I A AR O

PG9905-0349 (3/ H)

3 Z %35k 1 DOH99-TD- N-111-003

THRGREEZEALTARFEMEARSE

BHERE - BARCLFFRAGRFIRARGHK
CRMEMRASB

PATHME BIRBRE

FEEHAC HE

RRAR "B BEAL KRAR  AREH  BEF - A
FOBRBEET BRBR-BEE -RREF CHEH

$hATEAR C 994 3R 182 9% 124 318

kAR EREBHEE > RREAKEER  ROHZIRL  wHEHRES
HERERFAMERERE *

1



(1)
()
3)
4)
(5)
(6)

(7

(8)
9)

BRI T e 7
BT i e o S i S A AR S SR S 11
BB e e 11
BB oo SO S S 14
HE TR R AR i, 15
(RABFAPXEFHR)

EZRMAARZIMEBARE ..o, 16
(ABEBFAPXEE)

B TR oo 17
Bl % 2K ceeeiiieee e e e 18



#He:

Mt : Bl AAMBRTEN: LMl AHANE -
ANEZBNLHME—FRARZERE -THFSERAA - HH4EMH
BETEAECEARGFEBABRRELANBRERARGUTEEL
MRBE - REFTEALLSAMS TRABHREMEZ R FERRRE > U8
AERAREE AR B R AN Rk KT BB A ST R R
BEB U2 FHEERALAS MBS FRATFSREZ A& - 25 RS
ERANRI-MAEANAL URAGRFLRGGHATLRLEHBRA B R
®2 A8 M o ER F kAR Lock-in detection Z RIE - BRMAWM > UETH2
BILRREAETR - BMCEFHETREZRAGKGXELRZ IR - &
A pH AREEAZBILAEMBRAZRBERME  AARLF>RRFEEN
# B B #3F) (Lu, M.-P., Hsiao, C.-Y., Lai, W.-T. and Yang, Y.-S. (2010) Probing the

Sensitivity of Poly-Si Nanowire Field-Effect Transistors by Liquid-Gating pH
Sensing, Nanotechnology, 21, 425505. Featured as article “Liquid gate modulated

nanosensors exhibit optimal sensitivity,” on Nanotechweb.org

(http://nanotechweb.org/cws/article/lab/44211) » 4B M B ARG - BB EZH R
%6 DNA F5HE— M BB DNA R AR RAES BB R KRG BEHB L
& WEHFIELHE DNA FHRBERGFRERM AT » fe¥ DNA F£7)
VB —MWHRRM B LAY DNA FRAIEARRRBEL KRGS B ELROEE
A ESIL > BAKEETHRME M (femto-molar,10°M) - (&R AT S K2
KRIFHERBEASEME - BERX A TR AR B » LR THR
BAEMBRR A GR RERG B F R TR ) E 8 A AR R R o KRR
FEBRATABUEARGREDH BN  RBNARKRRRAFREES
£RZEM AHENUS BPEALGKTARAARERLEY ST 2 AR
HBEXZFARFT G -



Abstract

keywords : Enterovirus, Nanowire Field Effect Transistor,
Semiconductor device, Biosensor.

The goal of this proposal is to develop an ultrahigh sensitive and easy to use
biosensor for Enterovirus detection. Nanowire field effect transistor will be used as
transducer for the biosensing device. In this research, polysilicon nanowire field-
effect transistor (poly SINWFET) was fabricated and functioned as a transducer for
ultrasensitive, label-free and real-time detection of EV71. In previous year, we
demonstrated its feasibility. We were focusing on the establishment of a new
measurement system for poly SINWFET to obtain a more stable electric signal. The
electric noise was filtered based on theory of lock-in detection. The conductance was
obtained following conversion from frequency signal. We also developed method to
determine the optimal gate voltage for the biosensing experiment using variation of
conductance at different pHs. Part of the results of this research was published (Lu,
M.-P., Hsiao, C.-Y., Lai, W.-T. and Yang, Y.-S. (2010) Probing the Sensitivity of
Poly-Si Nanowire Field-Effect Transistors by Liquid-Gating pH Sensing,
Nanotechnology, 21, 425505. Featured as article “Liquid gate modulated nanosensors
exhibit optimal sensitivity,” on Nanotechweb.org
(http://nanotechweb.org/cws/article/lab/44211) and was selected as a featured article
by the Nanotechnology journal. Specific single-strand DNA sequences that the unique
DNA sequence of EV71 were immobilized on poly SINWFET. Based on this new
measuring scheme, the poly SINWFET based EV71 biosensor exhibit a high sensitive
and specific in respond to EV71. The functionalized poly SINWFET and was stable in

the presence of non-interacting ion molecules and was able to detect EV71 RNA at
fM range. The results of this study suggest that the poly SINWFET 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. According to the recent progress and the
recommendation from the review committee members, the future research will focus

on the study on the poly SINWFET and its responses to biomolecular interaction.
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2-1 Experimental material

1.

3-Aminopropyltriethoxysilane (APTES): HoN(CH2)3Si(OC,Hs)s
Company: Sigma-Aldrich (USA) (A3648)

CAS Number : 919-30-2
Assay: >98%

Sodium cyanoborohydride: NaBH3;CN
Company: Sigma-Aldrich (USA) (71435)

CAS Number : 25895-60-7
Assay: >95% (RT)

Ethanolamine hydrochloride: NH,CH,CH,OH + HCl
Company: Sigma-Aldrich (USA) (E6133)

CAS Number : 2002-24-6
Assay: >99

Glutaraldehyde solution: OHC(CH;);CHO
Company: Fluka (USA)

CAS Number : 111-30-8
Grade: technical
Concentration: ~25% in H,O (2.6M)

Potassium phosphate monobasic: KH,PO4
Company: J.T.Baker (USA)

potassium phosphate dibasic: K,HPO4
Company: J.T.Baker (USA)

Ethanol (99.5%): CH;CH,OH
Company: Echo Chemical Co. (Taiwain)

Polydimethylsiloxane (PDMS): (H;C)3;SiO[Si(CH3),0],Si(CH3)3
Company: Sil-More (Taiwan)

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 C¢ modified captured DNA probe



DNA sequences (5°-3°)
5’-H,N Cg modified

Target DNA
captured DNA probe
— GTG GCA GAT GTG ATT GAG  CTC TCA ATC ACA TCT GCC
AG AC
FAfeh GAG TGA TGG TTC AAC ACA  TGT GTG TTG AAC CAT CAC
CA TC

? relative to BrCr nt 2448-2467
® relative to G-10 nt 2666-2685
10. Phosphate buffer solution (PBS) was prepared by Potassium phosphate
monobasic and Potassium phosphate dibasic dissolved in de-ionized
water at 10 mM, adjusting pH value by buffer titration.
11. Deionized water (DIW)
resistance of water: 18.2 MQcm
ultra-pure water system (Barnstead).
2-2 Instruments
The whole instrument consisted of electrical measurement machine (Dual-channel
System Source Meter Instrument Model 2636) (Keithley), probe station with its
chamber (EVERBEING(ZE#£) ), and programming syringe pump (Kd Scientic)
(Figure 4),
2-3 Poly crystalline silicon NWFET fabrication process
First, the fabrication began on Si wafers capped with a 100 nm-thick thermal
oxide. The second, a 50nm-thick nitride layer was deposited by low-pressure
chemical vapor deposition (LPCVD). After deposition of the nitride layer, following
deposing Tetraethyl ortho-silicate (TEOS) 100nm thick sketched with standard
photolithographic and etching steps were performed to form the oxide dummy
structures. Subsequently, a 100nm-thick amorphous-Si layer was deposited and then
annealed at 600°C for 24hr in N, ambient to transform it into polycrystalline structure.
Afterwards, source/drain (S/D) doping was done with phosphorus ion implantation
with a dose of SEcm’. After the generation of S/D photoresist patterns with a
lithographic step, a reactive plasma etching step was performed to form the S/D
regions. Because of the anisotropic etching process, two poly-Si NW channels were

formed separating by oxide dummy gate simultaneously during the S/D etching step.



By carefully controlling the etching time, the cross-sectional dimensions of poly-Si
NW channels can be easily reduced to sub-10 nm scale. Subsequently, all devices
were then covered with a 200nm-thick TEOS oxide passivation layer. Finally, remove
the oxide layer by 2-step dry/wet etching process to expose the poly-Si NW channels.
2-4 Microfluidic system

The microfluidic channel system was made with acrylic, PDMS and metal holder.
First, the PDMS gel was covered to the channel patterned glass substrate (channel size:
13 mm X 1 mm X 0.5 mm) at 120°C for 10 minutes and wait for the fluid gel transfer
to solid state. The solidification PDMS channel was separated from the glass substrate
and covered to the SNW chip. Then, make the limpid acrylic blanket and drill two
holes filling with Teflon tubes (outer diameter: 1.5 mm, inner diameter: 0.5mm) for
sample transport. Finally, limpid blanket of acrylic was covered to the PDMS and the
chip-PDMS-acrylic sandwich was fastened by a metal holder. The advantage of the
microfluidic channel system is easy alignment, easy observation and be reused. The
schematic diagram of the microfluidic system is shown in Figure 5.
2-5 Surface modification

We would do some treatments on chip surface before we measure the electrical
variation. The immobilization process is based on the microfluidic system. Initially,
we aligned the PDMS microfluidic channel covered on nanowire device row and
added acrylic blanket on PDMS solid gel. Then, fastened the blanket and PDMS gel
on nanowire chip by metal holder like the sandwich structure, tested whether the fluid
buffer seep from the sandwich-stacking microfluidic system (Figure 5). After setting
up the microfluidic system, it shall be locked an injection tubing connector. Inject
APTES in ethanol solution 1 ml through microfluidic channel and react for 17~20
minutes. Then, wash the channel with 95% ethanol. Turn on hot plate and set the
temperature about 110°C~120°C, put the whole microfluidic system on the hot plate
for 10 minutes. Then, cool the metal holder to room temperature and inject 2.5%
glutaraldehyde reacting for one and half hour in 10 mM pH 7 phosphate buffer.
Nanowire surface functional group would be changed from hydroxide into aldehyde
group, we would use DNA sequence modified amino-C6 at 5° end as a DNA probe
to bind with surface aldehyde. A 20-mer DNA sequence was diluted in 10mM pH 7
phosphate buffer, injecting 1 uM to microfluidic channel for 3 hours or more.
Continuously, block unbinding aldehyde group with 50 mM ethanolamine at pH 9.1



phosphate buffer for one and half hour. Finally, wash the channel with pH 7
phosphate buffer and ready measure. The overall surface modification is shown in
Figure 6.
2-6 Sample transport at kinetic equilibrium

In order to maintain the environment ionic strength level, we keep the microfluidic
channel fluent to replace of quiescent state. First, set the microfluidic system
connecting a syringe pump at injection end and be locked a liquid gate at the elution
end. The waste buffer shunted by T-shaped tubing (I'igurc 7), sealed the end of metal
wire by silicone neutral sealant. Then, fix the flow velocity at 5 ml/h by Syringe
Pump (Kd Science) (Figure 8). Sample will be exchanged by changing another
syringe tube, a little bubble between two solution samples. The whole transport
system is semi-automatic, which fixed flow velocity by machine but changed syringe
tubes by people.
2-7 Liquid phase electrical measurement

It has been reported that the electrical properties would be different from air to

liquid phase environment. We would immobilize chemical compounds and
biomaterials on nanowire chip in microfluidic channel for 6 hours, changed surface
functional group in liquid phase. After treating the chip for a long time, we measured
the device properties by conductance-time method, compared with those relations of
the shift of threshold voltage to air condition and its’ stability. We measured these
data and calculated mathematically signal process, found the most sensitivity Vg point.
We got a plot for describing the relationship of conductance-Vg (liquid gate) and a
voltage which has the most sensitive variation rate. Then, fixed the Vg and measured

pH sensing to check correcting variation trend.
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(3) &R 1 (4) 3w
3-1 Nanowire chip selection in dry air condition

Nanowire Field Effect Transistor (NWFET) wafers were fabricated at Class 100
clean room of National Nano Device Laboratory (Hsinchu city, Taiwan, R. O. C.),
sealing in an anti-electrostatic bag. We need to check the electrical properties before
biosensing, by using electrical analysis machine (Keithley 2636) to measure NWFET
chips. For the purpose, one standard operation process was built (I'igure 9) to screen good
chips, record the data of Id-Vg plot and key parameters of threshold voltage, on/off
current ratio (Figure 10-A& 10-B), and then, look for good and stable chips for
biosensing. Chip selection principles were defined in Table 6, classified into three ranks,
best, acceptable and failed.
3-2 Biosensing of non-immobilized semiconductor device

Initially, the control set of conductance measurement was calculated by measuring
the electrical variation of bare chip. The real-time changeable conductance was
observing in all experimental preparation setup. First, the microfluidic channel was
filled with 10 mM pH 7 phosphate buffers and kept the buffer flowing. The
conductance value won’t change too much if we don’t do any action. When the
syringe tube was changed, a big pulse wave appeared, caused by the little bubble
between two buffer solutions. These results show it didn’t change obviously because
we just change the same solution to test whether the device is stable after the bubble
pass through. Then, we injected 100 pM CA 16, the signal didn’t change obviously
after the bubble peak passed because of no immobilization on nanowire device. After
CA 16 DNA sample was injected, washed the microfluidic channel by pH 7 buffer
before next sample. Then, we switched EV 71 DNA sample, the signal still be kept in
baseline. Finally, we washed the channel by pH 7 buffer solution to clean the
microfluidic channel, the signal still be kept in baseline at last. Those overall results
show that the conductance electrical signal won’t change obviously without
functionalizing nanowire device surface (I'igure 11).
3-3 Device characteristic verification in liquid phase

After surface modification on NWFET chips, and the electrical characteristic of the
device was tested. We want to know two main goals that the variation trend of the
most sensitive voltage point is also based on the sensing theory. First, we swept the

liquid gate voltage to check the electrical variation controlled by liquid and calculate
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these data. The conductance value (red line) (Figure 12) will be increased as liquid
gate is increased and fitted the N-type device features. Then, differentiate the
conductance value with liquid gate values to get G, values. Finally, Gy, values are
divided by conductance values (G) to get sensitivity values (Sensitivity=G,, / G , G, =
dG / dV). After those mathematic operations, we got the Vg value with maximum
variation rate at sub-threshold region. Both biosensing and pH sensing shall be
operated at fixed Vg value we calculated before. On the other side, we would check
whether the variation trend of the conductance signals fitted its doping type. In this
experiment, we applied N-type NWFET as sensing device, to observe the signal
changeably fitting N-type characteristic. When the buffer switched from pH 7 to pH 8,
it will have more negative ion than pH 7, to make N-type NWFET induced less
electrons passing through those channels. Reversibly, buffer solution switched from
pH 8 to pH 7, it has less negative ion than pH 8, to make N-type NWFET inducing
more electrons pass through those channels. The conductance value is directly relative
to the current of nanowire channels. As the results are shown in Figure 13, the
conductance value could reversibly change from different pH buffers fitting N-type
device characteristic.
3-4 Enterovirus 71 (EV 71) DNA Biosensing

After surface functional group modification and reaction with EV 71 DNA probes
(Shown as Figure 6), we measured the real-time conductance signals of injecting
buffer or samples in fixed flow rate by syringe pump (Kd Science). In the experiment,
the probe DNA was designed 20 base long and amino hexyl was modified at 5’-end
with complementary DNA strand as target DNA but no modified at both ends.

In addition, we design a CA16 as a negative control to confirm the probe DNA
of specifically binding to its’ complementary DNA. All samples were diluted by
phosphate buffer (10 mM, pH 7.0) and we regard the buffer condition as baseline in
the experiment. First, we would make a bubble to generate a signal pulse observing
whether the baseline shift or not. So as to the other pulses when we switching to
another samples, the bubble means to signal income. Second, it will be injected 10000
times concentration negative control (CA 16) than positive sample (EV 71) to observe
whether the signal variation, then eluting the CA 16 with phosphate’buffer. Third,
inject the EV 71 1 fM into the channel to react with probe DNA. We can see those
conductance value of 1 fM EV 71 obviously changed than 100 pM CA 16 as shown in
Figure 14, Finally, we added 100 fM EV71 to check whether the reaction saturated,
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compared with those conductance changed percents among control and experiment
data (Figure 15). As these results, the real-time conductance analysis method can
specifically identify both complementary DNA and non-complementary DNA. The
proposed measuring system has advantagés like label-free, real-time and high
sensitivity. It’s promising to develop semiconductor biosensor.
3-5 EV 71 DNA biosensing after hot water washed

After the EV 71 biosensing, we injected 10~15ml hot water (over 80 C) to

remove the hybridized DNA sequence (Ty: 51.8 C). Then, washed the microfluidic

channel by phosphate buffer (room temperature) and repeated previous process again.
First, we would sweep liquid gate to observe the conductance value still controlled by
liquid gate because we didn’t know how the hot water affected the device
characteristic. Secondly, got those data of conductance to liquid gate and calculate the
most sensitivity Vg point. Compared to igure 9, the most sensitive Vg point shifted
to 1.65 V (Figure 16). We considered that (1) the device was decayed since the first
biosensing process (2) after the hot water washed the device surface suffered damage.
However, we followed up previous process to do biosensing again. In the beginning,
the baseline was rised up continuously, even we injected CA 16 (control set) DNA
sample. But the conductance value will be decreased obviously when EV 71
(experiment set) injected. We got the same response even though the baseline was not
as flat as these previous results. We can say that the conductance signal could truly
reflected bio-reaction on device surface (Figure 17).
3-6 CA 16 DNA Biosensing

In contrast to EV 71 biosensing, we do another experiment by immobilizing
CA16 DNA probe and detecting complementary CA 16 target sequence. The EV 71
DNA strand became control set in the experimental design. According to the same
previous process to sweep the Vg, the most sensitive Vg point was calculated as
shown in Figure 18. We got the Vg value about 1.03 V and started biosensing by the
fixed Vg value. In the beginning of CA 16 biosensing, we injected 100 pM EV 71
DNA sample as control set, and the conductance value still be kept on baseline. Then,
injected 1fM CA 16 and the conductance value didn’t shift obviously. As injected 100
fM CA 16, the conductance value shifted down slowly. A little difference from EV 71
biosensing results, the conductance value would rise when we injected pH 7 PBS

buffer to wash the channel. Similarly, we injected higher concentration of CA 16. It
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can obtain more variation than lower concentration samples, but still be recovered
when buffer injected (Figure 19). After biosensing, we compared those different
concentrations of CA 16 samples and control set (Figure 20), it was revealed the
variation rate directly proportional to concentration. Finally, we proposed that the
reason of the conductance value reversed when buffér injected. The distortion of
microfluidic PDMS may change the streaming potential, to cause the hybridized DNA
flushed by buffer. The higher concentration of CA 16 samples still reacted with
immobilized DNA probes. It performed high specificity of biosensing because it
didn’t react with control set.

(5) &3®

In our research, we have demonstrated the poly crystalline silicon
NWFET could be developed as a highly sensitive, specific and label-free biosensor to
detect EV71 and CA16 nucleic acid in a real-time kinetic measurement system. The
device yield is not yet as good as commercial products, we still provide a standard
operation process to pick up good device for biosensing. By the lock-in detection and
sample transport system, we could filter out a lot of noise to extract conductance
signal. It helped us measuring bio-reaction at steady state. Not only apply on rapid
diagnosis but also be suitable to investigate the molecular bio-reaction. Furthermore,
the poly crystalline silicon NWFET fabrication process is compatible to modern
semiconductor technology in Taiwan. It could be mass production for many
applications. Therefore, the poly crystalline silicon NWFET could provide a great
potential for real-time, label-free and highly sensitive molecular diagnostics or other

scientific applications ([ able 7).
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Table 1

Enterovirus were classified based on their genomic sequences

Classified Serotypes

Human enterovirus A Coxsackie virus A2-8, 10, 12, 14, 16
(HEV-A) Enterovirus 71, 76, 89-92
Human enterovirus B  (oxsackie virus A9
(HEV-B) Coxsackie virus 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 Coxsackie virus Al, 11(15), 13(18), 17, 19-22,
(HEV-C) 24
Enterovirus 95-96, 99, 102
Poliovirus 1-3

Human enterovirus D )
(HEV-D) Enterovirus 68, 70, 94

New (unclassified)

Table 2

The common disease related enterovirus serotypes[11].

Common diseases Virus serotype

hand-foot-mouth disease (HFMD) gz);sasc k;evllgu scggcz)ug %157(1(: Ale),

CA1-10, CA16, CA22, EV71

Herpangina
Pleurodynia Coxsackievirus group B (CB)
Acute myocarditis and pericarditis CB

CA10

Acute meningitis and encephalitis

Coxsackievirus, poliovirus,
echovirus, EV71

Febrile illness with rash Coxsackievirus, echovirus

Aseptic meningitis and encephalitis
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Table 3

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 Neurogenic
A: Hypertension inflammatory response
B: Hypotension
4 Convalescence -
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
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1996 Cyprus

1997 Gaza strip

1985 Hong Kong
1997 Malaysia (30)
1986 Nan-ac
1998 Taiwan (78)
(25)

1972 Melbourne

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, J&{H#3E 676, 938)
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Figure 3 The distribution of serotypes of virus isolation from severe fatal case,

1998~2006 [11]
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Figure 4 Overview of biosesing instruments.
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Figure 5 Schematic diagram of microfluidic channel for the biosensing with Si NW
FET

Surface modification:
DNA immobilization

igure 6 _ oon ss in croﬂuic system '
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Figure 7 Sample transport direction and waste buffer bypass device

Figure 8 Programming Syringe pump (Fix the flow rate and volume by machine)
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Figure 9 Standard operation process of device selection in dry air
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Figure 10-A N-type poly-Si NWFET measurement in dry air Vsd=

sweep from -1V to 2V, threshold voltage ~ 1.0V .
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Figure 10-B The same data as Fig. 1A but in form of log scale plot. Its’ drain current
Id from 107 A to 107 A, leakage current Ig~10"%A , on/off ratio~10° .
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Figure 11 Without any immobilization process, this biosensing acts as a control set.
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Figure 12 Conductance vs. Liquid gate plot accompany with the sensitivity variation
trend.
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Figure 13 N-type NWFET pH sensing at fixed liquid gate (1.15V)
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Figure 14 Real-time biosensing process of EV 71 (phosphate buffer elution between
each sample in fixed flow rate: 5 ml/h).
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Figure 15 Compare the conductance variation rate between 10 pM CA 16 (negative
control) and 1fM EV 71(experiment).
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Figure 16 Conductance vs. Liquid gate plot accompany with the sensitivity factor
after hot water washed
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Figure 17 EV 71 biosensing process after hot water washed condition.
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Figure 18 Calculating the most sensitive point of CA 16 biosensing
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Figure 19 CA 16 Biosensing Process, the conductance value would reverse after pH
7 buffer solution flushed
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Figure 20 Comparison of different CA 16 DNA samples with control set
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