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* Introduction to the University of Applied Sciences Kaiserslautern
= Motivation

= Silicon nanowire (SINW) detection principles

= Top-down fabrication of SINW sensors

= Electronic readout principles for SINW sensors

= Electrochemical characterization

= Bioassays with SINW sensors :

1. DNA immobilization and hybridization detection
2. Ca?* ions — peptide interaction
3. Immunoassays
4. Detection of cellular signals
5. Impedimetric detection of cellular adhesion
= Possible future assays with SINW sensors
= Summary
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Introduction to the UASK: Zweibricken
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Introduction to the UASK

= Spread over three cities Kaiserslautern, Pirmasens, and Zweibricken
= 5 faculties, 23 courses, 6000 students, ~168 professors

Campus Kaiserslautern Campus Pirmasens

= Applied engineering sciences = Applied logistics- and polymer-
= Construction and design sciences

Campus Zweibricken
= Economics

= Informatics and
Microsystemtechnology
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Introduction to the UASK:
Courses with subjects Micro-Nano-Bio in our faculty I/MST

,Applied Life Sciences:
Applied Bio-, Pharma-
and Medical Sciences*

,Microsystem-
and Nanotechnology*

Bachelor of Science Bachelor of Engineering
(7 Semesters) (7 Semesters)

Master of Science Master of Engineering
(3 Semesters) (3 Semesters)
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Introduction to the UASK: Study in Zweibrtcken

Speciality: Large clean room (300 sgqm) for education and research

m
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Student courses / Summer schools &
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Introduction to the UASK: New highlight - Nanoimprint Lithography

Installed in cleanroom of FHKL

DFG-‘Large equipment proposal:
Obducat Eitre 6*
Nanoimprint-Lithography
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Introduction to the UASK: New highlight - Schottky Field Emission SEM

Zeiss Gemini Supra with high
Resolution EDX

f*
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Introduction to the UASK: Research in the department I/MST

Research Focus IMS (integrated miniaturized systems)

http://www.fh-kl.de/fh/forschunag/forschungsschwerpunkte/ims.html

¥ 4 = Y i

olved Professors

b

Inv

ST

AG Saumer

-Down Processed Silicon Nanowire Arrays for Biomedical Applications - Sven Ingebrandt



http://www.fh-kl.de/fh/forschung/forschungsschwerpunkte/ims.html
http://www.fh-kl.de/fh/forschung/forschungsschwerpunkte/ims.html
http://www.fh-kl.de/fh/forschung/forschungsschwerpunkte/ims.html

* Bundesministerium
Fachhochschule Informatik und &> | fiirBildung

Kaiserslautern Mikrosystemtechnik und Forschung
@ | University of Applied Sciences | Zweibriicken

Introduction to the UASK: Ph.D. students in the department I/MST

n ‘lTT

Ph.D. students of the FB I/MST

At the moment 22 cooperative Ph.D. theses:

8 in AG Ingebrandt 4 in AG Miller
4 in AG Schéafer 1in AG Saumer
3 in AG Moebius 1in AG Picard

1in AG Hoffmann
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Cranfield (UK)

International Connections
Hasselt, Seoul,

Cooperations: Elair,‘;SVi”eA Belgium  South-Korea
= Chinese University of Hong Kong (China) orida (USA) Daejeon Hong Kong,
. : 24 i Ottawa ’ China
Universitat Hasselt (Belgium) (Canada) South-Korea

= University of Florida (USA)

= Université catholigue de Louvain (Belgium)

= Ha Noi University of Technology (Vietham)

= Hanyang University Seoul (South-Korea)

= Cranfield University (UK)

= National Research Council, Ottawa (Canada)
= KAIST, Deajeon (South-Korea)

= RIKEN, Tokyo (Japan)

= University of Sydney (Australia)

30 % of all students go abroad,
e.g. practical phase or bachelor thesis in:
= Edinburg, UK
= Hyderabad, India
= Gainesville, Florida
= Tokyo; Japan

= Singapore :%?;rabad’ Sydney
= Ha Noi, Vietnam Ha Noi, _ Tokyo Australi’a
. Vietnam  Singapore ’

Japan
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Introduction to the UASK: Research in the department I/MST

AG Ingebrandt 2012 in Cancun, Mexiko

EnFl 2012 Conference in Zweibriucken
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AG Biomedical Signalling - Group structure

Prof. Dr. Sven Ingebrandt

Walid-Madhat Munief (Assistant)
Nina Stock (Technical assistant)

Biosensor Principles Cell-Sensor Hybrids Micro- and Nanodevices

Group head:

Dr. Maryam Weil
Ph.D. students:
Lotta Delle
Students:

Tina Welsch

Alice Kasjanow

Group head: Group head:

Dr. Jessica Ka-Yan Law Dr. Xuan-Thang Vu
Ph.D. students: Ph.D. students:
Anna Susloparova Miriam Freyler

Dieter Koppenhofer Thanh Chien Nguyen

Students: Dipti Rani
Nathalie Schiissler Students:
Olga Fominov Darja Schendel

Stefan Ohlinger

Nanoscale Transducers
Group head:

Dr. Vivek Pachauri

Ph.D. students:

Ruben Lanche

Xiaoling Lu

Students:

Jan-Felix Schoppmeier

Claudia Ackermann
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Biomedical Signalling Research Group (AG Ingebrandt) — July 2013

o 3 -
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Motivation
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Motivation: Biosensors and applications

Applications Ideal properties:

Food analysis « High sensitivity

Drug development High selectivity

Criminal investigation Cost effective devices

Real-time detection

Medical diagnosis

Test of donated organs Fast response time

http://www.minimed.com

Point-of-care usage, ...
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Motivation: ISFET-based biosensors — General principle

» Label — free and real-time detection
* Direct electronic readout signal

* Possibility of a miniaturization

_— 0

Reference electrode

Vv
__E| Gate oxide

Electrolyte H 9,'

Transfer characteristics

\"J
0.0 _
-0.5
-1.0
-1.5 1
1 w
Ips = S WpCoxT [2(Ves — Vri)Vps — Vis]
p - channel transistor
-2.0 T T T T T T T T T
-2.5 -2.0 -1.5 -1.0 -0.5 0.0

Vg (V)
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Detection principles: Potentiometric measurements

FET as potentiometric biosensor Transfer characteristics
0.8 ' . r . .
electrolyte bath G gatee|ectrode VDS M=0865V
(Ag/AgClI) - ]
,sourceelectrode D
Vif drainelectrode 06 0.52 V]
id fieldoxide ]
gateoxide 039V
£ 04l P
e : | 026V,
& :
. ; : = ;
inversion channel 0.2 J / i
I [T | : 0.13V
depletion zone V, "‘L oV
P B bulkelectrode ) 0.00 — Cq; : é . 5

* The gate potential is modulating the inversion channel between drain and source
» Changes in drain-source current are proportional to changes of the
gate potential (in the linear region)
« Two signal components:
a) Potential change at the gate caused by an action potential of a cell
b) Potential change at the gate caused by changes of the ionic concentration
of the electrolyte near the gate. e.g. pH-sensitivity

-Down Processed Silicon Nanowire Arrays for Biomedical Applications - Sven Ingebrandt




Informatik und
Mikrosystemtechnik
Zweibriicken

Fachhochschule
Kaiserslautern
University of Applied Sciences

|

Bundesministerium
fiir Bildung
und Forschung

1

Detection principles: Impedimetric measurements

ISFET as impedimetric biosensor — Transistor-Transfer Function (TTF)

Transfer Function:

Vour(@)

H(w) = V. (o ()

———

Vout(@)

Low cutoff frequency

0l ——A R A RS
LOGIOS) | emeeeer e
C rmem 0= mem (Cmem ox) ~ Rmem(':ox
I I Log |H|
C':'}{ = RmemCmem
4"A"AY; |
' H' h cutoff f
Rmem Coem | \ Ign cuto requency
Cmm + :“ T . ‘:: .....
Schasfoort RBM et al., (1989) Sensor Actuator, 18, 119 = —
Kharitonov, AB et al., (2000), Sens. Actuator B-Chem., 70, 222 Log(1/%)  Log(1/%y)

Antonisse, MMG et al., (2000), Anal. Chem., 72, 343
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Bio-sensing applications: Electronic DNA-chip with micro-ISFETSs

1.0+ before hybridization
0.8 }
SN

0.6 \ 5\5\.95&, 5%5%%53 5‘1, * Novel, lock-in based signal
I =e° 1‘!-9 ‘3 le .
oL [—— \\ s b transduction concept
0 2_ Perfect match (PM) One mismatch (1MM) Full mismatch (FMM) . .
] s A \% * Reliable recording
e - » Fast sampling
1.0+ idizati
-!\k’\, after hybridization
0.8 Ty

4
J

%‘{g@ eg%*e Ak A oy
i 9 ee (3 @4;? o ol o S
T AN % ,

0.4 Perfect match (PM)  One mismatch (1MM) Full mismatch (FMM)
0] —*—FMM v\v \-\
" \v .\o
bio{ —»—PM \\,,.,.—h-.
100 1000 10000
Frequency (Hz)

S. Ingebrandt, Y. Han, F. Nakamura, A. Poghossian , M.J. Schoning, and A. Offenhausser.
Label-free detection of single nucleotide polymorphisms utilizing the differential transfer function of field-effect transistors,
Biosensors and Bioelectronics, In Press, Corrected Proof, Available online 21 December 2006
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Motivation: Silicon nanowire biosensor

Conduction Channel

= pm regime 4 m::gi:ne
Advantages Requirements

 Ultrahigh surface-to-volume ratio * Wires in the 10 nm range with good carrier
« Dimensions of the biomolecules are mobilities

comparable to that of the nanowires » Low density of trap states at the interfaces
- Strong influence of the surface effects (high subthreshold swing)

to the electronic properties » High transconductance

‘ High sensitivity « Stability and reliability of the output signal

« Possibility to create dense arrays * Processability of the sensors
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Top-down fabrication of
SINW arrays
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University of Applied Sciences Zweibriicken RS CHUNGSZENTRUM Dr X T Vu R Stockmann
Fabrication process of Si-NW arrays

: . . Project start in 2006
= First trial: Electron beam lithography

At project start: Si nanowire by e-beam lithography and RIE (in cleanroom of IBN-2)

- Electron Beam Writer Leica EBPG 5000 Plus

Silicon
Insulator

Idecharical substmate
- Insulator

- Conductor

- Bermdcopductor

- High resolution (down to 5nm)

- Maskless patterning

Silicon On Insulator

Bad rface guality

Strong hysteresis

Slow process

L
R =7

Mag= 9.09 KX 1um EHT =20.00kV Signal A= InLens  Date :1 Feb 2002
g

WD= 2mm Photo No. = 945t '(,E}m Mag = 210.76 K X 200nm , ﬁl-[!)T: z:?'rg?nw Signal A=InLens  Date :1 Feb 2007
T e foeeee

Photo No. = 9452
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Fabrication process of Si-NW arrays
= Silicon nanowire device concept:

= Reed group (Yale)
= Top-down approach
= Biomolecular sensing demonstrated recently

D

Ly (10784
fa

|
-
1

[Source: Stern er al, Nature, February 2007]

Wet etching process with tetra methyl ammonium hydroxide (TMAH)
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FORSCHUNGSZENTRUM Dr. X.-T. Vu, R. Stockmann
Wafer-scale fabrication of SINW arrays stamp (Moic) -~ [
Polymer -
1. Start: SOl substrate 2. Thin out of top Si
LA 2R 2R 2N .
Heating up
Stamp pressed
3. Nanoimprint lithography 4. RIE etching of oxide mask “
- e
- o
5. TMAH etching of Si 6. Contact line implantation Rem?;’;e;e;;d;fg
7. ONO passivation 8. RIE etching and metal lift-off |
N si E p-Si
BN sio, BN Si,N,
I Resist Metal

X.T.Vu et al, Physica Status Solidi, 206 (2009) 426 E :
X.T. Vu et al, Sensors and Actuators — B Chemical, 144 (2010) 354 3 4 50 nm
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FORSCHUNGSZENTRUM Dr. X.-T. Vu, R. Stockmann
Chip designs 1= = >
4x4 Arrays c
6 wires parallel 5
Length: 3mm ©
Width: 100, 200, 500, 1000nm (mask
design)
pitch: 200mm Y

X.T.Vu et al, Physica Status Solidi, 206 (2009) 426
X.T. Vu et al, Sensors and Actuators — B Chemical, 144 (2010) 354

7.0mm

I »l
L ™

28%x2 Arrays T
Single wires
Length: 10mm, 20mm, 40mm | -
Width: 200, 400nm (mask design) - % 5
pitch: 50mm or 10mm

| ‘J_IFJ“ |

X.T. Vu, et al.,Phys. Status Solidi A-Appl. Mat., 207, 4, (2010) 850-857.

7.0mm
_Implanted area
Open gate area

Integration with micro-fluidics

Back-gate -+l

40

16x16, 32x32 and 128x128 arrays
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Fabrication process of Si-NW arrays
Fabrication of larger Si-NW FET arrays

Metal feed line
n Implanted source / drain
Nanowires | | /
\

|
Opening of passivation

s ' M Mask for implantation

Two designs:
16x16 with 100 um pitch (256 channels)
32x32 with 50 um pitch (1024 channels)

* PECVD passivation was done in Zweibricken
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A y .

Fabrication process of Si-NW arrays: SINW devices

Gate oxide

20l Nl X A o ’ YR

Wafer-scale, reproducible process

Size of SINW can be as small as 60 nm at the bottom (in current process)

High quality of the gate oxide and smooth surfaces

High quality of the passivation layer — stable operation in electrolyte solution

~ * L
LS 10 : § 4 A
.......
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FORSCHUNGSZENTRUM Dr_ X_T VU, R Stockmann

Fabrication process of Si-NW arrays:
Wafer-scale processing

L L 28x2 arrays

EHT = 5.00 kv Aperture Size
Pixel Size = 168.8 nm WD = 4.4mm

Pixel Size = 195.2 nm WD =

Top-Down Processed Silicon Nanowire Arrays for Biomedical Applications - Sven Ingebrandt
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L. Delle, Dr. X.-T. Vu

NEW Fabrication process of Si-NW arrays in Zweibricken has started

Imprint: nanowire structure in PMMA
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NEW Fabrication process of Si-NW arrays in Zweibricken has started
0.22 um
-0.13 um
SEM image of nanowire structure AFM image of PMMA imprinted nanowire structure

etched into SiO,
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Fabrication process of Si-NW arrays: Chip packaging

* Wire —bonding

« Contact isolated: Medical epoxy, PDMS
1cm

« Can be used directly or integrated with
micro-fluidics
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Portable amplifier for the FET arrays

« Simultaneous measurement of all 16
channels

* Precise temperature control

« Amplifier stages with 1x, 10x, 30x, 100x

* Differential readout with reference channel

 Measurement of the transfer function by a

16x lock-in circuit e[ ] omre (§ema Higg) el
- Portable system with USB-interface to PC an J/ i
* Custom-made software (Delphi 5.0) e e e e |
/‘ s o 7
. 7 7 d il
« Sampling rate 1 Hz (up to 10 kHz per Pt o jageege o e o Jpueeqr o | 2
: S e e e
channel with external USB-DAC card) 0 T e i =
"//M o 7 o ‘_/) - /y o

w show / Fide charnel
i 1 8] 8
ol et ol
Ert
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T. C. Nguyen, Dr. X.-T. Vu

NEW 32-channel readout system design

K

DAC
12bit

LABVIEW
SOFTWARE

DAC
12bit

NI USB6255

LOW PASS
FILTER &  |[re—)
AMPLIFIER

ziControl
SOFTWARE

IN1 ouT
HF2ZLI Lock-in

amplifier

HIGH PASS
FILTER &
AMPLIFIER

 Hereis the design for one channel, different channels are currently addressed by
switching

« The system is flexible for different ranges of drain-source currents

« Suitable for both characterization and impedimetric measurement of FET devices

T. C. Nguyen et al., Physica Status Solidi (a), 210, 5, 870-876 (2013).
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T. C. Nguyen, Dr. X.-T. Vu

NEW amplifier system
LabVIEW programming

! = State machine programming:

il W ait for Events

= Program is divided into
different states

= Easier to read
P SetChamel = Easier to manage
= Easier to scale
= Stand-alone application: no

?

T

Viessure stop ik LADVIEW development tool is
I needed
Headstage setup Graph >32
¥

At the moment still single
channel >toF
T. C. Nguyen et al., Physica Status Solidi (a), 210, 5, 870-876 (2013).

'}
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T. C. Nguyen, Dr. X.-T. Vu

NEW labview-based readout software

File Edit View Project Operate Tools Window Help
»@|@n]
- IDS vs. VGS
Abovelines | Below Lines
Channel 01_A Channel 02_A Channel 03_A Channel 04_A
VDS from| g 0 — 0- — -1E-6- -1E-6-
SE-5 i 1,566 /
VDS & 000 ] 0,0001 -2E-6 A v IE-6 N A
0| -2 -0, -2E-
-0,0002 . P 3 56+ TN RNV vl A\
0,00015 e 2,566 VLY N A
VDS steps | 3 -0.0003 -0,0002 R J’/U \/, vﬂ \_T 36 ‘w’f . ==Y
-0,00025 AE-6 -3.5E-6 U
-0,0004 -0,0003 \ -4E-6-—
VGS from| g -0,0005-, 4 -0,00035-, ] -5E-6- ] -4 5E-6-, |
2 15 1 05 0 2 15 -1 05 0 2 15 1 05 0 2 15 1 45 0
g -2 Channel 05_A Channel 06_A Channel 07_A Channel 08_A
VGS steps| 21 0 —— 0- [ -1,5E-6- A 0
2E-6 vl —
AY
-0,0001 -0,0001 25E6 -0,0001
A
RFE (kOhrm) | 1000 -0,0002 -0,0002 -3E-6- W5av; -0,0002
-3,5E-6
-0,0002 -0,0002 AE6 \ -0,0002
Save? -0,0004 - ] -0,0004 -| ! -4,5E-6-} U ! -0,0004 - ]
2 15 1 05 0 2 15 1 05 0 2 15 1 05 0 2 15 1 05 0
J Channel 11_A Channel 10_& Channel 13_A Channel 12_A
0 e 0- 0- 0 ——
-0,0001 -0,0001 -0,0001 -0,0001
-0,0002 -0,0002 -0,0002 -0,0002
-0,0003 -0,0003 -0,0003 -0,0003
[>  start -0,0004 - ] -0,0004 -| i -0,0004 -} i -0,0004 - ]
2 15 1 D5 0 2 15 1 05 0 2 15 1 05 0 2 15 1 D5 0
Channel 15_4 Channel 14_4 Channel 17_A Channel 16_A
0 0- -1E-6- -1,5E-6-
1566 A 266 M\ /\_,/
B swop -0,0001 -0,0001 MY YA ’
-2E-6 o -2,5E-6-
| , s far A . 2 ALY/
0,0002 0,0002 2,5E-8 4/ \ 3E-6 ‘_,l' il g v o
-3E-6 -3.5E-6
-0,0003 -0,0003 M EER Vi
-3,5E-6 i -4E-6 u
-0,0004 -, ' 0,0004- ] 4E-6-) ] -4 5E-6-, ]
-2 15 -1 0.5 0 -2 15 -1 0.5 0 -2 -1.5 1 05 0 -2 -1.5 -1 0.5 0
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Electrochemical characterization
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Electrical characterization setup
 Understanding the SINW electrical transport properties

* Finding of a stable configuration for biosensor experiments

I RFB

\")
T™1

RE

H,0'
FG oxide cr

Na OH

Electrolyte

VFGI I

out

Vs

T SiNCV _i_ Ve

Back - gate characteristics: I55(Vgg)
Front gate in air:

Front gate with electrolyte (floating potential or applied voltage)
Front - gate characteristics: Ips(Veg)

Back gate floating
Back gate with applied voltage
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Electrical characteristics
Implanted CL Non-implanted CL
Back-gate control p-type only p- and n-type
(in dry and wet unstable operation unstable operation
environment)
Front-gate control p-type onl\ n-type only
(in wet environment) stable operatlo stable operation
_

* Front-gate configuration was identified for optimum biosensing experiments
*In any case, an electrochemical reference electrode is needed for the front gate contact

to keep the system stable and the readout signal reliable
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Electrical characteristics

Front-gate transfer characteristics: Ip5(Vgs)

10 -
0.0_ 15 .
—a—|
] GSs
0.5- 0.1 —1 \‘\\
i 0.01 -
< -1.0- ] \
2 B3y okl G /\
: )
_8 -1.5 Cox

N
72 1E5.- M
20/ | z | | v
oo 1E-6 —Wﬁ “-
-2.5 — 1E-7 1 . : : —

30 25 -20 15 1.0 05 00 30 -25 20 -1.5 1.0 05 0.
V_ (V
FG() V__ (V)

* P- enhancement and long-channel transistor
*V;,=-08VatpH7

* Om. max (@t Vps=-2V): 0.5 uSto 10 uS

* I/l =10%-108

«S=80-110 mV/decade, size dependent
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Electrochemical characterization
pH sensitivity: Two possible operation modes

: - -threshold region
a) Saturation region Sub-threshold regio
1E-5,
-1 1E-6,
-2 1E-7-
% -3 g 1E-84
8 4] =8 1E-9,
5. 1E-104
-6 1E-114
-7 : . 1E-12 r
<3 -2 -1 0 2.0 15 -1.0 0.5 0.0
b) VedV) VedV)
4 1E-6 . —
pH2 pH 2 Worklng point: .
pH 4 pH 4 1E-74 Vos= Vas™ - 05V pH 8
2] pH 8
H pH 6
i 1E-84 oH 6 pH 6
—_ - o
g- 3] P pH 8 2 .
*’8 pH 10 ‘_'!’3 1E-9; pH 4 pH 4
- 1E-10{ pH 2
4
Working point: 1E-114
V,=-15V,V.=-1.2V
-5 T T y y T e —yr——-_>rYh -1
0 5 10tim;f('>min)20 25 30 0 2 4 6 8 10 12 14 16 18
time (min)

X.T. Vu, et al.,Phys. Status Solidi A-Appl. Mat., 206, 3, (2009) 426-434.

pH sensitivity : 42 mV / pH and does not depend on size and operation mode
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Bioassays
Assay 1. DNA detection
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Assay 1. DNA immobilization and hybridization

2
n
_D
L =1.0\} o)
08—
-3,0 2,5 2,0 1,5 1,0 -0,5 0,0
Ves (V)

SINW % % ISFET
Immobilization: AVg up tepkg8 mV sSDNA IngdpRbilization: AVg =1-10 mV
Hybridization: AV up to 40 mV Hybridization: AVg=1-4mV

Han et al. 2006

SINW sensor is much more sensitive than our microscale ISFETs
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Assay 1. Covalent attachment of DNA probes

APTES | Crosslinker | DNA Protocol (a)*:
by « Silanization with 3-aminopropyltriethoxysilane
ch_o_s:iy O/l/:o]% H.N—ss DNA » Usage of succinic anhydride as cross linker
C‘;: NH, » Covalent attachment of amino-functionalized
; DNA (a)
<
CH,
C:) (I.C?—NH— DNA
0=l g AT
C|> o
CH,
GPTES DNA/Protein Protocol (b)**:
= « Silanization with 3-glycidoxypropyltrimethoxysilane
Hsc—o—éix H.N—ss DNA * Direct, covalent attachment of amino-functionalized
0 o H.N—Lys —Protein DNA and of proteins
CH X, (b)
CH,
o OH

I I
—0-Si [o] C—NH-ss DNA
1 \/\/ \/
? or NH—Lys — Protein
CH,

* Han et al., 2006; Ingebrandt and Offenhausser, 2006.
*Ghosh-Moulick et al., 2009.
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Assay 1: Surface modification - silanization

Gas phase silanization
= Homogenous monolayers
= Encapsulated material not

damaged

Contact angle measurement

= Quantify wettability
= Qualify silanization:
Yse > Did silanization work?

» |Is layer homogeneous?




* Bundesministerium
Fachhochschule Informatik und &> | fiirBildung

Kaiserslautern Mikrosystemtechnik und Forschung
@ | University of Applied Sciences | Zweibriicken

M. Schwartz, Dr. X.-T. Vu

Assay 1: DNA microspotting & electrical readout

» Site-specific spotting of different capture

T oo e Bossss
» Differential read-out ™ i | ’

-

possible | :

» Defined distances to !]T“"nm"mnm

avoid cross-contaminations

sreference e Source
electrode
electrode
holder : ‘ Nanowire
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Assay 1. Surface modification steps - overview

3-Glycidoxypropyltrimethoxysilane (GPTES)
» No cross-linker due to covalent binding

» Creation of monolayers

o o %
H25045 OH OH OH OH GPTES
- Ssio,

§= capture DNA 1

E=b'°‘="“"8°”A HN OH H HE HN OH HN OH g HN OH HN OH

block
—>

§= target DNA 1
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Assay 1. DNA detection —dc readout Results unpublished

Applied concentrations:

= 1 uM capture DNA = 0.5 uM cDNA = 1 uM cDNA

0.0 —~

-0.5—_ -2.16 1 00Ty >’ !

1.0- - m |

-1.5- _ _ 217 ~35mV [

x a < ] ,3
=) 2l >3;D 218 >
5 -2.5- _o _ ~50 mV f
_8 -3.01 B9 ’ >

syied ——GPTES ] ~75mV /

! capture DNA 220 ' l , , \ T

-4.0 - ——— block with FMM T 1.9 1.8 AT 1.6

i 5= _ — 0.5 uM cDNA VFG (V)

- 1 uM cDNA

_50 I . 1 Y I £ I v I ¥ I .

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
Vg (V)

V., shifted to the right due to binding of negatively charged DNA molecules
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Bioassays
Assay 2: Ca’* ions — peptide interaction
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Assay 2: Ca?*ions — peptide interaction

——

o ® o o
— aeeeeeee —

Si nanowire .
| Sio,

—_—

M. Hitzbleck et al. Submitted to Langmuir

Al (nA)

time (minutes)

s (HA)

28 = = 01 X PBS fffffffffffffffffff
| ‘ 1 ——0. 01 X PBS+40MI\/ICa

VesV)

M. Hitzbleck et al., Physica Status Solidi (a), 210, 5, 1030-1037 (2013).
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Bioassays
Assay 3. Immunoassays
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Assay 3: Antibody-antigen detection by SINW (Human CNTF¥)

+CNTF is known to alter the self — renewal process of
neuronal stem cells and the progenitor cell division and
differentiation

It is used in the therapy and gene-therapy of retinal ganglion

cell damage or loss

+CNTF seems to have a protective role in multiple sclerosis
mouse model regarding demyelinisation and plays a role in the

pathogenesis of other neurodegenerative diseases

human CNTE DuoSet “*CNTF is a good model system for the future measurements
of other neurotropic factors such as BDNF, GDNF, FGF and
NGF
**CNFT is usually detected by an elaborated ELISA method

10

s Sensitivity of the ELISA method is 30pg/mL at a dynamic

Optlcal Denslty

range of 30 pg/mL - 3000 pg/mL

0.01 Lol Lol Lol
100 1000 10000

human CNTF Concentration (pg/mL) *CNTF: Ciliary neurotrophic factor

-
=]
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Assay 3: Antibody-antigen — dc readout Results unpublished
= 1 ug/ml capture antibody = Block with 1 % BSA = 1 pg/ml BDNF
= 5pg/ml BDNF = 10 pg/ml BDNF = 50 pg/ml BDNF
0.0
10.001 x PBS
-0.5- -1.99 ]
-1.0 ey | ~50mV ]
gl [~90mv /
< < <€ /
< 3 201- / [~ 110 mV /
=5 2.0- >2 | e
-0 J capture AB 5105 / |~ 120 mV
25 - blocking ' /
| — 1 pg/ml BDNF ] / / i’; ~130 mV /
-3.04// 5 pg/ml BDNF Sogldee  F 00 F 0 4
" —— 10 pg/m| BDNF -2.43 -2.40 -2.37 -2.34  -2.31
35 —— 50 pg/ml BDNF Ves (V)
-3.0 -2.5 -2.0 -1.56 -1.0 -0.5 0.0

Ves (V)
V., shifted to the left
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Bioassays
Assay 4. Detection of cellular signals
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Assay 4: Recording of extracellular action potentials
Primary cardiac myocytes (E18) and HL-1 cells were cultured on NW-FETs arrays

lons (Na'/K" )

/ \ lon channels

10 pm

_ Rat cardiac myocytes at 5 DIV
Once a confluent layer is formed cells are

spontaneously beating.

Signals can be site-selectively recorded by
the NW-FET array.
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Assay 4: Recording of extracellular action potentials

(=]

Vo

1

- - output 'V

[R2 ]

_ _ _ HL1 - cell line
16-channel recording of action potentials 05, . .
@ ®
>
E
NI PCI-6071E = F
_.. — = 0
J]
- PIO-241 | e & 4
headstage; main amplifier = D 05 g :
: § ¥
I @ ';' i
II}T\ i © e
i E| — o 200 400 600 800 1000
VSI <L : time [ms]
1 (Mg} [ORT——100xRT—— 2
. : > e
: o i o | f v il P AR
eE ! +
v |

i

Signals show a similar shape as compared to ISFETs

Extracellular potential [mV]
Y :.

from lower left to

Signal-to-noise ratio is improved compared to ISFETs 3
upper right
J. F. Eschermann et al., Applied Physics Letters, 95, 083703 (2009) -}‘f;oo 7450 7500 7550 7600 7650 7700

Time [ms]
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Assay 4: Recording of extracellular action potentials Results unpublished

Primary cardiac myocyte culture!!!

R R A A S P —\r
R O S S S S iy
! 1 | ! 1 A
e B — A — 1My
S A S R S —\~
R I N s
T T T T T —\r
N O A S N
T [ ‘1f
e et e — e s A
T [ N Jan, In, I . P
OO IO POV P PO SR — MMMW
J.. r ! | A | N”\'va'\m
— S A S ~\— 0—@
2 mV]—o.?( 2 mV5 — 50 ms
Each of the 16-channels is responding
50 ms

High signal-to-noise ratio : 5— 10 due to the strong coupling between the
cells and the SINWs
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Bioassays
Assay 5. Impedimetric detection of
cellular adhesion
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Assay 5. Impedimetric detection of cellular adhesion

Vi i .
stim AAA
G C 1 @ Reoo jiHW model
FM FM =
1Hz - 1MHz = o
|_ ==Ceouy |
| M
= =t . Rre
C 1l &
Lock-in Clpln
- | s
d4 . - = . - - OPAG2T —_—
L U
l~'Irl.1!i‘ ‘I-Irs,\_-; =#‘ ‘I.Irur_-,
= = =
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Assay 5: Impedimetric detection of cellular adhesion Results unpublished

EHT = 20.00 kv
WD = 4mm

EHT = 20.00 kv Signal A = InLens
WD = _4mm Date 110 Aug 2009
~ —

HEK cell-SINW coupling: Detailed SEM analysis
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Future assays
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New research projects related to SINW sensing

= Marie-Curie ITN: PROSENSE
= Cancer Diagnosis: Parallel Sensing of Prostate Cancer Biomarkers
= Start 01.10.2012

Participants 2 Ph.D. students (3 years)
1 (Coordinator) UBath N N United Kingdom
2 Cardiffu N N United Kingdom
3 SAS N N Slovakia
4 INESC-MN N N Portugal
5 DCU N N Ireland
6 AET Y Y United Kingdom
7 EPFL N N Switzerland . C
8 FH-KL N N i Subj_ect 1: SINW Sensors
9 Xeptagen Y Y Italy Subject 2: rGO-Sensors
Associated Partners
1 Euroimmun AG Euroimmun Germany
2 University Hospital of Wales UHW United Kingdom
University Hospitals Bristol National Health Service UHB United Kingdom
Foundation Trust
University of the West of England UWE United Kingdom
North Bristol National Health Service Trust BUI/NBT United Kingdom
Royal United Hospital Bath National Health Service Trust RUH United Kingdom
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New research projects related to SINW sensing

Developing a NW-based sensor platform for detection of PCa in parallel with
fluorescence techniques

Inlet

Outlet =="> Fluorescent dye

Silicon tube MF Channel \ .Analyte
\ i - VReceptor
PDN%Iayer

Drain

[ Linker

> @

Growth substrate
Source
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New research projects related to SINW sensing

Si NW FET Fabrication on Sapphire substrate for combined optical
and electrical sensing

= Dip Chip:

— 32 single NW devices on 7*7mm? chip.
—NW dimensions- 1pm(length)*0.1um(width).
— Common source configuration.

Sapphire substrate
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Summary

= Si nanowire arrays were successfully fabricated in a wafer-scale process. They
can be highly integrated (128x128 arrays) and are CMOS compatible

= Robust chips with reliable operation in liquid
= DNA and biomolecular detection experiments were successful
= Extracellular recordings are possible

Outlook

= Sensitivity (DNA hybridization, protein, immune)
= Model to explain the results
= Enzyme detection

= Coupling with cells (mast cells, cardiac myocytes, tumor cell lines,
neuronal cells)
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