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摘        要 

 

 

 

 對世界各地的幼童而言腸病毒七十一型 (Enterovirus 71, EV71)是一

種重要的致病原且比其他非小兒麻痺腸病毒 (non-polio enterovirus)具

有高致病率及致死率，其感染屬於神經性症狀，且平均會在三天內惡化。

傳統的臨床確認檢驗方式需要先病毒培養再進行病毒分離 (virus 

isolation)和藉由反轉錄聚合酶鏈式反應(RT-PCR)，這些過程耗時、昂貴

且無法達到立即診斷 EV71。在文獻中，多晶矽奈米線場效電晶 

(polysilicon nanowire field-effect transistor, poly SiNW- FET)可

被製成且具有高靈敏度、無標誌且立即偵測腸病毒七十一型的置能轉換器 

(transducer)。對特定 EV71 的 DNA 序列有專一性的單股 DNA 序列先被固定

在多晶矽奈米線場效電晶體表面，用來偵測 EV71 的多晶矽奈米線場效電晶

體具有高靈敏度，且能對 EV71 產生反應，並且在有無交互作用的離子分子

下仍是穩定的，最低可偵測到 aM (attomolar, aM,10
-18
M)範圍。此結果表

示多晶矽奈米線場線電晶體具有靈敏、無標誌且可立即偵測的淺能，此特

性可發展成生物感測系統用來偵測 EV71 的感染，以便早期發現早期治療， 
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ABSTRACT 

 

 
 Enterovirus 71 (EV71) is an important pathogen that cause higher morbidity and 

mortality in children around the world than those of other non-polio enteroviruses. Its 

infection is neurotropic and followed by rapid deterioration within average 3 days. The 

conventional clinical methods for EV71 identification require virus isolation from cell culture 

and DNA amplification by reverse transcription polymerase chain reactions (RT-PCR), which 

is time-consuming, expensive and cannot meet the urgent need for the diagnosis of EV71. In 

this report, polysilicon nanowire field-effect transistor (poly SiNW- FET) was fabricated and 

function as a transducer for ultrasensitive, label-free and real-time detection of EV71. Specific 

single-strand DNA sequences that the unique DNA sequence of  EV71 were first immobilized on 

poly SiNW-FET. The fabricated poly SiNW-FET based EV71 biosensor exhibit a high sensitive 

and specific in respond to EV71. The functionalized poly SiNW-FET was stable in the presence 

of non-interacting ion molecules and was able to detect EV71 RNA at the aM range. The results 

of this study suggest that the poly SiNW-FET has a potential to be useful developed to a real-time, 

sensitive and label-free detection. The characteristics make it a potential biosensing system for 

early recognition that helps the treatment for EV71 infection. 
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I. Literatures review 

 

1.1    Enterovirus 

1.1.1 An introduction to enterovirus 

The enterovirus belongs to family Picornaviridae, single-strand RNA virus. They 

consist of poliovirus (PV, 1-3 serotypes), coxsackievirus group A (CA, 1-22, 24 

serotypes), group B (CB, 1-6 serotypes), and echovirus (EV, 1-33 serotypes, except 8, 

10, 28) [1]. Since the 1960s, 4 newer enteroviruses have been discovered and named 

with serial number only, such as enterovirus 68-71 [2, 3]. Since 2000, enteroviruses 

were classified by genomic sequencing to human poliovirus and human enteroviruses 

A to D [4] (Table 1). The major outbreak occurred in Taiwan in the summer of 1998 is 

Enterovirus 71 [5].  

 

Table 1 Enterovirus were classified based on their genomic sequences 

Classified  Serotypes  
Human enterovirus A 
(HEV-A) 

Coxsackievirus A2-8, 10, 12, 14, 16 
Enterovirus 71, 76, 89-92 

Human enterovirus B 
(HEV-B) 

Coxsackievirus A9 
Coxsackievirus B1-6 
Echovirus 1-7, 9, 11-21, 24-27, 29-33 
Enterovirus 69, 73-75, 77-88, 93, 97-98, 100-101 

Human enterovirus C 
(HEV-C) 

Coxsackievirus A1, 11(15), 13(18), 17, 19-22, 24 
Enterovirus 95-96, 99, 102 
Poliovirus 1-3 

Human enterovirus D 
(HEV-D) 

Enterovirus 68, 70, 94 

New (unclassified)   
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Enterovirus 71 (EV71) belongs to human enterovirus A (HEV-A). EV71 was 

further classified by their nucleotide sequence to genotype A, B, and C. Genotype B 

could be further classified into subtypes B1 to B5; and genotypes C into subtypes C1 

to C5 [6, 7]. EV71 and coxsackievirus group A16 (CA 16) are similar very much and 

both cause hand-foot-mouth disease (HFMD). However, EV71 associated with the 

further development of acute neurological disease, including poliomyelitis-like 

paralysis, encephalitis, and aseptic meningitis. The primary agent in fatal case was 

EV71 which defined by the endemic in Taiwan in 1998 [3].  

 

1.1.2 Mode of transmission 

Enterovirus infection occurs worldwide. Human is the only known natural host 

for enterovirus. EV71 is primarily transmitted through the fecal-oral route. Respiratory 

droplets are another route of transmission. Enteroviruses have been detected in water, 

soil, vegetables and shellfish and may possibly be transmitted in the community by 

contact with contaminated food or water. By Dr. Chang LY’s research during the 1998 

epidemic, the isolation rate of throat swabs was higher than rectal swabs. EV71 could 

survive 1-2 weeks in the pharynx and 6-8 weeks in feces. It suggest that during the 

acute phase of disease, the respiratory droplets or saliva of patients are highly 

contagious and indicates that in limiting the spread of the epidemic, the respiratory 

isolation of HFMD patients could be important [8]. 

 

1.1.3  Pathogenesis  

Clinically, it’s difficult to distinguish the specific cause of most enterovirus 

infection. Most enterovirus infection usually develops no clinical symptoms, mild 

upper respiratory symptoms, a flu-like illness with fever, or self-limited infections, 
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like Hand-foot-and-mouth disease (HFMD) and herpangina. But some may develop 

severe neurologic disease or die, especially in young children[3]. After the incubation 

period ranges from 2-10 days, usual duration of illness is 3 to 6 days, symptoms start 

with fever and general malaise[9]. After morbidity, its rapid deterioration within 

average 3 days, and the majority of EV71 infected with severe complications are 

myoclonic jerks, hyperglycemia, encephalomyelitis and cardiopulmonary failure…etc 

[3, 5, 10].  

 

Table 2  Proposed pathogenesis of severe Enterovirus 71 infections [3] 

Stage  Syndrome  Underlying cause 
1 Hand-foot-and-mouth disease (HFMD)/ 

herpangina 
- 

2 Encephalomyelitis  Direct invasion or 
viremia 

3 Cardiopulmonary failure 
A: Hypertension  
B: Hypotension 

Neurogenic 
inflammatory response 

4 Convalescence  - 

 
 

Table 3  The common disease related enterovirus serotypes[11]. 

Common diseases  Virus serotype 

hand-foot-mouth disease (HFMD) Coxsackievirus group A16 (CA16), 
CA4, 5, 9, 10, CB2, 5, EV71 

Herpangina  CA 1-10, CA16, CA22, EV71 

Pleurodynia  Coxsackievirus group B (CB) 

Acute myocarditis and pericarditis  CB 

Acute meningitis and encephalitis  CA10 

Aseptic meningitis and encephalitis  Coxsackievirus, poliovirus, 
echovirus, EV71 

Febrile illness with rash Coxsackievirus, echovirus 
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1.1.4 Epidemiology  

Young children are most susceptible to EV infection. Males more often develop 

clinically-recognizable disease than females [12]. 

Enterovirus 71 was first isolated from the stool of an infant with aseptic 

meningitis in California in the United States in 1969 [13]. Since then, EV 71 has been 

identified in many parts of the world. Two patterns of EV 71 outbreak have been 

classified. Small outbreaks involve with occasional patient death, this occurred in the 

United States, Australia, Sweden, and Japan [14-17]. The other severe outbreaks 

associated with high mortality, which occurred in Bulgaria in 1975 with 44 deaths [18], 

in Hungary in 1978 with 45 deaths [19], in Malaysia with at least 30 deaths [20], and 

in Taiwan in 1998 with 78 deaths [21], in 2000 with 25 deaths, in 2001 with 26 deaths 

[3]. Outbreaks of aseptic meningitis associated with enterovirus infection have been 

reported from Cyprus in 1996 and Gaza strip in 1997 [22]. Table 4 and Fig. 1 showed 

the historical perspective and case incidences worldwide [3, 18, 19].  

To sort the incidence and case-fatality rate of enterovirus infection from 1998 to 

2008 in Taiwan show in Fig. 2. 
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Table 4 Historical perspective and case incidences of Enterovirus 71 in worldwide. 

Year Description 
1969 First isolated in California 
1972 Melbourne, Australia 
1974 Sweden 
1973 Japan 
1975 Bulgaria with 44 deaths 
1978 Hungary with 45 deaths 

Japan 
1985 Hong Kong 
1986 Nan-ao, Taiwan 
1997 Malaysia with at least 30 deaths 
1998 Taiwan with 78 deaths 
2000 Taiwan with 25 deaths 
2001 Taiwan with 26 deaths 

 
 

 
Figure 1 The epidemiology of enterovirus around the world, since 1969. 
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Figure 2 Epidemic situation of Enterovirus infection with severe complications in 

Taiwan, 1998-2008. (redraw from CDC, 疫情報導 676, 938) 

 

 

 

Figure 3 The distribution of serotypes of virus isolation from severe fatal case, 

1998~2006 [11] 
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1.1.5  Conventional clinical diagnosis 

The traditional “gold standard” for the diagnosis of Enterovirus infection is virus 

isolation from clinical specimens in cell culture, followed by serotype identification by 

neutralization test (NT) and detection of specific enterovirus serotype by the indirect 

immunofluorescence assay (IFA) [23-25]. The final identification was carried out 

using a number of  different molecular approaches, including reverse transcription 

polymerase chain reaction (RT-PCR), restriction fragment length polymorphism 

(RFLP) analysis, and nucleotide sequence analysis of amplicons from various regions 

of the genome[23, 25-27].  

By classification principles set by CDC, March, 2008 is below: 

   Enterovirus isolation in cell culture  

Diagnosis is made by detecting virus in throat or fecal samples, or more 

convincingly, from specimens collected from the affected part of the body, for 

example, cerebrospinal fluid (CSF), biopsy material, and skin lesions. A monkey 

cell line (LLC-MK2), human lung cell line (MRC-5), human rhabdomyosarcoma 

cell line (RD), African green monkey kidney cell line (Vero), human lung 

carcinoma cell line (A549), and human epidermoid carcinoma cell line (Hep-2) 

were used to grow viruses [23, 25]. Preliminary identification is based on the 

appearance of a minimum of 14 days for characteristic of a viral cytopathic effect 

(CPE)[28, 29]. 

 

   Enterovirus antisera neutralization test (NT) 

Serotype identification was performed by neutralization using Lim 

Benyesh-Melnick (LBM) pools of types-specific antisera. The serum specimen 

was diluted by PBS, mixed well, and the mixtures were heated. Then the method 
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of gold standard procedure was followed to make a two-fold serial dilution out of 

the sample, and a definite amount (100 CCID50 / 50 μl) of virus was added to 

each of diluted solutions. The mixture was then incubated 4 days before its 

neutralization antibody titer determined [25, 30, 31]. At least a four-fold rise in 

the level of neutralization antibody titer in serum collected during the acute and 

convalescent phase of illness, which provides the best evidence of a recent 

infection[2]. 

 

   Immunofluorescence assay (IFA) 

When cytopathic effect was observed, infected cells were scraped off the 

vessels, washed in PBS, spotted on the slides. The monoclonal antibody blends 

were directly applied to specific wells on each slide. The slides were incubated 

with a prestandardized dilution of anti-mouse immunoglobulin G 

fluorescence-conjugated antibody. After mounting, slides were then examined 

under a fluorescence microscope [23-25]. In Rigonan’s research, the sensitivity of 

the IFA was 73% for polioviruses, 85% for coxsackieviruses type B, and 94% for 

echoviruses. Specificity was near 100% for polioviruses and coxsackieviruses 

type B and 94% for echoviruses[24]. 

 

   Reverse transcription polymerase chain reaction (RT-PCR) 

After RNA extraction, the purity and concentration of RNA was determined 

both measuring OD at A260/280 and by quantitating the ethidium-stained agarose 

gel bands. RT-PCR were carried out by RT-PCR beads. The beads contained 

recombinant Moloney Murine Leukemia virus (M-MuLV) reverse transcriptase 

for cDNA synthesis, Taq DNA polymerase for amplification, RNase inhibitor, 
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buffer, dNTPs. RT-PCR products were examined by electrophoresis through 1~ 

3% agarose gels and ethidium bromide staining. The bands migrating at the 

predicted size were excised and purified for further sequencing analysis [23, 25, 

32]. 

 

 
Figure 4 Comparison of time of clinical diagnosis and Enterovirus life cycle in host is 

related to transmission speed. 

 

These methods often require a relatively high level of sample manipulation that 

isn’t convenient for infection materials. The ability to detect rapidly, directly, and 

selectively individual virus particles has the potential to significantly impact health 

care, since it could enable diagnosis at the earliest stages of replication within a host 

system. We currently lack a sensitive method of diagnosing enterovirus early. 
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1.2   Polysilicon nanowire field-effect transistor (poly SiNW-FET) 

1.2.1 Introduction of SiNW 

There are two common ways to fabricate silicon nanowires. Chemical vapor 

deposition (CVD) method was used to fabricate silicon nanowires by using metal 

nanoclusters and silane (SiH4) as the vapor phase reactant. The most famous group is 

led by Charles M. Liber in Harvard University. Their research focused on was about 

how to control the growth rate and electrical properties of the carbon nanotube and 

silicon nanowire was published in Nature in 2000[33]. Then they reported that they 

can fabricate silicon nanowire field effect transistor in Science in 2001 [34] and they 

claimed the application of their silicon nanowire field effect transistor which can be 

used as pH sensor and biosensor , which also published in Science in the same 

year[35]. They used APTES to modify the surface of the silicon nanowire to improve 

the performance for pH values sensing and used the biotin to functionalize the surface 

of silicon nanowire to detect the streptavidin. Furthermore, they announced many 

researches in many famous internal journals, such as detection of DNA and DNA 

sequence variations [36], detection of single viruses [37], multiplexed electrical 

detection of cancer markers and detection to at least 9pg/ml [38], and detection, 

stimulation, and inhibition of neuronal signals [39]. Charles M. Liber et al. prove that 

silicon nanowire field effect transistor can not only measure but also detect many 

kinds of targets. It is worth studying that the silicon nanowire field effect transistor has 

the capability as a sensor. However, the electrodes of the silicon nanowires which are 

fabricated by CVD method are arranged difficultly. In order to overcome this obstacle, 

some groups tried to use e-beam lithography to define nanowire pattern on silicon on 

insulator (SOI) substrate [40, 41].  Although the width of the silicon nanowire is 

wider than that fabricated by CVD, it showed good performance of pH values and 
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proteins detections, for instance, Eric Stern used the biotin to functionalizing the 

silicon nanowire to detect streptavidin and avidin and can detect at least 10fM. 

Moreover it can detect to at least 100fM in immunoassay [42].  

This kind of fabrication method is easy to arrange the electrodes of the silicon 

nanowire and to suit the standard CMOS fabrication process. So the difficulty of the 

fabrication process is minimized. Nevertheless, the cost of the SOI is much higher 

than silicon wafer to increase the prime cost of the developed sensors.  

 

1.2.2 Applications of poly SiNW-FET to biomedical sensing 

Conventional techniques for the detection of biomolecular interactions are 

limited by the need for exogenous labels, time- and labor-intensive protocols, as well 

as by poor sensitivity performance levels[35]. Material scientists and engineers have 

progressively miniaturized the materials with advanced CMOS fabrication process 

that constitute the building blocks of various biomedical devices, such as carbon 

nanotubes[43], surface plasma resonances (SPR)[44], cantilever[45], quartz crystal 

microbalance (QCM)[46], and quantum dots[47]. Some of these sensing devices, such 

as those based on cantilevers and quantum dots, are highly specific, ultrasensitive, and 

have a short response. However, these devices require integration with optical 

components in order to translate phenomena on sample surface into a readable signal. 

The requirement for detection optics is expected to significantly increase the cost of 

operation for such a device. This progressive downscaling has led to the creation of 

materials with at least one critical dimension less than the scale of approximately 100 

nm. Table 5 compared the relative methods of biosensing, NW-FET can be developed 

to a highly sensitive, label-free, and real-time biosensor. In the present method, 

NW-FET has the highest sensitivity, and many research teams consider it as an 
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important study direction.  

 

Table 5 The detection limit of all kinds of novel sensors. 

Transducers Target Sensitivity  

SPR[44] Tumor antigen 10-100 pg/ml 

Microcantilever [45] PSA 0.2 ng/ml 

QCM[46] Human-IgG 100 pg/ml 

Electrode [48] IgG 7 pg/ml 

SNW-FET[38] PSA 50-100 fg/ml 
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1.3   Commercialize products 

1.3.1 DR. EV IVD Kit (晶宇- 腸病毒體外診斷試劑套組) [49] 

The novel approach is based on hybridization of amplified DNA specimens with 

oligonucleotide DNA probes immobilized on a microchip. Two oligonucleotides were 

used as detection probe, the pan-enterovirus located in the 5’-noncoding region 

(5’-NCR) and the EV71-specific sequence located in the VP2 region. The diagnostic 

procedure takes 6 hr, exclude specimens pretreatment, such as virus isolation, PCR 

amplification…etc. The experiment result is presented by colorimetry. All of the 

specimens identified as enterovirus by viral cultures and IFA using a pan-enterovirus 

antibody were tested using this microchip. The sensitivity is 89.6 % and its specificity 

is 90.9 %.  

 

Table 6 Compare the advantages and drawbacks of poly SiNW-FET and traditional 

clinical diagnosis. 

 Chip Clinical diagnosis 

 NW-FET[50] 

 DNA 

microarray 

chip [49] 

IFA[24]  NT[24] RT-PCR[27]

Accuracy V 89.6 % 73~94 %  92 % 

Label-free V Colorimetric Fluorescence  Fluorescence 

Real-time V X X X X 

Fabrication V X X X X 

Cost-down V 
400000 

/system 
X X V 

Without training V X X X X 

Define “V” as yes, and “X” as no. 
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II. Materials and methods 

 

2.1   Fabrication of poly SiNW-FET devices 

 

Poly SiNW-FET devices were fabricated at the National Nano Device Labratories 

(Hsinchu, Taiwan) according to previously reported procedures with same 

modifications to reduce the current leakage in aqueous solution[51]. N-type devices 

with two poly SiNW channels, 80 nm width and 2 μm length, were fabricated based 

on poly-silicon sidewall spacer technique. This approach was compatible with current 

commercial semiconductor process [50, 52-55]. 

 

2.2    Immobilization of captured DNA probe on poly SiNW-FET 

2.2.1 Materials  

 

1.   3-Aminopropyltriethoxysilane (APTES): H2N(CH2)3Si(OC2H5)3 

 

Company: Sigma-Aldrich (USA) (A3648) 

CAS Number : 919-30-2  

Assay: ≥98% 

 

 

 

SiO O

O

H2N
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2.   Sodium cyanoborohydride: NaBH3CN 

Company: Sigma-Aldrich (USA) (71435) 

CAS Number : 25895-60-7 

Assay: ≥95% (RT) 

 

3.   Ethanolamine hydrochloride: NH2CH2CH2OH‧HCl 

Company: Sigma-Aldrich (USA) (E6133) 

CAS Number : 2002-24-6 

Assay: ≥99% 

 

4.   Glutaraldehyde solution: OHC(CH2)3CHO 

Company: Fluka (USA) 

CAS Number : 111-30-8 

Grade: technical 

Concentration: ~25% in H2O (2.6M) 

 

 

 

 

 

 

Na+

-H3B N

O O

NH2

HO H
Cl
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5.   Potassium phosphate monobasic: KH2PO4 

Company: J.T.Baker (USA) 

 

6.   potassium phosphate dibasic: K2HPO4 

Company: J.T.Baker (USA) 

 

7.   Ethanol (99.5%): CH3OH 

Company: Echo Chemical Co. (Taiwain) 

 

8.   Polydimethylsiloxane (PDMS): (H3C)3SiO[Si(CH3)2O]nSi(CH3)3 

Company: Sil-More (Taiwan) 

 

 

 

 

 

 

K+

P

O

HO

OH

O-

Si O
Si

O
Si

n

K+

K+

P

O

HO

O-

O-
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9.   EV71 DNA sequences were designed for capture probe and the target DNA used 

on this project are listed as below and based on previous publication [27]. All 

synthetic oligonucleotides were purchased from MDBio Inc. (Taiwan). 

5’-amino C6 modified captured DNA probe 

5’-6 – Carboxyfluorescein (FAM) modified EV71 target DNA  

 

 DNA sequences (5’-3’) 

 5’-H2N C6 modified 

captured DNA probe 
Target DNA 

EV71 a GTG GCA GAT GTG ATT GAG AG CTC TCA ATC ACA TCT GCC AC

CA16 b GAG TGA TGG TTC AAC ACA CA TGT GTG TTG AAC CAT CAC TC
a relative to BrCr nt 2448-2467 

b relative to G-10 nt 2666-2685 

 

10. Phosphate buffer solution (PBS) was prepared in deionized water (DIW) and its 

pH was adjusted to 7.0.  

 

11. Deionized water (DIW) 

resistance of water: 18.2 MΩcm 

ultra-pure water system (Barnstead). 
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2.2.2 Equipments  

 

1.   Fluorescence microscope 

 

Company: Olympus 

 

2.   Probe station 

 

Company: Calfa (奕葉) 
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3.   Model 2636 Dual-channel System SourceMeter Instrument (Low Current) 

 

Company: Keithley 

 

2.2.3 Functionalized poly SiNW-FET with capture DNA probe 

 

The microfluidic channel, which was made with acrylic and 

polydimethylsiloxane (PDMS) was placed on top of the device integrated with metal 

holder to hold the aqueous solution surrounded poly-SiNW. The poly-SiNWs were 

firstly washed by ethanol solution to remove contaminants before 2.0% APTES 

ethanol solution was pumped into the microfluidic channel for 17 min to introduce 

amino group onto the poly-SiNW surface. The device was then washed with pure 

ethanol (99.5%) once, and heated at 120 °C for 10 min to remove the surplus ethanol. 

Secondly, the device surface was covered with 2.5% glutaraldehyde in 10 mM PBS 

(pH 7.0) and 4 mM sodium cyanoborohydride for 1 hr followed by PBS wash. Finally, 

the 10 μM 5’-amniomodified captured DNA probe was coupled to the surface of the 

nanowire in PBS containing 4 mM sodium cyanoborohydride for 1 hr. The un-reacted 

aldehyde groups were blocked by mixing with 50 mM ethanolamine for 35 min and 

the modified poly-SiNW FET was washed with PBS. 
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Figure 5 Schematic diagram of DNA probe immobilization.  
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2.3 Microfluidic system integrated with poly SiNW-FET 

2.3.1 Preparation of microfluidic channel with PDMS 

To still and mix reagent A and B (gravity ratio A:B = 10:1) well. Use vacuum 

pump to degas about 30min until most bubbles are gone. Pour it to mother mode 

(glass). Bake PDMS with oven at 70℃ for 30 minutes. Peel PDMS structure off 

carefully from mother mode. Punch input and output holes. Surface may need to be 

clean with acetone  

 

2.3.2 Poly SiNW-FET integrated with microfluidic system 

 

Clean PDMS microflidic channel with acetone to clean the dust and organical 

particles. Bond PDMS microfluidic channel to nanowire devices. A mechanical gear 

was designed which uses a limpid blanket of acrylic to compress the PDMS structure 

and to make it stick to the wafer surface (Fig. 6). Backside of the wafer contacts with a 

stainless steel, allowing a bias applied to the substrate serving as a back gate of the 

NW devices and could be adjusted in the subthreshold region of the transfer 

characteristics of the NW device. (Fig. 7) 
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Figure 6 The microfluidic channel are used for the biosensing with poly SiNW-FET 

 

 

Figure 7 The apparatus for electric measurement. 
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2.4   Electric mearsurements of poly SiNW-FET 

The gate potential and source/drain bias voltage were controlled by chip analyzer 

(Keithley 2636). Generally, the ID was measured at several constant bias voltage (VG 

from 0 to 3 V with a step of 0.5 V) for the measurement of ID-VD curves while 

sweeping the VD from 0 to 1.5 V to test the performance of poly SiNW-FET. We 

divide the biosensing parameters into two electric measurements. They are ID-VG 

measurement and ID-time measurements:  

 

2.4.1 The measurement of ID-VG curves 

In the general ID-VG curve measurement parameters, the drain current (ID) was 

measured at constant bias voltage (VD = 0.5V) while sweeping the gate potential (VG) 

from 0 to 1.5 V. We performed a sweep started at 0 V bias. To ensure that the device 

was in the initial state after the stabilized base ID-VG curves was obtained as PBS (10 

mM, pH 7.0) was injected, and the EV71 target DNA in PBS (about 0.1 μl) was load 

directly on the nanowire device with a micro pipette. When comparing ID-VG curve 

behavior to those controlled experiments, we noted that the biosensing test gave the 

current shift at the same bias conduction. The electric characteristic of DNA/DNA 

hybridization was observed as soon as the target DNA was added. It took 30 sec to 

obtain and ID-VG curve and the ID-VG curve remained stable during the incubation. In 

a typical experiment, the determination of ID-VG curves was repeated at least 3 times 

or until it become stable without current shift to make sure that no further variation 

can be observed. 
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2.4.2 The measurement of ID-time curves 

 

After the stabilized base ID-VG curves was obtained in PBS (10 mM, pH 7.0), VG 

was choose from the linear region that have the largest variation of ID. Generally, in 

the ID-time curve measurement parameters, the ID was measured at constant bias 

voltage (VD = 0.5 V) and gate potential each experiments to test the poly SiNW-FET 

performances in aqueous solution. ID-time data were recorded while buffer solutions, 

flowed through the microfluidic channel. DNA sensing experiments were performed 

in the microfluidic channel under a flow rate of 1.8 ml/hr (100 μl / 200 sec) in PBS 

and continuously measured about 300 seconds each reactions. The orders of each 

experiment were obtained including PBS, non-complementary target DNA, PBS, and 

target DNA, respectively.  
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III. Results and Discussion 

 

3.1    To confirm the immobilization step with target DNA labeled FAM 

 

The EV71 DNA functionalized device was monitored by fluorescence labeling 

using 5’-5-FAM modified EV71 target DNA (5’-5-FAM-EV71 DNAtarget) as the 

fluorescence reporter. EV71 capture (EV71capture )DNA probe is a single-strand DNA 

sequences which is used to recognize the complementary EV71 target (EV71target) 

DNA. EV71capture DNA probe was functionalized on the surface of poly SiNW-FET 

according to the procedure diagramed in Fig. 8 Fluorescence was observed with some 

background on the surface of the device with the addition of 5’-5-FAM-EV71 

DNAtarget on unmodified EV71 capture DNA probe under blue light excitation (Fig. 8). 

EV71 capture DNA probe cannot be linked to the silicon oxide surface in the absence 

of glutaraldehyde, and thus the fluorescence was not observed in Fig. 9 either. Clear 

distinction in fluorescence was observed in Fig. 10. Only the device functionalized 

with specific EV71 capture DNA probe gave the expected fluorescence upon 

hybridization with 5’-5-FAM-EV71 DNAtarget under blue light excitation.  
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Figure. 8 Fluorescence microscopic image of the unmodified EV71 capture DNA 

probe with poly SiNW-FET device following reaction with 5-FAM dye. 

 

 

 
Figure. 9 Fluorescence microscopic image was observed EV71 capture DNA probe 

immobilized on the silicon oxide surface in the absence of glutaraldehyde.  
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Figure. 10 Fluorescence microscopic image was observed the device functionalized 

with specific EV71 capture DNA probe gave the expected fluorescence image.  
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3.2   Electronic responses from specific DNA/DNA interaction on poly SiNW-FET 

3.2.1 NW immobilized with EV71capture DNA probe and ID-VG curve was obtained with 

micro pipette  

 

Typical characteristic of poly SiNW-FET at room temperature was shown in Fig. 

11 and Fig. 12 The ID versus VG (ID-VG, from 0 to 2 V) output characteristic of with 

the constant VD (0.5 V) exhibited excellent semiconductor FET characteristics, 

illustrating n-type behavior. A good device performance with high on/off current ratio 

(around five orders) (Fig. 11). The ID versus VD output characteristics of a 

representative poly SiNW-FET were shown in Fig. 12 for VG varying from 0 to 5 V 

with 1 V per step. The measured ID-VD characteristics show well-saturated behavior 

with back-gate controlled. In the linear region, at constant VD, the current increase 

with gate potential. The electrical characterization verified that this fabrication 

approach produced high-performance poly SiNW-FET device. 

Sensitivity and specificity of functionalized poly SiNW-FET for biosensing 

DNA/DNA interactions are shown in Fig. 13 and 14. The increase in negative charges 

resulted from hybridization between capture DNA probe (DNAcapture) and 

complementary target DNA (DNAtarget) can affect greatly the surface conductivity of 

SiNW-FET. For an N-type NW-FET, a decrease of the current will be expected when 

negative charges comes from phosphoric acid of DNA were introduced on sensing 

surface of n-type device[56]. In Fig. 13 the ID–VG curves were obtained in PBS buffer 

(10mM, pH 7, black square), and following the addition of coxsackievirus A16 (10 

pM, red circle) and addition of EV71 (10 pM, blue triangle), respectively. PBS and 

CA16 about 0.1 μl was load directly on the nanowire device with a micro pipette as 

controlled experiments and continuously measured until it become stable without 
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current shift to ensure that no further variation can be observed. The ID-VG curves 

remained unchanged indicated that the electric property of poly SiNW-FET was stable 

in the presence of non-interacting charged molecules, which may exist in a variety of 

biological samples. However, when a complementary EV71 target DNA (EV71target) 

hybridized with EV71 capture DNA probe (EV71capture), the current decrease was 

observed.  

The lowest detectable concentration and detection range of EV71target with 

EV17 capture modified poly SiNW-FET was further demonstrated electric responses 

in Fig. 14 A constant VD was set at 0.5 V for all the electric measurement. The ID–VG 

curves were determined as described above by using different concentrations of 

EV71target. After the base ID–VG curve was obtained in PBS buffer, PBS buffer 

contained EV71target at varied concentrations, respectively, and their ID–VG curves 

were determined. For the EV71capture functionalized poly SiNW-FET, ID-VG curves 

were indistinguishable in PBS and in the presence of CA16target. 

Concentration-dependent electric responses were observed for EV71target concentration 

increasing from 1 fM to 10 pM. The concentration more increase, the influence on the 

current smaller was evidences when EV71target concentration is 10 pM. This 

characteristic further confirmed that change of current in ID-VG curve was specifically 

affected by the interactions between EV71target and EV71capture on the SiNW surface. 

The ID-VG curve become change-less after saturation even much higher concentration 

of EV71target (10 pM) was added. According to the approximate volume of EV71target 

used (0.1 μl), the number of EV71target molecules were about 600 at 1 fM. This 

number is the same as our research[57].  This research is expected because they are 

both composed by 20-mer DNA, produces about twenty extra negative charges.  



30 
 

 

Figure 11 ID-VG curve illustrating n-type behavior of poly SiNW-FET after 

functionalization. 

 

 

Figure 12 The ID–VD curves for varying VG from 0 to 5V at ΔV = 1V. 
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Figure 13 Electric responses of functionalized poly-SiNW FET to specific EV71target in 

aqueous solution.  

 

 
Figure 14 Concentration-dependent electric response of EV71capture functionalized 

poly-SiNW FET device following by EV71target.  
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3.2.2 NW immobilized with EV71capture DNA probe and ID-time curve was obtained with 

microfluidic system 

 

In Fig. 15 the ID–VG curves were obtained in PBS buffer (black square) first. To 

choose the ID (about 10-9) was induced by VG (0.7 V) in the linear region with great 

variation and starts to measure the electric response in the PBS buffer as ID baseline. 

PBS buffer solution contained CA16target (10 pM) and EV71target (10 pM). PBS buffer, 

CA16target, PBS, and EV71target were injected into the channel (arrow indicated), 

respectively, and ID-time curve was determined (Fig. 16). Adding PBS buffer as 

controlled experiments and continuously measured until it become stable without 

current shift to ensure that no further variation can be observed. When the electric 

response of PBS to surface of device was stable, then adding next flowing reagent and 

continuously measured about 300 seconds each reaction. When comparing current 

curve behavior to those controlled experiments, such as non-complementary CA16target 

DNA and PBS buffer, we noted that the biosensing test gave the current shift is 

smaller than complementary EV71target DNA hybridized with EV71capture DNA probe, 

the current decrease was observed. After measuring ID-time curve, the electric 

characteristic of the same device was shown in Fig. 15 (red circle). The range of 

current shift of before and after ID-time measurement is matched between ID-VG 

curves and ID-time curve. 

To compare the experiment results among Fig. 14, Fig. 15 and Fig. 16, the current 

shift was observed in Fig. 16. It might be the variation of scale is too small to see the 

significantly change which was shown in ID-VG curves. It proves that the characteristic 

of each device might be different, so we observed the current shift by time afterward. 
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Fig. 15 Electric responses of functionalized poly-SiNW FET to specific EV71target in 

aqueous solution was determined before and after ID-time measurement. 

 

 
Figure 16 ID-time curves of functionalized poly-SiNW FET to specific EV71target in 

PBS. 
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The experimental method is the same as above and observed the same result 

which is shown in Fig. 17 and Fig. 18. These two experiments is done in the same die 

and day. It proves that the experiment is reproducible.  

 

 
Figure 17 Electric responses of functionalized poly-SiNW FET to specific EV71target in 

aqueous solution was determined before and after ID-time measurement. 
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Figure 18 ID-time curves of functionalized poly-SiNW FET to specific EV71target in 

PBS. 
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3.2.3 NW immobilized with CA16capture DNA probe and ID-time curve was obtained with 

microfluidic system 

 

The selectivity of functionalized poly SiNW-FET is shown in this section. Other 

captured DNAs, CA16capture, were modified on the surface of poly SiNW-FET. The 

electric responses of the functionalized poly SiNW-FET were demonstrated to be 

dependent on the presence of CA16target.  

In Fig. 19 the ID–VG curves were obtained in PBS buffer (black square). To 

choose the ID (about 10-9) was induced by VG (0.75 V) in the linear region with great 

variation and starts to measure the electric response in the PBS buffer as ID baseline. 

PBS buffer solution contained CA16target (10 pM) and EV71target (10 pM). PBS buffer, 

EV71target, PBS, and CA16target were injected into the channel (arrow indicated), 

respectively, and ID-time curve was determined (Fig. 20). Adding PBS buffer as 

controlled experiments and continuously measured until it become stable without 

current shift to ensure that no further variation can be observed. When the electric 

response of PBS to surface of device was stable, then adding next flowing reagent and 

continuously measured about 300 seconds each reaction. When comparing current 

curve behavior to those controlled experiments, such as non-complementary EV71target 

DNA and PBS buffer, we noted that the biosensing test gave the current shift is 

smaller than complementary CA16target DNA hybridized with CA16capture DNA probe, 

the current decrease was observed. After measuring ID-time curve, the electric 

characteristic of the same device was shown in Fig. 19 (red circle). The range of 

current shift of before and after ID-time measurement is matched between ID-VG 

curves and ID-time curve. 
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Figure 19 Electric responses of functionalized poly-SiNW FET to specific CA16target 

in aqueous solution was determined before and after ID-time measurement. 

 

 
Figure 20 ID-time curves of functionalized poly-SiNW FET to specific CA16target in 

PBS. 
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The experimental method is the same as above and observed the same result 

which is shown in Fig. 21 and Fig. 22. These two experiments are still done in the 

same day. It also proves that the experiment is reproducible.  

 

 
Figure 21 Electric responses of functionalized poly-SiNW FET to specific CA16target 

in aqueous solution was determined before and after ID-time measurement. 
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Figure 22 ID-time curves of functionalized poly-SiNW FET to specific CA16target in 

PBS. 
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3.2.4 Concentration-dependent electric response of EV71capture functionalized poly-SiNW 

FET device 

 

Sensitivity and specificity of functionalized poly SiNW-FET for biosensing 

DNA/DNA interactions are shown in Fig. 23 and 24. The increase in negative charges 

resulted from hybridization between EV71capture and EV71target can affect greatly the 

surface conductivity of SiNW-FET. For an N-type NW-FET, a decrease of the current 

will be expected when negative charges comes from phosphoric acid of DNA were 

introduced on sensing surface of n-type device[56]. In Fig. 23 the ID–VG curves were 

obtained in PBS buffer (black square), and following the addition of PBS, CA16 (10 

pM), PBS and variety concentration of EV71, respectively. PBS and CA16 were load 

directly on the nanowire device with a microfluidic system as controlled experiments 

and continuously measured until it become stable without current shift to ensure that 

no further variation can be observed. However, when a complementary EV71target 

hybridized with EV71capture DNA probe, the current decrease was observed.  

Controlled experiments with unmodified poly SiNW-FET are shown in Fig. 24. 

The current change-less in PBS, CA16target, and EV71target indicated that the electric 

characteristic was stable in the presence of non-interacting charged molecules.  

The lowest detectable concentration and detection range of EV71target with 

EV17 capture modified poly SiNW-FET was further demonstrated electric responses 

in Fig. 23. A constant VD was set at 0.5 V for all the electric measurement. The 

ID–time curves were determined as described above by using different concentrations 

of EV71target. For the EV71capture functionalized poly SiNW-FET, ID-time curves were 

indistinguishable in PBS and in the presence of CA16target. Concentration-dependent 

electric responses were observed for EV71target concentration increasing from 100 aM 

to 100 fM. The concentration more increase, the influence on the current smaller was 
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evidences when EV71target concentration is 10 fM. This characteristic further 

confirmed that change of current in ID-time curve was specifically affected by the 

interactions between EV71target and EV71capture on the SiNW surface. The ID-time 

curve become change-less after saturation even much higher concentration of 

EV71target (100 fM) was added.  

 

 
Figure 23 Electric responses of functionalized poly-SiNW FET to specific EV71target 

was determined before and after ID-time measurement. 
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Figure 24 comparing unmodified and EV71capture functionalized poly-SiNW FET 

device concentration-dependent electric response.  
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IV. Summary and perspective 

 

In our research, we have demonstrated for the first time that a semiconductive 

poly SiNW-FET could be developed as a highly specific sensor for EV71 and CA16 

nucleic acid with sensitivity in aM range. Throughout the fabrication of the poly 

SiNW-FET, no expensive lithography tools were need for definition of nanoscale 

patterns. Our result indicate the fabrication of poly SiNW-FET for sensitive and 

specific biosensing device can be achieved using commercially available procedures. 

Therefore, the poly SiNW-FET should has a great potential for real-time molecular 

diagnostics and direct surveillance of infection diseases 
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 Appendix. DNA Immobilize to the Nanowire Surface 
                     DNA probe + complementary DNA-FAM 
 
 
1E : APTES + glutaraldehyde + DNA probe  + ethanolamine + complementary DNA-FAM 
1C : APTES + glutaraldehyde +    X      + ethanolamine + complementary DNA-FAM  
2C : APTES +     X       + DNA probe  + ethanolamine + complementary DNA-FAM 
                          
 
 

                Silicon Nanowire  
 

                                     3 times  washing with ethanol  
 
(1) 20 μl APTES + 1000 μl ethanol        17 mins  2% ethanol solution of APTES (Aldrich) 
       

                              3 times  rinsing with ethanol 
 
                                     10 min  120℃ 
                                    
(2) 100 μl (25% glutaraldehyde)                
   + 890 μl coupling buffer                1 hr  add 2.5% glutaraldehyde (w/v) in ddwater 
   + 10 μl 400mM NaBH3CN                    (add 4 mM sodium cyanoborohydride) 

  (25 mg/1 ml, MW: 62.84=400 mM) 
 
 

            3 times  wash the nanowire with coupling buffer 
 
 
(3) 20 μl 10 μM DNA                        

+ 0.2 μl 400mM NaBH3CN             1 hr   ～10 μM DNA probe  
(25 mg/1 ml, MW: 62.84=400 mM)            (in 10 mM PBS pH=7) 

                                        (add 4 mM sodium cyanoborohydride) 
                                                

                                    2 times   wash the nanowire with coupling buffer 
                                      
(4) 7.5 μl 2M ethanolamine 

(195.1mg, MW: 97.55+ 1ml PBS)    
+ 289.5 μl PBS buffer                30 min  blocking with 50 mM ethanolamine 
+ 3 μl 400mM NaBH3CN                     (add 4 mM sodium cyanoborohydride) 
 (25 mg/1 ml, MW: 62.84=400 mM) 

 
                                    3 times   wash the nanowire with coupling buffer 
 

   complementary DNA labeled FAM  
or electric measurements 

 


	cover
	content

