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ABSTRACT 

In this paper, a silicon nanowire biosensor with novel molecular gate control has been 
demonstrated for Deoxyribonucleic acid (DNA) detection related to dengue virus (DENV). The 
silicon nanowire was fabricated using the top–down nanolithography approach, through 
nanostructuring of silicon-on-insulator (SOI) layers achieved by combination of the electron-
beam lithography (EBL), plasma dry etching and size reduction processes. The surface of the 
fabricated silicon nanowire was functionalized by means of a three-step procedure involving 
surface modification, DNA immobilization and hybridization. This procedure acts as a molecular 
gate control to establish the electrical detection for 27-mers base targets DENV DNA oligomer. 
The electrical detection is based on the changes in current, resistance and conductance of the 
sensor due to accumulation of negative charges added by the immobilized probe DNA and 
hybridized target DNA. The sensitivity of the silicon nanowire biosensors attained was 45.0 µA 
M-1, which shows a wide-range detection capability of the sensor with respect to DNA. The limit 
of detection (LOD) achieved was approximately 2.0 fM. The demonstrated results show that the 
silicon nanowire has excellent properties for detection of DENV with outstanding repeatability 
and reproducibility performances. 
 
Keywords: Dengue fever (DF), Deoxyribonucleic acid (DNA), Silicon nanowire biosensor, 
Electrical detection, Molecular gate control, Nanolithography. 
 
 

1.  Introduction 

 

Today, the increasing outbreaks of dengue fever (DF) have become a major global 

problem. Approximately 3.6 billion people in 124 countries (55% of the world’s population) are 

at risk for DF, with the expectation of more than 100 million cases yearly (Lee et al., 2015; 

Rathakrishnan and Sekaran, 2013; Teoh et al., 2015). This outbreak is seriously affected in the 

South East Asia and the Western Pacific (in the tropical and subtropical regions)(Darwish et al., 

2015; De Paula and Fonseca, 2004; Gubler, 1998; Lee et al., 2015), which is a leading cause of 

hospitalization and death when compared with other diagnoses or diseases of humans (Cheah 

et al., 2014).  

 

According to the data from Malaysia Ministry of Health (MOH), Malaysia is one of the 

worst affected countries, in which 59,365 cases of DF with 165 deaths have been reported from 

January to July 2015 in all states across the country. This is 33.4% higher compared with the 

same reporting period of 2014. Therefore, Malaysia MOH has implemented various measures 

(e.g., dengue vector control, awareness campaign and early treatment) to reduce the incidence 

of dengue cases and save human lives (Cheah et al., 2014; Lee et al., 2015). In addition, the 

methods for diagnosing DF or detecting the dengue virus (DENV) at a very early stage are 

urgently needed to prevent the spreading of the outbreaks.  

 



 3 

In recent years, biosensor technologies play an important role in the detection of the 

DENV not only because of their excellent potential to satisfy the high detection specificity and 

sensitivity (Abdul Rashid et al., 2016; Izuan et al., 2014; Oliveira et al., 2011; Silva et al., 2015; 

Wu et al., 2005), but also because they are rapid (Dias et al., 2013; Huang et al., 2013; Rai et al., 

2012; S.-H. Chen et al., 2009), portable and cost-effective method (Baeumner et al., 2002; 

Figueiredo et al., 2015; Oliveira et al., 2015; Rashid et al., 2015; Zhang et al., 2010). Biosensor is 

an analytical device that transfers a biological (molecular) reaction into an electrical signal via 

two main components, which are the sensing device (transducer or detector elements) and the 

sensing molecule (biological or biochemical components) (Li et al., 2014; Shalev et al., 2013). 

According to literature review, biosensors can be classified by types of transduction. The most 

common types of transduction used in biosensors are electrical, electrochemical, piezoelectric, 

optical etc. (Monošík et al., 2012; Rashid et al., 2015; Teles et al., 2005). 

 

Presently, with the advancement in the transduction of analytical signals in molecular 

into electrical signals, many efforts in the electrical biosensor have been made to develop and 

improve the sensitivity in the detection of the DENV DNA (Huang et al., 2013; Zhang et al., 

2010). These electrical biosensors have been designed by using transducers with nanoscale 

structures, such as nanowires, nanotubes and nanoparticles, since the dimension is comparable 

to the feature sizes of chemical and biological species to be sensed (Fathil et al., 2015; Zhang and 

Ning, 2012). Among these transducers, the nanowires have demonstrated great sensitivity to 

the detection of biomolecular species, with limits of detection (LOD) can achieve down to 

femtomolar concentrations (Adzhri et al., 2016; Shalev et al., 2013). Silicon nanowires are 

fabricated either via bottom-up (Hahm and Lieber, 2004; Patolsky et al., 2006; Schmidt et al., 

2010) or top-down approach (Agarwal et al., 2008; S. Chen et al., 2009; Kong et al., 2012; Md 

Nor et al., 2013; Noor and Krull, 2014; Ryu et al., 2010; Tian et al., 2011; Za’bah et al., 2012). 

Both approaches are able to produce silicon nanowires in the range of ~1-100 nm with their 

own unique properties (electronic, mechanical and optical), a good biocompability, and a large 

surface to volume ratio. In addition, silicon nanowires have demonstrated an excellent electrical 

detection with good holes or electrons transfer in the detection due to the accumulation or 

depletion of charge inside nanowire, resulting in a greater effect of the conductance, resistance 

and faster response of detection when compared with other devices (Abdul Rashid et al., 2013; 

Gao et al., 2007; Kong et al., 2012; Patolsky et al., 2004; Yang and Zhang, 2014). Furthermore, 

our preliminary studies showed that the electrical detection based on silicon nanowire has a 

good potential not only as a pH sensor (Nuzaihan et al., 2015) but also in detecting  

Deoxyribonucleic acid (DNA)  (Adam and Hashim, 2015, 2016).  
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To the best of our knowledge, the development of p-type silicon nanowire biosensor for 

the detection of DENV has been so far largely unexplored. Because of the potentials and 

important applications of the electrical biosensor to reduce and diagnose large populations 

suffering from the outbreaks of DF, for the first time, we report herein an electrical detection of 

DENV DNA oligomer using p-type silicon nanowire biosensor (device) with novel molecular 

gate control. Our p-type silicon nanowire worked, as a sensing element of the device is 

sandwiched between the source (S) and the drain (D) electrodes. The device is then 

functionalized with a bio-receptor, which is served as a “molecular gate” by the binding of a 

target DNA. The interaction of the target molecules with the bio-receptor has effectively been 

detected by monitoring electrical detection in response to the concentrations of DENV DNA with 

greatly enhanced of sensitivity and the detection limit as low as femtomolar concentrations. In 

addition, several gate concepts (i.e. gate-controlled, extended gate, back-gate) are also reported 

for different applications (Adzhri et al., 2016; C.-P. Chen et al., 2011; Dattoli et al., 2012; Li et al., 

2015).  

 

2.  Material and methods 

 

2.1.  Materials and reagents 

 Silicon-on-insulator (SOI) wafer was used as a substrate for the fabrication of silicon 

nanowires throughout this research. It was purchased from Soitec with 200 nm of buried oxide 

(BOX) and 50 nm of p-type Boron-doped silicon top layer (resistivity: 8.5-11.5 Ω.cm). This 

fabrication process requires cleaning of the wafer using standard RCA 1 (mixing deionized (DI) 

water: 5, ammonium hydroxide (27%): 1 and hydrogen peroxide (30%): 1), RCA 2 (mixing DI 

water: 6, hydrochloric acid (30%): 1 and hydrogen peroxide (30%): 1), hydrogen fluoride (HF) 

and buffered oxide etch (BOE) from Mallinckroot Baker. A positive resist (PR1-2000A), a 

negative resist (NR7-6000PY) and a resist developer (RD6), used for conventional lithography 

(pattern transfer) process, were purchased from Futurrex, Inc. Other required solutions 

including acetone, aluminum (Al) etch solution, ethanol and isopropyl alcohol (IPA) were 

purchased from Mallinckroot Baker. An SU-8 negative resist and an SU-8 developer solution 

used for microfluidic channel were purchased from MicroChem. To achieve nanometer-scale 

dimensions, the ma-N2400 series negative resist and ma-D 532 developer from Microresist 

Technology GmbH were used for the pattern transfer in direct-write electron beam lithography 

(EBL) process. The chemicals used for surface modification, 3-Aminopropyl triethoxysilane 

(APTES, 99%), glutaraldehyde and phosphate buffered saline (PBS; pH 7.4) were obtained from 

Sigma- Aldrich (M) Sdn Bhd. Moreover, all DNA oligomers related to dengue virus sequences 
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were synthesized by AIT Biotech. A 27-mer amine-terminated probe (5’-NH2-C6-AAC AGC ATA 

TTG ACG CTG GGA GAG ACC-3’) was used for DNA immobilization. To evaluate the specificity, 

sensitivity and control of DNA molecule detection, a 27-mer complementary target DNA (3’-TTG 

TCG TAT AAC TGC GAC CCT CTC TGG-5’), a 27 mer one-base mismatched DNA (3’-TTG TCG TAT 

AAC TGC GAC CCT TTC TGG -5’) and a 27-mer non-complementary DNA (3’-CCT GTA CCG GGT 

CTA TGA TTG TGT CTT-5’) were utilized. These DNA oligomers (100 μM) were prepared in a TE 

buffer solution (10 mM Tris-(hydroxymethyl) aminomethane–HCl (Tris– HCl) + 1 mM EDTA (pH 

8.0)) (Sigma, USA) and kept frozen. All chemicals used throughout the experiment were of 

analytical reagent grade and used without further purification. All rinse processes were 

prepared with DI water (18 MΩ cm) from an ultrapure water system Millipore Billerica.  

 

2.2.  Development of silicon nanowire biosensors integrated with microfluidic channel 

We previously reported the top-down nanofabrication approach of the silicon 

nanowires elsewhere (M. N et al., 2016; Md Nor et al., 2013; Nuzaihan et al., 2013, 2015). Here, 

we summarize the main steps of the fabrication process (EBL process, inductively coupled 

plasma-reactive ion etching (ICP-RIE), size reduction process, conventional lithography and 

metal electrodes pad formation) and followed by the development of microfluidic channel. 

Briefly, a p-type SOI wafer was cleaned using RCA1, RCA2 and HF to remove organic and 

inorganic contaminations and native oxide layer on SOI surface. After the cleaning process, the 

SOI wafer was cut into small pieces (2 cm by 2 cm), and followed by EBL process. A 40-80 nm 

line structure was patterned using ma-N2400 series negative resist on the SOI substrate. ICP-

RIE (a silicon dry etching process) was applied to form the silicon nanowires. To achieve the 

smallest possible width, the silicon nanowires were further trimmed via size reduction process 

by self-limiting thermal oxidation as previously reported (M. N et al., 2016; Md Nor et al., 2013). 

The rest of the silicon nanowires were fabricated after the size reduction process. Subsequently, 

150 nm of gold (Au) on a 10-nm titanium (Ti) electrodes were patterned on two ends of the 

fabricated silicon nanowires using lift-off process which involved conventional lithography for 

transfer pattern (electrodes structure) and metal deposition (Au/Ti) by a thermal evaporator. 

However, before placing the fabricated silicon nanowires into the evaporator, a short-buffered 

HF dip was performed to remove any native oxide covering the silicon nanowire pad. The HF 

soak time is crucial and thus needs to be optimized to avoid any removal of the buried oxide 

(BOX) and to maintain a layer isolating the electrodes from the substrate. Afterward, the open 

chamber microfluidic channel was lithographically patterned and developed on the center of the 

fabricated silicon nanowire as previously reported [M. N et al., 2016]. Fabrication of the channel 

began with spin-coating the SU-8 resist at 300 rpm for 25 seconds on a cleaned silicon substrate 

surface and followed by a baking process at 90°C for 75 minutes. The resulted thickness of the 
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resist on top of the silicon substrate was approximately 100 μm. Then, the coated sample was 

exposed under ultraviolet (UV) light using a conventional lithography process for 240 seconds 

to transfer the channel geometry pattern onto the resist layer. Before developing process, the 

exposed sample was post baked at 90°C for 15 minutes. The development of the sample was 

executed for various developing times using the SU-8 developer to determine whether the 

unexposed resist dissolved sufficiently. The dimensions of the open chamber microfluidic 

channel were 5 mm in length and 0.1 mm (100 μm) in width with 1.2-mm diameter inlet/outlet 

holes. The role of using microfluidic channel is to provide precision in delivery of various 

chemicals at small volume, thus serving indirectly as a passivation layer to protect the 

electrodes pad from short-circuiting the sensing current. The development of silicon nanowire 

device was completed after the integration of microfluidic channel as schematically illustrated 

in Fig. 1(a). 

 

Fig. 1 

 

2.3.  Functionalization of silicon nanowire surfaces for molecular gate control 

Functionalization of silicon nanowire surface with bio-recognition element (receptor 

molecules) is an important procedure for the development of biosensor, so that the device is 

capable and provides powerful set of tools for identifying a specific target molecule. The three 

steps involved in this functionalization are surface modification, DNA immobilization and DNA 

hybridization as schematically shown in Fig. 1(b). A chemical binding approach in the surface 

modification has been chosen in this research, to ensure that the targeted species are identified 

precisely, accurately and reliably. This approach is based on the binding of the probe molecule 

on the silicon nanowire surface by amine-based chemical bonds (Adam and Hashim, 2015). To 

activate the silicon nanowires in surface modification step, the native oxide layer (1–10 nm 

thick of SiO2, naturally oxidized and covalently bonded with hydroxyl groups (OH−) to form 

silanol groups (SiOH) with excellent proton donors (H+) and acceptors (SiO−)) present on the 

silicon nanowire surface was immersed in 2% 3-aminopropyltriethoxysilane (APTES (v/v)) in a 

mixture of 95% ethanol and 5% water for 2 hours at room temperature to obtain surface-

exposed–NH2 (amine-terminated groups). In the meantime, the oxygen atom of the hydroxyl-

terminated groups has performed a covalent bond with the silicon atom in the molecule of 

APTES. Then, the samples were cleaned using ethanol to remove any unreacted APTES and 

dried on a hot plate at 120°C for 10 minutes. Subsequently, the APTES-functionalized silicon 

nanowire surface was immersed in 2.5% of glutaraldehyde (with PBS solution) and kept in the 

solution for 1 hour at room temperature, followed by PBS cleaning and DI water rinse for 5 
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minutes to remove excess of glutaraldehyde. Glutaraldehyde was introduced as a linker to 

ensure a chemical bond with the amine-terminated groups and present aldehyde groups (COH) 

on the surface (Wenga et al., 2013). Aldehyde groups can subsequently be used for DNA 

immobilization step. For DNA immobilization, a 27-mer amine-terminated probe was linked to 

the aldehyde-terminated groups as shown in Fig. 1(b). A 10-µM DNA probe solution (diluted 

with PBS solution (pH 7.4)) was injected into the open microfluidic channel flowing through the 

silicon nanowire sensing area, followed by incubation process at room temperature for 4 hours. 

Next, any unbound probe was washed away with PBS solution. After immobilization step, a drop 

with 27-mer complementary DNA targets (10 fM to 10 µM concentrations) was injected into the 

sensing area to hybridize the immobilized DNA and kept hybridized sample by incubating at 

room temperature overnight. Then, the sample was washed again with PBS solution to remove 

the excess target DNA. To confirm the specificity of the biosensor, the sample was washed with 

hot DI water at 90°C for 5 minutes to de-hybridize the complementary DNA pairs on the silicon 

nanowire surface, followed by sample hybridization with a 27-mer (same length) non-

complementary DNA and one-base mismatched DNA. The sample has been stored at 4°C when it 

is not in use. 

 

2.4. Characterization of silicon nanowire biosensors 

To ensure successful fabrication and functionalization of silicon nanowire biosensor, an 

electrical characterization was carried out to investigate the current-voltage (I-V), specificity 

and sensitivity of the silicon nanowire sensor using a KEITHLEY 6487 picoammeter/voltage 

source. The drain voltage was swept from 0 V to 1 V with the source grounded to test the 

fabricated silicon nanowires, the amine-terminated APTES, DNA immobilization and 

hybridization. Inspection and validation of the silicon nanowires during fabrication process 

were performed using high-power microscopy (HPM) (OLYMPUS-BX51) to make sure no 

contaminant was present, scanning electron microscopy (SEM) (JEOL JSM-6460LA) to 

determine the quality of the silicon nanowires (particularly the shape, diameter and uniformity) 

and atomic-force microscopy (AFM) (SPA400-SPI3800, Seiko) to study the 3D profile surface of 

the silicon nanowires. In addition, the thin-film layer uniformity and thickness were observed 

using a Filmetrics F20-UV spectrometer. Energy Dispersive X-ray Spectrometry (EDX) was used 

to do elemental analysis on silicon nanowire surface to examine the purity of the materials. 
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3.  Results and discussion 

 

3.1. Biosensor layout and detection principle 

In this research, a p-type silicon nanowire biosensor (device) was fabricated using a 

top–down nanofabrication approach (involves EBL, ICP-RIE, size reduction process etc) and 

thus are fully compatible with CMOS technology. The completed device has a dimension of 20   

20 mm (400 mm2 in area) as shown in Fig. 2(a). Fig. 2(b) shows the device consists of three 

main structures, which are nanowire patterns, pads and microfluidic channel structure. The 

AutoCAD was utilized to design the microwire (1 µm), pads and microfluidic channel while the 

nanowire patterns were designed with 5 different widths (40, 50, 60, 70 and 80 nm) using 

RAITH ELPHY Quantum GDSII Editor. The 400-μm lengths were patterned to ensure that the 

nanowires were in contact with the electrode pads (act as transducer channels between two 

metal contact pads) (Fig. 2(c)) and thus to increase the probability of reaction of the analytes to 

the nanowire surface during testing. The SEM image of the silicon nanowire (before size 

reduction process) is shown in Fig. 2(d), which indicates that the width of the silicon nanowire 

is approximately 60 nm. The cross-sectional SEM and AFM image shown in the Fig. 2(d) inset 

further revealed that this nanowire exhibits almost a rectangular cross section with 

approximately 60 nm in width and 50 nm in height. To achieve the smallest possible width of 

silicon nanowire with a good aspect ratio, the 60-nm silicon nanowire was dry oxidized and 

then a grown SiO2 was etched away (i.e., size reduction process), which resulted in a final width 

of 20 nm (Fig. 2(e)) as previously reported (M. N et al., 2016). The EDX spectrum of the 

fabricated silicon nanowire is presented in the inset of Fig. 2(e). The amount of silicon (Si) and 

oxygen (O) elements were achieved around 77.47% and 22.53% from the total percentage 

weight, respectively. There is a strong Si peak at 1.8 KeV together with the O peak in the spotted 

nanowire, indicating that was silicon nanowire was successfully fabricated, while the AFM (Fig. 

2(e) inset)) shows the morphology and profile of the silicon nanowire with approximately 20 

nm in width and 30 nm in height.  

 

Fig. 2 

 

In our research, a p-type silicon nanowire, which acts as the sensing component is 

connected between the source (S) and the drain (D) electrodes. To detect a specific target, the 

silicon nanowire surface is then functionalized with a bio-receptor, which is worked as a 

“molecular gate” by the binding of a target DNA. This detection principle has also been 

demonstrated by our research group (Adam and Hashim, 2015, 2016). A drain-source voltage, 
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(Vds) applied to the silicon nanowires will allow current, (Ids) to flow from the drain to the 

source. The density of charge carriers in the nanowire is then modulated by the molecular gate, 

which in turn affects the current, resistance and conductance of the silicon nanowire. In our 

research of a p-type silicon nanowire, the application of negative charge by means of a bio-

receptor leads to an accumulation of charge carriers in the sensing area, resulting in an increase 

in the measured current (Ids) and conductance, thus decreasing the resistance. This detection 

principle is called molecular gate control as schematically depicted in Fig. 3. 

 

Fig. 3 

 

3.2.  Effect of silicon nanowire widths on the electrical characteristics  

The quality of the silicon nanowires with various widths (20 nm (after reduction 

process), 40 nm, 60 nm, 80 nm and 1 µm) were further characterized electrically by applying a 

direct current (DC) voltage swept from 0 V to 1 V (small voltage range). The measurement setup 

of the fabricated silicon nanowire is shown in the inset of Fig. 4(a). All these measurements have 

been taken at room temperature (under ambient condition) to identify good and unsuitable 

devices (Kulkarni et al., 2012). Fig. 4(a) shows the excellent output of the electrical 

characteristics, Ids versus Vds (I-V), which indicates that the silicon nanowire exhibited an almost 

linear relation (ohmic behavior).  At Vds = 1 V, the fabricated silicon nanowire with width of 20 

nm, 40 nm, 60 nm, 80 nm and 1µm has demonstrated Ids of 115 pA, 146 pA, 201 pA, 327 pA and 

2.6 nA, respectively. It was also observed that the increase of width raises the amount of Ids 

gradually as shown in Supplementary Fig. S1. The raise of current was caused by the decrease in 

resistance of the silicon nanowire as shown in Fig. 4(b). The average resistance value of silicon 

nanowire with 20 nm, 40 nm, 60 nm and 80 nm width were 4.2 GΩ, 4.0 GΩ, 3.7 GΩ and 2.1 GΩ, 

respectively. It was found that, a bigger width of silicon nanowire has a lower resistance, which 

is in good agreement with electrical resistance theory. This is also consistent with the results of 

a similar experiment performed by Park et al. (2010) and Fatimah et al. (2013). According to the 

theory, a smaller cross-sectional area (silicon nanowire) would strongly contribute to increase 

resistance (R) value; 

 

                                                                                     (1) 

 

where   (rho) is the electrical resistivity of the material,   is the length of the silicon nanowire 

and A is the cross-sectional area of the silicon nanowire (Chaudhry and Islam, 2007). It was also 

observed in histograms (Fig. 4(b)), that the average conductance value is inversely proportional 
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to the average resistance value and clearly proportional to the width of silicon nanowire. 

Notably, these trends are in excellent agreement with previously reported (Delapierre et al., 

2010).  

 

To explore the silicon nanowire width effect on the electrical characteristics to the 

surface functionalization (DNA detection), two different silicon nanowire widths (1 µm 

(micrometer-scale width) and 20 nm (nanometer-scale width)) with the same length (400 µm) 

were compared. As shown in Fig. 4(c), there are significant differences in the measured Ids 

values for each surface functionalization steps, exhibiting a well-defined molecular gate control 

of silicon nanowire field-effect sensors. Besides, it can be noted that the I-V characteristic for a 

bigger width is more linear than the smaller width of silicon nanowire (Park et al., 2010; 

Pennelli et al., 2011). For DNA hybridization (concentration, 10 µM), 1 µm width silicon 

nanowire showed higher measured Ids = 4.25 nA, compared to the Ids = 0.86 nA detected from 

the 20 nm width at Vds = 1 V. The same trend of measured Ids value was observed for DNA 

immobilization (concentration, 10 µM), which is Ids for 1 µm always higher than the Ids for 20 

nm. This clearly shows that, the Ids values after DNA detection are highly dependent on the 

width of silicon nanowire. In addition, the current flow across the silicon nanowire is based on 

the depletion or accumulation of charge carriers when charged biomolecular components were 

attached on the surface of nanowire (Park et al., 2010), leading to a conductance change inside 

the silicon nanowire (K. I. Chen et al., 2011). Furthermore, the conductance change is highly 

affected by the silicon nanowire widths with high surface-to-volume ratio (Chen et al., 2006; 

Hsiao et al., 2009; Li et al., 2014). For 1 µm width, the surface-to-volume ratio is relatively 

smaller compared to 20 nm due to a large interior area of the wire that might not be influenced 

by the electric field exerted from the charged biomolecular components (Fig. 4(d)ii inset), hence 

almost no significant alteration in conductance changes. The relative change in conductance for 

1 µm width is 0.07, proving that a bigger width of silicon nanowire remains unaffected. In 

contrast, for 20 nm (smaller interior area), the surface-to-volume ratio was very large due to the 

influence of the external electric field, which could reach the whole cross-section of the 

nanowire (Fig. 4(d)i inset), resulting in large relative change in conductance, 0.86 (Agarwal et 

al., 2008). This could have been predicted, as scaling down width of silicon nanowire comes 

with an increase of the surface-to-volume ratio (K. I. Chen et al., 2011; Schmidt et al., 2010). 

 

 Fig. 4 
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 3.3.  Analytical performance of silicon nanowire biosensors 

As explained in Section 3.2 above, 20-nm p-type silicon nanowire has a large surface-to-

volume ratio. Therefore, this transducer is believed to be highly sensitive to local charges in its 

environment. Nevertheless, suitable functionalization of silicon nanowire surfaces with correct 

bimolecular or biochemical components is required for a reaction to take place (Adam and 

Hashim, 2015). Further tests were conducted to evaluate the analytical performance metrics of 

20-nm p-type silicon nanowire biosensor, which have been characterized in terms of its 

specificity, sensitivity, and LOD as shown in Fig. 5. In this research, the specificity of the silicon 

nanowire biosensors for the detection of DENV DNA was further verified by hybridizing a fully 

complementary target DNA, one-base mismatched target DNA and non-complementary target 

DNA (control group), both at same concentration of 10 µM, to the immobilized DNA probe. Fig. 

5(a) clearly depicts the resulted I-V characteristics, which exhibited significant differences in 

the measured Ids values for each of the DNA hybridization. It was observed that, upon 

hybridization with a fully complementary target DNA and one-base mismatched target DNA, an 

increase in current of 0.52 nA and 0.13 nA were recorded, respectively. However there was no 

change in the current that has been detected for non-complementary target DNA compared with 

the current of the immobilized DNA probe at Vds = 1 V. The magnitude of this increase is 

dependent on the selectivity, which is typically achieved by attaching a specific recognition 

group to the surface of the silicon nanowire as explained in Section 2.3. In addition, the 

increment of the measured Ids values is originated from the increased positive charges carrier 

current density on the p-type silicon nanowire encouraged by the negatively charged probe and 

target DNA (Ryu et al., 2010). Noteworthy, the contribution of any charge to the silicon 

nanowire induces changes in conductance and resistance accordingly (Zhang et al., 2009).  

 

For further verification of the device specificity, the relative change in conductance of 

the device were plotted (Box Chart) as shown in Fig. 5(b). A negligible change in conductance 

(2%) was observed when a 10 µM of non-complementary target DNA was applied to the 

immobilized DNA probe. In contrast, an obvious significant change (74%) was observed when a 

fully complementary target DNA with the same concentration was used, while the conductance 

changes between one-base mismatched target DNA and the immobilized DNA probe resulted in 

a smaller increase in conductance (28%). The results indicated that only specific binding of 

target DNA to the immobilized DNA probe might induce the observed conductance changes. 

Simultaneously, a similar trend was observed for the relative change in the resistance of the 

device as shown in Supplementary Fig. S2. The results disclose that the device offers a very good 

specificity with an excellent discrimination between fully complementary, one-base mismatched 
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and non-complementary sequences, which is in good agreement with the previously reported 

results (Gao et al., 2007; Zhang et al., 2009, 2010, 2008). 

 

To demonstrate the sensitivity and LOD of the silicon nanowire biosensor, the effect of 

different concentrations of fully complementary target DENV DNA, ranging from 10 fM to 10 µM 

were investigated. The I-V characteristics were plotted as shown in the inset of Fig. 5(c), which 

clearly showed the Ids increased with increasing target DNA concentration. In other words, by 

adding and having more negative charge on the surface, the p-type silicon nanowire experiences 

accumulation of charge carriers (holes) around the perimeter of the silicon nanowire, resulting 

in an increase in the measured Ids as explained in Section 3.1. The sensitivity of the device is the 

slope of the calibration curve (Fig. 5(c)) extracted from I-V characteristic (Supplementary Fig. 

S3). It was observed that Ids increases linearly with increasing fully complementary DNA 

concentrations from 10 fM to 10 μM with the sensitivity of 45.0 µA M-1 and thereafter saturated 

further. In addition to sensitivity, the LOD of the device should also be given a proper attention, 

which can be used to evaluate the ability of a device to detect the lowest concentration of an 

analyte in target DENV DNA. By calculating the relative change in the current of device to 

various concentrations of target DENV DNA, a calibration curve (the relative change in current 

were found to be well proportional to the natural logarithm of DENV DNA concentration) was 

plotted as shown in Fig. 5(d). The LOD of the device is approximately 2.0 fM. To the best of our 

knowledge, the sensitivity and LOD reported are among the best in detection of DENV DNA, 

compared to the previously reported in the literatures as shown in Supplementary Table S1. 

 

The device was further performed by monitoring the concentration-dependent 

conductance change upon hybridization to the complementary target DNA as shown in 

Supplementary Fig. S4. The relative change in conductance was extracted from the I-V 

characteristic as shown in Supplementary Fig. S3. An obvious 81.2% conductance change was 

obtained when 10 µM concentration of complementary target DNA was hybridized to the 

immobilized DNA probe. However, the conductance change reduced to 73.8%, 66.0%, 36.8%, 

23.8%, 12.2% and 6.8%, respectively when 1 µM, 10 nM, 1 nM, 10 pM, 1 pM and 10 fM 

concentration of complementary target DNA were employed. From these obtained results, it can 

be concluded that the change in conductance after DNA hybridization is primarily dependent on 

the amount of the charge layer contributed by DNA. The more the target DNA was hybridized, 

the more negative charges added on the p-type silicon nanowires surface which lead to an 

accumulation of more positive charges carriers (holes), resulting in the increasing of the 

conductance values as observed. Furthermore, this observation was also in consistent with the 

literatures (K. I. Chen et al., 2011; Zhang et al., 2009). From this concentration-dependent 
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conductance results, we have verified that our p-type silicon nanowire is feasible as a biosensor 

and it is obviously showed that this biosensor provides a powerful electrical detection approach 

to detect target DENV DNA.  

 

Fig. 5 

 

The capability of the sensor for repeated DENV DNA detection (repeatability 

performance) was investigated. The sensor (same device) was washed with hot DI water at 

90°C for 5 minutes to de-hybridize DNA pairs on the silicon nanowire surface (back to probe). 

The reusability of the sensor was tested by repetitive (five times) hybridization with same 

concentration of DENV DNA (10 µM). The results of the sensor for repeatability performance 

were obtained as shown in Fig. 6(a). The Ids values for five cycles (hybridization and de-

hybridize) exhibited no significant change with negligible differences. A relative standard 

deviation (R.S.D) of hybridized regeneration cycles was found less than 5.0% for the same 

nanowire, suggesting a good repeatability of the proposed sensor. Further tests were conducted 

to evaluate the reproducibility of the sensor by comparing five different devices as shown in Fig. 

6(b). As can be seen, the results have revealed a satisfactory reproducibility performance of the 

sensor with R.S.D was found slightly larger at 25.0% when compared to the repeatability 

performance. This might be due to a minor variation in the nanowire dimension and also the 

purity of the materials being used in the tests. Therefore, the silicon nanowire biosensors have a 

promising potential in monitoring of DENV DNA with stable and excellent repeatability and 

reproducibility performances. 

 

Fig. 6 

 

4.  Conclusion  

 
We demonstrated a p-type silicon nanowire biosensor with a novel molecular gate 

control and the nanowire was scaled-down to 20 nm. The responsivity of this biosensor was 

thoroughly investigated by observing electrical detection in response to the concentrations of 

DENV DNA oligomer. It is shown that this electrical biosensor was able to detect as low as 2.0 fM 

concentration (LOD) with a greatly enhanced sensitivity of 45.0 µA M-1 with high specificity, 

repeatability and reproducibility. This research is useful in making novel electrical detection 

that can be commercialized for DNA detection. Thus, we expect this electrical biosensor to be 

beneficial for point-of-care diagnostic applications. 
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Figure legends 
 
Fig. 1. Schematic illustration of (a) the silicon nanowire device integrated with microfluidic 

channel and (b) the surface functionalization, including surface modification by APTES and 

glutaraldehyde, DNA immobilization and DNA hybridization on the silicon nanowire surface. 

 

Fig. 2. Design of silicon nanowire biosensor: (a) The final structure of fabricated biosensor for 

DENV DNA detection. (b) The overall design for silicon nanowire biosensors with the 

microfluidic channel, drain and source electrode pads. (c) The SEM image of the silicon 

nanowire with different widths and 400-μm lengths. (d) The SEM image of silicon nanowire 

with 60-nm width and 50-nm height at 15 keV with 60 000 magnification. The insets are the 

cross-section and AFM image of the silicon nanowire before size reduction process. (e) The SEM 

image of 20-nm-wide and 30-nm-high silicon nanowires at 15 keV with 100 000 magnification. 
The insets are EDX spectrum and AFM image of the silicon nanowire after size reduction 

process. 

 

Fig. 3. The detection principle of silicon nanowire biosensors with novel molecular gate control. 

 

Fig. 4. Electrical properties of silicon nanowires: (a) Ids-Vds characteristic shows p-type ohmic 

behavior. (b) The resistance and conductance histograms of the silicon nanowire. (c) Ids-Vds 

characteristic shows the silicon nanowire width effect on the electrical characteristics to the 

surface functionalization. (d) The relative change in the conductance response of a wire for 

micrometer and nanometer-scale width. 

 

Fig. 5. Silicon nanowire biosensors: (a) Ids-Vds characteristic by different steps of surface 

functionalization. (b) Hybridization specificity demonstrated by the conductance to the 

complementary, one-base mismatched, non-complementary DNA sequences at Vds = 1 V. (c) Ids 

response curve of silicon nanowire biosensor with different concentrations of DENV DNA. (d) 

Calibration curve of the relative change in current, display limit of detection (LOD).  

 

Fig. 6. (a) The repetitive cycles and (b) reproducibility of silicon nanowire biosensor in 10 μM 

target DENV DNA. 
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Highlights 

 A silicon nanowire biosensor with novel molecular gate control is developed. 

 Amine-based chemical binding approach in the surface modification is highlighted. 

 Electrical detection of Dengue Virus (DENV) DNA is discussed. 

 LOD as low as 2.0 fM concentration with high sensitivity of 45.0 µA M-1 is reported. 

 

 

 

 




