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Micro RNAs (miRNAs) are promising biomarkers of various physiological and pathological 

processes. Since miRNAs are found in very low concentrations (e.g., attomolar), their detection 
requires highly sensitive devices. Recently, silicon nanowire field-effect transistors (SiNW-FETs) 
have drawn attention due to their high sensitivity and low detection limits. SiNW-FETs can be 
tailored to detect miRNA by employing surface functionalization strategies. The miRNA recogni-
tion event that occurs at the sensor surface is transduced by the SiNW-FET in a detectable elec-
tronic signal.  

The main goals of the thesis are to propose and discuss different possibilities to functionalize 
a SiNW-FET for miRNA detection, and to experimentally evaluate the potential to detect miRNA 
with provided SiNW-FET devices. Additionally, different methods for regeneration of a SiNW-FET 
for miRNA detection are proposed and discussed since, in the future, the SiNW-FETs are meant 
to be integrated in in vitro cell culture platforms. Ideally, sensors for in vitro cell platforms would 
allow multiple sampling that can be enabled through surface regeneration.  

The thesis is divided into two major parts: a theoretical and an experimental approach. In the 
theoretical part, four functionalization methods are proposed. Two methods involve treating 
SiNW-FETs with (3-aminopropyl)triethoxysilane (APTES) and attaching DNA probes via glutaral-
dehyde (GA) or L- ascorbic acid (AA) crosslinkers. AA-based functionalization is a novel method 
that has not been yet reported for design of miRNA biosensor. The other two methods allow DNA 
probes to be directly attached to (3-glycidoxypropyl)trimethoxysilane- (GPTMS) or 1,1´-carbon-
yldiimidazole- (CDI) modified silicon nanowires (SiNWs). 

To enable miRNA SiNW-FET reusability, the thesis proposes thermal-, chemical-, and en-
zymes-based methods to detach the miRNA molecules from the DNA probes. The enzyme-based 
regeneration proposed in the thesis is a novel approach that has not been yet reported in miRNA 
SiNW-FET regeneration. 

Next, the provided SiNW-FET devices were electrically characterized in order to evaluate their 
performance. In addition, the main environmental disturbances were tested to understand how 
the external factors affect the sensors. 

For miRNA detection experiments, the functionalization method based on APTES and GA was 
employed to attach DNA probes on the surface of SiNW-FETs. Even though the final miRNA tests 
revealed possible positive results, a clear statement about whether miRNA was detected cannot 
be made due to the challenges related to the SiNW-FETs (e.g., gate current leakages) and un-
certainties of the functionalization scheme (e.g., hydrophobicity of the resulted surface). Never-
theless, the thesis’s proposed functionalization and regeneration approaches, the miRNA han-
dling and experiments protocols, and the test observations offer valuable information for future 
research. 
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1. INTRODUCTION 

Recently, research on microRNAs (miRNAs) has expanded rapidly due to the discovery 

that miRNAs engage in various regulatory functions and are involved in different physi-

ological and pathological processes. For example, specific miRNAs have been identified 

as modulators of cell proliferation and apoptosis and of stem cell maintenance and dif-

ferentiation (Huang, 2017). Additionally, in disease research, miRNAs have been discov-

ered to be involved in cancers and in cardiovascular, autoimmune, and neurodegenera-

tive diseases (Almeida, 2011). MicroRNA molecules are found intracellularly, but also 

circulate in various body fluids, including blood plasma, serum, urine, and saliva (Chen, 

2008; Mitchell, 2008; Lautner & Gyurcsányi, 2014). They are, therefore, considered val-

uable biomarkers in molecular diagnostics and prognostics (Bartel, 2004; Chen, 2018; 

Lautner & Gyurcsányi, 2014). 

Biosensor systems allow the identification of miRNAs from cell cultures or body fluids. 

Generally, biosensors integrate a specific bioreceptor probe with a physicochemical 

transducer. The integration of the bioreceptor probes into transducers is done by em-

ploying different chemical functionalization schemes. Through functionalization, the 

properties of the transducer surface are altered by the introduction of various chemical 

reactive groups that allow immobilization of the bioreceptor molecules on the transducer 

surface. The bioreceptor molecules suitable for miRNA detection are complementary ol-

igonucleotide probes, such as deoxyribonucleic acid (DNA), ribonucleic acid (RNA), pep-

tide nucleic acid (PNA), or locked-nucleic acid (LNA) molecules. The interaction between 

the miRNA target analyte and its complementary DNA probe can be transduced into a 

readable electronic signal. 

Since circulating miRNAs are found in very low concentrations, attomolar (aM) to 

picomolar (pM) levels (Tsujiura, 2010), the detection method employed must be very 

sensitive. Silicon nanowire field-effect transistors (SiNW-FETs) have drawn a great deal 

of attention in the field of biosensors for their high sensitivity and low limits of detection 

(LOD), real-time detection ability, possibility of being integrated into arrays, and multiplex 

detection capabilities. Additionally, SiNW-FET-based measurement is non-invasive, thus 
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it may be suitable for cell studies, for example, monitoring cell differentiation. The differ-

entiation of cells can be monitored by detecting miRNA biomarkers involved in this pro-

cess (e.g., miR-218 was found to be upregulated during osteogenic differentiation).  

The high surface-to-volume ratios of the NW structures make the SiNW-FETs extremely 

sensitive sensors. Thus, SiNW-FETs offer the possibility of miRNA detection down to the 

aM (10-18) or even zeptomolar (zM = 10-21) range, as previously reported by several re-

search groups (Gao, 2013a; Gao, 2013b; Lu, 2014a, Lu, 2014b; Shen, 2013; Zhang, 

2009; Zhang, 2011). Therefore, for this thesis, a SiNW-FET was chosen as transducer. 

The SiNW-FET sensors used in the experimental part of the thesis were obtained from 

Shanghai Institute of Microsystem and Information Technology, China. 

The aims of this thesis are divided into two major components: a theoretical background 

and an experimental approach. The theoretical component includes the review of miR-

NAs, the proposal of various methods suitable for chemical functionalization of the SiNW-

FETs for detection of miRNA, and the proposal of possible regeneration methods of the 

miRNA SiNW-FET sensors. Since the SiNW-FETs for miRNA detection represent a rel-

atively new field of research, the information about the methods used for functionalization 

and regeneration is scarce. Therefore, the functionalization and regeneration methods 

proposed in this thesis are either reported from miRNA biosensor research, or represent 

novel approaches previously used in different types of applications. 

The rest of the thesis is organized as follows. Chapter 2 presents miRNA’s structure, its 

biogenesis, its involvement in physiological and pathological processes, and the types 

of the bioreceptors used in detecting it. The most relevant methods for miRNA detection 

are reviewed as well. Chapter 3 introduces the SiNW-FET sensor operation principle, 

the fabrication methods, and the specific performance parameters, while Chapter 4 dis-

cusses four functionalization methods proposed for miRNA SiNW-FET biosensors. 

Chapter 5 presents the primary regeneration aspects of an oligonucleotide-based bio-

sensor and discusses four regeneration methods for a miRNA SiNW-FET biosensor. 

The experimental part focuses on the electrical characterization of SiNW-FET devices, 

testing of the effects of different disturbances on the operation of the sensors, testing of 

a chosen functionalization method, and measurements of miRNA. The materials and the 

methods used in the experiments are presented in Chapter 6, and in Chapter 7 the re-

sults obtained are presented and discussed. Lastly, the conclusions of the thesis are 

presented in Chapter 8. 
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2. MIRNA AS BIOMARKER 

This chapter presents microRNAs (miRNAs), their structure, and their biogenesis. Sec-

tion 2.1 introduces various ways in which miRNAs are involved in cell physiology pro-

cesses, and Section 2.2 briefly discusses miR-218, a specific miRNA molecule, or bi-

omarker, that is involved in osteogenesis. A biomarker can be defined as a measurable 

indicator of a particular disease state or some other physiological state of an organism 

(Chen, 2018). Since biosensing applications typically require the use of bioreceptor mol-

ecules, Section 2.3 presents bioreceptors for miRNA. There are various ways to measure 

miRNAs, thus Section 2.4 introduces the primary methods used in research.  

2.1 miRNAs and their role in cell physiology 

MicroRNAs, in their mature shape, are a class of small, non-coding (i.e., not translated 

into a protein), single-stranded ribonucleic acid (RNA) molecules of about 18–25 nucle-

otides that can be found in plants, animals, and even viruses (Lautner & Gyurcsányi, 

2014; Peng, 2016). miRNA was first described in the early 1990s by Lee et al., who 

identified the short lin-4 RNA that is today recognized as a member of a large class of 

miRNAs that have important regulatory roles (Lee, 1993; Wahid, 2010). The main func-

tion of miRNAs is to inhibit protein synthesis of protein-coding genes, either by degrading 

messengerRNA (mRNA) or by inhibiting the translation process (Almeida, 2011).  

In recent years, the importance of gene regulation directed by miRNAs has drawn atten-

tion as more types of miRNAs and their regulatory targets have been discovered. Recent 

discoveries about miRNA show that they exhibit various regulatory functions, including 

control of cell proliferation, apoptosis, and differentiation and are associated with multiple 

pathologies, such as cancers, cardiovascular diseases, and inflammatory diseases. 

(Bartel, 2004; Lautner & Gyurcsányi, 2014.) Therefore, their value as specific biomarkers 

in molecular diagnostics and prognostics raised considerable interest (Lautner & 

Gyurcsányi, 2014).  

Although most miRNAs are found intracellularly, there is evidence that some can be 

found in body fluids (blood plasma, serum, urine, saliva) as circulating miRNAs (i.e., ex-

tracellular miRNAs) (Chen, 2008; Mitchell, 2008; Lautner & Gyurcsányi, 2014). In the 

presence of nucleases, RNA molecules are rapidly degraded, but the fact that circulating 

miRNAs are stable in blood indicates that these are somehow protected (Mitchell, 2008). 
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Evidence has indicated that circulating miRNAs are encapsulated in exosomes (diameter 

of 40–100 nm), microvesicles (diameter of 0.1–1 µm), or apoptotic bodies (diameter of 

0.5–2 µm) formed during the process of apoptosis, or cell death (Bhome, 2018; Rayner 

& Hennessy, 2013). Estimates are that concentration of circulating miRNAs are at at-

tomolar (aM) – to picomolar (pM) levels (Tsujiura, 2010). Thus, the miRNA detection or 

quantification method must have high sensitivity.  

2.1.1 Biogenesis of miRNA 

The biogenesis of miRNAs is a unique process in the cell physiology. As a starting point, 

miRNAs are produced inside the cell nucleus by a transcription process mediated by a 

multiprotein complex called RNA polymerase II (RNA pol II) into a long primary miRNA 

transcript (pri-miRNAs) (see Figure 1). After transcription, pri-miRNAs are further pro-

cessed inside the nucleus and cleaved by the Drosha enzyme. (Huang, 2017). The pre-

miRNAs are then transported outside the nucleus into the cytoplasm by the protein ex-

portin-5 (EXP-5) shuttle system. Once in the cytoplasm, they are processed further into 

mature single-stranded miRNAs by Dicer proteins and loaded onto Argonaute (ago) pro-

teins to produce RNA-induced silencing complex (RISC). (Wahid, 2010.) These mature 

miRNAs bind to the 3´ untranslated region (3´UTR) of specific mRNAs through partial or 

complete complementary pairing between the mRNA and miRNA sequences. Thus, the 

silencing system formed by imperfect or perfect base pairing between mRNA and miRNA 

enables miRNAs to induce inhibition of the translational process and degrade the target 

mRNA (Huang, 2017). 

The miRNA-RISC complex binds to the complementary mRNA sequence, followed by 

the enzymatic cleavage of the target mRNA. The term “silenced” refers to the process of 

rendering the mRNA as nonfunctional or downregulation of gene expression. (Wahid, 

2010.)   

 

 



5 

 

 

Figure 1.  Biogenesis of miRNA (Sigma-Aldrich, 2019b) 

Currently, thousands of miRNAs have been identified in humans and other species, and 

data related to them are stored in online databases such as miRBase (miRbase, 2019). 

As mentioned before, miRNAs are involved in different physiological and pathological 

processes. Specific miRNAs have been implicated as the modulators of cell proliferation 

and apoptosis and of stem cell maintenance and differentiation (Huang, 2017). In dis-

ease research, miRNAs have been identified as related to different pathologies such as 

different cancers, cardiovascular diseases (i.e., heart failure, cardiac hypertrophy, and 

atherosclerosis), autoimmune diseases (i.e., psoriasis, rheumatoid arthritis, and lupus), 

and neurodegenerative diseases (i.e., Alzheimer’s, Parkinson’s, and Huntington’s dis-

ease). (Almeida, 2011.) 

2.2 miRNA involvement in osteogenesis 

Osteogenesis is a very complex and multi-step process that involves the differentiation 

of mesenchymal stem cells into osteoblasts and osteocytes and the crosstalk between 

different cell types for formation and remodeling of bone. Generally, the regulatory sig-

naling pathway during osteogenesis includes a wide variety of components, such as 

growth factors, transcription factors, and miRNAs, which can control osteogenic differ-

entiation through positive or negative regulation. (Peng, 2016.) While the importance of 

growth factors in osteogenic differentiation has long been known, recently miRNAs have 

been found to be important regulators as well, being involved in multiple signaling path-

ways.   

In previous studies, Hassan et al. found that miR-218 is an enhancer of osteogenic dif-

ferentiation in bone marrow-derived mesenchymal stem cells, while Zhang et al. found it 
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to be upregulated during osteogenic differentiation of human adipose-derived stem cells 

(hASCs) (Hassan, 2012; Zhang, 2014). More details about the mechanism through which 

miR-218 enhances the osteogenesis of hASCs can be found in the study of Zhang et al. 

(Zhang, 2014). For this thesis, miR-218 was chosen as the biomarker of osteogenic dif-

ferentiation.  

2.3 miRNA bioreceptors 

Generally, hybridization is a process used in biology for detecting specific nucleotide 

sequences, but the process can also be useful in the field of nucleic acid-based biosen-

sors (Alberts, 2002). As miRNA is a single-stranded nucleotide, it can be detected with 

different sensor systems based on its ability to hybridize with a complementary biorecep-

tor. The probe molecules used as these bioreceptors can be designed complementary 

deoxyribonucleic acid (DNA) or RNA or even synthetic molecules analogous to the nat-

ural nucleic acids, such as peptide nucleic acid (PNA) or locked-nucleic acid (LNA) mol-

ecules. In this section, the structures and differences among DNA, RNA, PNA, and LNA 

molecules are presented.  

2.3.1 Natural bioreceptor molecules: DNA and RNA 

A DNA molecule has a three-dimensional structure composed of two long strands that 

coil around each other forming a double helix (see Figure 2) (Lodish, 2008). Each strand 

of the DNA molecule is composed of individual units linked together called nucleotides. 

A nucleotide unit is composed of a five-carbon sugar (pentose) to which one or more 

phosphate groups (PO4) and a nitrogen-containing base are attached. The sugar in 

DNA’s structure is a deoxyribose attached to a single phosphate group, hence the name 

deoxyribonucleic acid. (Alberts, 2002.)  

There are two types of bases in the DNA structure: purines (adenine, A, and guanine, G) 

and pyrimidines (cytosine, C, and thymine, T). These bases can bind to each other, or 

hybridize, in a very specific manner, as described by the Watson-Crick base pairing 

model, such that adenine always binds thymine, and guanine always binds cytosine, 

hence the term complementary base pairing (see Figure 2). (Glick, 2010.) The nucleo-

tides with these bases are covalently linked together in chains through their sugars and 

phosphates, forming the backbone of the DNA strand. The complementary base-pairing 

enables an arrangement in which each base-pair has a similar width, thus holding the 

phosphate backbones at constant distance from each other along the DNA molecule. 

(Alberts, 2002.) While the backbone of each DNA strand is formed through covalent 
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bonding of nucleotides, the two strands are held together through hydrogen bonds, 

namely the three hydrogen bonds between G and C, and the two hydrogen bonds formed 

between A and T.  

Additionally, for DNA strands to form the double helix, the two strands need to be anti-

parallel, meaning that the polarity of one strand is oriented opposite to that of the other 

strand. The polarity in the DNA chain is indicated by referring to one end as the 3’-end 

(the hydroxyl end) and the other as the 5’-end (the phosphate end). Hence, the sequence 

of nucleotides is exactly complementary to the nucleotide sequence of its opposite strand 

(Alberts, 2002). DNA can be used as bioreceptor in biosensor development either in 

double-standed form, or as a single strand, called single-stranded DNA (ssDNA).  

 

 

Figure 2.  Chemical structure of DNA double strand, and the complementary (Wat-
son-Crick) base pairing (A-T and C-G) that held the strands together. (Glick, 

2010) 

In contrast with the DNA molecule, RNA contains the sugar ribose (hence the name 

ribonucleic acid), which differs from deoxyribose by the presence of an additional hy-

droxyl (-OH) group. Additionally, RNA contains a different base than DNA, uracil (U). 

Uracil is the equivalent of thymine from DNA but differs only by the lack of a -CH3 group. 

(Alberts, 2002.) As their primary roles, DNA holds the genetic material of an organism, 

and RNA is involved in RNA synthesis (transcription) and protein synthesis (translation). 

Step-wise, a structural gene synthesizes a messenger RNA molecule (mRNA), then the 

mRNA molecule interacts with ribosomes, transfer RNAs, and enzymes to produce a 

protein molecule. In contrast with standard RNA, miRNA is not involved in protein trans-

lation. (Glick, 2010.) Due to the presence of the phosphate components in their back-

bones, DNA, RNA, and miRNA are negatively charged molecules.  
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2.3.2 Synthetic bioreceptor molecules: PNA and LNA 

Peptide nucleic acid molecules (PNA) (see Figure 3A) are nucleic acid analogs of DNA 

molecules in which the phosphate backbone is replaced by a synthetic backbone com-

posed of (2-aminoethyl)glycine repeating units linked by peptide bonds (Egholm, 1992). 

The nucleotide bases known from the natural DNA molecule (A, C, G, and T) are joined 

to the backbone of PNA by methylene carbonyl linkages. However, unlike DNA, PNA 

does not contain any phosphate groups or pentose sugar moieties, which renders PNA 

as electrically neutral molecules (Egholm, 1992; Shakeel, 2006). The 5´ and 3´ ends of 

the DNA molecule correspond to the PNA molecule’s as N-terminus (or amine terminus) 

and C terminus (or carboxy terminus), respectively (Shakeel, 2006). Due to the structural 

similarity between DNA and PNA, PNA can bind to its complementary nucleic acid se-

quence, obeying the Watson-Crick base-pairing rules (Singh, 2010). 

 

A.  
B.  

 

 

Figure 3.  Structure of PNA (A), and LNA (B) molecules. (B)The ribose ring is con-
nected or locked by the methylene bridge (orange) between 2´-O and 4´-C at-

oms. (Gupta, 2017; Exiqon, 2009) 

As with the above-mentioned PNA molecule, the LNA molecules is also a synthetic oli-

gonucleotide (see Figure 3B) that was developed in the late 1990s and is characterized 

by the presence of a methylene bridge between the 2´-oxygen and 4´-carbon atoms in 

the furanose ring. This conformation has a locking effect and restricts the flexibility of the 

furanose ring, which is the reason for PNA’s enhanced hybridization properties. 

Because the sugar moiety is locked in an N-type sugar ring conformation through the 

bridge, the LNA molecule has a structure similar to that of RNA. This conformational 

restriction has an effect in the preorganization of the LNA backbone that results in an 

energetically favorable duplex formation. The melting temperature of an LNA molecule 

is raised by 2–8°C for each nucleotide incorporated into it in comparison to native-state 
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DNA oligonucleotides, making it highly suitable for applications where high affinity is de-

sirable. (Lundin, 2013.) 

Compared to natural DNA and RNA molecules, the synthetic PNA molecule is electrically 

neutral (due to its lack of the anionic phosphate backbone), thus the repulsion between 

PNA and miRNA molecules is less than that between DNA and miRNA, resulting in an 

enhanced hybridization efficiency. Additionally, PNA–DNA and PNA–RNA duplexes 

have higher thermal stability than DNA–DNA and DNA – RNA duplexes (Shakeel, 2006). 

Similarly, LNA molecules show increased hybridization stability, specifically due to their 

locked structure, and high selectivity, being capable of single nucleotide discrimination. 

Therefore, PNA and LNA are both attractive as candidate complementary probes for a 

miRNA biosensor. Additionally, since they are synthetic molecules, they have increased 

resistance to the activity of different exo- and endonucleases (Exiqon, 2009; Zhang & 

Apella, 2010), which is in contrast to natural DNA and RNA molecules, which are sus-

ceptible to enzymatic degradation. However, the higher costs and the long time needed 

to synthesize PNA and LNA are some of the main disadvantages of these molecules. 

2.4 miRNA detection methods 

Owing to their important role in biological and pathological processes, miRNAs have 

generated great interest in the field of research and diagnostics, thus opening a vast field 

for biosensors or other methods for detecting miRNA. The methods for miRNA detection 

that have been developed in the recent years have been grouped and categorized by 

Kilic et al. as follows: conventional methods (e.g., Northern blotting, qualitative reverse 

transcription-polymerase chain reaction (qRT-PCR), and microarray technology), elec-

trochemical methods (e.g., amperometric, voltametric, impedimetric, and NW-based 

FETs), optical methods (e.g., SPR), and other emerging technologies (Kilic, 2018). 

These main methods are summarized in Table 1, and this section describes the most 

used techniques and categories.  

Generally, as the initial step in the detection of miRNA, oligonucleotides are first ex-

tracted from sources such as whole organisms, cell cultures, tumors, or body fluids (e.g., 

plasma or serum) (see Figure 4). These are then quantified and amplified if the amounts 

obtained from original sources are very low. MicroRNAs have properties that make the 

processes of extraction (or isolation), amplification, and detection quite challenging (Kilic, 

2018). These processes of isolation and amplification increase the assay time, thus di-

rect detection in serum or other biological samples is desired. It is important to keep in 

mind, however, that in real biological samples, the quantity of miRNA molecules can be 
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extremely low (e.g., at the aM level), therefore the method of detection has to be highly 

sensitive. Additionally, these types of samples contain a mixture of pre-miRNAs and ma-

ture miRNAs such that the complementary oligonucleotide probe can hybridize nonspe-

cifically with the pre-miRNAs, therefore leading to false-positive detection of mature 

miRNA. (Hamidi-Asl, 2013.) 

 
Figure 4.  miRNA detection methods and the steps prior detection: extraction from 

different sources (cells, organisms, tumors, plasma/serum), quantification, and 
detection. (Killic, 2018) 
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Table 1. miRNA detection methods. (reproduced from Kilic, 2018) 
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Conventional Northern blotting, qRT-PCR, and microarrays are the most established 

methods for miRNA detection, but they are generally used in the study of gene expres-

sion and are not considered biosensors. Despite their robustness and well-established 

operation, the conventional methods have a few drawbacks such as low throughput, low 

sensitivity, and the possibility of sample contamination with RNAses. They are also time 

consuming and require expensive equipment, large miRNA samples, and trained per-

sonnel. However, since these methods are not included in the biosensor categorization, 

they will not be discussed in this work, and the focus is instead on presentation of elec-

trochemical, optical, and other possible technologies. 

In contrast with the above-mentioned conventional miRNA detection methods, biosen-

sors have the advantage of being more sensitive and selective, having higher throughput 

and lower costs, and offering the possibility of miniaturization, which allows portability. 

Generally, a biosensor is composed of two elements: a target capture element, such as 

a biological complementary probe that can catch and hybridize with the target miRNA, 

and a transducer that converts the biological signal resulting from, for example, hybridi-

zation, into a measurable electrical or optical signal. Electrochemical and optical trans-

ducers are the main types of transducers used in miRNA biosensors and are introduced 

in the following sections.  

2.4.1 Electrochemical methods 

Compared to conventional methods for miRNA detection, electrochemical methods (see 

Table 1) have the advantages of their lower costs, higher sensitivity and selectivity, and 

faster response time, while also offering the possibility of miniaturization, which makes 

them suitable for point-of-care (POC) applications. The principle of detection in this ap-

proach is related to the measurement of changes in the electrode properties that occur 

upon hybridization of the target miRNA with its complementary probe. Based on which 

electrical properties are measured, the electrochemical methods can be further classified 

as amperometric, voltammetric, potentiometric, impedimetric, or FET-based. (Kilic, 

2018.)  

In amperometry, the detection of the analyte is accomplished by measuring the current 

resulting from hybridization while a constant potential is applied, while in voltammetry the 

current is measured as the potential is ramped up at different rates (Labib & Berezovski, 

2015; Kilic, 2018).  

Potentiometry is performed by measuring the potential of a solution between two elec-

trodes to determine the concentration of the analyte of interest. This method was first 
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implemented by Goda et al. in 2012 for miRNA detection from exosomes, as a part of a 

system that included an RT-PCR (Goda, 2012).   

As the name suggests, conductometric biosensors involve the measurement of electro-

lytic conductivity, from which the progress of a chemical reaction can be assessed (Labib 

& Berezovski, 2015). An example of this type of sensor is a nanogap interdigitated mi-

croelectrode with PNA probes and polyaniline nanowires. Upon hybridization, the poly-

aniline nanowires are deposited onto miRNA, a process mediated by the electrostatic 

interaction between the aniline and the phosphate groups of the miRNA molecules. The 

conductance of the nanowires is then linearly correlated with the quantity of miRNA. 

(Fan, 2007.) 

The most well-known impedimetric method for detection of miRNA is electrochemical 

impedance spectroscopy (EIS). Through EIS, the effective resistance or impedance of 

an electrical component is measured over a range of potential frequencies. From 

changes in the frequency-domain response, one can analyze the physico-chemical 

changes taking place between the probe and analyte (e.g., miRNA hybridization). An-

other interesting impedimetric miRNA biosensor was described by Shen et al. in 2013 

(Shen, 2013). The biosensor included a self-assembled monolayer of oligonucleotide 

capture probes on a gold electrode. The capture probes that remained intact after miRNA 

hybridization were removed with enzymes (nucleases), and a second hybridization was 

performed with a DNAzyme having an oligonucleotide tail. Upon incubation with a mix-

ture of dymethoxybenzidine and hydrogen peroxide (H2O2), the DNAzyme triggered the 

deposition of polydimethoxybenzidine (PDB) on the surface. The deposited PDB layer 

altered the impedance of the sensor, which was read using EIS methods. (Shen, 2013; 

Labib & Berezovski, 2015.) 

The final electrochemical method presented here is based on FETs. In brief, these de-

vices consist of three electrodes (source, drain, and gate). The electrical field induced 

by charges from the environment alter the conductivity of the source-drain channel, 

which provides information about the events happening at the sensor surface. Recently, 

interest has been directed to FETs constructed with nanomaterials such as silicon nan-

owires (SiNWs) or carbon nanotubes, as the building blocks of the source-drain channel. 

The small sizes and the one-dimensional structure, for example, the NWs, allow a 

greater sensitivity and selectivity. Their limits of detection (LOD) down to aM (Ramnani, 

2013) or even 1 zeptomolar (1 zM) (Lu, 2014b) make them good candidates for miRNA 

biosensors. A more detailed description of SiNW-FETs and their properties is presented 

in Chapter 3.  
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2.4.2 Optical methods 

Generally, the principle of an optical biosensor for detection of miRNA molecules relies 

on transduction of an optical signal, such as absorbance or fluorescence, resulting from 

the hybridization event between the target miRNA and the capture probes, which may 

be labeled with an optically active reporter. These labels can be either dyes or quantum 

dots. (Kilic, 2018.) The detection strategy, however, may vary depending on the optical 

method chosen. The most well-known methods are surface plasmon resonance (SPR), 

fluorescence-based biosensors, and surface-enhanced Raman spectroscopy (SERS). 

SPR is the most commonly used optical method, and it can be described as a charge-

density oscillation that takes place at the interface between two media (metal and die-

lectric) having different dielectric constants. The resulting oscillation generates a surface 

plasmon wave that has a constant propagation speed. (Zhang, 2015; Homola; 2008.) 

Compared to, for example, fluorescence-based biosensors, SPR is a label-free method. 

The chip surface is coated with bioreceptor molecules, and the introduced miRNA sam-

ple hybridizes. Upon hybridization, the refractive index of the surface changes, which 

leads to a change of the SPR angle, which in turn, is optically detected (Mahdiannasser 

& Karami, 2018). In recent years, multiple methods based on SPR technology have been 

developed. Three examples include 1) signal amplification strategies based on, for ex-

ample, gold nanoparticles (AuNPs), 2) hairpin assemblies in which the amplification re-

sults from streptavidin-aptamer coupling, or 3) DNA-RNA-antibody assays where thio-

lated DNA probes couple with miRNA following antibody recognition. (Kilic, 2018.) 

Even though SPR is a robust and fast method with wide applicability, its LODs are too 

high for use with the analyte levels in physiological samples (Homola, 2018). Other draw-

backs of this method include the high prices of the chips, the non-specific bindings, and 

difficulties in interpreting the resulting data (Mahdiannasser & Karami, 2018).  

In fluorescent-based biosensors, detection is generally achieved through signal genera-

tion or signal quenching after the hybridization of miRNA with the receptor probe. These 

sensors have the miRNA molecules and/or the capture probes modified with organic 

dyes, quantum dots or Au nanoparticles. Even though the method is widely used, it has 

as its main disadvantage a lack of robustness due to high background noise and low 

sensitivity. (Kilic, 2018.) 

SERS is a method based on Raman scattering, in which the molecular fingerprints of 

molecules are detected as spectral bands. SERS has potential in biosensing, as it is a 

label-free and highly sensitive method capable of distinguishing between spectra from 

molecules with very similar structures and functions. (Bantz, 2011.) Kim et al. proposed 
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a multiplexed and label-free SERS method to detect different types miRNAs at LODs 

down to the fM from serum-like solutions, therefore SERS could be a good option for 

POC applications (Kim, 2019).  

2.4.3 Other detection methods 

Although many miRNA biosensors based on electrochemical and optical transducers 

have been developed, some groups have directed their research toward more novel or 

hybrid approaches that could introduce new advantages or overcome the drawbacks of 

the above-mentioned methods. Some such methods are listed in Table 1 and include 

photoelectrochemical and electromechanical biosensors. 

The photoelectrochemical method was developed to exploit the advantages of both elec-

trochemical and fluorescence methods. A photoelectrochemical (PEC) biosensor was 

recently developed by Yin et al., and its operation relies on the quantification of miRNA 

according to the magnitude of current induced by light (Yin, 2014). Electromechanical 

miRNA biosensors have transduction mechanisms that can detect the changes induced 

by hybridization in a static or dynamic way. For measuring of static properties, an atomic 

force microscopy method is used to evaluate the stiffness maps resulting from hybridi-

zation of DNA capture probes and miRNA molecules (Husale, 2009). In contrast, for 

measurement of dynamic changes, piezoelectric cantilevers have been used by Johnson 

and Mutharasan for successful detection of miRNA down to 10 aM (Johnson & Mutha-

rasan, 2012). 

Despite the current state of miRNA research, there is still a need for standardized and 

reliable methods for detection of miRNAs that can overcome the drawbacks of existing 

technologies.  
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3. SILICON NANOWIRE FIELD-EFFECT TRAN-

SISTORS (SINW-FETS) 

This chapter introduces a short history of field-effect transistor (FET) sensors, their op-

eration principle, and some of the performance parameters related to the use of silicon 

nanowires (SiNWs) in FET devices. Section 3.1 introduces some general concepts re-

lated to the development history of FET devices, and Section 3.2 presents the general 

operation principle of a FET sensor. The SiNW-FETs, as their name depicts, include in 

their structure nanowires (NW) as building blocks, thus Section 3.3 presents the manu-

facturing methods for SiNW-FET devices. Integrating SiNWs in FET sensors introduces 

new parameters that must be considered in the manufacturing and operation of SiNW-

FET devices, so Section 3.4 introduces these specific parameters. 

3.1 General aspects of FETs 

Early in the 1970s, Bergveld was the first to introduce the novel concept of interfacing an 

electrical transistor with a liquid environment meant for electrochemical or biological 

sensing. He proposed a device called an ion-sensitive field effect transistor (ISFET), 

which was based on the conventional metal-oxide-semiconductor FET (MOSFET) but 

with the gate metallization removed, leaving the gate oxide in direct contact with the 

biological environment. The device was capable of selective ion detection as the basis 

for pH measurement, and later its use was extended to intracellular recordings of Na+ 

and K+ ions. (Bergveld, 1970; Bergveld, 1972.) 

The development of ISFETs led other research groups to direct their research to the 

detection of charged biomolecules. Already by 1980, Caras and Janata had proposed 

an ISFET called an EnzymeFET of EnFET with its surface modified with immobilized 

enzymes that catalyze a reaction causing a change in pH, which is then seen as a 

change in the sensor signal. (Caras & Janata, 1980.) In the same year, Schenck released 

a patent for an ISFET immunosensor (ImmunoFET) in which antibodies were immobi-

lized on the gate surface, and antibody-antigen reactions could be detected (Schenck, 

1980). However, problems related to low sensitivity (the magnitude of the output signal 

with respect to the change in concentration) and selectivity (the ability of the device to 

detect a specific analyte in a sample containing other admixtures (Bhalla, 2016)) drove 

new developments that would have the potential to overcome these drawbacks. In 1997, 
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Goldhaber-Gordon et al. wrote a review about research developments int the area of 

nanometer-scale electronic devices (Goldhaber-Gordon, 1997). Although their paper 

was related to computer applications, in 2001 Cui and Lieber developed FET sensors 

that integrated silicon nanowires in their structure (the first SiNW-FETs) (Cui & Lieber, 

2001). In the same year, Cui et al. proposed the use of SiNW-FETs as pH sensors, biotin 

modified SiNWs for detection of streptavidin down to the picomolar (pM) range, and im-

munosensor applications with an antigen-functionalized SiNW for reversible antigen-an-

tibody interaction (Cui, 2001). Patolsky and Lieber predicted that the small size of NWs 

could open possibilities for array-based screening, making possible detection down to 

the level of a single molecule (Patolsky, 2004; Patolsky & Lieber, 2005). 

In recent years, SiNW-FETs have drawn much attention as biosensors due to their high 

sensitivity and selectivity, low LODs (the lowest concentration that the sensor can de-

tect), ability for real-time detection, possibility of integration into arrays, low production 

costs, and not least possibility of a label-free and multiplex detection (simultaneous 

measurement of multiple analytes in an experiment). Additionally, the already developed 

processing and fabrication technologies for silicon offer possibilities for precise tailoring 

of SiNWs in different shapes and sizes and with different dopants. All of these ad-

vantages make SiNW-FETs highly relevant for point-of-care applications and lab-on-chip 

platforms. (Chen, 2011; Veigas, 2015.)  As concentration levels of miRNA in the cell 

medium are generally quite low (aM range), and SiNW-FETs offer the possibility of LODs 

down to this aM range due to their high surface-to-volume ratio, they are suitable as 

transducers for detecting miR-218, which was proposed as part of this thesis work.  

3.2 Operation principle 

As an introduction to the operation principle of SiNW-FETs, we first explain the general 

working principle of a classic MOSFET. An SiNW-FET sensor is derived from a standard 

planar MOSFET sensor and has a three-electrode system, having source, drain, and 

gate electrodes. While the source and drain have the role of bridging the semiconductor 

channel between them, the gate electrode is used to modulate the conductivity of that 

channel. (Chen, 2011.) Compared with the planar FET, in SiNW-FETs the doped semi-

conductor channel is replaced with a nanowire (NW) and employs bioreceptors as a gate 

(see Figure 5A). Although the structure of the SiNW-FET differs from that of a MOSFET, 

the functional concept remains the same: the external charged species approaching the 

NW affects its conductivity, leading to a change in the channel current. (Wang, 2016.) 

However, the original silicon surface is not responsive to the charged biomolecules, 
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meaning that their accumulation near the isolation layer does not affect the NW’s con-

ductivity; to make the NW responsive to these biomolecules, its surface needs to be 

functionalized and bound to capturing biological probes (Cui, 2001; Wang, 2016). The 

biological probes are immobilized on the surface of the semiconductor channel via sur-

face chemistry, and they have the role of recognizing the target analytes that are deliv-

ered to the sensor through a buffer solution. These biological probes, therefore, should 

possess high specificity and strong binding affinities. During the interaction between the 

probe and the target analyte, the surface potential of the semiconductor channel is al-

tered, leading to a change in the nanowire channel’s conductance, which is, in turn, col-

lected by a detection system as a change in the electrical current. (Chen, 2011.) 

A. 

 

B. 

 

Figure 5.  Schematic of a SiNW-FET (A), and the SiNW-FET response when the 
NW is approached by a negative or positive charge (B). (reproduced from 

Chen, 2011) 

Depending on the charge carriers in the semiconductor channel or nanowire (given by 

the doping elements), an SiNW-FET can be of two types: p-type or n-type. In a p-type 

FET, the charge carriers are holes, and when a positively charged molecule binds to the 
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immobilized probe at the NW surface, a charge carrier depletion occurs, which leads to 

a decrease in the device’s conductivity. In contrast, when a negative charge accumulates 

at the NW surface, the charge carriers accumulates in the channel, and the channel’s 

conductivity increases (see Figure 5B). In an n-type FET, on the other hand, the charge 

carriers are electrons. When positive charges accumulate at the NW surface, the con-

ductance of the channel increases, whereas a negative charge accumulation decreases 

the conductance. (Chen, 2011.) 

3.3 Manufacturing of SiNW-FETs 

As mentioned before, due to their high surface-to-volume ratios and high sensitivity, the 

SiNWs have raised interest in many fields as good candidates for biosensor applications. 

The production of SiNW-FET devices is not yet fully standardized as it is in the case of 

MOSFETS, but several research groups (Yang, 2018; Whang, 2003; Zhang, 2001) have 

proposed different manufacturing methods for this type of devices.  

In this work, the SiNW-FET devices used were designed by Yang et al. using a low-cost 

and highly efficient fabrication process with (111) SOI wafers that are compatible with 

complementary metal oxide semiconductor or CMOS technology. In the manufacturing 

steps, traditional microfabrication technologies are used, such as lithography, reactive 

ion etching, and wet etching. (Yang, 2018.) 

There are two main methods for manufacturing SiNWs-FETs, there are two main meth-

ods: top-down and bottom-up. While the top-down methods use corrosive liquids to etch 

silicon wafers to fabricate the aligned SiNWs, the bottom-up approaches involve a dep-

osition method, such as template-assisted chemical vapor deposition (CVD) or CVD 

combined with Langmuir-Blodgett technology (Whang, 2003; Zhang, 2001). The bottom-

up method is laborious, and its primary disadvantage is the difficulty of precisely control-

ling the dimensions and alignment of the SiNWs, leading to batch-to-batch variations. 

With a top-down method, however, Yang et al. have been able to precisely control the 

NWs position and to provide better device reproducibility. With their method, Yang et al., 

were able to produce 3.000 p-type SiNW-FET devices, with 120 SiNW arrays on a chip. 

(Yang, 2018.) 
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3.4 FET characterization 

The characteristics of a FET device are represented by a series of curves that define its 

operation. Generally, these characteristics are known as the current-voltage (I-V) char-

acteristic curves and show the relationship between the current flow through the device 

and the voltage applied through the terminals. To characterize a FET device, the I-V 

curves can be represented as the drain current versus drain-source voltage (ID-VDS) or 

as the drain current versus gate-source voltage (ID-VGS) (see Figure 6). 

A.  B.  

  

Figure 6.  General I-V output characteristics form of a FET: (A) the drain current (ID) 
versus drain source voltage (VDS), (B) and the drain current (ID) versus gate-

source voltage (VGS). (Storey, 2009) 

The ID-VDS characteristic curves are named the output characteristics or drain character-

istics and describe how the output voltage (the voltage that flows between the source 

and drain terminals) affects the output current (the current that flows between the source 

and drain terminals). In this case the gate-source voltage (VGS) is kept constant while the 

drain-source voltage (VDS) is increased, and the resulting change in drain current (ID) is 

measured. In Figure 6A, it can be observed that the characteristic curve has two regions: 

the ohmic region and the saturation region. In the ohmic region, the behavior of the FET 

resembles that of a voltage-controlled resistor, with the drain current proportional to the 

drain-source voltage. In the saturation region, the drain current remains effectively con-

stant even as the drain voltage is further increased. In this region, the gate voltage is the 

only parameter that can change the resistance of the channel. (Storey, 2009) 

As mentioned above, another way of characterizing the FET device is by representation 

of the drain current versus gate-source voltage (ID-VGS), also named the transfer charac-

teristic (Figure 6B). This describes the relationship between the input and the output 

parameters of the device; thus, by maintaining a constant drain-source voltage (VDS), the 

drain current (ID) can be measured as a function of the applied gate-source voltages 

(VGS). (Storey, 2009) 
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3.5 Performance parameters for SiNW FET 

The building of nanowires in SiNW-FET sensors introduces new factors or parameters 

that must be considered in the design and operation of this type of devices. These pa-

rameters are the Debye length and the size of the nanowires. Each has an important role 

in defining the overall sensitivity of the device, thus their impact is explained below.   

3.5.1 Charge screening and Debye length 

The specific binding between bioreceptors (DNA or PNA probes) and charged molecules 

(miRNA) modifies the conductivity of NWs, but in practical applications, other phenom-

ena also occur near the isolation layer that can further modify the conductivity of NWs. 

(Stern, 2007; Wang, 2016.) In FET sensors for measurements of biomolecules, the so-

lution environment or the buffer is a key element that determines the sensitivity of the 

device. As we know, in biosensing, the biological samples have to be delivered to the 

sensor in an aqueous solution. This solution needs to mimic the physiological environ-

ment in which the samples are normally found in order to keep them viable. These solu-

tions are variates of phosphate-buffered saline (PBS), which is a water-based solution 

containing a mix of salts (NaCl, KCl, Na2HPO4, and KH2PO4) at different concentrations 

maintained at a pH of 7.4. (Chen, 2011). 

In strong buffer solutions containing high salt concentrations, the reaction between the 

bioreceptor and the analyte that causes the change in NW conductance in the FET sen-

sor can be screened by the high ionic strength of the buffer, reducing the signals obtained 

from the sensor. In other words, the electrical charges resulting from the events that take 

place at the NW surface can be screened by the counter ions from the buffer solution, 

leading to an undetectable signal. This screening effect is exponentially enhanced by the 

distance between the bioreceptor-analyte complex and the sensor surface and is related 

directly to the Debye length. (Chen, 2011) Debye length is given by the following formula: 

𝜆𝐷 = √
𝜀0𝜀𝑟𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
 ,                                                                                                    (1) 

where ε0 represents the permittivity of a vacuum, εr is the relative permittivity of the me-

dium, kB is the Boltzmann constant, NA is Avogadro’s number, e stands for elementary 

charge, T is the absolute temperature, and I represents the ionic strength of the buffer 

solution in molar units (Chen, 2011; Stern, 2007).  
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Figure 7.  Representation of different biomolecules (from left to right: enzyme, anti-
body, double stranded DNA) in buffer solution and in contact with the gate ox-

ide, and their Debye length screening levels. (Afrasiabi, 2016) 

In Figure 7 is shown the Debye length (λD) for different strengths of the buffer solution. It 

is very important to choose the right buffer solution, because in practice the Debye length 

is closely related to the sensitivity and the LOD of the sensor. Based on formula (1), the 

values of λD are 0.7 nm for 1x PBS, 2.4 nm for 0.1x PBS, and 7.4 nm for 0.01x PBS 

(Chen, 2011). As can be observed from Figure 7, the charging events that take place 

outside the Debye length boundaries (red dashed line) are screened due to the high ionic 

strength of PBS (1x PBS) or to the biomolecule size (antibody). This leads to undetect-

able signals. Therefore, only the binding events that take place within the Debye length 

influence the signal of the FET sensor. A solution to this problem is to use diluted buffer 

solutions with a lower ionic strength that could reduce the charge screening. However, 

in real biological samples, such as blood or serum, such dilution is not possible, thus 

producing commercial devices for POC applications may be challenging. (Afrasiabi, 

2016.) 

3.5.2 Effect of nanowire diameter 

The SiNW size, specifically the diameter (< 50 nm), affects the sensitivity of the FET 

sensors (Elfström, 2007; Chen, 2011). Elfström et al. demonstrated in 2007 the depend-

ency between NW size and sensitivity and showed that the surface charge effect in-

creased as the diameter or width of the NW decreased. Additionally, the study indicated 
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that large NWs with widths > 150 nm lose their detection sensitivity, as do micrometer-

sized wires. (Elfström, 2007.) 

For a better understanding of this idea, Figure 8 represents two wires with different di-

ameters: one in the µm range and the other in the nm range.  

 

Figure 8.  Schematics of NW size effect on the conductance change in the wire. 
Left: a thick wire surrounded by electrical charges (red balls). The electrical 

field exerted by these charges affect only the exterior part of the wire, while the 
interior could still be unaffected. Right: a thin wire with dimensions in nm scale. 

When the wire diameter is reduced to nm scale (right) the external electrical 
field induced by charges reach the whole cross-section of the NW, being able to 

strongly influence its conductance. (Grieshaber, 2008.) 

Comparing to the thinner wires, the thick ones have a lower surface-to-volume ratio. 

Thus, when external charges approach the thick NW, their exerted electrical field affects 

only the surface of the wire, with the possibility of leaving the center unaffected, whereas 

in a thin wire the electrical field can reach through the wire’s entire cross-section. In 

conclusion, conductivity changes in nanowires are much greater than in microwire-based 

FETs. (Chen, 2011.) Since the overall sensitivity of an SiNW-FET device depends 

strongly on the NW diameter, the NWs should be carefully designed.  
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4. SURFACE FUNCTIONALIZATION OF SiNW-

FET BIOSENSORS FOR miRNA DETECTION 

Through functionalization, the surface properties of a material or a device are altered – 

for example, by introducing chemical functional groups to the surface – to achieve a 

specific goal (Wang, 2012). This chapter presents some of the possible functionalization 

schemes for a SiNW-FET biosensor for miRNA detection. The chapter considers two 

important aspects: 1) the underlying material that must be modified is silicon, and 2) the 

DNA probe has an amine (-NH2) at the 5´-end, thus the covalent attachment of the DNA 

probes is done through reaction with the amine group. Therefore, this chapter opens in 

Section 4.1 with some general concepts related to the chemical modification of a silicon 

surface (here SiNW), and continues with four functionalization methods proposed in this 

thesis for immobilization of DNA probes (DNAps) on the sensor NW surface: (3-ami-

nopropyl)triethoxysilane (APTES)–glutaraldehyde (GA)–DNAp (Section 4.2), APTES–L-

ascorbic acid (AA)–DNAp (Section 4.3), (3-glycidoxypropyl)trimethoxysilane (GPTMS)–

DNAp (Section 4.4), and 1,1´-carbonyldiimidazole (CDI)–DNAp (Section 4.5).   

4.1 General aspects 

A reliable biosensing application based on SiNW-FETs, or any other biomeasurement 

device, must have a well-defined bioreceptor attachment schemes to provide chemical 

stability, to ensure proper interfacial electrical properties, and to allow the biomolecular 

recognition of the analyte of interest. The attachment schemes, also called surface func-

tionalization, should allow a controlled immobilization of bioreceptors on the SiNWs, 

which is an important element in obtaining a device with high sensitivity and selectivity. 

(Coffinier & Boukherroub, 2014; Nimse, 2014.) The choice of a suitable immobilization 

procedure is determined by the physicochemical properties of both the bioreceptor probe 

(e.g., a DNA probe) and the underlying surface (Nimse, 2014). The success of DNA 

immobilization is related to the way the crosslinkers (molecules that connect adjacent 

molecules through chemical bonds) and other layers are deposited, specifically to how 

their structures allow the DNA probe to successfully react with the available surface re-

active groups. Generally, the immobilization of a DNA probe or any other biological re-

ceptor on a surface is defined as the attachment of molecules to a surface resulting in 
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reduction or loss of mobility (Nimse, 2014). Multiple factors should be taken in consider-

ation when choosing a surface immobilization chemistry, such as probe density, uni-

formity, long-term stability in aqueous environments, and charge screening effects (by 

controlling the distance between the probe and surface of the sensor) (Goddard & Erick-

son, 2009).   

 

Figure 9. Possible schemes for modification of silicon oxide surface of SiNWs, 
based on: (1) OTS (octadecyltrichlorosilane), PFTS 

(perfluorodecyltrichlorosilane), PFPS (perfluorophenyltrichlorosilane), (2) 
APTMS (aminopropyltrimethoxysilane), APTES (aminopropyltriethoxysilane), 

APDES (aminopropyldiethoxysilane) introducing amine groups, (3) MPTMS (3-
mercaptopropyltrimethoxysilane), (4) GPTMS (3-

glycidoxypropyltrimethoxysilane), (5) BATMS (3-(trimethoxysilyl) butyl 
aldehyde), (6) UDTS (10-undecenyltrichlorosilane). (Coffinier & Boukherroub, 

2014.) 

Depending on the reactive group desired on the SiNW surface, there are multiple func-

tionalization schemes, such as those depicted in Figure 9. The following sections present 

some of the schemes that would allow immobilization of an amine-terminated DNA 

probe.  

As previously mentioned, for immobilization of DNA probes on a SiNW surface, the solid 

substrate (here silicon) needs to be modified with an appropriate functional layer. These 
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modifications are done to activate the surface by introducing different tail groups. Gen-

erally, a SiNW has a native oxide layer around it, thus subsequent chemical modifications 

can be performed on this native oxide layer. (Coffinier & Boukherroub, 2014.) 

4.2 (3-Aminopropyl)triethoxysilane (APTES)–Glutaraldehyde 

(GA)–DNA probe functionalization scheme  

Most of the chemical modification of the SiNW-FETs for biosensor applications are done 

through a silanization reaction, however, only a few organosilanes of the vast variety 

have been used. Silanization is a reaction that involves linking of molecules on an oxide 

layer through siloxane bonds (Si-O-Si). One of the functionalization methods often pro-

posed is based on the silanization with APTES (see Figure 10) and GA (Lin 2009; Lu, 

2014a; Lu, 2015; Noor, 2014; Zhang, 2009). 

The functionalization steps will be explained based on the scheme presented in Figure 

10 and Figure 21. Silanes, such as APTES, covalently bind to the oxygen plasma-treated 

surface of a SiNW by transferring a proton from the surface hydroxyl group (-OH) to a 

silane leaving group, eliminating an alcohol. Prior to silanization it is important that the 

surface be cleaned with an oxidant, which eliminates all organic residues that can hinder 

further reactions and increases the number of the available hydroxyl groups. The most 

used oxidizing methods are oxygen plasma and Piranha solutions. (Coffinier & Bou-

kherroub, 2014.) Next, the surface is treated with APTES. Typically, 2% APTES in etha-

nol solution is used, and the treatment times vary from 30 minutes (Lin, 2009) to several 

hours, followed by an ethanol washing step. To remove the ethanol residues, the surface 

is dried and cured in oven at 80–120 °C. The heat curing plays the additional role of 

stabilizing and cross-linking the APTES layer.  

The deposition of APTES monolayers having their amine groups oriented away from the 

surface is a complex process which depends on different reaction conditions, such as 

the presence of water (Acres, 2012), temperature (Chiang, 1982), reaction time (Van-

denberg, 1991; Moiseev, 2006.), and APTES concentration (Wang, 2006). The presence 

of water in the reaction can lead to horizontal polymerization, and the resulting silanol 

moieties can react with each other through a condensation reaction forming siloxane 

bonds that are not reactive (Acres, 2012). Thus, the solvents used with APTES should 

be anhydrous. Generally, the reaction temperature is at room temperature, but drying of 

APTES surfaces at different temperatures was shown to have different effects on the 

layer conformation. 
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Figure 10. The silanization process with APTES: (a) hydrolysis of the siloxanes that 

happens in solution or on the substrate surface, (b) condensation with surface 
silanol groups, (c) cross-linking due to thermal curing. (Jankheijm, 2008) 

While APTES surfaces air-dried at room temperature form two siloxane bonds, those 

cured at high temperature in an oven form three siloxane bonds with the underlying ma-

terial surface. (Chiang, 1982.) In addition to previously mentioned factors, the reaction 

time of APTES also affects its structure and orientation. At short reaction times, between 

20 minutes and 1 hour, APTES can produce monolayers, whereas by increasing the 

reaction time one can obtain multilayers, though with the disadvantage of the formation 

of islands of different thicknesses, leading to nonuniform coverage. (Vandenberg, 1991; 

Moiseev, 2006.) The concentration of APTES solution is also an important factor that 

should be considered; a 2% concentration was found optimal for further functionalization 

(Wang, 2006). Alternatives to APTES, aminopropyltrimethoxysilane (APTMS) or ami-

nopropyldiethoxymethylsilane (APDMS) can be also used (Coffinier & Boukherroub, 

2014; Goddard & Erickson, 2009). The main difference between them relates to the si-

lanization procedures employed, such as liquid- or gas-phase silanization.   

As the surface silanol groups have been converted into amine groups (-NH2), the surface 

can be further reacted with a GA solution (e.g., 2.5% GA in PBS). One of the carbonyl 

groups of GA can react with the primary amines of APTES, forming a Schiff base (imine 

formation), while the other is available as a tail group for subsequent reactions. Thus, 

the DNA with amine modification at the 5´-end can now be covalently attached to the 

surface via a GA crosslinker. (Lin 2009; Lu, 2014a; Lu, 2015; Noor, 2014; Zhang, 2009.) 

A time-dependent loss of surface functionality was associated with Schiff base formation, 
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and some studies proposed the addition of sodium cyanoborohydride (NaBH3CN) to re-

duce the imines into secondary amines (Elnathan, 2012; Dorvel, 2013).  

4.3 (3-Aminopropyl)thriethoxysilane (APTES)–L-ascorbic acid 

(AA)–DNA probe functionalization scheme  

In 1999, Tiller et al. proposed an immobilization method of enzymes on amine-terminated 

polymeric surfaces through an L-ascorbic acid (AA) crosslinker (Tiller, 1999), while Leivo 

et al. used AA for attachment of collagen on silanized polydimethylsiloxane (PDMS) sur-

faces (Leivo, 2017). Based on their studies and observations, the second proposed 

scheme is the covalent immobilization of DNA probes on SiNWs by means of an AA 

crosslinker.  

 

Figure 11. Amine-terminated SiNWs reaction with AA used as crosslinker for amine 
terminated single-stranded DNA (ssDNA) immobilization scheme. (reproduced 

from Leivo, 2017)  

The functionalization process involves four steps as the method presented in Section 

4.2, the first two of which are a cleaning step of the SiNW surfaces to remove contami-

nants and an oxygen plasma treatment for obtaining hydroxyl groups (-OH) that will sub-

sequently react with APTES. The amine-terminated surface obtained after APTES silani-

zation is then incubated with AA solution for approximately 30 minutes (Tiller, 1999). 

Leivo et al. proposed two AA solutions that can be prepared by dissolving 200 mg/ml AA 

powder in PBS or by dissolving 20 mg/ml AA powder in methanol (Leivo, 2017). The AA 

will bridge the binding of amine-terminated DNA probes on the sensor surface, acting as 

a crosslinker, as GA did above. The reaction scheme between AA and silanized surfaces 

is presented in Figure 11. This was described by Tiller et al. as reacting AA with enzymes, 

assuming that the enzyme immobilization involves compounds similar to those used in 
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the reaction of AA with n-butylamine (Tiller, 1999). Thus, the reaction scheme of AA with 

the amine-terminated DNA probes is based on the same assumptions, and to the writer’s 

knowledge, has not yet been reported for miRNA biosensors.  

After the reaction of the NH2 groups of the silanized SiNW and reaction with AA, a dehy-

droascorbic acid derivative is formed by oxygen-dependent autoxidation. For preparation 

of AA solutions N,N-dymethyl acetamine (DMA), dimethyl sulfoxide (DMSO), ethanol, or 

methanol can be used (Tiller, 1999; Leivo, 2017). After exposing the surface to the AA 

solution, a washing step with ethanol or methanol and water is necessary for eliminating 

the solvent, the excess AA, and the products resulting from autoxidation. Subsequently, 

the AA-modified NWs are ready to react with the amine-terminated DNA probes. How-

ever, the structures newly formed are not stable and form oxalic acid diamide as an end 

product (Tiller, 1999).  

Ascorbic acid was chosen as a crosslinker, as in the case of Leivo et al., for its biocom-

patible properties. Since the tested SiNW FET sensors are meant to be integrated in 

future in in vitro platforms for the measuring of cell activity, thus being in close contact 

with the cells, biocompatibility is an important factor, and as Leivo et al. noted (Leivo, 

2017), the GA-treated surfaces are cytotoxic. However, it is also important to keep in 

mind that the formation of unstable end products of AA with the materials bearing NH2 

groups could be a problem for sensor applications, by means of signal interference or 

instability in aqueous measurements.  

4.4 (3-Glycidoxypropyl)trimethoxysilane (GPTMS)–DNA probe 

functionalization scheme  

The functionalization methods presented in Section 4.2 and Section 4.3 use crosslinkers 

GA and AA, respectively, for immobilization of DNA probes on the NW surface. Since 

the increase of the deposited layers’ thickness might affect the performance of a SiNW-

FET device by influencing the Debye length which leads to a charge screening effect, 

one option for bringing the DNA probe closer to the surface is to eliminate the crosslinker 

layer. One such method is presented in Figure 9(4) and is based on epoxide chemistry.  

GPTMS is, as is APTES, a silane, but it makes possible a direct and covalent coupling 

of the aminated DNA probes on the NW surface. The coupling mechanism is based on 

the epoxide ring opening reaction between the epoxy terminal groups of GPTMS with 

the amine (-NH2) groups of aminated DNA probes, as presented in Figure 12. (Coffinier 

& Boukherroub, 2014; Dubrovsky, 1995; GhoshMoulick, 2009; Kamra, 2015; Goddard & 

Erickson, 2009.) 
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Prior to any modification, the surfaces of the SiNWs should be cleaned as was explained 

in Section 4.2 so as to obtain silane layers of high quality. The surface can be activated 

through oxygen plasma treatment so that enough silanol groups (Si-OH) are available to 

react with GPTMS. Goddard and Erickson used a 2% GPTMS in anhydrous toluene so-

lution, containing 0.2% triethylamine, for 1 hour to silanize the surface. The subsequent 

washing step was done with toluene, isopropanol, and methanol in order to remove all 

the silane residues (Goddard & Erickson, 2009). As with all silanes, the GPTMS-modified 

surface was also cured in an oven to cross-link the formed layer. The curing tempera-

tures varied from 80–120 °C and the times varied from 15 minutes to 2 hours depending 

on procedures.  

By comparing the quality of deposited APTES and GPTMS layers, GhoshMoulick et al. 

showed through atomic force microscopy measurements that GPTMS layers were thin-

ner than APTES layers, although the same deposition method was used (GhoshMoulick, 

2009). Additionally, the density of DNA probes bound on the GPTMS surface was also 

higher than on APTES (Cloarec, 1999; GhoshMoulick, 2009). A higher density of biore-

ceptors on the sensor surface offers more available binding spots for miRNA and theo-

retically improves the signal obtained from the sensor.       

 

Figure 12. A direct DNA probe attachment of amine-terminated ssDNA probes on a 
GPTMS functionalized surface via epoxide ring opening. (reproduced from 

Kamra, 2015) 

Although GPTMS has the advantages of direct grafting of DNA probes and better surface 

properties, the silanization process is often done in the gas phase (Ingerbrandt, 2011; 

GhoshMoulick, 2009), which involves a more complex and expensive setup than in the 
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liquid phase. However, GPTMS silanization in liquid is also possible and was employed 

in the study of Kamra et al. (Kamra, 2015). 

The hydrophobicity of the surfaces induced by the GPTMS treatment (contact angle of 

70.68° ± 0.28°) is caused by the presence of the hydrophobic alkane core (Goddard & 

Erickson, 2009) and may be problematic in certain applications. The design of the sen-

sors used in this work, with the NW hanging inside a trench-like cavity (for more details 

about the design, see Figure 18 and Yang, 2018), combined with the hydrophobicity of 

the surface may reduce the access of the DNA probes to the NW (see Figure 30). This 

may cause a low density of immobilized probes and, subsequently, a low signal.  

4.5 1,1´-Carbonyldiimidazole (CDI)–DNA probe functionaliza-

tion scheme 

The second method proposed for coupling the DNA probes to the nanowire without using 

a crosslinker is based on the study of Goddard and Erickson (Goddard & Erickson, 

2009). After a cleaning with Piranha solution or oxygen plasma treatment, the SiNW ac-

tivated surface bearing its hydroxyl groups was subsequently reacted with CDI, as in 

Figure 13. The procedure involved the immersion of silicon surfaces in a solution of 0.5 

M CDI diluted in a dioxane solvent and shaken for two hours at 37 °C, followed by a 

washing step with acetone and water. The reaction of CDI-modified surfaces and the 

amine-modified DNA probes happens through the imidazole carbamate functional 

groups, leading to formation of carbamate linkages with the DNA probes.  

In addition to the reduced time involved in preparing the surfaces as compared to the 

methods that involve crosslinkers, this CDI method offers another significant advantage. 

Surface wettability is an important factor when we discuss sensor surface modifications, 

and the imidazole carbamate functionalization increases only slightly the hydrophobicity 

of the surface (contact angle of 9.33° ± 0.48°) as compared to the hydrophilic surfaces 

obtained after Piranha or oxygen plasma treatment (contact angle of 4.85° ± 0.30°) (God-

dard & Erickson, 2009). However, the CDI surface is also hydrophilic, as the oxygen 

plasma-treated surface. A proper wettability of the surface ensures good access of the 

liquid samples to the active area of the sensor, which is an important factor in the design 

of a miRNA biosensor. 
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Figure 13. Surface chemistry methods for SiNW: (A)CDI, (B) CDI–GA dendrimer, (C) 
GPTMS, (D) APTES–GA, (E) aminopropyltrimethoxysilane (APTMS) dendrimer. 

(reproduced from Goddard & Erickson, 2009) 

Goddard and Erickson evaluated in their study the density of the immobilized capture 

probes and the hybridization densities between the probes and analytes, and they ob-

served that the CDI immobilization strategy allowed a higher hybridization density (0.072 

pmol/cm2) than the silane-based approaches such as APTMS (0.013 pmol/cm2), alt-

hough the density of immobilized probes was similar between the two approaches.  

Table 2.  The contact angle and standard error values for different chemically 
modified surfaces. (from Goddard & Erickson, 2009) 
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through CDI is a new approach, the method being previously used only for biomolecule 

labeling and protein immobilization. (Goddard & Erickson, 2009.) 

4.6 Discussion and comparison of the proposed methods 

The success of miRNA biosensors depends directly on the chemistry used for immobili-

zation of the DNAps. The success also depends on the functionality, accessibility, at-

tachment density, and reproducibility of the DNAps.  

To increase the number of reactive groups on the surface, and subsequently increase 

the number of attached DNAps, schemes involving different dendrimers (e.g., GA den-

drimers; see Figure 13E) have also been proposed. Dendrimers are synthesized 

branched molecules having a repetitive structure. Hence, GA holds more reactive groups 

available to react with the DNAps. However, Goddard and Erickson’s study found that 

the density of immobilized probes was not as high as expected, but interestingly it led to 

high hybridization efficiency. Similarly, the CDI scheme that showed a low density of 

immobilized DNAps presented a high level of hybridization efficiency, whereas the 

silane–GA methods, which had the highest immobilized probe density, had one of the 

lowest hybridization efficiency levels. (Goddard & Erickson, 2009.) 

 

Figure 14. The crowding effect caused by the closely packed ssDNAp hinders the 
hybridization event that must take place with the incoming miRNA analyte. This 
problem might be increased by the repulsion force developed between the neg-
atively charged DNAp and miRNA molecules. (reproduced from Nimse, 2014)  

It is generally thought that a high density of immobilized DNAp implies better sensitivity 

of the sensor, but it was observed that a closely packed surface does not allow partici-

pation of the probes in hybridization reactions due to the phenomenon of crowding (see 

Figure 14). Because of the crowding effect, incoming miRNA molecules do not have 

space to get close to the single-stranded DNAps. Additionally, the high density of probes 

on the surface results in high background noise, and non-specific interactions decrease 

the signal intensity. (Nimse, 2014.) Therefore, a surface with an optimal DNAp density 
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could ensure high hybridization yield. This crowding effect might be the reason for the 

high hybridization efficiency of methods such as CDI, which had the lowest surface den-

sity of immobilized DNAps.  

Other factors to consider when choosing a functionalization scheme are the uniformity 

and thickness of deposited layers, the long-term stability in aqueous solution, the charge 

screening effect, biocompatibility, and hydrophobicity of the resulting surfaces. Based on 

these factors, Table 3 presents the advantages and disadvantages of the proposed func-

tionalization schemes for a SiNW-FET for miRNA detection.  

Table 3.  Comparison between the proposed functionalization methods of a SiNW-
FET biosensor for miRNA detection 

 

Through optimization of the reaction parameters, the quality of the deposited layers can 

be increased. For example, by choosing the right reaction time duration with APTES, the 

formation of multilayers and islands can be avoided. However, problems related to cyto-

toxicity and stability in aqueous environments might not be avoided unless different mol-

ecules are chosen.  

 Functionalization 
method 

Advantages Disadvantages 

APTES – GA – DNAp • Stable in aquous solutions 

• Studied → known parameters 

that influence the reaction 

• GA improves the stability of the 

deposited APTES layer 

• Use of crosslinker 

• Longer sensor functionalization 

times (due to crosslinker step) 

• DNAp further away from surface 

→possibility of charge screening 

effect 

• GA is cytotoxic 

• Possibility of APTES multilayer 

and isle formation 

APTES – AA – DNAp • AA is biocompatible 

 

• AA degrades in aqueous 

solution 

• End products resulted might 

interfere with the sensor signal 

• Possibility of APTES multilayer 

and isle formation 

GPTMS – DNAp • Thinner layer than with APTES 

can be obtained 

• No need of crosslinker 

• Shorter time for sensor 

functionalization 

• GPTMS is less cytotoxic than 

GA (Shirosaki, 2013) 

• GPTMS surface is highly 

hydrophobic (contact angle 

70.63°) 

CDI – DNAp • No need for crosslinker 

• Less hydrophobic surface 

(contact angle 9.33°) than with 

GPTMS, GA or APTES 

• Higher hybridization efficiency 

than GPTMS and APTES – GA 

methods 

• Less stable than silane-GA 

scheme 
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These immobilization methods offer the possibility for covalent attachment of a variety of 

amine-modified materials, not only for aminated DNA probes as presented here, which 

extends the methods’ applicability.    

Among the proposed functionalization schemes, the APTES–GA–DNAp approach was 

previously studied by several groups, the reaction parameters are generally known, and 

successful results were obtained. Additionally, the accessibility and the low costs of the 

reactants make this functionalization scheme the most attractive for first experiments. 

However, the other proposed methods, specifically CDI–DNAp and GPTMS–DNAp, 

should be also practically assessed in the future, as the lack of crosslinkers reduces the 

time needed for functionalization of the sensors.  
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5. REGENERATION OF SINW-FET BIOSENSOR 

SURFACES 

This chapter surveys the regeneration methods for miRNA SiNW-FET sensors. Regen-

eration refers to the unbinding of the miRNA analyte molecules from their bioreceptor 

probes (DNA, PNA, or LNA) in order to reuse the sensor. Section 5.1 presents some of 

the general concepts about what biosensor regeneration is and the regeneration princi-

ples of miRNA biosensors. The following sections introduce different regeneration meth-

ods that have been grouped into four categories: thermal regeneration (Section 5.2), 

regeneration based on chaotropic agents (Section 5.3), acid/base regeneration (Section 

5.4), and introduction of a method that has not been reported in connection with biosen-

sors, namely, enzyme-based regeneration (Section 5.5). It is important to mention that 

even if some of these regeneration schemes have already been reported in studies of 

SiNW-FETs biosensors, most of the methods proposed in this chapter are adapted from 

other types of biosensors. 

5.1 General aspects 

The antagonist process of hybridization is the denaturation or melting of DNA or DNA-

RNA duplexes. The process of DNA denaturation refers to disruption of the double helix 

and dissociation into two single strands (Alberts, 2002). During this event, the hydrogen 

bonds that hold together the two strands by complementary base pairs are broken (see 

Figure 15). This can be performed by heating or by exposure of the nucleic acid duplexes 

to chemicals. When discussing specifically a miRNA biosensor, regeneration would refer 

to the ability of DNAp and miRNA hybridization to reoccur between the immobilized DNA 

probe and the target miRNA, after the hydrogen bonds between nucleotide bases of the 

formed duplex are broken, leaving the DNA probe intact and available for subsequent 

hybridization. 
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Figure 15. Principle of nucleic acid sensor regeneration based on disruption of hy-

drogen bonds formed between the complementary base pairs of a single-
stranded DNA probe and target miRNA. (reproduced from Alberts, 2002) 

Regeneration of biosensors is beneficial in many respects, such as lowering testing costs 

by allowing repeated use of the sensor. Through this approach, the sensor-to-sensor 

variation is eliminated, which is useful when we repeatedly evaluate the same level of 

analyte. When a biosensor regeneration method is considered, the molecular interac-

tions between the bioreceptor and the target analyte are very important. (Goode, 2014.)  

Throughout the literature, several regeneration strategies for different types of biosen-

sors (e.g., optic, acoustic, and electrochemical) have been proposed. In Table 4 are col-

lected the main reagents used in biosensor regeneration, together with the new proposed 

method, the enzyme-based regeneration method. In the next sections, the main methods 

that could be suitable for regeneration of a SiNW-FET for miRNA detection are dis-

cussed.  

According to Dupont-Filliard, in DNA biosensors there are two possible regeneration 

paths: a complete removal of the DNAps from the surface or, by denaturation of the 

DNA–miRNA duplex, leaving the DNAps on the sensor surface (Dupont-Filliard, 2004). 

The complete elimination of the DNA probe from the surface might be challenging as the 

DNAp layer might not be fully removed, and the “leftovers” or residues might interfere in 

further reactions. Due to these uncertainties, the methods proposed refer only to dena-

turation of DNAp–miRNA duplexes.   
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Table 4.  Regeneration methods for biosensors  

 

5.2 Thermal regeneration  

Changing of temperature often affects the structure and behavior of biomolecules such 

as oligonucleotides and proteins. In the case of oligonucleotides, the base pair decou-

pling due to an increase in temperature is called melting or denaturation (Garibyan & 

Avashia, 2013). At ambient temperatures, the double-stranded DNA is held together by 

the hydrogen bonds between the base pairs. The number and the type of base pairs 

involved influence the dissociation or melting temperature, with the guanine-cytosine 

(GC) content having the greatest influence. Theoretically, by increasing the temperature, 

we increase the kinetic energy that can overcome the base pairing and help to separate 

the strands.  

The phenomenon of thermal DNA denaturation has been studied extensively in recent 

years. The temperature at which half of the DNA double helix is denatured is known as 

the melting temperature of DNA (Tm). This has been determined through changes in 

absorbance of 260-nm UV light by the DNA-containing solution. (Blanco & Blanco, 2017; 
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Sigma-Aldrich, 2019a.) This temperature is influenced by multiple factors, such as the 

length of DNA (the longer the DNA sequence, the higher the melting temperature), the 

nucleotide sequence composition, and the ionic strength of the buffer (Khandelwal & 

Bhyravabhotla, 2010). The GC nucleotide pairs are kept together by three hydrogen 

bonds and adenine-thymine (AT) pairs by two (see Chapter 2.3), thus a higher GC con-

tent in the DNA sequence has a higher resistance to denaturation and increases the 

melting temperature (Blanco & Blanco, 2017).     

 
Figure 16. DNA melting temperature (Tm) that corresponds to the temperature at 

which 50% of DNA is denatured. This was determined through changes in ab-
sorbance of 260-nm UV light by the DNA-containing solution (Sigma-Aldrich, 

2019a)  

Since the Tm is very important in various biotechnology techniques, such as PCR, South-

ern blotting, and in situ hybridization, specifically in primer design, many research groups 

proposed different methods to predict Tm. The initial method for Tm calculation was based 

on the GC content of the sequence and later included the effect of the salt concentration 

of the solution.  

The basic method for calculation of Tm is based on the Marmur Doty formula and is gen-

erally used for oligonucleotides with short sequences (14 or fewer) (Sigma-Aldrich, 

2019a): 

 

𝑇𝑚 = 2(𝐴 + 𝑇) + 4(𝐶 + 𝐺) − 7,                     (2) 

 

where Tm is the melting temperature in °C; A, T, C, and G refer to the number of adenine, 

thymine, cytosine, and guanidine nucleotides in the sequence, respectively; and -7 is a 

correction factor.  

For longer sequences (15–120 nucleotides), the nearest neighbors method offers more 

accurate Tm values, as it takes into consideration thermodynamic factors and cation con-

centration in addition to sequence composition (Sigma-Aldrich, 2019a): 
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𝑇𝑚 =
∆𝐻

𝐴+∆𝑆+𝑅𝑙𝑛(
𝐶

4
)

− 273.15 + 16.6𝑙𝑜𝑔[𝑁𝑎+],            (3) 

 

where Tm is the melting temperature in °C, ΔH is the enthalpy change in kcal/mol, A is a 

constant of -0.0108 kcal/(K∙mol) and refers to the helix initiation during annealing/melt-

ing, ΔS is the entropy change in kcal/(K∙mol), R is the gas constant of 0.00199 

kcal/(K∙mol), C is the concentration of oligonucleotides in M or mol/L, and [Na+] is the 

sodium ion concentration in M or mol/L.  

Thermal regeneration of oligonucleotide-based biosensors has been previously reported 

(e.g., Jokilaakso, 2013b), but it has its limitations. It is very important to mention that, 

while a DNA molecule denatures at temperatures higher than the ambient temperature, 

the renaturation process (also known as annealing or hybridization), which refers to the 

reverse process when the separated single strands hybridize again, is thermodynami-

cally favorable under ambient conditions. Therefore, accurate control of the temperature 

is required. The temperature of denaturation, however, is difficult to predict and control, 

often requiring expensive, time- and energy-consuming devices (e.g., thermal cyclers, 

as in PCR applications) (Syed, 2013). In addition to these drawbacks, the biological com-

ponents, such as the DNA immobilized probes, the underlying layers, and the electronic 

components, must withstand the increased temperatures that might be required for sep-

aration of miRNA strand from the ssDNA probe.  

5.3 Regeneration based on chaotropic agents 

A chaotropic agent is a molecule that can disrupt the hydrogen bonding between water 

molecules, altering the stability of other molecules in solutions, such as proteins or nu-

cleic acids, by reducing the hydrophobic effect (Salvi, 2005). These chemical agents 

work by lowering the melting temperature of the DNA molecule by competing for hydro-

gen donors and acceptors with the pre-existing nitrogenous base pairs (Ito, 2017; Wang, 

2014).  

One widely used chaotropic agent is urea. In a few studies, urea was used as a regen-

eration agent for immunosensors based on cyclic voltammetry detection. The concen-

tration of urea solution varied from 4 M (Yang, 2009) to 8 M (Lu, 2011), and the regen-

eration was successful for approximately five cycles. Additionally, the use of urea re-

sulted in no disturbance in the detected signal or in the underlying layers (Lu, 2011; 

Yang, 2009).  
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Other types of chaotropic agents include dimethyl sulfoxide (DMSO), formamide, eth-

ylenediaminetetraacetic acid (EDTA), and potassium thiocyanate. Most of these agents 

have been used in molecular biology for denaturation of DNA. By extension, they could 

be used in miRNA biosensor regeneration. Tadeschi et al. successfully used a 1:1 (v/v) 

solution of formamide-water on an oligonucleotide-based sensor for regeneration of the 

sensor surface without loss of performance (Tadeschi, 2005). However, in the study of 

Wang et al., a solution with 60% concentration of DMSO was shown to be more efficient 

in denaturation of DNA than formamide at room temperature (Wang, 2014). Therefore, 

DMSO is also a good candidate for regeneration of miRNA biosensors, being able to 

lower more efficiently the Tm. 

5.4 Acid/base-based regeneration 

Several research groups have reported biosensor regeneration methods based on high- 

or low-pH buffers. Generally, for increasing the pH of solutions, sodium hydroxide 

(NaOH) is used (Ulianas, 2014; Xu, 2017; Jokilaakso, 2013b), while hydrochloric acid 

(HCl) is used for decreasing the pH (Jokilaakso, 2013b). By modifying the pH of the 

environment, the enthalpic state of the system is altered due to changes between the 

analyte and bioreceptor charges that maintain the structure of, for example, the DNAp– 

miRNA duplex (Goode, 2014).  

The choice between acid or base regeneration depends strongly on the substrate mate-

rial. For example, gold substrates can be easily regenerated with NaOH buffer solutions, 

as has been demonstrated in optical and acoustic biosensors, but on a silicon substrate, 

as in the case of a SiNW-FET sensor, NaOH is not recommended, as the Na ions can 

leak through the oxide-insulating layer and destabilize the electric measurement (Joki-

laakso, 2013b).  However, HCl could be used as an agent for the surface regeneration 

of SiNW-FETs. Jokilaakso et al. stated that a solution of 1 mM HCl was superior to NaOH 

for thermal regeneration, allowing reuse of the sensor for ten cycles of regeneration–

hybridization (Jokilaakso, 2013b).   

Before conducting regeneration based on an acid or base solution, however, it is im-

portant to evaluate whether altering the pH of the environment interferes with the sensor 

signal. For example, in electrochemical biosensors, pH regeneration may affect the sig-

nal baseline. Additionally, it is important to take into consideration the possible effects of 

the solutions on the bioreceptor, to ensure that it will not be damaged. Although the 

method has its disadvantages, acid/base-based regeneration is low-cost and has been 
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widely reported on, which makes it a good starting point for biosensor regeneration. 

(Goode, 2014.) 

5.5 Enzyme-based regeneration 

Enzymes are specialized proteins that catalyze, or speed up, a chemical reaction. To the 

author’s knowledge, regeneration methods for miRNA biosensors based on enzymes 

have not yet been reported. Therefore, this section introduces two classes of enzymes 

that may be suitable for a miRNA biosensor regeneration. This possibility is suggested 

by their analogous use in other biological processes, such as DNA replication. 

In the process of DNA replication, which takes place when a cell divides, a large number 

of proteins act to unwind the DNA double helix and, subsequently, to synthesize a new 

DNA molecule. The types of enzymes that are capable of opening the DNA double helix 

in this way by breaking the H bonds between the bases are of interest. Two classes of 

enzymes have been identified: helicases and ribonucleases H (RNase H). 

Helicases are a class of enzymes that use adenosine triphosphate as an energy source 

to unwind two annealed nucleic acids, such as DNA, RNA, or DNA–RNA complex (Patel 

& Donmez, 2006, Singleton, 2007, Wu, 2012). Helicases have different specificity de-

pending on the substrate used, RNA or DNA, and they show different directionality of 

translocation (3´–5´or 5´–3´). They work by binding to a single-stranded region of an 

oligonucleotide to initiate the separation of strands. Once they attach to the strand, they 

translocate in either the 3´–5´ or 5´–3´ direction. (Patel & Donmez, 2006.) In previous 

research, Singleton et al. classified and described the families and subfamilies of hel-

icases based on translocation directionality and whether they involve a double- or single-

stranded nucleic acid (Singleton, 2007). The right enzyme should be carefully chosen 

based on these factors.  

In the SiNW-FET sensor functionality design presented in this thesis, a DNA probe is 

covalently attached to the NW surface by its aminated 5´-end (see Figure 21), and during 

regeneration of the sensor, the bound miRNA molecule should be removed for subse-

quent sensor reuse. Thus, an enzyme with 5´–3´ directionality is needed to remove the 

miRNA strand. Singleton et al. identified a potential group of helicase enzymes, called 

the SF1B subfamily, with 5´–3´ directionality (Singleton, 2007).   

Another class of enzymes that can work in regeneration of a miRNA biosensor are the 

ribonucleases H (RNase H). They have been identified as having a role in the DNA rep-

lication and repair process, and they can cleave the RNA of an RNA–DNA hybrid by 
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hydrolysis of the RNA strand to produce a 5´ phosphate-terminated oligonucleotide and 

a single-stranded DNA (Cerritelli & Crouch, 2009; Kanaya, 2009).  

 

Figure 17. The scheme of action of RNase H on the hybridized DNA–RNA duplex: 
(A) the formed DNA–RNA duplex is intact, and (B) action of RNase H enzyme 
on the RNA strand leading to its cleavage, leaving the DNA strand intact. (re-

produced from Corona & Tramontano, 2015) 

Although a suitable enzyme for degrading the miRNA strand is identified, other aspects 

should be considered in regeneration of a miRNA biosensor as well. The DNA strand 

should not be affected by the enzymes, leaving it intact for other hybridization cycles. 

Additionally, a total removal of the enzyme from the sensor is required to eliminate any 

possible disturbances in the signal. All these aspects, together with the basic regenera-

tion described by Goode et al., make the process very complex, but they open more 

possibilities for biosensor regeneration.  

5.6 Discussion on biosensor regeneration  

In this section, the advantages and disadvantages of the regeneration methods previ-

ously discussed are presented. Additionally, the impact of the bioreceptor probe type on 

miRNA biosensor regeneration is also discussed. Finally, the criteria for reporting a suc-

cessful regeneration are presented. 

Although the melting temperature of, for example, a DNA double strand can be easily 

determined through different methods (see Formula (2) and (3) in section 5.2), little has 

been published on the thermal regeneration of RNA/DNA biosensors. The duplex sepa-

ration by means of temperature change (or thermal denaturation) is widely used in qRT-

PCR applications where the equipment allows accurate control of the temperature, which 

may be very difficult otherwise. The high costs of the equipment and the possibility of 

degradation of the sensor surface and electrical components due to the potential for ex-

cessively high temperatures are major drawbacks of this method. In contrast, an acid-

based regeneration is much cheaper, with some studies reporting its successful use for 

SiNW-FETs for miRNA detection (Jokilaakso, 2013a). However, altering the pH of the 
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sensor environment can cause baseline shifts of the sensor and possible degradation of 

the oligonucleotide probes. Similar problems can be caused by other chemical agents 

as well, such as the chaotropic agents. In contrast, enzymes can be chosen for their 

precise action towards DNAp–miRNA duplex separation, avoiding damage to the under-

laying layers. However, the presence of these enzymes can interfere with the signal, and 

eliminating them from the sensor surface may be very difficult.  

An important aspect in the regeneration is the type of bioreceptor probe. In the previous 

sections, the regeneration possibilities of a miRNA biosensor with a DNA probe were 

discussed. However, synthetic PNA and LNA probes could be used as well. The possi-

bilities of regeneration might differ due to their intrinsic properties. For example, PNA 

molecules have been reported to be electrically neutral, thus allowing a stronger binding 

with a miRNA molecule. The stronger binding is caused by the absence of the repulsion 

force normally developed between the negatively charged DNA and miRNA molecules. 

Thus, the bonds formed between PNA and miRNA molecules might be more difficult to 

break. In case of thermal regeneration, the temperature required to break the hydrogen 

bonds should be generally higher than with natural DNA, since the PNA molecule and 

the DNA–PNA duplexes are more thermally stable. Similarly, LNA probes might intro-

duce similar drawbacks, since LNA has also been reported to have a high thermal sta-

bility. Additionally, both PNA and LNA molecules have been reported to be resistant to 

enzymatic degradation (Exiqon, 2009; Zhang & Apella, 2010), thus it may not be possible 

to apply enzyme regeneration of miRNA biosensors where PNA or LNA probes are used. 

To the author’s knowledge, the regeneration of biosensors using synthetic oligonucleo-

tides such as PNA and LNA has not yet been reported. 

Wide studies have been done in the field of miRNA biosensors, but the regeneration 

aspects have not yet been much evaluated. Often, the publications from these studies   

feature only brief sections lacking detailed information and data, hence it is important to 

question how the success of a regeneration process can be evaluated and reported. 

According to Goode et al., there is not yet established in the literature a criterion for 

determining a successful biosensor regeneration, leaving room for debate. The difficulty 

in comparing data sets makes it challenging to validate whether a regeneration proce-

dure was successful. Thus, Goode et al. proposed basic criteria for evaluation of regen-

eration (see Table 5) and found that only ~60% of the reported regeneration studies met 

these criteria. Therefore, all biosensor regeneration studies should be reported on using 

a standard set of criteria as the one proposed by Goode et al. (Goode, 2014).  
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Table 5.  Basic criteria for evaluation of biosensor regeneration (from Goode, 
2014) 

The methods presented in previous sections (5.2, 5.3, 5.4, 5.5) may theoretically be us-

able in regeneration of a miRNA SiNW-FET, but their potential effects and efficiency 

should be practically assessed. Although, regeneration is not experimentally tested in 

this thesis work, the theoretical grounds discussed offer possibilities for further research.  

 

 

 

 

 

Attribute Criteria 

Signal loss between interrogation cycles <5% 

Number of continual cycles achieved >10 

Restoration of baseline signal <±5% 

Biosensor/transducer reconstruction Avoided 

Signal loss profile Linear in order to allow accurate calibration 

Regeneration conditions Explicitly listed with time of incubation and full 

buffer components 
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6. MATERIALS AND METHODS 

This chapter introduces the materials, including the devices (Section 6.1) and the chem-

ical reagents (6.2), and the methods used in the experimental part of the thesis. The 

methods proposed for the study of SiNW-FETs for miRNA detection follow this strategy: 

electrical testing of sensors, testing of the effects of various influential parameters, con-

version of sensors into biosensors by applying a chosen functionalization strategy, and 

finally measurement of miR-218. Section 6.3 presents the methods for characterizing 

provided SiNW-FET sensors. Section 6.4 proposes the testing of several parameters 

that might alter the signals and give false positive results during miRNA detection, such 

as temperature, illumination, sensor surface hydrophobicity and effects of crystalized 

PBS salts over the surface.  

Maintaining the viability of the miRNA and DNA molecules is crucial for reliability of the 

experiments, therefore Section 6.5 introduces procedures for preparation of the PBS and 

miRNA/DNA samples. Section 6.6 describes the chemical functionalization method em-

ployed for immobilization of single-stranded DNA probes on the surface, which make 

possible the detection of miRNA.    

6.1 Devices used in experiments 

For this thesis, 15 p-type SiNW-FET sensors were obtained from Shanghai Institute of 

Microsystem and Information Technology. After the initial testing, 9 devices were found 

operational and were further utilized in the experiments. The As shown in Figure 18, the 

devices have an active sensing area of approximately 1 mm2 (the black central square), 

including the grid/gate, source, and drain electrodes, and an array of 120 well-ordered 

NWs. The batch of 15 sensors obtained, however, contained different sensors with 

slightly varying size of the sensitive area and number of the NWs in the arrays. 

The grid/gate, source, and drain electrodes are extended with gold lead wires to four pin 

electrodes that allow the connection of the sensor to measurement devices or bread-

boards. The overall size of the devices is approximately 81 mm2.  
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Figure 18. Schematics and pictures of the SiNW-FET sensors used in the experi-
ments. Up left: schematic of a single NW, top view; up middle: schematic of a 
single NW, side view (NW hanging underneath the surface inside a trench-like 

cavity; up right: SEM picture of a SiNW-FET with one NW. Down left: SEM im-
age of a SiNW-FET array with 120 NW; down right: image of the SiNW-FET 
device, where (1) is the source pin, (2) is the drain, (3) is the grid/gate elec-

trode, and (4) is a pin only for fixing purposes. (reproduced from Yang, 2018) 

Table 6.  Sensor count and the types of tests performed 

*Sensor S15 was not electrically characterized because it was used in a preliminary test. 

 

Test Sensor 

FET characterization in air S5 

FET characterization in liquid S5 

Resistive characterization in air S1–S14 

Resistive characterization in liquid S1–S14 

Hydrophobicity S1, S2, S5 

Hydrophilicity S1, S2, S12 

Droplet evaporation from non-functionalized sur-

face 
S1, S2, S5 

Droplet evaporation from functionalized surface S9, S11, S13 

Temperature effect S12 

Illumination effect S2 

miRNA  S6, S7, S12, S15* 
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For electrical characterization of the sensors as FETs, a Keysight semiconductor param-

eter analyzer was used, and the setup is shown in Figure 19.  

 

 

Figure 19. Connection of the SiNW-FET devices to the Keysight semiconductor ana-
lyzer setup for SiNW-FET transistor characterization 

Devices and equipments used: 

• SiNW-FETs (Shanghai Institute of Microsystem and Information Technology). 
During measurements, the sensors were inserted in a Faraday that offer shelter-
ing from electromagnetic noise. 

• IviumStat.h electrochemical analyzer (IviumStat.h, IUVIUM Technologies, Eind-
hoven, The Netherlands); ChronoAmperometry mode. 

• Keysight semiconductor analyzer (Keysight B1500A, Keysight Technologies, 
USA). 

• Plasma treatment device (Plasma Surface Technology, Diener Electronics, 
Ebhausen, Germany). Used for oxygen plasma treatment of SiNW-FETs. Param-
eters: 75 W, 15 min. 

• Direct-Q Water purification system (Direct-Q 3, 5 & 8 System, Millipore, Merck, 
Germany) with Biopak ultrafilter for production of nuclease-, protease- and bac-
teria-free water (Biopak Polisher, Merck). 

• Hot plate (AREX-6 Digital Advanced CerAlTop Hot Plate Stirrer, Velp Scientifica, 
Italy). 

• Faraday cage (In house made). 

6.2 Chemical reagents and DNAp/miRNA samples 

The chemical reagents used for cleaning and functionalization of the SiNW-FET sensors 

and PBS preparation were as follows: 
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• Ethanol (ETAX Aa, 99.5%, Altia OY, Finland). 

• APTES (3-Aminopropyl)triethoxysilane, 99%, Sigma Aldrich). 

• GA (Grade II Glutaraldehyde, 25% in H2O, Sigma Aldrich). 

• Single-stranded DNA oligonucleotide probes (Sigma Aldrich) in dry form; HPLC 
purification. 

• miR-218 in the form of small interfering RNA (siRNA) (ThermoFisher Scientific) 
in dry form; purification: desalted. 

Based on the known miRNA sequence (see Table 7) retrieved from miRBase (miRBase, 

2019), the complementary DNA probe was designed to have an amine (NH2) termination 

at the 5´-end (see Table 7).The miRNA and DNA oligonucleotides are custom made. The 

samples were delivered in powder form and stored at -20 °C in freezer. The purification 

method used for DNAp was HPLC, and for miR-218 samples the type of purification was 

desalted. 

Table 7.  The nucleotide sequences of the miR-218 and DNA probes 

 

 

 

6.3 Electrical characterization of SiNW-FET devices  

To evaluate and understand the performance of these SiNW-FETs the devices were 

characterized in two ways: as a FETs and as a resistive device, which are explained as 

follows.  

6.3.1 FET characterization 

The SiNW-FET transfer characterization and measurements of gate current leakages 

were performed with a Keysight semiconductor analyzer (see Figure 19) by connecting 

the gate (G), source (S), and drain (D) electrodes of the sensor to the measurement 

device. The ID-VG and IG-VG curves were simultaneously measured by swiping the gate 

voltage (VG) between 0 and 0.5 V and measuring the drain current (ID) while the drain 

voltage (VD) was maintained at a constant level (0 to -0.5 V, with a 0.1 V step). The same 

measurement procedure was followed for characterization in both air and liquid environ-

ments. The latter measurement was performed by drop casting a 20 µl droplet of PBS 

solution on top of the sensor, assuring full coverage of the active area. Next, the transis-

tor characterization was performed to evaluate the levels of current leakages. 

 

Sample type 

 

Sequence 

miR-218 5´- UUG UGC UUG AUC UAA CCA UGU – 3´ 

DNA probe 5´ - [Amine] ACA TGG TTA GAT CAA GCA CAA - 3' 
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6.3.2 Resistive characterization 

To avoid the use of the gate electrode as in normal transistors, further characterization 

was performed with the sensors in the resistive device mode, meaning that the gate 

electrode was not operated, and the ID through the NW was measured while swiping the 

VDS between 0 and 0.5 V (0.025 V step, 30 s/step). The source and drain electrodes of 

the sensors were connected to an IviumStat.h electrochemical analyzer operated in 

ChronoAmperometry mode, making 25 mV step-wise changes in the VDS while drain 

current (ID) was measured through the NW (see Figure 20).  

 

 

Figure 20. Example of the input step voltages (left) and the output current obtained 
with IviumStat.h(right). 

These measurements were performed for each of the fourteen devices included in the 

final tests, and based on the data obtained, the sensors with good functionality were 

chosen for further measurements. Sensor S15 was used not included in the characteri-

zation tests because it was used in a preliminary test. 

6.4 Disturbance tests 

Generally, it is desired that a biosensor be sensitive only to the biological interactions 

that take place at its surface and not to other internal or external influences. However, in 

practice, the devices are not ideal but are susceptible to various types of influences.  

6.4.1 Hydrophobicity and hydrophilicity of sensor surface 

In its unmodified state, the active surface area of the sensor is hydrophobic. Thus, the 

access of aqueous solutions to the inside of the cavity where the NW are suspended (for 
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more details about the design see Figure 18) may be hindered as a result of hydropho-

bicity of the sensor surface. To evaluate hydrophobicity versus hydrophilicity effects, a 

constant VDS was applied (0.4 V) while the ID through the NW was monitored with the 

IviumStat.h during the drop casting of five PBS droplets (5 µl/droplet) at intervals of 5 

minutes. The difference between the hydrophobic and hydrophilic tests was that in the 

latter the surface was rendered hydrophilic by exposure to an oxygen plasma for 15 

minutes at 75 W.   

6.4.2 PBS droplet evaporation  

The droplet evaporation test was performed to evaluate whether the PBS solution, spe-

cifically the salts it contained, had an effect on the sensor operation during successive 

uses. For these tests, two types of surfaces were employed: a non-functionalized surface 

(not chemically modified), and a functionalized surface to which the functionalization 

scheme described in Section 6.5 had been applied. For each surfaces type, a 2.5 µl PBS 

droplet was drop cast onto the sensor surface, and the drain current ID was monitored 

until the droplet’s full evaporation. The measurement was performed with the Ivium-

Stat.h, setting the VDS at 0.4 V.  

6.4.3 Effect of temperature 

To measure the effect of the temperature on the sensor behavior, the sensor was placed 

on a hot plate and introduced in a Faraday cage so as to avoid electrical interference 

from the environment (i.e., electromagnetic noise). The ID of the sensor was monitored 

with the IviumStat.h by keeping the VDS at a constant value while the temperature of the 

hot plate was increased (starting from room temperature of 21.7 °C and increasing to 36 

°C, with a step of 2 °C). Since the Faraday cage was closed, the temperature inside the 

cage was assumed to be the temperature of the hot plate. 

6.4.4 Effect of illumination 

Preliminary tests with the SiNW-FETs showed high levels of interference caused by 

changes in environment illumination. Therefore, in these tests the sensors were con-

nected to the IviumStat.h device by feeding a constant VDS (0.4 V), and the ID was meas-

ured while illumination was changed over six steps: from full illumination (four ceiling 

lights on), through three decreasing steps (three lights on, two lights on, one light on), to 

dark mode (all lights off), and back to full illumination.  



53 

 

6.5 Preparation of miRNA and DNA probe samples 

The cleaning of the equipment and containers used for preparation and handling of sam-

ples, the preparation of PBS solution, and the resuspension of the miRNA and DNA 

samples are important steps to assure viability of the samples. Therefore, the procedures 

followed these steps are presented below.  

Procedure for cleaning the equipment and containers used in sample preparation: 

1. Preparation of Piranha solution by mixing of 5:1:1 (v/v/v) deionized (DI) and nu-
clease-free water, hydroxylamine (NH2OH), and hydrogen peroxide (H2O2) in a 
bottle or container. 

2. Place the bottle with the solution on a hot plate (with the cap loose) and heat it to 
approximately 80 °C until the reaction starts. 

3. Close the bottle and slowly shake it for a few seconds to wash the walls and cap 
with the solution. 

4. Loosen the cap and return the bottle to the hot plate for several minutes, then 
repeat steps 2 and 3 for approximately 10 minutes to ensure elimination of all 
organic contaminants. 

5. Add the Piranha solution to an open beaker or bottle and leave it to cool before 
final disposal. 

6. Thoroughly rinse the cleaned bottles with DI water and leave to dry in a clean 
location (e.g., under a laminar hood) to avoid contamination. 

 

Procedure for preparing the PBS solution:  

1. To the cleaned bottle add 1 PBS tablet and 50% nuclease-free DI water and place 
it in an ultrasonic bath for 15 minutes until the tablet is fully dissolved. 

2. Adjust the water to the final volume and stir it for several minutes. 
3. Filter the resulting PBS with a syringe through a 0.22 µm filter. 
4. Store the final solution in a clean bottle in a refrigerator. 

 
miRNA and DNA oligonucleotides resuspension: 
 

1. Thaw the tube of dried oligonucleotides that were previously stored at -20 °C. 
2. Centrifuge the tube before opening it to avoid loss of the material from the vial 

cap.  
3. Transfer the vial in a clean environment such as under a laminar hood (do not 

open it before this point) after ensuring a proper cleaning of laminar hood sur-
faces and pipettes with 80% ethanol solution. 

4. Use a laboratory coat and long gloves that properly cover the skin. Skin particles 
can contaminate the environment with nucleases. 

5. Clean the gloves with 80% ethanol solution as well, and do not touch anything 
outside the laminar hood. 

6. Use only sterile and nuclease-free pipette tips and tubes to avoid contamination 
with enzymes and sample degradation.  

7. Resuspend the oligonucleotides in the PBS solution previously prepared in 100 
µM or 10 µM master stock concentrations.  

8. Store the master stock solutions in a freezer at -20 °C for prolonged viability. 
9. The samples to be used can be stored for a short period of time in a refrigerator.  
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6.6 SiNW-FET sensor functionalization and measurement 

setup 

The surface of the SiNW must be modified with a complementary single-stranded DNA 

probe molecule for the biosensor to be able to recognize and detect the specific miR-

218 analyte molecule. For the experimental part of this work, the covalent attachment of 

the DNAp based on APTES and GA was chosen and is represented in Figure 21 (for 

details see Chapter 4.2).  

 

Figure 21.  SiNW-FET functionalization scheme based on APTES–GA–DNAp. (re-
produced from Lin, 2009) 

Before any modification of the SiNW surface, the sensors were cleaned with ethanol or 

isopropyl alcohol solutions to eliminate contaminants, followed by rinsing with nuclease-

free DI water and drying. To chemically modify the surface of the NW, different reactive 

groups have to be present on the surface to ensure a covalent binding of the subsequent 

layers. Normally, silicon surfaces have a native oxide layer, but to ensure enough hy-

droxyl groups (-OH) on the surface, the sensors were treated with oxygen plasma  for 15 

minutes at 75 W (Figure 21a). Additionally, the oxygen plasma ensured a further cleaning 

of the surface.  

The plasma-treated sensors were then incubated with a solution of 2% APTES in ethanol 

for two hours for formation of amine reactive groups (Figure 21b), followed by a washing 

step with ethanol and drying. The treatment with APTES was extended from one hour, 

as generally recommended for obtaining monolayers, to two hours for the liquids to 

properly reach the NW found in the cavity. The sensors were then thermally cured in an 
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oven at 120 °C for 15 minutes to eliminate the surplus ethanol and to cross-link and 

stabilize the silane layer.  

In the next step, the silanized surfaces were reacted with a 2.5% GA solution in PBS for 

two hours for formation of aldehyde reactive groups on the surface (Figure 21c). Com-

pared to DI water, GA dilution with PBS maintains the stability of the GA molecules. To 

eliminate the surplus GA, the incubation was followed by a thorough washing step with 

PBS and a subsequent drying.   

After the deposition of APTES and GA layers, the sensor was ready for immobilization 

of the single-stranded DNA probes on the surface. The covalent attachment is a result 

of the reaction of the aldehyde groups with the amine ends of the DNA probes. Thus, the 

sensors were further incubated with a 0.5 µM DNA complementary probe solution for 

two hours (Figure 21d). The concentration of the DNA probes was limited to 0.5 µM to 

avoid the crowding effect. As described below, the sensors were washed with PBS to 

eliminate the unbound DNA probes and were then dried.  

Procedure for functionalization of a SiNW-FET surface: 

1. Wash the sensors with isopropyl alcohol and ethanol to remove possible contam-
inants. 

2. Rinse the sensors with nuclease-free DI water, and dry the surfaces in airflow 
(low pressure). 

3. Apply an oxygen plasma treatment on the sensors for 15 minutes at 75 W, to 
ensure formation of hydroxyl groups.  

4. After step 3, immediately incubate the sensors with a 2.5 % solution of APTES 
diluted in ethanol for two hours in a clean container, for amine group formation. 
Assure that the sensors are protected from evaporation of APTES.  

5. Wash the sensors thoroughly with ethanol to eliminate surplus APTES, then dry 
the surfaces in airflow at low pressure. 

6. Cure the sensors in an oven at 120 °C for 15 minutes to eliminate surplus ethanol 
and stabilize the APTES layer. 

7. Cool the sensors before next steps. 
8. Incubate the sensors with a solution of 2.5 % GA diluted in PBS for two hours for 

aldehyde group formation. Protect the surface from evaporation and contamina-
tion. 

9. Wash the sensors with PBS and dry them in airflow at low pressure. 
10. For immobilization of the DNAp on the surface, incubate the sensors with 5 µl of 

0.5 µM DNAp solution for two hours.  
11. Wash the sensors with PBS to remove surplus DNAps and dry the surface in 

airflow. 
12. Avoid contamination of the sensors between the functionalization steps by al-

ways wearing gloves when handling the sensors and by working under a laminar 
hood. 

13. Before experiments, store the sensors in a clean container. 

After the attachment of the DNAp to the SiNW the sensors were prepared for miRNA 

measurement. The sensors’ source and drain electrodes were connected to the Ivium-

Stat.h device, a constant VDS voltage was fed through the NW, and changes in the ID 
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current through the NW were monitored as miR-218 was introduced on the surface (see 

Figure 22). The miRNA samples were introduced on the surface by drop casting 5 µl 

miRNA onto the active area of the sensor. Due to the negative charges possessed by 

the phosphate backbones of the DNA and miR-218 molecules, their hybridization (Figure 

21e) event alters the NW conductivity, and this altered the conductivity is detected by 

the measurement system as a change in the current ID.  

A. 

 

B. 

 

Figure 22. Schematics of the measurement setup (A) including the Ivium-
Stat.h electrochemical analyzer, the SiNW-FETs placed inside a Faraday cage, 
the sample delivery pipette, and the computer where the signals can be tracked 
and recorded. Picture of the laboratory setup (B) showing the IviumStat.h, the in 
house made Faraday cage, the SiNW-FETs and the computer; (down) zoom in 
picture of the SiNW-FET and the connections to source and drain electrodes. 
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7. RESULTS AND DISCUSSION 

This chapter presents the results and discusses of this thesis work. Section 7.1 intro-

duces the results obtained from electrical characterization of SiNW-FET devices. Since 

the sensors are generally susceptible to different disturbances, Section 7.2 introduces 

and discusses the effects of hydrophobicity and hydrophilicity of the sensor surface (Sec-

tion 7.2.1), the effects of PBS droplet evaporation (Section 7.2.2), the effects of temper-

ature (Section 7.2.3), and the effects of illumination on the sensor signal (Section 7.2.4). 

The functionalization method applied to the SiNW-FETs and the results of the miRNA 

experiments are presented in Section 7.3.  

7.1 Electrical characterization of SiNW-FET devices 

Generally, before using a SiNW-FET sensor in a biomeasurement it is important that the 

sensor is electrically characterized so that its behavior and possible drawbacks are better 

understood. The SiNW-FET devices used in this thesis work are reported to present 

some drawbacks, such as high current leakages at the grid/gate electrode. Thus, until 

this problem is solved, the operation of the gate electrode is recommended to be 

avoided. Basically, this involved using the sensor as a resistive device such that, by 

applying a constant drain-source voltage (VDS) on the SiNWs, the drain-source current 

(IDS) could be measured. However, to experimentally confirm the effect of using the gate 

electrode, the leakage currents at the gate electrode were measured to evaluate their 

magnitude and possible effects (see Figure 23 and Figure 24). The devices were char-

acterized in both air and liquid media, because sensor performance can vary in different 

media. Additionally, since the miRNA measurements were done in PBS, the performance 

of the devices in liquid was important to evaluate.  

For measuring the ID-VG characteristic the value of source-drain voltage (VDS) is fixed 

and the drain-source current (ID) is measured while different gate voltages (VG) are ap-

plied. The blue curves presented in Figure 23 and Figure 24 represent the ID-VD charac-

teristics. For the plots in Figure 23, the measurement was done in air, whereas for Figure 

24, measurements were done in a liquid environment (PBS). 
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Figure 23. Drain current (ID) versus gate voltage (VG) (blue) and gate leakage current 
(IG) versus gate voltage (VG) (orange) characteristics of the SiNW-FET in air, at 

a drain voltage (VD) swiped between 0 and -0.5 V (with a 0.1 step) 

Additionally, for each medium (air and liquid), the gate leakage current (IG) was meas-

ured against the gate voltage (VG) (the orange curves). The minus sign for VG, ID, and IG 

is given only to indicate the change of measurement probe polarity, and It can be ignored. 

Only the sign of VDS is required to be negative in this measurement, as the device is a p-

type SiNW-FET and requires negative voltages for operation.  

 

Figure 24. Drain current (ID) vs. gate voltage (VG) (blue) and gate leakage current 
(IG) vs. gate voltage (VG) (orange) characteristics of the SiNW-FET in liquid me-

dia, at a drain voltage (VD) swiped between 0 and -0.5 V (with a 0.1 step) 

Figure 25 presents the typical output and transfer characteristics of an organic field-effect 

transistor (Klug, 2010). Based on the measured ID-VG and IG-VG curves of the SiNW-

FETs and on the characteristic curves of a FET possessing a normal behavior presented 

in Figure 25, we can evaluate the performance of the SiNW-FET used in this work.  
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A. B. 

 

Figure 25. Typical characteristic curves of an OFET: output (ID-VD) (A), and transfer 
(ID-VG) characteristics (B) (Klug, 2010) 

By comparing the maximum gate leakage current (IG) and the drain current (ID) values, 

we can observe that in the air the sensors have approximately 40% leakage current, 

while in liquid the leakage increases to 53%. This indicates that, for example, from a 

drain current of 7.9 µA, 4.2 µA is lost as leakage from the gate electrode when the meas-

urement is performed in a liquid medium (this can be interpreted in a similar fashion for 

air measurement). This indicates leakage current at the gate electrode is more predom-

inant in liquid than in air. These levels of the leakage currents are much higher than the 

levels normally accepted (ideally, IG should be 0, and in practice < 10%), thus these 

devices present major drawbacks that may have a significant effect on the measure-

ments. Additionally, in Figure 23 and Figure 24 it can be observed that at VDS = 0 V and 

VDS = -0.1 V, the absolute values of the drain current (ID) decreases at high VG, which is 

in contrast to the normal behavior of a normal FET (see Figure 25B). This behavior was 

observed by Klug (Klug, 2010) and was associated with gate leakage currents. There 

may be other reasons for this behavior of the used SiNW-FET sensors, but further anal-

ysis is not the scope of this thesis.  

Based on these observations, the SiNW-FET sensors were used in the next tests as 

resistive devices. This means leaving the gate electrode unused to avoid the influence 

of the high gate leakage currents. However, it is important to keep in mind that even if 

no voltage is applied at the gate electrode, it is still physically present in the device. 

Therefore, in practice two strategies can be adopted for the non-operated gate electrode 

in order to avoid unpredicted changes in the gate voltage levels: to disconnect the gate 

or to connect the gate to ground.   
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Disconnected gate. A disconnected gate electrode (sometimes called a floating gate), 

leads to random changes of its voltage level, which is generally caused by the effects of 

electromagnetic noise. However, by protecting the measurement setup with a Faraday 

cage, we can assume that VG is defined by the leakage current IG and is kept at a con-

stant random value during the measurement. The Faraday cage has the role of protect-

ing the measurement system from external sources of noise, thus we can consider that 

it stabilizes the measurement.  

 

 

Figure 26. Schematic of a SiNW-FET device with the gate electrode connected to 
ground, and the currents (red arrows) flowing through the NW. The NW is con-

nected between the source (S) and drain (D) and is separated from the gold 
gate electrode by a silicon nitride layer insulating layer. If defects are present in 

the silicon nitride layer, the IDS current will be leaking towards ground.  

Gate connected to ground. Another option to operate the devices would involve the 

connection of the gate electrode to the ground such that its fluctuating level of voltage 

would not affect the measurement (see Figure 26). Normally, during manufacturing of 

FET devices, it is desirable that the insulating layer of the gate electrode be thin to in-

creasing the gate capacitance and consequently achieve a greater field effect. Thus, one 

might assume that if during the manufacturing process the insulation layer (here silicon 

nitride) has defects (holes), when the gold layer of the gate electrode is deposited, the 

gold might fill the defects and come in contact with the NW, leading to high leakage 

currents. If the gate electrode were connected to the ground, the drain-source current 

would leak to the ground through the insulating layer defects, decreasing the overall sig-

nal of the device (see Figure 26). Consequently, for testing of the SiNW-FET sensors, 

the gate electrode was not connected to ground and left “floating”.  

In order to conclude whether these SiNW-FET devices could be used as resistive de-

vices in liquid measurements, they were further characterized. For each of the devices, 

the I-V curves were measured. In Table 8 and Table 9 are presented the mean re-

sistances of the NWs, the standard deviation of the resistances, and the R2 values, which 
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indicate the closeness of fit to the measurement data, when the devices were character-

ized in air, and in liquid medium. However, the resistive characterization in liquid medium 

is the one of importance here, since the miRNA measurements are done in a liquid en-

vironment (PBS). The I-V characterization in air was also performed to show the perfor-

mance differences of the sensors in different media. It was observed that generally the 

sensors exhibiting a non-linear behavior in air presented similar behavior in liquid, which 

might indicate problems originated with the manufacturing process. Figure 28(A–E) 

shows the I-V plots of sensors with a non-linear behavior, and Figure 27(blue) presents 

the I-V characteristic plot of a sensor with normal (linear) resistive behavior.  

Table 8. Mean resistance and standard deviation of the resistance of sensors 
characterized in air, and the R squared value (R2) indicating the closeness of 

linear fit to the measured values. 

 

Sensor 

 

Mean resistance 

[MΩ] 

 

Standard devia-

tion of re-

sistance [MΩ] 

 

R2 
Observations 

S1 0.4866 ±0.1207 0.9879  

S2 1.3005 ±1.5291 0.9737  

S3 0.0935 ±0.0223 0.9862 
Saturation at  

V ≥ 0.45 V 

S4 0.0661 ±0.0288 0.7643 
Saturation at  

V ≥ 0.2 V 

S5 1.7246 ±0.2303 0.9998  

S6 0.1337 ±0.0221 0.918  

S7 0.2344 ±0.0556 0.9966  

S8 0.3525 ±0.0822 0.9976 
Saturation at  

V ≥ 0.4 V 

S9 0.3875 ±0.0892 0.9981  

S10 0.7865       ±0.2299 0.9443  

S11 1.9058 ±0.4396 0.9984  

S12 1.4196 ±0.3732 0.9933  

S13 1.9203 ±0.5101 0.9998  

S14 2.41 ±0.1963 0.9449  
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Table 9. Mean resistance and standard deviation of sensors characterized in liquid 
(PBS), and R squared value (R2) indicating the closeness of linear fit to the 

measured values. 

 
Sensor 

 
Mean resistance 

[MΩ] 

 
Standard devia-

tion of re-
sistance [MΩ] 

 
R2 

Observations 

S1 0.7731 ±0.2642 0.9879  

S2 0.3952 ±0.0332 0.908  

S3 0.4264 ±0.1649 0.9018 
Saturation at  

V ≥ 0.4 V 

S4 0.0399 ±0.0149 0.6737 
Saturation at  

V ≥ 0.2 V 

S5 3.6892 ±1.1511 0.9527  

S6 1.3851 ±0.5715 0.9255  

S7 0.1894 ±0.0536 0.9822  

S8 0.3580 ±0.1195 0.9427 
Saturation at  
V ≥ 0.425 V 

S9 0.3325 ±0.1080 0.962  

S10 0.7357 ±0.2484 0.7663  

S11 1.2687 ±0.3164 0.9943  

S12 1.1196 ±0.2872 0.9912  

S13 0.3289 ±0.0768 0.9965  

S14 0.5674 ±0.2648 0.8252  

 

 

Figure 27. Example of a linear characteristic plot of a resistive device. The 
current vs. voltage (blue) and resistance vs. voltage (red) plots of S17 

measured in air. 

A resistor or a resistive device should have a reasonably linear characteristic curve within 

a certain range of current and voltage, as it is an ohmic device. Therefore, over the entire 

range of voltages applied to the NW (0–0.5 V), the sensors should have a fairly linear 

characteristic plot, such as S17 presented in Figure 27. The linearity of the characteristic 
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curves was verified by applying a linear fitting, and R2 was computed to show how close 

the fitting was to the measurement data. The closer the value of R2 is to 1, the better is 

the linear fit to the measurement data. In contrast, lower values of R2 (e.g., 0.7663) indi-

cate that the plots of measured data do not have linear behavior. 

A. B.  

  

C. D. 

 

 
 

E.  

 

Figure 28. Examples of sensors plots with a non-linear characteristic behavior meas-
ured in liquid media. All these sensors were excluded from further experiments. 

(A) S3, (B) S4, (C) S8, (D) S10, and (E) S14.  

The plots of S3 (Figure 28A), S4 (Figure 28B), S8 (Figure 28C), S10 (Figure 28D), and 

S14 (Figure 28E) are examples of the characteristic curve of the devices with non-linear 

behavior. In addition to their non-linear behavior, devices S3, S4, S8, and S14 showed 

no changes in the current levels at higher voltages, thus indicating saturation. Saturation 

at such low voltage levels might indicate that the NW structures were damaged, and 

these devices were not reliable for future experiments. Therefore, based on the data 
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from Table 9 and the shape of the characteristic plots, S3, S4, S8, S10, and S14 were 

excluded from further testing. 

The resistance (R) of the NWs was computed from the I-V characteristic curves as the 

voltage to current ratio. In Figure 27(orange), the R-V plot is presented. Figure 29 pre-

sents the values of the NW resistances for sensors measured in air (see Table 8) and in 

liquid medium (PBS) (see Table 9). Generally, the devices have very different NW re-

sistances, indicating different intrinsic characteristics and sensor-to-sensor variations. 

Due to the sensor-to-sensor variations, if the same experiment were to be performed on 

each sensor, the comparison of the results might be quite challenging since the sensors 

are not identical. Additionally, in liquid measurements the resistance measured should 

decrease, while for S1, S3, S5, and S6 the resistance increases (see Figure 29). The 

reason for this behavior is not actually known, but it might be related to the physical 

presence of the gate electrode in the device. Comparing to S1 that was already excluded 

from experiments due to non-linear resistive behavior, S3, S5, and S6 possess a linear 

behavior and were further used in tests. 

 

Figure 29. The mean resistance (MΩ) and the standard deviation of R (MΩ) for sen-
sors S1–S14 measured in air and liquid (PBS) media 

7.2 Disturbance tests 

It is important to differentiate the signal produced by the biological event from other pos-

sibly induced signals. This is an important aspect when reporting the results of a biosen-

sor in order to avoid false positive results. Elimination of all possible sources of signal 

interferences requires a thorough testing and analysis of different variables, but given 
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the limits of this thesis work, only the most potentially significant sources were analyzed. 

The choice of testing here was based on observations made during preliminary testing. 

7.2.1 Hydrophobicity and hydrophilicity of sensor surface 

The surface of the non-functionalized sensors is naturally hydrophobic, but with oxygen 

plasma treatment, the surface can be rendered hydrophilic. Additionally, the surfaces of 

the sensors were hydrophobic after the APTES–GA–DNAp functionalization process. 

Thus, considering the architecture of the sensor with the NW found underneath the sur-

face, hanging inside a trench-like cavity (see Figure 30), it is important to study whether 

the liquid delivered to the sensor surface properly reach the NWs.  

A. B. 

 

 

 

 
Figure 30. Representation of a liquid droplet on top of a hydrophobic surface (A) and 

hydrophilic surface (B). Underneath the surface the NWs are suspended. The 
red section is the gold layer, the blue layer is silicon nitride, and the green trian-

gles are the silicon NWs. Drawing based on the design of the sensors from 
Yang, 2018. 

A series of tests were done by introducing multiple PBS droplets with a volume of 5 

µl/droplet, at 5 minutes intervals, onto a series of non-modified sensors with hydrophobic 

surfaces, and onto hydrophilic surfaces. The 5 µl volume of the droplet was chosen to 

assure proper coverage of the sensor’s active area. Additionally, the 5 minutes intervals 

between droplet injections were chosen so that the liquid does not have time to evapo-

rate. The devices were visually checked to made sure that after the first PBS injection 

the liquid was always present on the sensor surface. During the 25 minutes experiment 

the 25 ul PBS accumulated on the surface could not evaporate.  

The hypothesis was that if the level of current continued to change upon addition of sub-

sequent PBS droplets on the sensor surface, it might be evidence that the liquid was 

gradually entering the cavity and reaching the NWs, which would be expected for a hy-

drophobic type of surface. For a hydrophilic surface was assumed that the liquids enter 

the cavity easier and reach the NWs more quickly, thus the current stabilizes upon addi-

tion of subsequent PBS droplets on the sensor surface.  
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Figure 31. Effect of multiple droplets injection on the sensor current level for a series 
of three hydrophobic and three hydrophilic surfaces 

Considering that a hydrophobic surface has a low surface energy, proper liquid access 

to the NW might be hindered. By rendering the surface hydrophilic, we assume that the 

liquid more readily reaches the NWs. Figure 31 shows that the change of current level 

upon multiple injections of PBS on the hydrophobic surfaces is greater than on hydro-

philic surfaces. The hydrophilic surfaces reach a relatively stable current level after fourth 

or fifth droplet. This likely indicates that the liquids reach and cover the NWs more quickly 

when the surfaces are rendered hydrophilic.  

The surface chemistry based on APTES–GA–DNAp was observed to make the sensor 

surface hydrophobic, thus the liquid measurements with this sensor design and function-

alization scheme were quite challenging. A sensor with the NWs positioned on top of the 

surface would solve the problems of liquid access.  

7.2.2 PBS droplet evaporation 

The droplet evaporation test was performed to determine whether the PBS droplet, spe-

cifically the salts contained in solution, have any effect on the sensor. We assumed that 

if the current level returned to the initial air level after the liquid evaporated, it would 

indicate that the PBS salts did not have any effect on the sensor. The tests were done 

on a series of three non-functionalized sensors, where the NW surface was not chemi-

cally modified and is hydrophobic, and three functionalized sensors, chemically modified 

with the APTES–GA–DNAp functionalization scheme. As previously mentioned, the sur-

faces functionalized with the APTES–GA–DNAp scheme were hydrophobic.  
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Since the measurements were performed on different devices, to enable direct compar-

ison of their plots, the data sets were first leveled to the same starting point by computing 

IDS/IDS,0, where IDS is the data set and IDS,0 is the IDS value at t = 0 (see Figure 32).   

A. B. 

  

Figure 32. Current vs. time measurement of droplet evaporation of (A) three different 
non-functionalized sensors (S1, S2, S5), and (B) three different functionalized 

sensors (S9, S11, S13). 

Figure 32 presents the behavior of three sensors during the droplet evaporation experi-

ment on non-functionalized (A) and functionalized (B) devices. Despite the consistent 

behavior of all the three sensors during and after evaporation, with the current levels 

returning to their initial levels recorded in air (see Figure 32A), device S5 presents ab-

normal behavior, with the NW’s resistance increasing in a liquid environment whereas it 

should decrease, as liquid media normally increases the current transfer. This behavior 

of S5 was already observed during resistive characterization testing in liquid medium. 

However, is it important to keep in mind that even though the SiNW-FET is operated as 

a resistive device where the gate electrode is not used, the gate is still physically present, 

and this presence might cause the behavior seen in device S5. 

The evaporation times (see Table 10) were on average longer on the functionalized sur-

faces (~ 46 minutes) than on the non-functionalized surfaces (~27 minutes), which might 

be caused by the absorption of PBS by the self-assembled layers on the sensor surface. 

From data presented in Table 10 and Figure 33, we can observe that PBS droplet evap-

oration has a more random behavior on the functionalized devices. The high current 

values of the functionalized surfaces comparing to the non-functionalized surfaces (Fig-

ure 33) are caused by the changes resulted from functionalization of the surfaces. 

Through functionalization the negatively charged DNAp molecules were attached on the 

surface, thus their charges might alter the baseline currents. 
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Table 10.  Droplet evaporation parameters of three non-functionalized (S1, S2, S5) 
and three functionalized (S9, S11, S13) sensors 

 
 

S1/S9 S2/S11 S5/S13 

Non-
functionalized 

Initial air level 0.995 ± 0.004 0.994 ± 0.013 0.986 ± 0.004 

Return air level 0.986 ± 0.004 1.019 ± 0.005 0.985 ± 0.004 

Droplet 
evaporation time 

[min] 
27 28 26 

Functionalized 

Initial air level 1.329 ± 0.027 1.383 ± 0.032 3.066 ± 0.043 

Return air level 1.791 ± 0.022 2.246 ± 0.016 3.364 ± 0.023 

Droplet 
evaporation time 

[min] 
50 19 70 

 

 

Figure 33. Comparison of the initial and returned current levels in air for a series of 
three non-functionalized and three functionalized sensors. On x axis is the sen-

sor number, and y axis represents the current. 

The difference in current levels before and after evaporation may indicate that the PBS 

has an effect on underlying self-assembled layers of the sensor surface, possibly caused 

by crystallization of salts upon evaporation. Therefore, for subsequent uses of the same 

devices, the sensors should be washed with DI water to eliminate the salts and carefully 

dried in airflow. 

7.2.3 Effect of temperature 

It is well-established that electronic devices and components are susceptible to temper-

ature effects. To evaluate the magnitude of this effect, the output current of the SiNW-

FETs was measured while the temperature of the environment was changed (see Figure 

34).  
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A. B. 

  

Figure 34. Effect of temperature over the current output of S12: current output meas-
urement over time with an increment in temperature of the environment (left), and 
current output for different temperature steps (right).   

 

Table 11. The average current values and standard deviation of S12 during meas-
urement under different temperatures 

 
Temperature 

(°C) 

 
Current  
I (nA) 

 
Standard devia-
tion of current 

(nA) 

21.7 65.5916 ±0.2061 
26 66.2674 ±0.3638 
28 69.3232 ±1.2009 
30 73.2906 ±1.6150 
32 78.2151 ±1.6683 
34 83.1990 ±1.6489 
36 89.3033 ±1.7472 

 

The results presented in Table 11 indicate that at lower temperatures the change in cur-

rent and the noise are negligible, <1 nA for a 4 °C change (from 21.7 to 26 °C), while for 

temperatures higher than 26 °C the current output and the noise in the system increase 

gradually reaching a maximum of ~6 nA at 36 °C. Normally, the temperature of the la-

boratory environment in which the experiments are performed is kept constant at a level 

near 22 °C, thus the effect of temperature over the experiments can be considered neg-

ligible. Additionally, the buffer and the miRNA solutions are also at room temperature 

before experiments. 

7.2.4 Effect of illumination 

During experiments it was observed that the change in the environment illumination af-

fected the sensor signal, so further investigations were done. All three measurements 

were performed on the same device (S2). While measurements 1 and 2 were done in 

the same day, measurement 3 was performed in a different day. In preliminary tests it 
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was observed that the current baseline level of the same sensor was changing in differ-

ent days, possibly due to electromagnetic noise that charges differently the gate of the 

SiNW-FET. 

The illumination effect is shown in sensor’s signal as a peak decrease with a fast recov-

ery time (e.g., Figure 35G). To prove the provenance of the high amplitude peaks on the 

signal, the current response of the sensors was measured while the illumination was 

changed (see Table 12), thus confirming that the high peaks shown in in Figure 35(G) 

result from the hand shadowing effect. 

 

Figure 35. The effect of changing the illumination on S2: (A) full illumination, (B) 
three ceiling lights on, (C) two ceiling lights on, (D) one ceiling light on (E) dark, 

(F) back to full illumination, and (G) is the hand shadowing effect. 

These peaks have a fast return to the current baseline level upon removal of the hand; 

thus, the peaks do not affect the measurement and can be easily identified in the signal. 

However, a change in the background illumination influences the signal baseline (as it 

happens in Figure 35), thus during the experiments it was important to keep a constant 

illumination.  
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Table 12.  Mean and standard deviation of the current during measurement of illu-
mination effect on S2 signal. 

  
Try 1 

 
Try 2 

 
Try 3 

 
Illumination 

level 

 
Mean 
I (nA) 

 
Standard 
deviation 
of I (nA) 

 
Mean 
I (nA) 

 
Standard 
deviation 
of I (nA) 

 
Mean 
I (nA) 

 
Standard 
deviation 
of I (nA) 

A 487.570 ±0.861 492.374 ±1.295 446.005 ±0.463 

B 367.770 ±0.873 365.380 ±0.805 326.207 ±0.917 

C 331.751 ±1.145 327.838 ±0.718 294.298 ±0.986 

D 329.737 ±1.003 323.745 ±0.594 292.379 ±1.051 

E 327.890 ±0.832 321.018 ±0.713 290.140 ±0.651 

F 493.461 ±0.407 482.855 ±0.668 460.672 ±0.838 

7.3 SiNW-FET surface functionalization and miRNA detection 

For preparation of the sensors, the APTES–GA–DNAp functionalization scheme was 

employed to immobilize the single-stranded DNA probes on the NW surface. Subse-

quently, the current of the SiNW was measured in real-time upon the injection of miR-

218 while feeding a constant VDS.  

To shelter the sensors and minimize electromagnetic noises, the measurement system 

was placed in a Faraday cage. Additionally, the Faraday cage, as explained in Section 

7.1, helps maintain the stability of the gate voltage, VG,  since the gate of the SiNW-FET 

is not operated as in a normal FET. The measurements were performed at the ambient 

room temperature, at constant illumination, and the sensors were placed inside the Far-

aday cage.  

In the initial steps, multiple droplets of PBS with a volume of 5 µl/droplet were introduced 

onto the SiNW-FETs sensors to act as a buffer while maintaining a VDS at 0.4 V (Figure 

36). Sensors S12 (Figure 36A), S6 (Figure 36C), and S7 (Figure 36D), were then given 

approximately 25 minutes for the conductance of the SiNWs to settle to a relatively con-

stant value. For each sensor, multiple injections of PBS were provided in order to ob-

serve whether there was a step response. 
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A. B.  

 
 

C.  D.  

  

Figure 36. The change of current through the NW during time for multiple injections 
of PBS and miR-218 on four different SiNW-FET devices: (A) S12, (B) S15, (C) 

S6, and (D) S7 

As discussed in Section 7.2.1, the hydrophobicity of the surface, which was also ob-

served after the functionalization of the sensor, might delay the access of the aqueous 

solutions in the NWs cavity, causing a step response. While sensors S6 and S12 showed 

a stabilization of the NW conductance level, sensor S7 indicated an upward drift. Alt-

hough the sensors were identically functionalized, the chemical reactions might have not 

occurred in identical fashion (e.g., because of surface contaminants), thus the drift of the 

sensor S17 might be the result of a poorly functionalized surface, of surface degradation, 

or even of damage to the NWs. Compared to sensors S6, S17, and S12, sensor S15 

showed a faster stabilization of the NW conductance of only ~3 minutes.  

After stabilization of the conductance in PBS, the miR-218 samples were delivered to 

the sensors (over the PBS that was already on the surface). Volumes of 5 µl/injection of 

10 fM concentration of miR-218 (fresh samples) were repeatedly delivered to the sensor 

surface for sensors S6, S7, and S12, while for sensor S15, miR-218 was titrated from 1 

aM up to 1 fM. Figure 36 shows a decrease in the current level measured over time upon 

introduction of the first sample of miR-218 for sensors S6, S12, and S15, which might be 
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a result of the hybridization event taking place between the single-stranded DNA probes 

and the miRNA. In contrast, sensor S7 shows an increase in the signal, but given its 

strong drift, it can be excluded from further comparisons.  

Table 13. The current levels and standard deviation of four different SiNW-FETs 
(S12, S15, S7, S6) for PBS and for multiple miR-218 injections, and the current 

peak amplitude resulted upon injection of miR-218 over the PBS buffer.  

*For sensors A. B and C each droplet has a miR-218 concentration of 10 fM. 
*For sensor D miRNA1, miRNA2, miRNA3, and miRNA4, refer to concentrations of 1 aM, 10 aM, 100 aM, respec-
tively 1 fM. 
 

Normally, the current levels in a p-type FET device should increase when a negative 

voltage is applied, but in case of the used SiNW-FETs the current decreases as it can 

be observed in Figure 36(A, B, C). This discrepancy of the signal directionality was ob-

served in multiple experiments and might be a cause of the unused gate electrode.  

The maximum current change for S12, S15, and S6 was calculated as the difference 

between the stabilized current baseline in PBS and the current level after injection of the 

miR-218 (see Table 13). The current signal decreases of S12 and S6 shown in Figure 

36 might indicate the detection of a 10 fM miR-218 concentration, while the signal of S15 

shows detection down to 10 aM. The fast saturation of the S12 and S15 surfaces may 

be caused by poor DNAp attachment or, on the opposite, by the DNAp crowding effect. 

In contrast to S12 and S15, S6 current increases after injection of the second miR-218 

droplet. This behavior of S6 cannot be clearly explained.  

  Current level [nA] 

Sensor 
 

 PBS miRNA1 miRNA2 miRNA3 miRNA4 

 I [nA] 4092.875 3913.034 3843.123 3876.863 3889.049 

S12 Standard deviation ± 5.786 ± 15.532 ± 7.637 ± 9.952 ± 5.873 

 Current decrease [nA]  179.841 69.911 33.740 12.186 

 I [nA] 459.504 480.978 327.073 314.666 301.503 

S15 Standard deviation ± 6.745 ± 1.039 ± 4.303 ± 7.843 ± 6.033 

 Current decrease [nA]  21.473 153.905 12.407 13.163 

 I [nA] 1003.025 877.927 948.264 1002.953 1079.048 

S6 Standard deviation ± 9.931 ± 9.090 ± 13.112 ± 9.615 ± 7.290 

 Current decrease [nA]  125.099 70.337 54.689 76.095 

 I [nA] 388.580 423.250 463.635   

S7 Standard deviation ± 3.372 ± 5.000 ± 4.057   

 Current decrese [nA]  34.670 40.385   
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8. CONCLUSIONS 

Decreasing the sizes of materials to nanometer-scale results in properties different from 

those manifested at macroscale. It is evident that materials’ physical and chemical prop-

erties are strongly affected by the high surface-to-volume ratios and quantum size effects 

at nanometer scale. Additionally, the size similarity of the nanomaterials (i.e., SiNWs) to 

biomolecules offers an advantage in biosensing applications. Hence, the design of the 

source-drain channel as a silicon nanowire in FET structures offers the possibility of a 

label-free and ultra-sensitive mechanism for the detection of biomolecules. As has been 

proved by several groups (Gao, 2013a; Gao, 2013b; Lu, 2014a; Lu, 2014b; Shen, 2013; 

Zhang, 2009; Zhang, 2011), SiNW-FETs enable detection of low concentrations of 

miRNA biomarkers at levels similar to the amounts found in biological samples, such as 

cell culture medium or body fluids.   

The goals of this thesis were to identify and apply one of the methods suitable for immo-

bilization of complementary DNA probes onto the NW structures of SiNW-FETs for use 

in detection of miR-218, one of the biomarkers found to be upregulated during osteogenic 

differentiation, and to evaluate the capability of these tailored sensors to detect miRNA. 

Additionally, identification of regeneration methods for miRNA SiNW-FET biosensors 

gives researchers information about the reusability potential of these sensors, which 

would allow multiple sampling and cost reduction. The evaluation of the SiNW-FET sen-

sors performance and of the functionalization scheme gives important information about 

possibility of integrating these types of sensors into in vitro cell platforms. 

The first part of this study involved a theoretical approach focused on identifying of pos-

sible functionalization schemes for immobilizing of the DNA probes on the SiNW sur-

faces, and the regeneration strategies that would allow breaking of the hydrogen bonds 

in the miRNA–DNAp duplex formed through hybridization, leaving the DNA probe avail-

able for subsequent hybridizations. Four chemical functionalization schemes for DNAp 

immobilization were proposed: two schemes that involve silanization with APTES and 

attachment of the single-stranded DNA probes by means of either GA or AA crosslinkers, 

and two schemes that allow a direct covalent attachment of the DNA probes to GPTMS- 

or CDI-modified NWs. The AA-based functionalization is a novel method that has not yet 

been reported in the literature for design of miRNA biosensor. Due to biocompatibility 

properties of AA, the APTES–AA functionalization method might be suitable for sensors 

that come in direct contact with cells. 
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Additionally, to enable the reusability of the SiNW-FET sensors, approaches to thermal, 

chemical, and enzyme-based regeneration were identified. Thermal regeneration would 

allow DNAp–miRNA separation by means of heat, while chemical regeneration could 

involve chaotropic agents, such as urea, or acids, such as HCl. While the thermal and 

chemical approaches were mentioned in some studies, the approach based on enzymes 

was not found associated with biosensor applications in the literature and represent a 

novel approach proposed in this thesis. Two classes of enzymes were identified as ca-

pable of breaking the DNAp–miRNA duplex: the helicases specifically the SF1B family 

and the RNase H enzymes. Although in theory these enzymes could be beneficial in 

surface regeneration, their efficiency should be experimentally assessed, since their ac-

tivity may interfere with sensors signals and removing the enzymes from the system 

could be a challenging process. Since applications and information about miRNA SiNW-

FET regeneration is scarce, this theoretical ground covered in this thesis offers valuable 

information for future research. Based on their costs and accessibility, the regeneration 

methods based on HCl and urea could be first applied in regeneration of a miRNA SiNW-

FET biosensor. The limited time and devices available for this work did not allow practical 

testing of the other functionalization scheme or the regeneration strategies, therefore, 

they could be included in future studies.  

In the beginning of experimental part of the thesis, the performance of the SiNW-FETs 

was evaluated. The evaluation identified a series of challenges related to performance 

of these sensors and the properties of the functionalized surface: the high gate leakage 

currents of the SiNW-FET sensors; the sensor design’s having the NWs build inside a 

cavity, hanging under the surface; and the resulting hydrophobic surface after the 

APTES–GA–DNAp functionalization scheme. 

To prevent the problems related to the high leakage currents of the SiNW-FET gate elec-

trode, the operation was adapted to a strategy of using the sensors as resistive devices 

by leaving the gate electrode non-operational. By sheltering the sensors with a Faraday 

cage, it was assumed that the gate leakage currents stabilize the gate voltage and the 

sensors can be considered stable. 

The novel design of the SiNW-FETs used in this thesis proposed by Yang et al. (Yang, 

2018) have the NW structure under the surface, hanging inside a trench-like cavity. The 

design, together with the hydrophobicity of the surface resulting from the APTES–GA–

DNAp functionalization, leads to concerns about whether the aqueous solution has suf-

ficient access to the NW and that miRNA detection is not hindered. Thus, this device 

may be problematic in liquid measurements, and for future experiments, devices in which 

the NWs are designed on the sensor surface may solve these issues.  
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Next, the APTES–GA functionalization scheme was applied for immobilization of DNA 

probes of NWs surfaces and miRNA measurements were performed. The measure-

ments indicated possible promising results for miRNA detection down to concentrations 

of 10 fM and 10 aM. However, it is important to be critical and to be aware of the possi-

bility of obtaining false positive results caused by effects other than miRNA activity. In 

addition to the problems identified above, a poorly functionalized surface may also cause 

false positive results. To exclude all the uncertainty factors, more research is needed.  

Thus, a clear conclusion about whether miRNA was detected cannot be made. Never-

theless, the proposed functionalization and regeneration approaches, the protocols for 

miRNA handling and miRNA experiments, and the observations from the tests offer val-

uable information for future research. 
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