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« “A chem|cal sensor is a device that
transforms chemcial information, ranging
from the concentration of a specific sample
component to total composition analysis, into
an analytically useful signal” — IUPAC

» “Biosensor - a subgroup of chemical sensors
where biological host molecules, such as
natural or artificial antibodies, enzymes or
receptors or their hybrids, are equivalent to
synthetic ligands and are integrated into the
chemical recognition process.

— High Specificity and selectivity
— Restricted stabilities and life time




Bi0oSensor — selective molecular

. om m m s F S
Selective elements Transducers
synthetic ionophores electrochemical:
synthetic carriers - potentiometric
I lecular str 1 - amperometric
solid layers: metals - conductimetric
- metal oxides, crystals —vol ic, polarographic
- polymers, conducting polymers - impedimetric, capacitive
organisms — piezoelectric
f microorganisms optical:
r plant and animal tissues - mission / absorbance / reflection
[oeells — dispersion, interferometric
- organelles ~ polarimetric
% membranes, bilayers and monolayers ~ circular dichroism, ellipsometry
£ enzymes - scaftering
£ receptors — emission intensity, photon counting
| antibodies (luminescence) decay time
I mucleic acids calorimetric
£ natural organic and inorganic molecules - acoustic / gravimetric:
©  micelles, reversed micelles — surface photo-acoustic wave
§ — guartz microbalance

Ref: Spichiger-Keller U.E., “Chemical Sensors and Biosensors for
Medical and Biological Applications, Wiley-VCH, 1998

BiosSensors - rFeatures

Benefits

targeted specificity, selectivity

selective assay in complex samples

short response time

electronic processing and electronic control
of calibration

reversibility

enzymatic steady-state

availability, low cost

versatility, dedicated systems

ease of use, front-line analysis, reagent-free or

reagent-poor operation

fast measurerents and high sample throughput

consumer friendliness, ensuring safety of the

assay

continuous measurements, low waste, no
consumption of the analyte

enzymatic turn-over of the analyte/substrate

disposable or exchangeable elements
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1930 pH glass electrode Maclnnes
1950 Ames test for urinary glucose
1962 Blood pO2 sensor Clark
1964 Quartz crystal sesnor King
Valinomycin for ion-selective Moore

effect
In vivo Fiber optics Oximeter | Karpany

1966 Glucose sensor Updike

1968 Fluorescent oxygen sensor Bergman

1970 ISFET Bergveld
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1975 First microelectrode with 1 um Thomas
1977 Enzyme FET Janata
1980 Fiber optic pH probe Peterson

1983 First international meeting on
Chemcial sensors

1990 First world congress on
Biosensors, Singapore

1998 | HIE 7 SRR R
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e Most common Biosensors

are enzyme or antibody
based

* Miniaturization

* Many companies
developing DNA-based
biochip arrays

» Researchers working to
affix entire living cells to a
chip
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Electrical transducers Electrode
medes:
voltage potentiometric sensor
current amperommetnic sensor
current—voltage polarographic, voltammetric sensor
“work function” FETs (field effect transistors)
MOS (metal oxide semiconductor gas sensor)
charge i ic sensor, iresi
ion mobility, mass spectrometry
dielectricity CApaCity sensor
Radiant or optical transducers Optode, 105 (integrated optical sensor)
modes:
absorption, intensity transmission or absorbance in the UV-, VIS-
or IR-region of the spectrum
ATR d reflection) or field
sensor
SPR (surface plasmon resonance)
emission intensity Turni b ission, photon ing
emission and absorption FOCS (fiber optic chemical sensor)
scattering: e.g.. Raman scattering
phase changes refractive index sensor

MIOS (miniaturized integrated optical sensor)
polarisation and absorption OR (optical rotation), ellipsometry

ORI (optical rotation dispersion)

SPR {surface plasmon resonance)

opto—thermal effect photo—acoustic effect
Thermal ransducers calorimetric sensor, pellistor
Magnetic ransducers NMR (nuclear magnetic resonance}

permeability sensor
Mass Spectrometry

h 1, fi d SAW (surface acoustic wave)
piezoelectric oscillators, gquart: balance
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Sensor type Reacting pairs Chemical reaction
recognition process
chemical sensors in the host-guest; ligand-analyte; complexation
strict sense carrier—ion; association, addition,
ion, neutral species, typical equilibrium
and gas sensors reactions
oxide semiconductor inorganic metal oxide absorption, reduction,
SENsors layer-reactive gases oxidation
enzymatic sensors active site—substrate— metabolic turnover,
cosubstrate mediated sensing typical steady state,
reactions
active site-mediator-electrode kinetic reactions
immunochemical sensors antibody (catalytic antibody)— affinity, association,
antigen
antibody-antigenic protein-hapten  equilibrium reactions
receptrodes, receptor-substrate association, affinity,
living organs, bilayers metabolic tumover

hybrides as abzymes etc.
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Surface active sensors: surface layer funished with immobilized dyes
(indicators), enzymes, antibodies

Bulk-phase sensors:

solid-stat b glass, single crystal, pressed cristalline
and sensors body, organic and metal oxide semiconductors,
metal oxide semiconducting gas sensors (MOS),

d in an inert matrix

h crystals i
(e.g., in silicone polymer)

solid-state sensors liquid membranes with a solid-state intemal reference
system: e.g.: semiconducting elements, gate field
effect transistors (GFETs), ISFETs, CHEMFETs,

EN(ZYME)FETs

solvent polymeric hetic carriers itive for anions and cations or
electrodes for ions fatat lary by a selecti
t ical ion or by i
carriers: neutral or classical ion hang
optodes containing synthetic carriers sensitive for ions or

neutral species, gases,

carriers: charged, neutral or ion
multilayer membranes enzyme electrodes, optodes, EN(ZYME)FETs
enzyme embodied electrode (EEE)
i le coati biocompatibl ! inter P ing layers
protecting layers ion-diffusion barriers, coatings,
Eas-p B iti
polymerized membranes photo- and electropolymerized selective layers, selectrodes

tissues and microbial
sensing adlayers

]

» The recognition

oY
.. ® "
process iIs in a C E

separate layer of the

sensor. (1) ® SO%EZD

Surface reaction type
and bulk membrane

00
type with shape-fit ® I@g-fﬂ

relation. (2,3)
The key-keyhole model

(4) ©

ANALYTICAL SENSOR MEASURING
INFORMATION SIGNAL

JRANSDUCTION
SAMPLE MOLECULAR SIGNAL
RECOGNITION

MATRIX SPACER RECEFTOR
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Testing Context

Operator gives direct patient care

Monitoring, rather than diagnosis

Stability may be more important than accuracy
Testing over limited time frame

Testing does not involve separable specimen
Method validation/verification difficult or
impossible

Calibration verification difficult or impossible

< PUBH P H TRk (cont...)

QC usually limited to comparison with
specimens from the same patient tested in
laboratory

Proficiency testing usually impossible
Inflexibility

Calibration is frequently factory-set or performed
only once before testing is begun

Adverse testing conditions

Bio-compatibility issues: thrombus formation or
immune response




JJT:’\EIJ - Invasive & Minimally-Invasive Testing

» Extra-corporeal sensor

— In-line testing
— Shunted outside
» either returned to circulation or discarded
Invasive sampling/external sensor
--Ex vivo sensors

--Arterial or venous specimen is shunted outside,
tested and returned

In vivo sensors
--continuous monitoring with indwelling sensors
--intravenous, intra-arterial or intra-peritoneal

Extra-Corporeal Circuits

* Analytes: SpO2, hematocrit, and change in
blood volume

» Methodology: During dialysis, light is passed
through the chamber to detect change in O2
saturation. Hematocrit is derived from light
scatter and absorption

» Calibration: Factory calibration

» Quality Control: “Verification filter” with specified
tolerance

 Lifetime: Disposable after dialysis




Extra-Corporeal Circuits

Analytes: pH, pC02, p02,K+, temperature,
S02, Hct, Hgb

Methodology: Continuous Intra-arterial
testing. On demand, blood is shunted into
contact with 4 optodes.

Calibration: Tonometered calibration at
the bedside.

Quality Control: Simultaneous lab test
Lifetime: Disposable after surgery

Ex Vivo

Analytes: pH, pC02, p02,. Bicarb, BE, Sa02, and
TCO2

Methodology: Specimen is aspirated into sensor,
tested & returned to circulation.

Calibration: 2-level calibration using standards

introduced by an independent Luer lock stopcock.

Quality Control: Amid-level calibration using
standards introduced after the device is attached
to the patient

Lifetime: 144 hours or 200 measurements
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Ex Vivo

* Analytes: pH, pC02, p02, Hct, Na+, K+,
bicarb, BE, TCO2

* Methodology: Specimen is withdrawn,
tested & returned to circulation.

» Calibration: Initially a 2-level calibration;
one-point calibrations can be done before
each test

» Quality Control: Simultaneous test
 Lifetime 72 hours
e [STAT

In Vivo

Analytes: pH, pC02, and temperature

Methodology: Indwelling arterial sensors
that provides continuous monitoring using
3 separate optodes for fluorescent
detection

Calibration: 3 levels of Tonometered
solution are used to calibrate just before
insertion.

Quality Control: None besides
simultaneous lab test

11
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Challenges to Success

» Obstacles to reliable in vivo testing have
not yet been overcome

» Biomolecules used for recognition are not
stable or robust

e The trend toward miniaturization and full
automation demand more advances

12



The Future

* Single molecule detection

* Nano-size sensors, telemetering capabilities
* Injectable

* Organ or tissue specific

* Nano-size HPLC, GC capable of self
operation with telemetering capability

* multi-analyte arrays

* Non-inavsive for home care

* Auditory, olfactory, and visiual sensor

* Molecular architecture

e Phototransduction

* Interface between neurons and external world
» Changing Boundaries and Definitions

» Evolving Standards and Regulations

Medical Challenges

Level of | Challenge Biotechnology
Difficulty approaches
| Minor symptoms & Minor Symptomatic suppression
physical trauma pharmacology
l Infectious agents Antibiotics & vaccines
1 Mutation and cell diseases Molecular diagnostics &
Treatments; gene therapy
\% Health maintenance & Aging | Gene therapy to enhance
self-repair and immune
N function N
\% Major organ replacement or | Stem cell & tissue
repair engineering; embryonic
\ Morph-engineering Control of natural
morphogenetic systems
Vil Emergency care; restoration | Biological repair nets;
of non homeostatic tissue Bioengineered immune
fts
Vi Augmentation of natural lf:‘:ross-species & artificial

structure or function

morphogenetic
supplementation

Source: R. A.

Freitas, Nanomedicine Vol.1
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MEMS and Nano History

There’s Plenty of Room at the Bottom
by Dr. Richard P. Feynman at Cal Tech, Pasadena, CA on Dec. 26, 1959

Miniaturizing devices (information
storage, computation, motor)
Evaporation and lithograph

Parallel microfabrication by a hundred

tiny hands i

» MEMS technology
Rearranging the atoms

The marvelous biological system (DNA,
RNA, Protein, Amino Acid, etc. for
information processing, computation) ; .
» Nanotechnology, Bio-Nano by IBM 1993

j \
g

n _
By TI, M Mehregany
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MEMS and Nano History
Infinitesimal Machinery

by Dr. Richard P. Feynman at JPL, Pasadena, CA on Feb. 23, 1983

» Make, Use, and Power “Swallowable
surgeon”

» Electrostatic actuation v o o -

» Electromagnetic field N ~

»Mobile microrobots powered by ATP or ?fQ'Nlé (N_gj’_‘g

Optics (Autonomous machine for cellular 3
operations or '(_-é:}— Q> © {b-

» Friction, Sticking and Shaking of atoms ‘N_gc}o 30 ~

. L. . @®
» Microfabrication by casting or by g”'\ m ’g
imprecise tools N . 3
» Quantum computation ‘ e l

© J. Fréchet, Berkeley, 2001

» Biology is a guide (but not a perfect
guide)
»Various form changes by applying
electrical field, which affect viscosity of
fluid.

Technology Trends

Mastering complexity by pioneering
new approaches to cope with the g
infinitely small as well as the very  research
large.
— ScC in nanoelectronics, complexity
in software development, boardband

communications and Grids. Applied
Industr(al

Exploring multidisciplinary fields R&D
combining ICT with other science
and technology fields.

— Work programme in nanosystems,

ICT for Health, cognitive systems, o, .
Future Emerging Technologies (FEEILE)U
Promoting innovation from ICT use Syears . l0years 15 years
by bringing services and ¢ o Tesus

developments closer together.
— Communications, nano and micro
systems

Biomedical informatics
eCell, eHuman
HealthGrid

Personal Health S

Biomedical sensors

Multidimensional (functional) imaging
Decision support

Health info networks & services.

—From EU IST 2004 Work Programme 2005-2006

15



FROM MEMS TO MICROSYSTEMS FOR__HEALTHCARE

softwave

Algorithm
Data analvsis
=2

BioMEMS

Trends in Silicon-Based Biosensors

» Merger of Biotechnology and
Micro/nanotechnology brings about unique and
exciting possibilities.

1. CMOS-based Integrated BIOMEMS
2. Optoelectronics & Photonics
3. Wireless sensor network

» Engineers need to learn more about life-
sciences

16



Health and comfort monitoring

Convergence of nano and biology
Information capture
Affinity microarrays for DNA, proteins
Biosensors
Biological lab on chip, electropheresis,
DNA sequencers, mass spectrometry
Drug delivery

Bionics
r)‘ \:
1

®se, | INSTRUMENT !

™ i I ELECTRONICS YWSER INTERFACHEEN]

Y L i N Bl {:T CONTRO i

A ] Py : Delivery Biclogical :

LAl T SENSOR .. ,
SPECIES TO BIOSENSOR SYSTEM

BE DETECTED

e
;

NEW BIOMICROTECHNOLOGIES
= SIS T '"] _‘-

sensor
engineering /
& MEMS |

biochemistry
&

|

| microbiology

data

collection #
& analysis |-

Fluorescence Detection

microelectronics it i of § *}ff ; % 33.

& microsystems
gy _

A

..........
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Global View in Bio Analysis Device
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Wearable biosensors &
Systems
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Digital Finger

Pulse Oximeter GPS Locator Watch For Alzheimer's Patients

bul
inibate a

http://www.nonin.com/products/9500.html

Actiwatch Actigraphs

http://www.minimitter.com/products/Actiwatch/

HEART RHYTHM (ECG) MEASUREMENT DEVICE

e . numeric pages P
mic Clock Synchronize -
The watch ses itself accurately, -

fio matter wha tme zona youre in P e N

Wearer presses two outer |
ltons for 3 seconds to

§11 emergency

response, Subscriber may

deactivate this e,

Press to automatically
lock locator

Integrated GPS and digital e oo
Wireless fechnolagies pinpoint atented Safetyl
the wearer's location, Prevents unwanted removal;

http:/www.wi

Receives and stores up to 10

Rugged, lightweight and
adjustable locator is

water-resistant and —
cut-resistant

Telemonitoring Services
Use inserts included
o customize size to
child's wrist.

Bracelet Vivago
b*

Manually locks and
unlocks locator.

,S\\“.-

activate manually or remotely. http://www.vivago.org/home.htm

1omesecurityal com/

Exercise Set
(extended exercise profiles)

http://www.polar fi/polar/channels/eng/segments/Running/S810i/allfeatures.html

P N

Pressure
Set Serew

vvEaragre ximyg
Sensor

Use and comfortable to wear for long periods of time

Pl s P el o, This sensor is equipped with optoelectric components that allow
- inner Ring forlong-term monitoring of a patient’s arterial blood volume
: " Finger waveforms and blood oxygen saturation non-invasively and
R "'_I':::::?:::::: / continuously
| | Displacement _fl_‘ o The digital signals are transmitted by an RF wave through the
',.-‘ '''''''' af the Ring [ standard RS-232 protocol.
| - 1 . .
N " Optical Sensor Uit The whole process is scheduled and controlled by a single
/ i lILED- Photodslactor) S microprocessor on the ring.
i NI ol . . . . . . .
Fnger Force Force The inner ring is made up of an elastic material to maintain
@ ® necessary pressure on the skin, while the outer ring is composed
= = of a solid material such as aluminum to sustain the mass of the
Ehotadeiecior circuit boards and battery.
for Main PPG
Photodal r
for Nol;?ux. \
~

Sokwoo Rhee “Design and Optimization of an Artifact-Resistive Wearable
Photoplethysmographic Device : The Ring Sensor”,1999.8

19



wearable by using gesture- ..

L Z 7

based commands
_JLEtmnsmmo.

receiver

recuiver

vV

Sensor

fff;ﬂfww"fxfy IR L7—=70—€>YEFHFE P FRXP2—
([ ==2—L) LFHE

e

[PIRDY A AT IR « LF =7 O~ >4 EFFE p TR P2 —
V([ fppr=a—L) LI

o Ml
readily /
- The breath sensor which uses the PVDF film
it meaning accuracy of the ripple mark, and
that sensitivity is superior gives the appraisal

: ( " which is good to diagnosis.

http://www.miyuki-net.co.jp/hpage/respsensor.ntm PVDF (Poly-vinylla-dene-Fluoride)
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Wearable devices

* Objectif : Wearable devices
Arythmie sinusale respiratoire

wwwww

TIMC-PRETA & Sté RBI, G. BenChetrit, R. Baghi

* Technological opportunities
— MEMS, motion capture device
— Low power electronic design (ASICS)
— Remote power supply / data transmission
— System approach & information processing
— Micro energy supply (or auto energy supply)

Polysomnograph
dvanegs] Medisa FlarirnaigsSaygoration

polysomnograph that records locally, or transfers
data off-body using a plastic optical fiber
connection or wireless digital radio.

FEATURES:

- 16 data channels, including:

- Pulse Oximetry and Heart Rate,
- EEG (4 channels),
- EOG (2 channels),
~+ EMG (2 channels),
- EKG,
- Chest Effort (2 channels),
- Airflow (thermoresistive or optional pressure based),
- Body Position,
- Snore Sensor.

- Small Package: 0.85 x 3 x 6.5 inches.

- Lightweight: 8 ounces.

- Low Power: 2 AA batteries last 12 hours.
- Impedance Testing.

- Opttical fiber connection (option).

- Wireless digital radio connection (option).

http://www.ame-corp.com/Wearable_POIFsSHIHEGYABA Rmory module (option).

21



Wireless Systems for Wearable

e Q-
web page far

Pexsmahzed L

WAP page \,

regularly AP page for
updated Data relatives

WAF page
for p hysician

A MULTISENSOR MICROCLUSTER:

Prototype for a Genenfc Microsystem

Finger Ring
Pulse Oxm\eterQ
- WAP-GPRS
Mobils
Daveloped for DARPA, this SyStem messures. —
‘temperature, humidity, and

Single Fad
Fesienng ECG Munit.ur
VIBRAtIoA pOSiDOn

* The system includes 3 microcomputer and 3 connector

wireless GULpUS link with 3 range of about
S0m. It runs off of 3 single Battery.
Applications include personal health and
*nVITONeental MOnMoNng, mobie
instrumentation, and distributec weather
ferecasting networks,

Apnealimit

infusion

Profotype second-peneration
MICrosysIem Jess han Sce in size.

PCA Infusion Pump

Infusion Pump Closedloop

i T T I

&

3

W_T e

)

Minimum Invasive Silicon Microrobes:
Recording Array for Neural Prostheses

22
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MICROMACHINED SILICON MICROPROBES

Exploring the central nervous system
at the cellular level

A 64-SITE 8-CHANNEL
NEURAL RECORDING ARRAY

= 64 Sltes, 8
Channels

* Buffered
Outputs

* 20 and 3D
Versions

K. D. Wise o senve oo

A 64-SITE MULTIPLEXED STIMULATING ARRAY

*  Micremachined with On-Chip CMOS Elsctronies
*  Stimulation and Recording Modes

*  400um Site Separations. Extendable to 3D Arrays
*  Hey to Neural Prestheses for use in the Central Nervous System

A THREE-DIMENSIONAL MULTI-PROBE
MULTIPLEXED RECORDING SYSTEM

_ Electronic Circuitry

Probe Shanks With
Four Sites per Shank

imegrated CIvius CITCUILY

with Microfluidic

Folyimide Pipetts

Integrated
, CMOS Circuitry

Fl

Electrode oW
Channsls

Conductor

Cross-section of the Shank along X-"

Recording/
Stimulating Sites

TOWARDS MULTIPLEXED DRUG DELIVERY
AT THE CELLULAR LEVEL

Fuid Outlet  +  Such devices offer important new

A Orfices

*  Using only one additional mask,
microchannels for drug delivery can
be added to the probe substrate.

*  Thus, electrical recording and
stimulation can be done while
controlling the chemical environment.

*  Using no additional masks, shutters
and in-line flowmeters can also be
incorporated in the microchannels,
allowing doses to be monitored to
within a few picoLiters.

*  Tentative designs for on-chip
micropumps and microvalves for
drug delivery have been identified.

capabilities for research in
neuropharmacology and for the
treatment of important neurological
disorders.

K. D. Wise
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Flexible Surface Multipoint

for Direct Recdliggioelectrode Array
Auditory Evoked Potentials on

the Auditory Cortex of a Rat Photosensitive Polyimid (2-3um)
1.Microelectrode array Deposited Gold (0. 50m )
» 32 sites (100 ¢ m2) in 2mm2
» Polyimide for biocopability and
flexibiity
2. Spike microelectrode array

Polyimid Sheet (25um})

Smm.

(a) (a) Whole view (b) Magnification of the tip
«Hirokazu 1akanashi, 1akayuki kjir, Masayuki Nakao, Kiyos! Matsumoto, Fumio Mase, Yotaro Hatamura, Thierry Hervé, Member, IEEE, Naoya Nakamura ,and
Kimitaka Kaga:"Surface Multipoint Microelectrode for Direct Recording of Auditory Evoked Potentials on the Auditory Cortex of a Rat,"Proceedings of 1st Annual
International IEEE-EMBS Special Topic Conference on Microtechnologies in Medicine & Biology, October, 2000, pp.512-517

Implantable Microsystems

24
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capacitor microchi
S HE P o P

€ =)

R R B 38 0

antenna coil glass tube

r T
B
LT

U

< I

b Transmitter Coil

/ Display

K~ i
0

1SBN 7T-01-002069-8

NUmw

Microminiature implants

provides a long-term, wireless interface between an electronic controller and a

heu rall--funCt'oﬂi&bgHﬁlMSirYAt each end, a

: - stimulating metal electrode exits the
glass capsule. (Photograph courtesy of
A. E. Mann Foundation.)

on measuring mutual inductive

{ coupling between implants.

'L‘\-
INjeciamie nnuivownuaw 1ur sunnuauun Jf Philio R. Trovk. DEVELOPMENT OF BION
paralyzed muscle. The single helical transmitter WRREACAR

TECHNOLOGY FOR FUNCTIONAL ELECTRICAL

coil can power and command many individual  STIMULATION: BIDIRECTIONAL TELEMETRY.
microstimulators within the limb.

25



System concept of the visual for
nnlreflngl Q'I'IW\IIIA"‘II\Y\

Reader Station

Sersorchip
(Transponder)

coll Erergy

Tranamitter

Recelver

P Proc5§50r7
unit

Iterfoce

(L

Reting Encoder Telemetry Retina Simulator

W. Mokwa, U. Schnakenberg: On-chip microsystems for medical applications Proc. Microsystem
Symposium 1998, Delft, September 10-11,1998

The Smart Pill Demo

Conirol Cirulry  Binwmncr Deusy Reiesse Holes
Aetficial Muscle Mesrbrane Dvog Reservor

Biocompatible Parmestie Mune-“

http://mmadou.eng.uci.edu/images/smartpill. swf
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Research devices

Dielectric
layers Polymer

FX: Cantilever and On-Chio Amolifier

MUMPS Chip | Ampl |
= 2
1

— Cantilever

(p-diffusion)

p-Substrate

Z’ both Directions

C,
|

Actuators and Polymeric
piezoreshators coating

@ Chip size:1.2x1.8mm?

@ Resonance frequency:380kHz and higher
@ Heating power-6mw

=5 Y @ Quality factor:950 in air

Siantilavisr 4 € On-chip pre-amplifier

D.Lange, C. Hagleitner, A. Hierlemann, O. Brand, Analytical Chemistry 74(2002) 3084-3095.
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Integrated Nano-
electromechanical
_ Bio-sensors with euiamolegulaga§_epo§9ng sting

output ashir: ica
- Capability of dense arrays gergdstlrlt.)r:: PD%/P/'XAt& Proltetln Cr:_emlstry
integrated with ULSI silicon undetl: Antibodyiantigen Interactions

- Detection of DNA and Proteins ~ Y2Smatzis (Mayo): Bio Markers

- Electrical and Mechanical
sensing

Target - Plate Size ~ 20nm X 1pm X 3um
Molecules + Wire Size ~ 20nm X 20nm X 3i!m

Capture
Molecules

EX:A Modular Sensor Microsystem
' lizina = Universal Interface Circuit

penoe_ H »> Multi Chip Module (MCM)
u Microsystems. J. H. Correig

'
Sewa B

b
e

ETS

Bk Dve DA

o
ey
s

Block d

Sttt Detacica [

iagram

A compact modular microsystem
: packaging scheme showing
e e sensor module components and
Die photograph of UMSI chip. - mjcrosystem module arrangement.

IEEE Int. Symposium on Circ. and Systems (ISCAS), Bangkok Thailand, May 2003.
A Low-Power Low-Voltage Digital Bus Interface for MCM-Based Microsystems.
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EX: Smart single-chip gas sensor
mic

00\ ctnrm
Andreas Hierlemann, Henry Baltes

sensor
o . calorimetric
3 = .
5 £ Chlp' sensor and
g z 7x7 mm reference
= 3
5 @
2 i}
3 & £ e temperature
£ capacitor sensor
ES
= .
g sensing ~resonant
a i i
Sensor control c.apamtor cantilever
& power
management —— dlgltal
interface
Capacilive Mass-Sensitive Calorimelric w  capacitive Sensor responses calorimetric
Sensor Sensor Sensor =2 = toluene mass-sensitive =’ 400 faan|
Pt £ ) S5
i ™ § g = Heatainly %ZDD Dﬂ?d([s]
2 = = L -
Blo~m o 3 g0 v
glRE" L] 8 £
= | ethanol 2 30| palymer: £ 200
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C. Hagleitner. A. Hierlemann.er af_."Smart single-chip gas
sensor muicrosystem”, Nafure 414, 293-296 (2001).

AlTCritecuure Ol vwireless
Sensor Networks

R " Conventional network
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ess Network

@ Sens;r N(Q\@/ WirelBridge

9/ Event

AD /
>_L Converter Nanowire Assembly Sites
Frequency-hopped Sprfad Spectrum Transmitter
Provides multi-user environment
] eadout Low-power operation

Free from Interference

!

Diverse functionalized nanosensors

Prof. Stephane Evoy
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Domestic developments

RFID —
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Sensory electrode array
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SPR Biochip
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Motivation 1 — Biochip
___application
1. Accurate and minimized devite with analytical or diagnostic function.

2. Substrates can be the glass, silica wafer, or plastic.

3. High sensitivity and specificity, high speed, small size, small sample
requirement, multi-channel and parallel analyzing

& Solid — liquid interface interaction
& Nonlabeling method

# Bio-sensors in surface detection
e 1.QCM. (piezoelectricity)

» 2.Electrochemical measurement
Sensor design « 3.SPR

separation
injection ]Lc 3 > * ATIRF/TIRS
0 I _ +  5.Fluorescence
“ collection 6.Ellipsometry
flowing  reaction « 7.AFM

Advantage of SPR sensor

1. Utilizing in liquid-solid interface
2. Real time sensing

3. non-labeling (comparing: ELISA, fluorescence,
autoradiograph)

Resonance

.............

4. high sensitivity (1 pg/mm?2)
5. multichannel parallel

Pa P
. v , ‘./;/ T £ | Regeneration
detection ’

i :
e/ Concentration
T i t

Bt Sl £ Koy
L

100 200 300 400 500 edu

‘ Homola, Sinclair S. Yee, Surface plasmon resonance sensors: review , (1999) ‘
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SPR phenomena

1

\
A

e Y

...‘.-;.- . -
v . -

slasna

6 < SPR angle 6 > SPR angle

oS s

s b
Y,

"_“ . ‘

\E&al’b

= SPR angle
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SPR sensor structure
SPR (' surface plasmon resonance)
1.Excited by TM-wave in the surface between metal and dielectric.

2.Use the prism coupling method by total internal reflection to couple
the light into the SP wave.

3.There is a reflectance dip called SPR resonance angle (& pR)

Reflectance (®oh

A) B) )y
Q = : e
Y 50 mn R

'"m$ I8 030 40 41 43 43 44 4% 46 47 48 49 %0 41 52 53 &4 43 %5 97 s
Incident Angle (deg)

Motivation 2: OBmorph System

Mirror

* Ellipsometer -
* SPR for amplitude and phase Lighsoe
detection Retader ‘ R A -
IE m e
Problems: v g S (e
* Incident angle > 74 degree Wﬂl&g
for BK7/Au/Water Mior QP T u
& Pinhole
Possible solutions

' SPR Dectection

1. NIR excitation
2. Higher refractive

index coupling prig@ -
3. SPR thinfilm device-"""

Oscillation Stage with Nano-meter Resolution -— XY or R- 6 Stage

N Quasi-spherical Mirror
Gold Film Biochip
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Motivation

* Too big SPR angle for the BK7 prism, 633 solid laser system
in the liquid phase.

Reflectance (%)
100

T S el S
-

&0 == - -

70
60
50
40
30

20
10 waler

n=1.33
0

40 50 ad 0 50 ag
Incident Angle {deg)

Novel concept development

1.SPR on smooth, rough, periodic structure (grating)
surface
* Smooth — theory
* Rough — directional scattering
* Grating — enhanced SPR with h factor of S(x) = h sin (2 7 /a)x.
(smaller h for larger enhancement)
2.Coupled SPR & Long range SPR
Various thickness of dielectric layer for enhancement of SPR
signal (coupling & wave guide effect)
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Active SPR Device

Combination of the traditional single metal layer and the VCSEL
(vertical cavity surface-emitting laser)

Distributed Bragg
Reflector (DBR)

r
P
s
;
Il
I
I}

-----------

a0

10 0

*We want to enhance the SPR signal and modulate the resonance angle

Device Review

Result & Design
discussion Method

Fabrication &
System setup
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A * k,~(avc)* e, *sin O (in air)
Single metal layer

100

KX(6)=(‘§)-JZ -sin O,

10 20 3‘0 4‘0 5;0 éO 7‘0 8‘0 920
While the wavelength ic vou..
e = (L5)? We can calculate the angle
. p= (1.33)° — is 74 degree
a ' ’

ro_ _ L : 2
& =-10.1055=Re[(0.15-1*3.3)] 5,

CPWR (Coupled plasmon- waveguided
resonators )
-By using a thick dielectric layer to cause the multi dips
in the reflection curve

-only TMO is SPR wave, the others are belonged to
guided wave, and can'’t be used for sensing.

E =E ‘ et

l 1—* T™M2 TMl: TMO

Pelarasd II(.-" )

I¥acin Bl ) il [lsam

EAR A FhAr| w
y el

633nm, BK7-Au(25)-Si02(700)-Au(25)-H20

Low voltage electro -optic polymer light modulator using attenuated
total internal reflection, 2001,Y. Jiang, Z. Cao,
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LRSPR (Long range surface plasmon
resonance)

-In front of the metal layer, putting a space layer (dielectric).
-LRSP will cause Im (Ksp) smaller, so it will have longer
propagation length.

-LRSPR stimulate the SPR at the both sides of the metal.

Elellectance (3]
100

IV .
l k .3' I :Fllm
e T Ag

; Common /
4 lser LRSPR

LTI R
ani 1
Aiy 0 40 50 & ] an
tncident Angle (deg)

633nm, ZF6-pmma(400nm)-Ag(55)-Air

Improved SPR Technique for Determination of the thickness and Optical Constants of
thin Metal Films, 2002, Y.Ding, Z.Q. Cao, Q.S.Shen

Result & Design
discussion Method

Fabrication &
System setup
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Optical Thin-film calculation

Sing@olayer Fresnel’s Eq
- @ 2
Y, Y
Ys —) R=| 2%
(YO +Y; j

. Characteristic matrix
Multilayer

Yo B| & coss; i-sing/n[ 1
71 C _H i-p;sing;  €osS; | Ny
Y2
Y3 C S Yo

T4 —_— Y, =Y
75 e RZ( 0 E
— Yo +Ye

Admittance loci design

<Ref ! ‘ ‘ ‘
Isoreflectance Ti0o2 #
H £
41319211 contour 4% _ 18nm5%%\.
E 0.35 ~ Y.
Y, Y, N f
Incident light Y, 2 \
2
£
‘:’ N &
o0 , / 0.35] ﬁ
f — |
Glass (Ys=1.5) T5orm
-0'70.6 08 1 12 14 16 18 2

Re Admittance
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Rethd) Im(Ad)

Reflectance (%)

100
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Multilayer design

« Combine the VCSEL and SPR structure. enhance the

signal. b
Au 30nm =
Si02  20nm
TiO2  20nm
Si02  20nm
TiO2  20nm
Si02  20nm
TiO2  20nm
Si02  20nm
TiO2  20nm
Au 40nm

0 10 20 30 ] 0 &l 70 0 0

Glass slide Incident Angle {deg)

Result &
discussion

Fabrication &
System setup
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Material

1.material:

— substrate: glass slide (n~1.515)

¢ SuperFrost — 100 Lames porte-Objet
Microscopy slides, MENZEL-
GLASER ,German, 76 * 26 mm.

— Target :Au, TIO2, SiO2, Cr
(>99.99%)

— Coupling prism: BK7 right angle
prism (2.5cm*2.5cm)

— Sample medium: water (n=1.33)

Targe 2 hind Ail (| b gensit | Z-ratio
Au 0162 [3.212 | 1063 |18.3 |0.381
Si02 1.457 |0 1610 |2.202 |1.07
TiO2 2279 |0 1825 [4.26 |0.4
n, kvalue @ %=643nm
Process

1. Clean substrate, piranha solution -> detergent -> ultrasonic ->
remove water stain

2. Put the sample and target in to E-beam evaporator, pumping
the chamber < 1.6*10- torr, and heating substrate to 60°C .

3. E-beam power: 9000V, 3-20mA, shooting the traget, let the
evaporating rate~2A/s.

4. Input the matcrial parameter (density, and .
Z-ratio), and use QCM to control the thickness|&s
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SPR measurement system _ _ _

7 ~
——— ¢ photo detector or\l
linear > - — <Y _CCD camera
. v d ~ -~ -_——
\ \polarlzer ’ ¢ BK7right
— - .
P %33nm X angle prism /’
\ solid laser ,’
S e -
L /N
=
Vi
prism
laser beam
A
| S |
i 5= - ) g
liquid in liquid out

rtecame 0 MIEASUNed by EP3 ellipsometry  643nm solid laser

100 A

"I e g . Angular resolution:
B At m T 7

. RN T P 7 0.001 degree

80 ! i

50 ”

40 ?

1

Y / — A
20 :

10 I

"
D45 50 55 a0 a5 bli) 75 a0 85

Incident angle (Deg)
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Result &
discussion

o

Result

Outlook comparing with 50nm Au

Sio,
TiO,
TEM scanning of the Au
multilayer structure
substrate
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Material test (n, k, d) by

__-ellipsometry- .
)2 QcMm d Yy n k M| MsSE
1| 20 | 24.84%0.08 i 1.4477 | 0.0063 | 8.3E-03
TiO, N 50 [s56.69t054 |>q.4562 | 0.003,7]8.16E-03
N~ - _ - v ~ ~ _ . g
QcM |~ d n k MSE
20 | 33.24%0.33 | 2.0537 | 0.0026 | 16.8E-03
SiO, 50 | 63.790.45 | 2.1948 | 0.0011 | 12E-03
QCM d n k MSE
30 | 29.1840.13 | 0.1636 | 3.4858 | 6.04E-03
Au 50 46.17+1.2 | 0.1621 | 3.5387 | 4.01E-03
1. The thickness is different with the QCM monitor. Ts=60C
2. n, k values change with the different thickness. 1.5*105 Torr

For dielectric, the fitting thickness is
thicker than QCM, and the fitting n
value is smaller than bulk material.

thickness(nm)
o os o ®
(=1 (=] (=] =] (=]

TiO2

21%681 thickness(nn%)

Regressio TiO2 Sio2 Au
n y=1.2556x+3.0509 | Y=1.1283x+0.8549 | Y=0.9274x+0.3882
R"2 0.9807 0.9981 0.9987
Packing density (p):
TiO2 Si02 Au o= volume of solid part of film
Ng 2276 | 1.4567 | 0.1501 total volume of film (including pores)
ke |0.0002| © 3.30 p=li M ¥
nB r.]O *

20nm 50nm 20nm 50nm 30nm 50nm

TiO2 TiO2 Sio2 Sio2 Au Au

82.16% | 93.49% | 97.96% | 99.82% | 98.4% | 98.58%

H.A. Macleod, “Thin film optical filter (1986)
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Discussion

In transmittance curve, the error of dielectric layer
thickness will cause the peak shift, and metal thickness
error will change the peak value.

Au 30nm

Si02  20nm Transmittance (¥4)

TiO2  20nm 25

S$i02  20nm 20

TiO2  20nm 15

Si02  20nm 10

TiO2  20nm 5

Si02  20nm .
() Fet—ialis . e

TiO2  20nm 200 300 400 500 600 700 200 00

Au 40nm Wavelength (nm)

Glass slide

1000

Reflectance (%4)

100
a0
g0
70
fi
50
40
30
20
10

0

I
= =ty = = =

--._'.-.. : -~ LY -

45 50 55 fill 65 70 75 &0 85

Incident angle (Deg)
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Application Experiment

1. Input 10%, 20%, 40% glucose.

Reflectance (%)

concentratio | SPR angle 200
LI
dH20 62.54 150
10% 63.55 100
1

0,
20% 64.7 5 ﬁg
40% 67.46

O+
62 63 64 65 66 67 68
68 Incident Angle (deg)
= 66
E o y=01dr 62592 Sensitivity of Glucose:
R’ = 0.9948
62 T t —t —t — 16 pg/mm2
0 10 20 30 40 50 B —
concentration(%)
o New device
s Single Au

180

160

140
<., 1201
o 1004 Add 5% glucose
C | -
S 80- solution
2
3
Q

— T T T T T T T T 1
100 120 140 160 180

Time(sec)
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Protein-protein interaction

PBS Linker

EDC/NHS

protein

A | Ab (IgG) | Ag (ALV)

Concentratio
n 10x

20uM

400mM/100m\la,

wifkstmg/mi

0.3ug/ml | ~30ng/ml

Relative Infensity

120
1001

4.0

3.4 o

2.0 o

00L&

Add Add Antibody
w1 Pratein A

Add
EDC/MNHS

PES wash

PBES wash

Add linker  ppe sk

PES wash

1gG: MW= 150 kDa,
size: ~10nm

ALV:Avian Leukosis
Virus, size: 50~100nm

20 40 &0 a0 100
Time(min)

120

T
140

®lative intenzity

09 -

0e T

07+

=
EN
!

Different concentration
Antibody immobilization.

- AL virus (30ng/ml)

4. Y / injection

PBS wash

S - WA

-,
&

0.3 ug/ml Ab
immobilization

T

7 S .

Time(zec)

200

M
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Reflectance (%)

100 B
OV TR e
80-__-__'.':'"'— ’f"
70 ------------ ” L4
60 e
5 HMWB  °
——,
40 /
’
30 K
20 ,,'
10 K Dynamic range
s B
0 ~ —
60 70 80
Incident Angle (deg) ? SPR angle
SPR HMBW Dynamic range resolution (RIU) | Intensity slope | Intensity
angle sensitivity
Single Au | 73.9 6.5 1.331-1.38 | 8.33*10 58.65 6900
multilayer | 62.54 2 1.331-1.50 | 12.5*10°6 127.5 10000
Home work

Read the references to write an assay about how to use biosensor (SPR)
for drug screening based on molecular interactions.

Biosensor profiling of molecular interactions in pharmacology, Current
Opinion in Pharmacology 2003, 3:557-562, www.current-opinion.com
SPR analysis of dynamic biological interactions with biomaterials,
Biomaterials 21 (2000) 1823-1835

Assay and screening methods for bioactive substances based on
cellular signaling pathways, Reviews in Molecular Biotechnology
Volume 82, Issue 4, February 2002, Pages 357-370

Due on 11/03, sent to cwlinx@ntu.edu.tw
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