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Outline

* Introduction
= Direct electrical sensing in Biology
* Current detection requirements in bio-applications:

= Patch-clamp neural current recording
* Planar setup improvement

= Exocytotic molecular detection
» Redox cycling
« Stem-cells application

= Amperometric glucose sensors
= Nanopores
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J_Cross-Disciplinary Convergence

The context
EMISTRY

\

TECHNOLOGY B

Common scientific and technological effort towards

the realization of nano-bio-chemical devices
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J_Sensing at the Interface

Use the ionic liquid as a top conformal conductive electrode

Affinity Biosensors

| o
< SPECIFIC
5 < BINDING
BIOSAMPLE ® D KON
LINKER SPECIFIC

ELECTRODE

Probing charge transfer
and induction at the
interface affected by the
presence of the analyte
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J_Two Possible Approaches

1. The electrochemical current brings direct
information about the biological entity (cells):

lon Channels
Exocytosis of redox biomolecules

2. The electrochemical current is a tool to
detect the binding event (molecules):

Glucose sensor
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J_From Micro to Nano

The scaling of the electrode fabrication ability
below the micrometer enables a direct size
compatibility with cells and macromolecules

Water Glucose Antibody Virus Bacteria Cancer cell A period Tennis ball

L
» vOE O
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Nlﬂdﬂl‘lll'ﬂ | I I | | I | | |
ol
= Nanodevices:

f"‘__,‘ » MNanopores

' Dendrimers

% Nanotubes
7 Quantum dots

Manoshells
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J_Microelectrodes: Spatial Resolution

Sub-micrometric electrodes for electrophysiology:

Milcroelectrode

Yenese Chemical or

O*-——“ “+ss< Biochemical Release

W.-Z. Wu et al., Monitoring Dopamine Release from Living Cell

ingle Living Vesicl ith N lectrodes, J. Am. . o .
Slngczelz\qllrjsgoceszlggg V;|27 (285302525?4388915 m C.Amatore, et al. Electrochemical Monitoring of Single

Cell Secretion, Chem. Rev. 2008, 108, 2585-2621
A.Ewing et al. Spatially and Temporally Resolved Single-
Cell Exocytosis , Anal. Chem. 2008, 80, 1394-1400
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J_Direct Electrical Interface with Cells

Biological investigation mainly relies on optical microscopy

Advantages of direct electrical sensing:

« Label-free (save time and reagents, non intrusive)
« Quantitative

* Integration with microelectronics

* Miniaturization and portability

« Some cells generate electrical signals

Historical landmarks of electrophysiology:

« 1791 Galvani “De viribus electricitatis in motu musculari”

« 1952 Hodgkin Huxley action potential model (Nobel 1963)
« 1976 Patch-Clamp (by Neher & Sakmann, Nobel 1991)
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J_Electrogenic Cells

Electrical signals within cells are driven by ionic gradients:

— @ CHitsicle
- * O
G!E -_'ﬁ: -“clam M e  Ma'/K'pump * g K* channe Extracellular
@ |Mat =450 mi
ICl T ILeakT
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Lig —l_ECI- —|_ELaak
k J &

..w Intracellular
@ K |=400 mM .w ® S
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° o o © o Inside

« Pumps (against diffusion, need energy) * Neurons
* lon channels (valves) * Heart, muscles
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Complementary Sensing Approaches

Non-invasive external electrical sensing of electrogenic activity:

\\\\\\ u ” ” !{ // //Jfl;thanne[s

:"’: . I;Iectrogeﬁic CeII. — ’ VOItage
= ' _-_-: « Current (Patch-Clamp)
/? ll ﬂ l[ ]\[ ]T . ° < Chemical detection of

. % Gap <. Passivation

released molecules
Sensor Area

Common trend to miniaturization, parallelization and integration
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N|Voltage Sensing

Intracellular signal

: 'Y
| >
| -
He= |8
T
N i 1ms
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E = CMQOS platforms:
= « Fromherz
i —
1 ms * Hierlemann
Extracellular signal « Martinoia
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Life’s Transistors: lon Channels

lon-specificity — .

4 Extarior

| Membrane

Triggering mechanisms:
« \oltage-gated
« Ligand-gated

Cell interior

CURRENT READINGS .

i faes : Ligand O Cal
CHANN M“M -3
CLOSED ™ I'- SRR } h‘ s O L

| CHANNELS OPEN\ il H ______ i
.......... h--- "'"""'-""" "'""'""‘»' 4R \ O O
20 MILLISECONDS =

. ION FLOW

BLOCKED ION FLOW

Ligand-gated ion channel

CHANNEL CLOSED i CHANNEL OPEN . F. Sigworth, Nature 423 2003
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NI The Patch-Clamp

Patch clamp
ther

13
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J_Current Recording

Significant biological interest in improving the current resolution:
 Na, Kchannels 1-10pA
 Ca, Clchannels 0.1pA

 Pumps (100e7/s) 0.016fA

} ms timescale

Single channel: Membrane
PP bt rupture
|1 pA whole-cell:
Piolrhus g oo bt w M bl 0 el P

’ Wt t‘";
....;WW.%&:#&Q__._W " ; ,Vc frb /_TD

+40 mV ~nA current
.60 - 80

F. Sigworth & K. Klemic, IEEE Trans. Nanobioscience 4 2005
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J_Commercial State-of-the-Art

= Axopatch 200B
Axon (Molecular Dev.)

s ||

m' ¥ | Cooled headstage (-15°C)

Reset Specs:
— « JFET, I, .= 1pA
i R, . Gain = 1mV/pA
=l | o[ + BW = 140kHz
ﬁ y © | o> . BOfA._ over 5kHz
+ . C.=1pF

* Treset = 5()“3

v

cmi
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J_Achievable Performace

Experienced user:

= R | -
g = U |
,‘_: _4G | }f‘l 1 o |'"1 | ""'1]"|Iil| |
E :gg : J LM Lk ‘L—l : AMPLIFIER
3 l
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Time (ms)
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—40 | w sood el
_EG . 1 I bad seal
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e e A
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Time (ms) |

single-channel event
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J_How to Improve the Performance

The dominating noise terms are due to the setup:

Pipette
il

1
Il
. R, A

H(f) |V

. AN J . A AN J
e Y v N Y
membrane electrode amplifier differentiator fitter
and seal
+ C. =~0.01pF/um? + C,=1-10pF
« R =~GQ (seal) « C,=1-10pF

[ ] —_— A .
RS MO (SO|UtIOn) F. Sigworth & K. Klemic, IEEE Trans. Nanobioscience 4 2005
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N tmp

Pipette improving:

Planar setup:

* Reduce stray

e Quartz

» Polymeric coatin o v
y J R. Levis & J. Rae, Biophys. J. 65 1993

avoid pipette

Automatic
Parallel

roving the Setup

107 :
-——200B + pipette
s 10} —— LNA + planar
=
z 107
40 5 <— coverslip 5
R TR o ] S
«—— PDMS partition g 10 /
| 8
. b PP |
solution ’ / |
10° 10° 1o’

Frequency, Hz

K. Klemic etﬁaﬁl., Biosens. Bioelectron. 17 2002
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Whole Live Cell Odorant Sensor

B% flow ///// C Bombykal Bombykoal

mlcalf
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,y fluidic _>| 8
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- I
Ag/AgCl electrode !
I
|
|
1

D Time

receptor / cation channel
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EEEI30S
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«

3
I

0.01 0.1 1 10
Concentration of ligand (uM)

time

N. Misawa et al., PNAS 107 (2010)
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J_The Synapse

Chemical mediation: 5-1074 synapses in the human brain

Merve EL'}:'W"-’

impu bse

Ligand-gated Ligand-gated
channel channel
{closed)

Target cell
plasma
membrane

Medrotransmitter  Synaplic vesicle u

Exocytosis: extra-cellular release of small molecules in vesicles
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Amperometric Detection of Molecules

Microelectrode: E:,} A Mouse
714 | pAuI)s?
OH z —0 VOX

@ o o :
& K
Secrelory vesicle
B
. 0.15=
Chemical messengers:
0.12
* Dopamine, adrenaline etc.. Wi
g 0.06
Current tracking: oos
« 5.10* molecules in a vesicle 000 . . | S

Bins (fC)

« 10fC released in 1ms —» ~10pA
M. Wightman, Science 17 2006
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J_Techniques Combination

Carbon-finer
amparomeatric
alactrodea

Patch clamp
micropipet in whole
cell configuration

— Gigaochm seal

Call
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iDetection of Single Exocytotic Events

Amperometric recording:

1 sec

-

Single PC12 cells

C. Spegel et al., Electroanalysis 19 2007 & Lab Chip 8 2008
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J_Specs: 1pA Resolution @ <1ms

At the limits achievable with a standard transimpedance amplifier:

+ R.=200MQ « BW =4kHz
« 0.2pF stray capacitance * 1.4pAns
J e e o S A T S T S T T————
T e
% 10 |
Solutions: : o
QO 95
AN NN
Integrators ol o il
+ Switched R PR
. H(S) L 0 1 2 3 4 9 6 7 8

Time [ms]
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Intrinsic Amplification: Redox Cycling

red red red red
QJOX Ox */JLK} oxX ox ix}j ]\ ‘:) MUSt be
reversible!
- 0
Generator Collector R/Qj H R ﬁt}

electrode electrode Reduced form  Oxidized form
(red) (0x)
+350 mY
g Dual Mode i dati on
Planar 30 Redcton
interdigitated g
electrodes
-5{:' mv "smgle I'uim!::m
<
Paeschke et al. Analytica Chimica Acta 305 1995 R
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J_The

Vo'
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J_Bipotentiostat for Redox Cycling

" CE

Vesicle RE  s—{]
4 Exocytosis of :
. catecholamines

Raq

Single mode tofise

t tair < touise
@Jof_je\d_)wa

With catecholamines the achievable gain is ~10
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Applications excell

High-sensitivity tracking of neurotransmitter exocytosis:
 Investigate fundamental biological mechanisms (brain)

* Addressing neurodegenerative diseases

« Early detection of stem-cell differentiation

undifferentiated
stem cells ||

Amajor bio|ogica| cha"enge ~ Cultured ((/ (Purgaion) LIF

Understand and control the ‘?

differentiation triggers and 4 d :\f %
WA

paths of stem cells y g

Neural cells

Cardiac muscle
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Integrated Platform excell

Combined Combinatorial
techniques Optical imaging approach

Continuous flow Transparent window

of cell medium Waste
and intro of cell products

stimulant
‘ot L <l 1]
| — — — | L R

IDEs, pillars (electrodes/cantilever) and QDs

* Optical/electrical detection oA DOOP
. . g - Signalling
d M ICrOfI U Id ICS mRNA l ‘1_ Cell Metabolism (Ca::eilr\ec:ll;:nes)
| (B o

 Intra/extra cellular recording

* AU tO m atl C Pmtem Excocytosis
. E i I (TH) 4 é;j ;; -

¢ H |g h Iy pa ral I el Micro and nano interdigitated

Nano-pillar electrodes
electrode arrays (IDAs)
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Sub-Cellular Resolution

High-resolution spatio-temporal tracking of single exocytotic events:

Pt

glass

phbturesisf

o 5.0 10.0

Single Cromaffin cell

10 — : I.-"/\\’\ﬂ
< v
2 59 -/
i 0 s B et M s A s rx:.-“'ll \M% A P P A
) : )
100 R
Q 50 TN
i . e
Q N 4 —
AN
50 — : |I I'-,I
o L
= L l\\x._
Qo 0 Iu" e
4
< 2 !
ﬁ D 1_-'._ _- I-“'- ."'.% o s My 1_.-__ Il_.\_ :-. .""‘-'I hea Tk _.-.r_i-.__ ."-"‘\.-' W oA sl
| 1 | 1 1 1 1 I 1 1 1 1 I
321.70 331.75 221,80 231.85 331.90s
time (s)

A. F. Dias et al., Nanotechnology 13 2002
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J_The Problem of Interferences

Similar neurotransmitters (similar molecules, similar CV) may have
very different biological function — selectivity issue:

0,3 - O,
OH ’ -\
—=—— nor-adrenaline
HO 0,2 - adrenaline
0,1 -
HN
HO CHS g 0,0 -
= ',
OH 01 !
!
HO NH> 0.2 - \/I R,
\
0.3 1 \J
HO ] I ] ] T - T T 1
-600 -400 -200 O 200 400 600 800 1000

E (mV vs. SSCE)
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iSolution: Fast Cyclic Voltammetry

In-vivo rat brain: (1) Dopamine (1 uM) 400V/s — 100ms
15 seconds
—_ e QAN 15 nA
O
1)
5£ 0 nA
0
<< 1.4V -10 nA
7
2
>
et time
i
L
04 04 12
V (vs. Ag/AgCl)
M. Wightman, Anal Chem, 81, 2009
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Extension of Amperometry

If the molecule is not electroactive?

Use a specific mediator

Enzyme changes shape
5“':'5“3“ slightly as substrate binds

ﬁ.ctw: site

Enzyme!

Substrate entering h trate

Products leaving
active site of enzyme  complex = com pler active site f nzyme
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J_Enzymatic Amperometric Biosensor

Product
< If the catalysis of the target
Enzymg Substrate molecule involves an
5 B ) EF electron transfer it can be
ongror
—) detected with amperometry
cceptor
1 e- Electrode

* The current is proportional to the concentration
* The process can be less efficient

* Enzymes are often immobilized on electrodes
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_LEnzymatic Reactions for Glucose

*glucose oxidase

Glucose + O, > Gluconic acid + H,0,
H,0O, > O, + 2H* + 2e-
Total Reaction: |
Glucose + O, ptanode ~ Gluconic acid + O, + 2H* + 2e-
4H++02 > 2H20 = 46'

AgCl cathode

* Glucose oxidase (GOD) is commonly used since it fairly stable
& requires no cofactors or coenzymes
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Commercial Glucose Sensors

Glucose Gluconic acid

Glucose Oxidase

Oxygen Hydrogen Peroxide

W Working electrode
with immobilised enzyme

ELECTRODE (or mediator)

v
9.4 mM

—_—

Contact Conductive Carbon Track

Reference electrode (Ag/AgCL,)

Medisense glucose biosensor
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N\ Commercial Biosensor System

CounterReference and Fa
Detection Electrodes

Spacer (Pressure Sensline
Adhetive)

Working Electrode

Bottom Support Layer
Enzyme and Medialor

(Coated onto Working
Electrode)

Disposable electrode Top Support qu\

J

ONETOUCH

VeriolQ

&\ | . FLEXTRONICS )

—
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J_Summary: Paradigm Sh

ifting

To address the measurement ¢

hallenges set by

micro- and nanoscale biological systems
(sup-pA and sub-ms resolution)

macroscopic bench-top instruments have to be
replaced by miniaturized integrated systems

* Size compatibly — sub-micrometric electrodes

* radical reduction of parasitics
* parallelization (multichannel) ]

- CMOS

* portabllity, low-cost
marco1.carminati@polimi.it - I
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J_Nanopores

[Datection of the obstruction of the pore when a molecule passes:

o @- & ° e
&b &
b Ag/AgCl ‘ y ﬁﬂ L
i | 5 | A |
< agiagel | () : @
P ¢ ' ®
I s 5
! I 3 n : 1_|
V ....}r e
: d
Time Time

The performance of current amplifier are crucial!
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J_The Coulter Counter

Invented by W.H. Coulter 1950 A routine instrument

e

®

BECKMAy

e COuTER

35 4

w
1

March 24, 1970 W. H. COULTER ETAL 3,502,974
SIGNAL MODULATED APPARATUS FOR GENERATING AND DETECTING
RESISTIVE AND REACTIVE CHANGES IN A MODULATED CURRENT
PATH FOR PARTICLE CLASSIFICATION AND ANALYSIS
Filed May 23, 1966 9 Sheets~Sheet 1

N
(3]
1

Distribution volume (%)
PO

ey
1

DC resistive « Counting
pulses * Sizing
Particle size (um)
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J_Different Pose-Based Approaches

Evolution of Resistive Pulse Sensor Development

In-series & parallel

Fixed pore Fixed pore Fixed pore pores Flexible pore
m A nm m to nm
(km) (A) (nm) (um) (1 )
Large particles sSDNA Molecules Micro to Nano Micro to Nano
> 500nm to Nanoparticles particles particles
Conc, Size & Shape Molecule Size Conc, Size & Charge Conc & Size Conc, Size & Charge
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\J| Explosion of Nanopore Technology

Mimicking natural detection scaling down the pore at nanometers:

Natural Solid-State

ct-hemolysin nanopore

-

LIFID BILAYER
MEMBRAMNE

Immobilization and stability  Fabrication with ion (FIB) or
Issues. electron beams (TEM).

Martin, Science 317 2007 Dekker, Nature Nanotech. 2 2007
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The Dream: DNA Sequencing

 Personal / Point-of-Care
 Low-cost

 Automatic

Fast
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N| Now It’s a Product

CAN YOU REALLY SEQUENGE DNA
WITH A USB THUMB DRIVE?

Can this USB stick change biology research? Photo: Oxford Nanopore
44 marco1.carminati@polimi.it _ POLITECNICO DI MILANO



First DNA Translocation Experiments

u
a b Kasianowicz, Annu. Rev. Anal. Chem. 2008
+poly[U] cis
/ n
H T-— 301
- I -
kEn £ 0 - 1 2
,t @ 15_L|at|ma[m3:|‘
120 mV ’/ E
\v 3
-

| ] ] ]
300 ps 200 400
b Mean poly[U] length (nt)
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Encouraging Results

Capability to discriminate different monobase sequences:

1,200
: 900 =
Vestibule L -
i 22 E
gy = ° 600~
o 140m 29 5 —dGMP
vy f .‘.- U 5 i | |
= O | —dTMP
f 300 - [ ] —dAMP
A coc . J 1 —dCMP
] ] ] G | l '.. | v
2.6 nm 0.4 20 40
constriction Time (s) Residual pore current {pA)
GGG
AAA
2 50 GGG TTT CCC AAA E cce
:. ‘H’estlbule ez 0 A ﬁ||
¥ 1 h ﬁ‘ ;'\3'4:] iﬁ f I|
‘h l" ] & a Zc | |
: . . . P L L) AT :
,12 ¥ 0 05 1 1.5 40 50 &0 70
canlstr?ggian Time (s) Residual pore current (pA)
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J_Specifications: Current Modulation

Pore blockade produces current modulation of:

* 100pA for a-hemolysin
* 300pA for MspA
* 1-4nA for solid-state pores

a-hemolysin MspA

depens on: salt concentration, pore diameter, molecule type

Tailor size:

T T T T S s E e p— =
3oL 100mMKC 08V I = 130
N R RGN Ra e — — — — — — - ~ 003
4 ~ a)
n -0.2 i 12.0 E
g ) m
= =
1.0 = _{}.6 E 1 .D ?}
- E n S
0.0 | L L 1 | 1 | 1 1 4-71.0 Q,E 0.0
00 05 1.0 15 20 0.0 0.1 0.2 03 '

Timp, 2010 Time(s) Relative Frequency Time(ms)
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J_Specifications: Translocation Speed

DNA (-q) translocation is controlled by electrophoresis

Speed depends on the voltage V and on the polymer length (for
short chains) and on the kind of pore, typically:

* 1 bp/1us for a-hemolysin

« 25 bp/1us for solid-state pores

electrode (-)

|
a-hemolysin
channel

Electrical
force

Teflon
support

Nangpore
~18A dia.

lelectrode (+)|

Y,
4

Single-stranded
DNA polymers.

Phospholipid
membrane
~50A thick

Velocity (A/uSec)

A. Meller et al., PRL 86 2001
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Pushing the Electronics Limits

J'Add 11 kb dsDNA

Solid-state Nanopore
Single Nucleotide
Transist time ~ 10ns

¥

Required bandwidth

100MHZ!
[ orrrer T T o o ™
—= . i Shlft > S P
N &3 ’ ) 100MHz 3
N .n - \/.'. . ”J‘
= 3 3 E ]
3 F 2 :}'T ; lfbf,’("' 5 0 3 0
<, = AF L il vid Al :
@ [ 10p 100p 1n 10n )| i ]
o) Input current, A |y
% Bl | 'm"'“‘ __Theoretical ] 5fA/ JVH
| : ~
C_Cl NWM umlﬂ il (Chip only) 1 k = Znenctot — T00kHz
- Axop tCh ZOOB |
100a - .
10 10k 100k 1IM

o = 28nd rms
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J_Solution: Take More Time

To have ~10pA resolution, the BW is reduced to the kHz range
Traslocation speed needs to be reduced

106 5 I ' R ' I ' I E
3 R ] - : 3
] Q‘ﬁh KO 3 m@q O o haemnlysm ]

G A ~ Q < Solid state
105 W -0 o) -:l;:ﬂ =
z $ S5 F o ;
\ - 63’ &P 9 ﬂ@ﬂ -
10%g % & R < & 3 E
. 1 &7 Lt R B R :
T ] & sal R ]

i o {,‘;\._" e o
£ 103 o o O e q,':'?_ﬁn} q.ﬂ 6— o .
— 3 ) 3
e 1 &8 & & \deal E
—_ ] 2 a i
< N o0’ o) @@ velocity N
< 1074 & range 4
= 3 o for 3
= E ~0 :
. & . “- < 1
- o A5 =

109 S & o oo 3
= = Ha, d - 5 =
] ® T L E
- D_'I {3 -
107 5 o o & E

‘lD—E T T T I T T T T T

1965 2000 2005 2010 2015 2020
Year
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(

Magnetic
tweezers

~

Not to scale

Fu

-

H. Peng & X. Ling,
Nanotechnology 20

2009
NG

,/

— with specific recognition

esoporous silica film

Z. Chen et al., Nature

L 4 )
g Functionalized A Enzyme
pore gateway
brlayerﬁz‘? \:
;ET?-'ES' )

proaches To Slow Down DNA

G. Cherf et al., Nature

\Materials 9 2010

J

51
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Enzymatic DNA Control

Automated forward and reverse ratcheting of DNA in a
nanopore at 5-A precision

Gerald M Chert, Kate R Lieberman, Hytham Rashid, Christopher E Lam, Kevin Karplus & Mark Akeson

mzﬁﬁ Enzyme: phi29 polimerase

Impressive, but in the opposite to high-throughput analysis
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J_A Different Approach: Tunnelling

_Agrhed o Top reservoir
Addition of transversal
é electrodes for enhanced
gl 4 sensitivity
AL ltunnel =~ exp(\/v' d)
S !
‘ .|_® tunneling current m
! = ‘@’ ‘@ ! ‘|
T - &) Bottom reservoir £ € . ' . ' . '
o 2
Electrode
Expected discernable W W W
current signaltures for each M )."ﬁ ).“
base pair PN A .
Electrode
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J_How to Fabricate Tunnel Electrodes 1

Platinum: Electron Beam-Induced Deposition

PECVDSi;N,

electron/ion

delivery needle
beam

= organo-
metallic
precursor

A. lvanov et al., Nano Letters 11 2011
marco1.carminati@polimi.it - I
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J_How to Fabricate Tunnel Electrodes 2

Carbon Nanowire

SiaM 4 aover Carbon

Carbon

ch. 2nd Silicon Nitride
Deposition

a). Silicon Mitride Deposition &
Silicon Anisotropic Etching

b]. Carbun.Depositiop & d). Nanopore Formation
Nanowire Patterning

- Silicon Mitride

P. Spinney et al., Nanotechnology 23 2012
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Simultaneous Detection

Correlation between ionic current blockade and tunnelling signal

Current Traces for Lambda DNA Transit Events
a

‘ < {
,El 1y
- i

5ms 260us § iy
"

L]
A s i L M L
f AR 1 Hlrohot e for
|'||' ] [l L]

123 4

1 | : .; 'E:Ir

- s, i MR B

g TV
i
- < ? /
2 1 :
i 2 :tj: :
5ms ;

T
-

10nA

Transverse, i

Blocking, i,
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J_Noise Analysis: Device

___________________________

E Current ‘: § N\
 Amplifier NS
: -
E Rfeed : 6 . .
| 'VV\! . white noise
Nanopore Device E l 8 ﬂ/Ck (thermal noise) 0
S N L0 er, . .~ O
; 1 - Ve | B |Pop ;’70/8@ \e\eo\(\oxo"
: S U1 - w > y
! in in —— :: + : T
I " : o
a = = - N >
"""""""""""""""""""""""""" frequency
Thermal agitation of ions:
B N (AI/SNR)* B
Si thermal = 4‘kTGpore [* /Hz] Bthermal = 4kTGC = 25MHz
pore
Low frequency flicker fluctuations:
Iq
Si,f!icker ~ KFf_;
Dielectric noise (D = dissipation factor). AI/SNR
S; dgietectric = 4kT 2nf - C - D Baietectric = \/4ch D = 2.8MHz
pore
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J_Noise Analysis: Device Parasitics

L,=1mm
< = electrolyte
gasket | octrolvt 'gasket gasket c c gasket
! electrolyte ! , m |
O * O sN O 7.0
(t=20 nm) —-_—-

5

-
L,=50um
electrolvte
Expected exposed area:

L, XL
Cm =~ ESI'NQ = 825pF

\
electrolyte

Due to conductive Si substrate, much larger capacitance: )

Ly X Ly 3(AI/SNR)?|3
Cstray = €siv——— = 3.3nF Bampiifier = S.2rC )2 | = 312kHz
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Example of Circuit Design

Integrator-Differentiator

Discrete components Cu cy
Implementation for | |
h C Rreed Rid
pores with Cg,, In W AV N
the nF range T o [
@ % R” u2 | Jou

70pF “T It Y— T

+12v e
i c2 i E
Level Shifter E i :
: 100pF ; ;
§ Manual 47OkQ L AMA——+ i 5
Offset i Trim i i
Trim : R3 i 2kQ E
C1 R1 + ' 500 1MQ H MV i
1pF~L 100MQ| <300Q 300Q oP1 AN - L 10
> 5 VW 500
: : Output
\L AD829 § § VW0 voltage
PN I N § THS4631
Current | : § § = § = AD817 Electrode
Input © ; 25K146 : ‘ ’ al Bias
Bias ' i
First Stage: Current Second Stage: ii Third Stage:
Low-Noise Transimpedance Zero Pole Compensator it Output Buffer
12V i
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System Architecture and Results

Nanopore Device Headstage Main Unit
: Counter EI.
: Low-Pass <+—0
Tunneling ) - (2 | Low-Pass [ Potential V;
Electrodes Sal gl § 1':3'3:3" | E _
; ( 2) i Low-Pass «1o Working El.
] N 3 Bias V4
Y Tunneling," g Pore Blockade by
; Current'.'> . LPF LPF A DNA Strand
coaip
gl:' Butterworth Bessel Bessel |—» gntpult
€ (75kHz) (25kHz) (2.5kHz) igna
DNA
Si Molecules, .
. Bandwidth
s : Select
: e : b HPF :
lonic Current 7 Nk AC Coupl. | x48 —ilo Zoomed
ity : L : Output
Ag/AgCl ] . (16Hz)
Low-Pass | i | 2 Duplicated Channels :
Filter || 7 counter Ei DS’”Q/G ,Baf_e
160Hz : 5 ounter EI. iscrimination
( ) : Low-Pass ~1° Potential V3
T T TTTTT T 1p R
C_=4.TnF 1+ v 100kQ2 Transimpedance (C=56pF) H
1p RTINS (VAL
g i ] 100f
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4 A (IR E
o Al o
7 | N MR %) T A
< ' ‘ < Proposed Circuit | J
@ 100f A o N
S " lIlirVi,:?: e} 10f _'
- R 5 1o ey
c L - 1 c .
9] W LI y o W
E LTI T E =
10f B2 i i) L C_ 0 Easl ||
SIS [T R e 1 AXOPatChZOOB(C:"OPF) i
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M. Carminati et al., IEEE ICECS 2012
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Integrated ASIC for Nanopore Sensing

CMOS solution:

_ « Switched integrator
e Multichannel .
« Sigma-delta ADC
[ J .
Smaller C;,, . 150fA. @ 1KHz
ms
 Near to the electrodes
Top side
. Gps B T T T T
I DELTASIGMAMODULATOR . RO TT : — i |
ZANis R j'l—— weﬂﬁ 3 " (O R -t open chamel Ty £C | ” I
_ I _ ! I ! 3 i i : bound with -C0 i -0 i
P ol I‘ e . | ' 240mV\__J| ] 80 ’JI i bl =4GQrasislance-".’;lY:l: WDy rl | i
I e Ml ) AN } 0 |
Tps Fﬁ—fl‘_;_?l E—‘_ ; I_Q/N b ] ! L||' ua/ i “HJTLIpId Bilayer : : 0 “ { | ]
o i aN| Sl y L : - |
‘ : < o : e N e e Al Lt Lot M Wla.qL.l___LH*.r.; |
En_ 201 'ﬁ-('D‘@E& R ﬂé??fg;;aa:gljj ; r-lr_.‘:::o;‘ll:zj 11Lw 1;' r112\3 129 ,13 I
£ i f R _ : |
g - . S T~
E 20 7 : .
= aHL Channel closed ]
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M. Tartagni et at.; 1EEE ISSCC 2009 Tine 5
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J_Reduction of Parasitics: Integration!

Discrete ASIC ASIC + On-chip Electrode

Significant performance improvement moving from an external
electrode to an on-chip electrode!

Integrated nanopore sensing platform with
sub-microsecond temporal resolution

Jacob K Rosenstein!, Meni Wanunu??, Christopher A Merchant?, Marija Drndic?® & Kenneth L Shepard!

IDepartment of Electrical Engineering, Columbia University, New York, New York, USA. 2Departments of Physics and Chemistry and Chemical Biology, Northeastern
University, Bostan, Massachusetts, USA. Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania, USA. Correspandence should be addressed ta

K.L.S. (shepard@ee.columbia.edu) or JK.R. (jrosenstein@ee.columbia.edu).
RECEIVED 11 NOVEMBER 2011; ACCEPTED 23 FEBRUARY 2012; PUBLISHED ONLINE 18 MARCH 2012; D0I:10,1038/NMETH.1932
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Device and Setup Optimization

Teflon cell Ag/AgCI

Circuit board

Nanopore

Low-noise
preamplifier
channel

- :*H Ag/AgCIé

63




J_Alchemy: Turning Aluminum in Silver

Chemical modification of the pad to serve as reference electrode:

100pm AI
(A) o =) ‘
- E] (A) as received from the fab

(C)Ag electroplating 10um
(D)chemical chlorination

\ 4

)

W @ EHE B (B) chemical removal of Al
; 5 )
)

ki (D)

Very useful post-CMOS electrochemical processing: no masks!
Although, mask used to open extra 300um SU-8 insulation layer
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Careful Reduction of Parasitics

Device level: Circuit level:

Thick insulation State-of-the-art low-noise analog front-end
Small area

(‘3

w2
L "
{> et
Iems Al
—

“~Nanopore

Sensor
Capacitance
Flicker Dielectric
Noise ™ I loss
density E? rmhat
(AZHZ ) a” sho i Reduced
; parasitics
Rp=M=R i
- J f1 fE f,
Frequency (Hz)
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J_Achieved Significant Cap Reduction

C C Cw O
am l;ﬁ or am lfﬁer wiring/ solid-state Total
P ¢ f ](;b 1 mterconnect/ nanopore CrCrtCwtCu
Pt cecbac fluidics chip/membrane
Axopatch 200B
(early solid-state poress) 300 pF 320 pF
Axopatch 200B 15 pF 1 pF 4 pF
(lower-capacitance solid-state 10 pF 30 pF
pores™)
This work (CNP, “PoreA”) 1 pF 0.15 pF 0.25 pF 6 pF 7.4 pF
Relative
Area Thickness Dielectric Capacitance (Cy)
Constant (g;)
Ultra-thin SiN (500 nm)* = 2.5x10" mm” 10 nm 7 0.002 pF
SiN membrane (40 pm)* = 0.0016 mm” 25 nm 7 4 pF
SiN-S10; exposed 9 9
/4 x (450 =0.16 5 4 1.1 pF
to trans chamber X ( hm) i Hin P
Silicone-SiN-S10; (5 mm)” =25 mm’ 1 mm 4 0.9 pF
TOTAL 6 pF
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J_Res
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1 p.h% az F'"'ﬁus 11.4 F“°'=ME 24 F""‘*=HE
CNP baseline

Axopatch baseline

10 kHz 100 kHz 50 pA I
0.8 B2p
F"a'qlulli F"FIHE .1_[] ms
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J_Results: Fast DNA Detection

High speed (short 25bp dsDNA) High resolution
(intra-event dynamics)

— 500 kHz
— 100 kHz

~N
o [ s O e s [l e sl e

0 100 20 400 500
Time (ms)
1 nA I I lw I I \
1.2 ps b2us %0 s 1.6 ps 5.6 us Diffusion Capture  Threading Translocation
E0-bp DNA, 500 mVy 1 nA
B =300 kHz
1.6 us 6.8 s 4.0 ps 9.6 us 4.4 s 100 us

1.6 us 30.2 us 1.2 us l 2.0 us 6.4 us J ilJ
- . .-
> - E2us
5.6 s : 5.6 us
2.0 ps 2B.B s 4.0 ps 20us 7B us

i 2.0 ps ! 24 s u 6.4 us I 1.6 ns i‘I_E [T h
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L W vl e " ;ﬁt
- 4+ b us
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