-]/[ 
Fe(CN)6

3-] ratio (black solid and dashed lines corresponding to the two different redox states). 
The result in current shift (corresponding red solid and dashed lines) due to redox reactions at 
the platinum gate electrode originate from a potential change at the gate electrode surface 
and NOT at the nanowire. The silver/silver chloride on the other hand was unaffected. In 
conclusion, problems of drift and current instability in silicon nanowires-FET originating from 
the setup can make signal interpretation difficult.  

Platinum electrode  Silver/silver chloride electrode 

ΔIDrain-Source   ΔIDrain-Source 

         changes           unchanged
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II. Jokilaakso, N.†, Salm, E.†, Chen, A., Millet, L., Guevara, C. D., Dorvel, B., Eriksson 
Karlström, A., Chen, Y., Ji, H., Yu, C., Sooryakumar, R., and Bashir, R. (2013). Ultra-
localized single cell electroporation using silicon nanowires. Lab Chip, 13(3), 336-339.  

 
 
 
 

Ultra-localized cell lysis is performed on silicon nanowires, through the use of irreversible 
electroporation by fringing electric fields (Publication II). Electropermeabilization or electroporation 
is a method of increasing the permeability of a cell membrane. This is accomplished by introduction 
of an external electric field. The electric field can be generated by adding electrodes to a solution 
containing the cells or for example utilizing fringing electric fields on electrical devices, for example a 
silicon nanowire transistor. If the local transmembrane voltage difference in the cell reaches 0.5-1 V 
pores will form in the lipid bilayer. The electric field required for electroporation is referred to Eth and 
allows for a reversible opening and closing of pores, allowing cells to release and take up material 
from the solution that normally would not pass the membrane. This type of procedure is used for 
introducing plasmids to cells. However, if another threshold, Eir is reached the electroporation will be 
irreversible and lead to cell death trough necrosis. This is regarded as a problem when doing 
transfection but can be used as a way of releasing cell content without damaging the biomarker, as 
insensitive methods such as chemical or heat induced lysis can. In this study HT-29 cells were 
positioned on the silicon nanowire-devices by the use of an in-house magnetic manipulator and 
magnetic beads. Through the use of an Xbox®-joystick and a digital microscope camera the cells were 
one by one deposited on devices and incubated for some time to adhere to the device surface. When 
applying 600-1200 mVpeak-to-peak at 10 MHz for 2 ms only the cell on top of the device would rupture 
through the irreversible electroporation. The cell death was monitored by the addition of a 
fluorescent live/dead dye kit based on 3,3´-dihexyloxacarbocyanine iodide, DiOC6(3) and Propidium 
Iodide (PI). Also SEM images were taken of live and dead cells on silicon nanowire-devices, to further 
demonstrate the selective and localized cell lysis.  
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Figure 23. Cell lysis on nanowires (a) An MCF-7 cell on the far left nanoribbon (red arrow) is 
lysed via an applied signal of 600 mVpeak-to-peak, 10 MHz for 2 ms.  Images (i,ii,iii) show 
DiOC6(3)(green) and PI(red) fluorescence. The images show (i) the cell before applied voltage, 
and (ii) the cell immediately after the signal was applied, and by (iii), PI fluorescence in the cell 
has increased implying cell death.  A control cell on the nanowire to the right (black arrow) 
shows no PI increase over the duration of the experiment.  (b) The time course after the applied 
voltage, PI fluorescence shows an increase for a lysed cell and stays constant for an intact cell.  
(c) An SEM image showing an intact cell.  (d) An SEM image showing a lysed cell. 
 
 

 
 
 
 
 
 
 

 

After applied voltage 

Dead cell 
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III. Afrasiabi, R., Jokilaakso, N.,  Schmidt, T., Eriksson Karlström, A., and Linnros, J. 
Microwave-assisted silanization of SiNW-FET: characterization and effect on sensing 
properties. Manuscript  

 
 
Microwave-assisted heating during APTES silanization gives rapid monolayer formation on silicon 
oxide (Publication III).  A nanowire-FET based biosensor is made functional by immobilization of a 
biological detector element to the gate oxide surface. The functionalization enables selective binding 
of biomarkers to the nanowire surface. Due to the Debye-screening effect by counter ions in the 
solvent, the distance from the device surface to the biomarker binding is crucial in order for the 
nanowire-FET to detect the event. Thus the functionalization of the biological detector element 
should strive towards a) smaller biological detector elements, b) shorter linkers between the surface 
and the detector element and c) monolayer formation of the linker molecules. A common first step in 
functionalization of the nanowire-surface is the use of the organosilane APTES to form a linker. 
However, APTES can form multiple layers and thus the formation has to be carefully monitored and 
the surface characterized by methods such as ellipsometry, AFM, ATR-FTIR and fluorescence 
scanning. In order to get monolayers of APTES (0.7 nm thickness), microwave-assisted and 
conventional functionalization methods were evaluated. Following a plasma etch, the 8 nm silicon 
oxide-coated wafer pieces were deposited in 1 % (v/v) APTES in toluene and heated to 75 ⁰ C by 
microwave-heating. The samples were after washing baked at 110 ⁰C in air to ensure siloxane bond 
formation. The ellipsometry results show that a monolayer of 0.7 nm is formed within minutes using 
the microwave-assisted heating, and that after this time multiple layers are being formed. The AFM 
results indicate that the surface roughness is also increased ( from rms of 0.5 nm at 10 minutes ) over 
time. The molecular identity of the surface functionalization was confirmed by ATR-FTIR where the 
primary amino groups (-NH2) in APTES are seen as a peak at 1555 cm-1 in the functionalized sample. 
Single stranded DNA capture probes were coupled to the APTES-modified surface, incubated with 
Cy3-labeled complementary DNA strands, and fluorescent scanned. The latter experiment showed 
that already after minutes of microwave-assisted APTES functionalization there will be a functional 
layer. Further electrical measurements of IDS and sweaping the backgate voltage show that the 
APTES-functionalized surface is less sensitive to increased ion strength in the solution, a possible sign 
of a dense and homogeneous functionalization, blocking adsorption of ions to the nanowire-FET 
surface. 

 

Figure 24. Ellipsometry thickness measurement of APTES films formed on silicon oxide surface 
versus silanization time. Samples were prepared in 1% APTES in anhydrous toluene solution at 
70°C for various times. Film thickness increases with increasing reaction time. Thickness reaches   
monolayer thickness range ~7 Å within minutes of silanization time. After that a multilayer 
starts to grow. 
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IV. Jokilaakso,N., Afrasiabi, R., Larsson, A., Björk, P., Schönberg, T., Linnros, J., and Eriksson 
Karlström, A. Spot-on functionalization of SiO2 for multiplexed Silicon Nanowire-FET 
biosensors. Submitted 

 
 
 
Microdispensing is used for localized functionalization of individual devices for a multiplexed 
Silicon Nanowire-FET biosensor application (Publication IV). Spotting of biomolecule capture probes 
on a surface has for many years been utilized in microarray technologies to enable high-throughput 
analysis of biomolecules. Using the same setup for microdispensing on the surface of a silicon 
nanowire-device, separate nanowires can be locally functionalized with biological detector elements, 
such as oligonucleotides or affinity-reagents, to make a multiplexed silicon nanowire-FET biosensor. 
In this study, a silicon nanowire-FET biosensor chip was integrated with microfluidics based on 100 
µm wide SU-8 channels and a PDMS lid, to direct the sample to the biosensor nanowire and a 
reference nanowire. The surface functionalization chemistry was done by APTES silanization of an 
activated silicon oxide surface, and succinic anhydride was used to convert the terminal amino-group 
to a carboxylic acid. Standard amine coupling was then used to immobilize amino-terminated 
oligonucleotides or a protein. As model system, the Z domain from Staphylococcus aureus Protein A 
(SpA) and its binding to human immunoglobulin G was used to study different aspects of the surface 
functionalization.  The surface immobilization of the biomolecules was done by a piezoelectric 
dispensing instrument and fluorescence-based (Cy3) detection was used to analyze target binding 
(DNA-Cy3 and IgG-Cy3).  Three single-stranded DNA probes were immobilized on the activated silicon 
oxide surface and a set of complementary and non-complementary oligonucleotides were used to 
study selectivity and non-specific binding.  Blocking strategies to reduce the non-specific binding 
were evaluated with Bovine Serum Albumin (BSA), casein and the commercial reagent SuperBlock. 
Regeneration strategies were also tested and 1 mM HCl was observed to give good regeneration of 
the DNA-functionalized surface up to 10 cycles.  
 
The surface functionalization chemistry and the retained biological detector element functionality 
was proven by SPR experiments of the Z domain and its binding to human immunoglobulin G. 
However, the oligonucleotide model system could not be validated by SPR analysis, probably due to 
the low binding capacity of the 2-dimensional surface coating of the sensor chip (compared to the 
typical 3-dimensional coating of  a commercial SPR chip) combined with the low molecular mass of 
the analyte.  Finally, localized spotting of fluorescent-labeled DNA on silicon nanowire-devices was 
demonstrated by fluorescent scanning. The combination of microfluidic sample delivery and localized 
functionalization of individual nanowires thus gives a system that can be used for multiplexed 
detection of different biomarkers, but it also brings improved possibilities for referencing and 
performing control experiments to further explore the nanowire-based biosensor technology.  
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Figure 25. Microdispensing (spotting) of single-stranded DNA on an activated silicon oxide 
surface and incubated with complementary Cy3-labeled DNA oligonucleotides (A) Rows of spots 
with ~100 µm diameter and good morphology (B) Blocking of nonspecific binding using Casein, 
Superblock and BSA was evaluated, a cross-section of 10 spots was used to measure the 
fluorescence intensities (C) Regeneration by 1 mM HCl was successfully shown (D) Regeneration 
of the surface up to 10 times with preserved function was shown. 
 
 

 

 
 
Figure 26. Spotting of  single-stranded DNA labelled with Cy3 on silicon nanowire-FET devices. 
This experiment demonstrates the possibility to functionalize individual devices and thus 
making it possible to make a multiplexed silicon nanowire-FET biosensor application. 
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V. Honarvar, H., Jokilaakso, N., Andersson, K., Malmberg, J., Rosik, D., Orlova, A., Eriksson 
Karlström, A., Tomachev, V., and Järver, P. (2013). Evaluation of backbone-cyclized HER2-
binding 2-helix affibody molecule for in vivo molecular imaging. Nucl Med Biol, 40(3), 
378-386.  

 

Truncated 2-helix Affibody molecule is made for targeting HER2 for molecular imaging 
applications (Publication V).  The Affibody molecule is composed of three alpha-helices. The 
thirteen amino acids that form the binding site are located on two of the alpha-helices and the 
role of the third is to join in adding structural stability by forming a hydrophobic core with the 
other two helices in the protein. Affibody molecules have earlier been shown to be good 
candidates for molecular imaging due to their small size which enables tumour penetration and 
good clearance. In order to make an even smaller molecule there have been attempts to 
truncate the Affibody molecule further. In this study, a two-helix Affibody variant was 
synthesized through solid phase peptide synthesis and backbone-cyclized through a new 
design and Native Chemical Ligation (NCL) chemistry. The synthetic product was characterized 
with analytical chemistry methods to verify correct identity and purity. The binding activity of 
the two-helix Affibody (ZHER2:342min) was tested with SPR and the equilibrium dissociation 
constant (KD) for binding to HER2 was determined to be 18 nM for the DOTA coupled version 
which is 103 times lower than for the 3-helix variant. DOTA-ZHER2:342min was labelled with indium-
111 and gallium-68 and in vivo studies were performed in mice carrying SKOV-3 xenografts.  
Both radionuclei-labelled affinity binders showed specific uptake in the tumour, but also high 
values in lung, liver and spleen.  It was thus demonstrated that the Affibody molecule could be 
minimized to a 2-helix version, opening up possibilities for engineering even smaller affinity 
reagents than the regular 3-helix protein, which could be useful in different applications, 
including silicon nanowire-FETs. Reduced size of the biological detector element in silicon 
nanowire-FET has the benefit of allowing for biomarker binding closer to the nanowire surface 
which is desired, due to Debye-screening effects further from the nanowire surface. 
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Conclusions 

 

The hypothesis that an Affibody-based silicon nanowire-FET can detect lower concentrations of 
biomarkers and/or at higher ionic strength of the solution than silicon nanowire-FET biosensors with 
larger biological detector elements immobilized has neither been proved or disproved by the work 
done on the publications included. The hypothesis still remains unanswered. The reason for this can 
be seen in that there is still much basic research to be done on the elements of the biosensor. Issues 
related to microfabrication and the experimental setup are still the major sources of instability. 
Publication I points to one of these issues, that is the material used for reference electrode. 
However, this is not the only source of instability since doping level and the gate insulator thickness 
and constitution are other issues that need to be addressed. There is a lot to be learned from the 
ISFET field when it comes to problems regarding the fabrication and operations of silicon nanowire-
FETs for biosensor applications. Sample preparation and delivery is another problem in this budding 
discipline since integrated microfluidics tend to have problems with diffusion-limited transport 
between the layers of the laminar flow and low integration to established systems. Delivering 
samples can be done by various means; an example of this is Publication II where magnetic beads 
are used to deliver single cells for lysis by electroporation. The delivery method is, in its present state 
not suitable for scale-up. The method of irreversible electroporation for getting access to 
intracellular biomarkers is however, a nice approach where a problem in the plasmid-transfection is 
turned into a solution for degradation-free lysis. Another element of silicon nanowire-FET biosensors 
that has received a fair share of attention is the organosilane functionalization of the surface. In 
particular getting monolayers on silicon dioxide seems to be the taste of the discipline, since getting 
a denser but thinner layer should be beneficial due to the Debye screening problem. Surface 
functionalization protocols and surface characterization methods tend to focus on this first step in 
introducing a chemical handle on the surface. Publication III is an example of this drive for an 
organosilane monolayer to get the binding interaction closer to the nanowire.  Publication IV builds 
on approaches and methods that can be used in evaluating selectivity, specific and non-specific 
binding, binding kinetics, and robustness of the biological detector element. Using techniques 
borrowed from microarrays and SPR-based biosensors, the publication takes a new approach 
towards using knowledge from other biotechnology methods into the discipline of silicon nanowire-
FET biosensors. If Publications III-IV target the biological detector element formation, the latter also 
points into a future prospect for these biosensors and that is the usage of antibody mimetics such as 
Affibody molecules.  The potential benefit of using these mimetics is not only a small size, but also or 
maybe even more so the robustness and ease of synthesis of them. The Affibody molecules can be 
exploited for many types of usage and through engineering by the researcher they offer versatility. 
Publication V is an example of a truncated Affibody molecule that is synthesised and can bind HER2. 
The two-helix Affibody with backbone-cyclised stabilization through NCL was used for molecular 
imaging. The step from molecular imaging to biosensors does not have to be a big leap.  

The creativity in how antibody mimetics such as the Affibody molecule have been developed and 
used is the key for understanding the potential in new technologies such as silicon nanowire-FET. 
Built around a simple core, the biomolecule has tremendous variation and harnessing the full 
potential by having a creative mindset has made it a well-used biomolecule. The silicon nanowire-FET 
is also built around a simple core of the MOSFET and can be applied for joule heating, 
electroporation and biosensing. Being too focused on making it the next-generation super-sensitive 
biosensor we may be missing other applications and tweaking the system to fit for a task rather than 
finding a task to fit the system. 
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Image by graphic designer Judie Östling and prototype by Rikard Öhlin. Activenano is a registered trademark (TM).  
 

Figure 22. A schematic prototype of the PoC silicon nanowire-FET biosensor, forming the conceptual 
frame of how a future instrument would look like and be used. 

 

It is the author´s concluding remarks that the silicon nanowire-FET biosensor technology does not 
have to be a cause of suspicion if transparency of the current state of affairs and a more dynamic 
interaction with other scientific disciplines and industry were abundant. Being a devoted supporter 
of open source innovation and cross-disciplinary interaction the author believes that not all 
challenges of the immature technology are technical. Some barriers are from the process of 
generating and sharing of knowledge. Thus optimistic speculation on the future application of the 
technology will be left out.  
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Epilogue 

 

The tone in this doctoral thesis was at all times self-critical and often provocative. To be critical, is 
the litmus test of a good scientist and thus something to aim at when writing a doctoral thesis. To be 
provocative, on the other hand is no self-goal, and is imprudent if done without a desired action in 
mind. In this thesis provocation was used to pinpoint the framing of a problem, assumptions, and 
conclusions drawn on light basis. That is to challenge the status quo and offer the reader the 
opportunity to question the rationale of our common sense.  I had no personal desire or motif to 
target particular individuals or their publications. I was merely accepting the limited perception that 
we are all bound by (including me) and the challenges that are inherent to cross-disciplinary science. 

The criticism in this doctoral thesis was delivered with one central belief, that biotechnology has 
the potential of improving the quality of our lives. A critical mindset being the character of a good 
scientist, is not what distinguishes a scientist from a practitioner of another trade. The valour of a 
scientist is in his or her ability to think the impossible, and not merely play with the idea like an artist 
but to test the idea. Test the validity of that wild thought, through means of rational experiments.  
Therefore, while this doctoral thesis was written with a critical tone, I don´t deny the potential of this 
emerging field. On the contrary, I´m a firm devout to principles of enlightenment and believe, nay 
hope for a biotechnology revolution! 

In this doctoral thesis, I have endeavoured in bringing up challenges that are known to the experts 
of Silicon Nanowire-FET biosensors, but not the scientific community as a whole. These are the 
challenges that do not make it to peer-review papers in scientific journals, and thus preserve the 
expert status of a small group but makes progress slower. The one sentence lesson of this doctoral 
thesis is the following; the most informative part of scientific publications is not what is written, 
BUT what is left out. 

I think we have passed the Peak of Inflated Expectations and many experts are in the Through of 
Disillusionment, we should be embrace this as a good thing, since that means the technology is 
moving forward according to the Gartner-Hype Curve, and maybe, just maybe we will reach 
Enlightenment and Productivity! There is still hope! 
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Deyja frændr, 

Deyr sjálfr et sama, 

Ek vein einn, 

At aldri deyr: 

 

 

Dómr um dauðan hvern. 
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