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1824 :
: First patent on the MOS transistor concept

: First PN junction (Schotiky)

: Fabrication of the first bipolar transistor (Shockley)

: Evidence of piezoresistive effect in Si and Ge (Smith)

: First integrated circuit (Oscillator)

: R. Feynman Famous TalK : ‘There is plenty of room at the bottom’

: Fabrication of the first piezoresistive sensor —pressure- (Kulite) —accel. in 1970
: First Surface Micro-machining process (H. Nathanson) : resonant gate transistor

1910
1939
19417
1955
1958
1559
1960
1967

History of MEMS

Discovery of silicon (Berzelius)

1970

19717
1978
1978

1985
1985
1988

: Silicon-glass bonding
1972 :
: IBM — HP : Micro-machined Ink Jet Nozzle

: Silicon Bulk Micromachining : K. Bean

: Structure obtained by Micromoulding (LIGA)
1982 :
: Assembly of silicon wafers (Si/Si fusion bonding) : Lasky, et al.

: IC-compatible surface micromachining - > Polysilicon comb structures
: Electrostatic micromotor (UC -BerKeley BSAC)

National Semiconductor : Commercialize a Pressure Sensor

Famous Review paper « Silicon as a Mechanical material » (K. Petersen)

1988 :
: First MUMPS process (MCNC) (with support of DARPA). Now owned by Memscap

: SCREAM Process (Cornell)

: Analog Devices : Commercialize Multi-axis Accelerometer integrating electronics
: Texas Instrument : Commercialize the Digital Mirror Display (DMD)

1992
1992
1993
1993

1st+ MEMS conference (1st Transducers conference was held in 1987)

1996

: DRIE (Bosch Process)



MEMSO)7ES% : Micro Eelctro-Mechanical Systems

First MEMS Concept is The Resonant Gate Transistor in 1967

Comtilever by ig,~ |
Cale T
| Ty -
ollage .
O s frod - 2
o —— H__ S = :-: Output
. % Lo Resisior

Palerization
Vnltage

Vp

SRR CE
Difu=ion

Silicon substratn

- The gate i1s a movable Gold cantilever
- Photoresist sacrificial laver
- Drain current modulation by the cantilever motion

Frequency response
[0 = A0khz

4

references

[H.C. Nathanson, et al., The Resonant Gate Transistor, IEEE Trans. Electron Devices,

March 1967, vol. 14, no. 3, pp 117-133.]
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Transducers U.C. Berkeley Professor Richard S. Muller

references http://www-bsac.eecs.berkeley.edu/project/list_projects_by_director.php?PersoniD=703



Bulk Micromachining

A Liquid etching; etch rate differences in different crystal directions
<111> etch rate Is slowest, <100> and <110> fastest
Its rate is more than 400 times

Commonly; anisotropic etches in silicon include KOH, TMAH (Tetramethil
Ammonium Hydroxide) and EDP ( Ethlene Diamine Pyrocatecol)

J

A |sotropic silicon etches  <111> <100>
. L _\7 é
HF, nitric & 54 1ds<100>

* XeF2BrF

Silicon Substrate




<111> <100>

54 ;>< <100> / \ /

Silicon Substrate

references | http://www.mizuho-ir.co.jp/science/microcad/


http://www.mizuho-ir.co.jp/science/microcad/images/circle.gif
http://www.mizuho-ir.co.jp/science/microcad/images/arr.gif

Surface Micromachining

Thin film technology + sacrificial layer

“—sacrificial layer
Substrate

—_ e Photo resists

?

UV + DV + Etching

Deposit structural layer

_F

Etching ( wet chemical or
dry plasma etching)



Poly2 1.5 um
Poly1 2.0 pm

SIN 0.6 pm




JAPAN's the 3rd Science and Technology
Basic Plan & MEMS position (FY2006-2010)

3 Policies 6 Goals 4+4 Priority Areas of R&D 25 Primary Strategic Areas of
Technology set by METI
Quantum Jump in Life Sciences < Semiconductors
Knowledge
Create Discovery & Creation
Human Wisdom | T < Health Care
Breakthroughs
in Advanced S&T *
Environmental Sciences [« -
Sustainable MEMS
Development Nanotechnology/Materials < «Focus Areas
Maximize »3D Microstructure formation

National Potential Manufacturing Technology *High-speed thic_k film_ processin_g
Innovator Japan “MONOZUKURI” *Technology fusion with Nano-Bio

*Applying MEMS technology to

heighten the value added in
Energy < Automobile, IT and
Nation’s Good Health Consumer Electronics industries
over Lifetime
Protect Nation’s Social Infrastructure °
Health & Security °
The World’s A
Safest Nation Frontier
10
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Japan’s R&D Promotion Scheme

Prime Minister
[

Council for Science and Technology Policy

Budget
JSPS JST N

= Grants Subsidies
|

Universities < NEDO
Riu) na

rivate Campanies{




Scenario for Dissemination 1/2

Shows the paths through which R&D outcomes go out into the world
as well as relevant measures involved

FY Year
(~2000) 2000 2005 2010 2015 2025 >
@Strengthen & Secure the Competitiveness  @Contribution to the Society @To Create New Lifestyles
m of Electronic Components Industry in Security and Quality of Life with Revolutionary Devices
=}
3 t
» ‘ @®CEvolution of MEMS Process Technology @®Heterogeneous Process Integration
for Improving Performance, Durability and Cost Reduction  with Nano and Bio Technology
§ /Single Function MEMS\ /Evolutionary MEMS\ / Integrated MEMS \ /Revolutionary MEMS\
; {Heterogeneous Integrated,
@® Optical Switch, Pressure RF Switch, RF Filter, SIP Multifunction Communi- Autonomous )
= : . . : : : 2 Energy Harvesting, On-site
- Switch, Pressure Sensor, Sensor, DMD, Optical cation Devices, Security . (o
- Acceler G s I1Switch s [ e Environmental Frotection,
o ccelerometer, Gyro canner/Switch, etc. Systems, In Vivo Sens- Health Monitoring Plaster.
2 Sensor, Inkjet Print Head, ing Devices, Disaster Bady Implant Devices, Wall-
@ \DNA Chip, etc. / \ / \F‘revention Systems / @perlike,ﬂ\mbient Intelligen?
e [ ——— I [AccumuiationofSystemtechnology >
Semiconductor equipment utilized MEMS
process development Improving performance and cost reduction of
Single function MEMS manufacturing MEMS devices and reduction of environmental burden of
E'... and cost reduction process by using specialized machine
§: MEMS process and performance Utilizing design and analyzing tools, Shoren developmer
Ty Evaluation and analysis period, Hi-mix low-volume production
O Applying integrated MEMS to new devices >
—y
=) | Revaolutionary MEMS development
o
% Setting up news Developing processes by CMOSMEMS foundry Warket development in
=5 R&D division far specialized MEMS Machine business Environment/energy and
< fundamental technology Package service business healthcarefwelfare
of MEMS MEMS foundry business specialized on MEMS applications 13
Establishing MEMS Heterogeneous process
startups technology development




Evolution of MEMS

MEMS Industrialization Strategy & Scenario

1.36TrillionYen, ‘10

< (Domestic Market)
_ Others
The evolution of MEMS enables us to solve = Fcology
various kind of social needs Medical
‘ Home
2nd Stage - | Automobile
Multifunction devices Eco 1
-Miniaturization Sy @
it relbity.
J 4 gl Medical Care
Automobile
- ‘ Evolution of MEMS
430billion Yen, 02 \ by Three Dimensional Fabrication Technology
\ Combined with Nano-related Functions
t Stage -
. Now
. Single-function MEMS devices: MEMS devices being developed
'9 . Pressure Sensor, Accelerometer, by utilizing micromachining
5’/)) Scanner, Inkjet Head and semiconductor process
Q/‘O . Bulk-micro machining, Surface micromachining
B —
2005 2010 2015 2020

14



MEMS Market Size

Technology Development for MEMS Industry Expansion

A
Governmental Projects
contributes to the building up =~
competitive advantage of _
manufacturing industry The next Generation
through technology development. MEMS : (Fine MEMS)
* MEMS manufactures
* Semiconductor manufactures
Startups

Leaping forward

oo to the nest step
| . : —
6*93 Fine MEMS Project
( Integrated MEMS Technology )
(2006-2008)
MEMS Industry . (I?udg:at: ¥1.abillion in 2006),
MEMS EMS
Manufactures of Foundry Business imulation Software & Database
Precision Machinery,
Sensors, Equipment. Foundry Service Firms Software Venders
j/\k Technology j/\k Process Infrastructure j/\k Simulation Software & >
Development Development Database Development
Micromachine Technology MEMS Project MEMS-ONE Project
Project (1991-2000) (2003-2005) (2004-2006)
(Budget: ¥21.3 billion/10years) (¥4.3 billion/3years) (¥1.5 billion/3years) 15




Technical Concept of MemsONE ‘

CAD Interface for J‘

commercial software Knowledge of

High end ﬂﬂ% T —_ professional
simulator @ y g

engineer

MEMS design and fabrication

i

process
system and \
modeling tools é _
\ \ Experimental

data

Material
DB

@
i@f -
Phenome&y@%\

(Linear & non-linear) (( .
Thermal and thermal stress =
Electro—magnetic field

Radio—frequency field

ribology analysis

Material properties

function
\ - 4
ign

FOCEesSs aesigner
\______________________4

nverse simulator Tor mas
Vlask layouter

16
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(Thermal and photo)




Design system [

CAD and Solid modeler
A

Process recipe

Auto mes

Mesh Generator

h generation

Post-processing
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Knowledge
database
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fine MEMS Project 2006-2008
Target Areas for Technology Development

MEMS/NANO-FUNCTION COMBINATION MEMS/SEMICONDUCTOR INTEGRATION

Contact with
Nano Material

Sensor Control

CNT Super-Growth Method Substrate
Antenna
Subs&\aia I ———
i
S
4
i/‘ y
MEMS Switch */ & = Vertical Wiring
9 s o s
MEMS Devices CNT Symthesis Technique o Bt
i Transverse Interconnection |

with Nano Functions on Preferential Areas

MULTIPLE MEMS INTEGRATION

O
T2 optical mews

KNOWLEDGE DATABASE

e s

| ——— | L LA |

h l RF MEMS = /
R&D Member = /

.

. y
Integration of MEMS B;"Tt'_“gtw:e
Substrates Fabricated | MEM; Il-t ac ,
with Different Materials SEagraion 18
Low-StressDicing i - g
18/25

http://www.mmc.or.jp/e/
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Application of Micro-sensors

21

references http://www.analog.com/jp/cat/0,2878,764,00.html



Digital Mirror Device : TEXAS INSTRUMENTS

Projection

Light -
Absarber

ho—Ff=N

22

laYal

http://plusd.itmedia.co.jp/lifestyle/articles/0409/03/news054 _2.html

http://www.ti.com/sc/docs/products/dip/ipstexdises http://www.dlp.com/about_dIp/about_dlp_images_pixels_micro.asp



Digital Mirror Device : TEXAS INSTRUMENTS

ers
Mirrur\(*_‘,,_--"‘"” ,\ (Layers)
D a7
/__\,, Mirror
e
Spring M
.. Torsion Hinge

Mirror ) ey
Address NS Yoke
Electrode s Yoke
and Hinge
Yoke
Address
Electrode — Via 2 Contact
et 3 to CMOS
Metal-3

Bias-Reset -~

Reference www ti com/dip/resourceflibrary
P.F.van kesselstal., T.l., Proc. IEEE, Vol. 86, p 1687, 1933
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MEMS~A 2707+~

http:Afervrw omron.co jpfech/products/ime
msmicro/phonechips

MEMSY+/ 2072~
F o T OME

http: M lknowles com/search/
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(20074 58 Ty O BETNAAV)2a—30 X))
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http:#panasonic co jp/corpfnewsiofiicial datafdata. dirfn070517-1/n070517-1.html
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http: M brother o jpinews 2008/ dindex htm

J’w =t (F)
- |

L-

RID DEf§ (221E)

€.

HERESELELRE

BEENA T
R
HFIRA
I
A2 BRI T AT HIREEE
Sl mm
: : L¥20°
BT — : T T : $920KHz
YBE 21— : WEEEDa - {BERTE A —IL ¥ 12mm(L) X Smm(W)X 2mm(T)
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RF-MEMS

) , GPS:1GHz
\e S

100MHz(VHF)-
800MHz(UHF)

2.45GHz x’

lcm 10pm

100m W elengi

3x10° 3x106 3x107 3x108 3x10° 3x1012

Frequency (Hz)

Microwave
. e [ =
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Application of Wireless Network(1)

i
it

Ubiquitous

Entertaiment

Optical Network

Tele-Communication ]

Seamless  Connectivity
with FTTH
( Fiber To The Home)

- Last Sm Visual Interface

Monitor

1

Optical network?

Microwave network?

! Quality comparable HDD

e irouli Information
etween wire-line : VR -
; Processu - 3 Data Storage
network and wireless £ /A "’f;{-—_‘! i
I’_‘lL.-.I.‘.."lIL L — 1

network

[ Energy Management 27

and Confrol




Application of Wireless Network(2)

Wire -
harness
-;II: '.".r .-n'e::
y A’fé j ﬂ__,u'”ﬂl'ﬂ:
= o

CTTRRRT AT Iy
* Purs: g

Tele-monitoring

hitp: e fujikura. co jpfmach_elec_mate/
carwire/carwire. htrm

http: e is aist go jpfhumancidshrp
-2pdhrp-2p htm




Components for RF communication
v Packaging

Propagating the signal
to the desired destination

1)To protect against environmental influences, such as

variouse forms of air contaminations and moisture.
2)To withstand handling as the devices are integrated
with other systems
Source & 3)For EM coupling
Destination Signal SBr 'ng
Freque
antenna :
Signal translation
jeneration Resonator
switch filte Amplification
4~
Select and derive the
M ixer signals from mixed one,
RF F ' —
(Radio frequency) (Intermydiate freatjency) Phase ) —]
.:‘ " cshifter || Attenuator = Filter = :
—|— Selector = = =
LO 3' switch —"l_l"' R L Example of phased-array antenna channel
(Local Oscilator) r L o e Jo o o T

Mixing the signals for Digital
signal processing

29



Switching speed relates to the resonant frequency of the switch

f = L K TAM Kis equivalent Young's Modulus and M is Mass
27

INTEGRATED FIVE-BIT RF MEMS PHASE SHIFTER FOR
SATELLITE BROADCASTINGICOMMUNICATION SYSTEMS

Young J. Ko, Jae Y. Park, Hong T. Kim and Jong U. Bu
Microsystem Group,

There are through holes to Basterals f1id Durvioss Luborstory,
” ]_1?] Elech"c‘lnlefjn‘s-l::ulgofTwrn]u‘igg;..q o
reduce the tOtaI massj and to Telephm1lbaz-;-T;fiTS[;mFi:‘é;g-1ilbul-:;gE-m:nt- l;njo-on-_a_e]ge_com
decrease the Reynold's stress “T1.25 phase shifter
loaded open
Centerpiece
*/ Input 3 5 Qutput

s 0

loaddd short stub b

II
swilch

Figure 6. Schematic drawing of the phase shifter
with 11.25%-phase bit.

Tethers Centerpiece
(Floating

Pad
University of Michigan MEMS switch

Substrate Dielectric Spacer

I i
(a) Electrostatic Micromechanical Actuatorwith Extended Range of igure 2. Photograph of MEMS ¢pacitive shunt
Travel (Journal of Microelectramechanical Systems, %ol 9, Mo, 3, pp. witch
321-8 Sept. 2000) Edward Chang and R.Dutton

MEMS2003 pp. 144

Reduce K to gain the deflection and to reduce

- 30
the driving voltage Driving voltage may be 20V up to 50V



Fabrication process of the X—bar type actuator

(1) Prepare the thermal-oxidized (5) Cr patterning by |ift off process (8) Ti/Pt dry etching (Ar)
Si substrate (Electrade)

(2) Ti sputtering
(6) Cr patterning by lift off process (9) Si02 dry etching (CF4+02)

(Metal mask)

(3) Pt sputtering

- f{ﬁﬁ

7 (1) PZT wet etching
F—Si02

Pt
Si

(4) PZT sputtering

(11) Si02 dry etching (CF4+02)



Fabricated X—bar actuator

Fabricated X-bar actuator

800um in length, 200um in width,
3.4um in thickness
(Pt:100nm,PZT:2.5um,Cr:0.8um)

32



Composite Right/Left-Handed Metamaterial and Metastructure

for designing the reconfigurable Millimeter wave antenna (M3-project)

Definition: Metamatrial and Metastructure are artificial structures that
can be designed to exhibit specific electromagnetic properties not
commonly found in nature.

The Russian physicist Veselago presented about theory of
metamaterials with simultaneously negative permittivity (¢) and
permeability () in 1967, which are commonly referred to as left-

handed materials. ( V.Veselago,” The electrodynamics of substances with simultaneously
negative values of € and u”, Soviet Physics Uspekhi, Vol.10,No.4,pp.509-514,1967)

Ground Plane

ib)

Open 2-D CRLH mushroom structure. (a) Unit cell [14]. (b) 2-D CRLH structure formed by periodic repetition of
the unit cell. The caps are floating (not connected to the vias) patches located at a short distance from the connected patch to
enhance Cy, contribution [14].

Top Patches

hr A. Sanada, C. Caloz, and T. Itoh, “Planar
Lai, A.; Itoh, T.; Caloz, C.,"Composite right/left- h A > distributed structures _
handed transmission line metamaterials” ,|IEEE Ground Plane with negative refractive properties,” IEEE Trans.
Microwave magazine,Vol.5,Issue 3.2004 Vias Microwave Theory gg,
pp. 34- 50 Tech., vol. 52, pp. 1252-1263, Apr. 2004.



Structure of DLME antenna

lem

(a) Plane view (Photo)

Input

Upper element  (0.5um)

llllllll
-------

........ Dielectric layer (10um) ——=t

Jeposisagigigay L Lower element (0.5um)

Sisubstrate  (620pum)

Ground electrode

I Upper element

Lower element

350pum
400pum

| |

350400
um pm

(d) Upper element

EEEE
EEEE

— 250um
L]

500250 il
Hm pm

(e) Lower element
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Phased array antenna type 1
Horn-array type Millimeter wave antenna

(\é
W \:\\\‘-
& receiving direction receiving direction
dircctivit.)/ 7
3

pmm gl cegmm e e

5
e 2 e e o
"

(a) wating mode (b) active mode (reconfiguration)
Figure3. Reconfigurable directivity by calculated receiving wave strength

700pm o
140§m Al line

____________________________

upper horn

------------- (110pm thick)
Al feed line middle layer
receiving direction / (100pum thick)
D) lower horn
“’\‘)) ﬁ j Al feed line | (300pum thick)
(a) horn element (b) A-A' cross section of horn array antenna
Figure2. Multi-directivity of horn array antenna A-A'

mounted on the curvature surface Figure4.Horn array antenna composed of three layers
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Adaptive Optics system

Adaptive optics is used for correction of disturbed wave front.
This technology has been developed in astronomy.

Turbulence Wavefront generator

/74

=| )

\{

Incident Wavefrc

WI91SAS |011U0D

Wavefront sensor

Reflected wavefront 1
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DUUCLUIe U1 rFieZoceicelLLu i velolinadbie
Mirror

Electrostatically Membrane

actuated i
dia Ehragm Attachment ™0
\ post

J-H‘_"

Continuous mirror
e y 4

“_“—_-!‘"-’

Segmented mirrors (piston)
A T A
p— ,  —

-9

Coupled segments (tip-and-tilt)
JFEEED u DMD i E

Boston MEMS

Electrostatic Actuator

PZT

Si

Principle & structure

|

Piezoelectric thin film
= +10V, > 1KHz,

Simple structure }

o0



Structure

. 2mm
Cross-section Al electrode
A 1 _~PZT(um)
—————————— DT (2003 0111)
620um \ s Si(20pum)

¥ < - S102(1pm)
15mm

Plane Al reflective layer

Active area : 8mm _
- :l /@
3

* Unimorph actuator array is composed of
PZT films (2 4 m) and Si(20 u m)

1Z2mm

19 segmented ring electrode on PZT film

» Al reflective layer on SiO2 in SOI

39



(ER70tA

/Ti y

SOI (S1 on Ilisulatm') Ti sputtering Pt sputtering

l PZT

Al evaporﬁtion ZPN sputtering PZT Sputtefing
and patterning

DryvFilm

Al [ift off DryFilm pasting St dry etching

and patterning and Al evaporation
40



Photographs of mirror

irror side

M

Actuator side
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Measuring Cell-Cell Communication and
Regeneration of tissue

45



Pancreas 8 cell ( insulin secretion)

lucose
8 Membrane potential

ATPERfE  ~— BTE | FAFE
JIa—2A b-753 fﬁ"ﬂr Ca#* |:Q1 secretion
VoLIFF—t ~ A8
JIa—2R o
com.  [appl” HA#K e o
* ............... o
EE R \mz:mm—mz: N
-~ .
¢ aop AT iy [
TC,A Ei'fCa'\' 2+
{ B THEF .: - P (AT Re
; g2+
&Mitﬂchondrial Ca’ E_,ﬂﬁﬁ!—‘ﬁf IMER I }
il
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Bio Simulator

-=la

f}%l Membrane potential ~ =| Membrane excitation =
= | La-
o ARARAARAAAARN
o L vy vV yilys d UATP
" A B [ oy =t ADP ..... '~ Insulin
IFe 30 S secretion
lon current - Mitchondrial ﬁ;m
K MIIIIIIIIIH
Ca,
CHE' I i ‘‘‘‘‘‘‘‘‘‘‘‘‘
Dk | s | i
Al Channel ﬂpenlng

Kt

Ca*

|1

HH\I‘HHH\-H\-HUUU'

http://www.sim-bio.orq/

a7


http://www.sim-bio.org/

Pancreas 8 cell ( insulin secretion): Type 2
Diabetes

Normal glucose High glucose

CellWm Mitopsi/10 Cell\vm Mitopsi/10

-40.355 16.356 I -33. 16556 a0
Membrane
potential
g w b (N o
" 1 | S T T T T T T T
. I WAL Ikatp ! jdj / jﬁ A i UM de
Channel proteir ﬂWb AL e ) quJLJJ LA DL CLTAL
t t' L A AN AN AAANASAAAANAANAAAANAAAAAAALANAAANAIAAANNAADAAAANANASNA A
actuetion i T
R H

Cai#1000 ATP ADP*4 Cai*1000 ATFi ADP+4
27 1897 413 30 D278 1895 0420 20
. . | ]
Ionic reaction
ADP
. . I I A A S E— — N Y bt
inside the cell | | ,
p{ -
+" Dispd =10] x| | EEE =lolxl
mCa1000 mA TP Total m&DFTotal mM&D mM&DHD miCal0o0 mATPTotal mADPTotal mh A0 mHADHIO
10160 6047 5953 2516 4842 0 9863 356 5644 4448 35543 30
. . . B i
Ionic reaction in l_'\/—\c/ai‘g i
mitochondrial [
I 48
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Measuring Cell-Cell Communication and

Structure of Regeneration of tissue

Pancreas Islet

Islet

In Vivo

Gy =g 7 Glucose
o) o2 . stimulation

Arterial
capillary

3-cell

Bonner-Weir S, Insulin Secretion, 1989

Q: How the cell response for the Glucose stimulation? | 4




Structure of ISLET (Mouse)

® Aggregating Cells with Different Functions

®3D-Construction to Function Effectively

® Secrete hormones to regulate blood glucose
a-Cells : Glucagon (Blood glucoset)

Cell-Cell interaction:
Glucagon Secretion from w—cells inhibits Insulin
secretion from [-cells

p ‘;_H
B-Cells : Insulin (Blood glucosel )

somatostatin

Aggregating [f-Cells secrete more dose of

Patient Number of Diabetes : el i
AL L MR e Siapetos insulinthan that in total from the same

Type 1: 50000

Type 2: 1 00000000 number of isolated (-Cells.
=>» Cell-Cell Interaction

Development of Pancreas

Dorsal
Pancreas

5 weeks 6 weeks 7 weeks



£
3N
z i

mouse

Glucagon

(Secretary glanule) - Pump to secrete glucagon (or glucose)

Reservoir for glucagon
Glucagon Sl

(Storage glanule)

Sensor for blood glucose

a-Cells , Cell Membrane
- Battery
— Computer
Insulin
(Storage glanule) — Reservoir for insulin Artificial
Insulin | Pancreas
-Cells (Secretary glanule) —  Pump to secrete insulif

51
Essential specifications for the artificial pancreas to mimic pancreatic 3-Cells and «-Cells



Clinical Application of Regenerative Medicine

- Islet Transplantation -

L Healty

iving Donor Fatent

Intraportal
isletinfusion

Distal

Pancreatectomy Islet Isolation Islet Transplantation =



Micro/Nano devices for measuring the cell-cell communication and regenerate islet
Islet

Islet
Physical stimuli

Chemical stimuli

2

molecule - space - tim
Make clear the

IO phenomenon
| >

v

v

reaction reaction

Blsuedo -islet
icro flow

pancreasj

Sensing the molecules
and/or protein

‘ Monitoring

Micro flow and flow control -

Alignment of cells ( 1DgZp, 3D)

On site monitoring the protein
and/or molecules

pancrea
S



CONVENTIONAL uTAS

i (1) Evaluating single cells

Features

Multiple objectives * * Singular objectives
Uncertain Stimulus * + Secured Stimulus
Qualitative * Quantitative

o : Stimulator e @ Responder

(2) Evaluating multiple cells

(Ii) Culture with Transwell Transwell

@ 9 ]
S T
e

Features
Undirected cell-cell communication * * Directed cell-cell communication
Unspecific objectives to stimulate - « Specific objectives to stimulate
No real-time evaluation * Real-time evaluation
Qualitative * * Quantitative

55 :Cell A

e

:Cell B
:Stimulator to Cell A

:Responder from Cell A

o

:Responder from Cell B
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Multr —well Plate

—

ninitualize

200604/ 1525 L =

Bio nano Platform
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Insert the chemical stimulus
by Micro electroporation

N
electrode
electrode

V(O=15akFcost

conventional

Da=10um - E=10°V/m
(1000V/cm)
2)Keep the cell membrane?

Hold the cell at micro hole (~2umf) insert the
chemical signal by electropolation
*k Measuring electric signal

electrode

Micro/nano hole \(;: o

electrode

Chemical signal

Micro—TAS

1) Low voltage 1-6V
2) Electrode + micro hole
+ micro channel
3) Holding mechanizm

56



Cell U937 :
Cell suspension : RPMI medium
buffer solution : RPMI medium +10 mM_YO-PRO-1

electrode BB SRR R
1 H

Puls signal ¢ v

m 5msec

Micro/nano hole
L

o f { | W
Gl N
electrode TR T R

Chemical signal

¢

02-17-05 17:06:31 02-17-05 17:08:36 02-17-05 17:11:13

Initial 1V x 30 times 2V x 20 times

57



conventional

* ucro pipette

- u-TAS

Electrode

Immobilized Cell

- Solusion
Flow Direction
L ‘h.

immabiized Cel<SEP % A@ L 510

Solution
Flow Direction



Single—mask inclined UV lithography

1) Pattern Al on glass substrate

« Evaporating Al on a glass substrate
» Spin coating ZEP (EB resist)
* Exposure with electron beam

+ Wet etching Al with phosphoric acid

mm Al — A

Glass
2) Spin Coat & Soft bake SU-8
Su-8 « Spin coating negative photoresist
A P _ SU-8 (MICRO CHEM Corp.)
* Thickness of photoresist:10-100 um
+ Soft bake

SU-8
A s g

Glass



Single—Mask Inclined UV—-Lithography

.-Fl'\-

(' Metal mask is 5 SU-8 - @ Inclined exposure
pattered on glass : by UV light

Metal ;

Slide Glass

SU-8 (thickness=10pm)

SU-8 E*{pos d
Al area ama
— —

Glass
uv Hff}‘fﬂfﬁﬁﬂ”fﬂf?’ﬁ;‘ w\\\hmh\h\hﬂk\&hh\hﬁ\
(a) Spin-coat and Soft bake (b) First expose (c) Second expose (d Pgsb é#ﬂfch?ke

60




Electroporation chip
Micro channel. Orifice and electrode is fabricated simultaneously

Mask Pattern on Slide
Glass

e — o —f—

=S 20

TIO003E 0060474 1%33 L xlim 10

2006./04°24 152D L

Microfchannel

Optical Image (x50) SEM Images -



More than ten thousands of cells are
measured parallel on one chip

+ Single-MASK Inclined UV Lithography

Interval =20pm m
/ Orifice

SU-8

Glass

4pum 9 34un

iiiiiiiiiiiiiiiiiiiiiiiii
lllllllllllllllllllllllll
lllllllllllllllllll

lllllllllllllllllllllllll

nnnnnnnnnnnnnnnnnnnnnnn - =

i

20 um ' 20

-

-
—
g

L] —

L ]

L]

]

L]

L}

L}
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L]

L]

L]

[ ]

L]

[y

"

"

L]

L]
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B —Cell (Min 6 m9) humoral transmission

stimulant

objective
lense

suction

cell trapping = culturing = stimulation =» response

suction hole

-cell loading channel
_orifice
— orifice-channel

20 um 63

cell array device stimulant loading channel




orifis ‘channel cell ,
(b) phase contrast image of

(a) schematic of cell trapping cell trapping

Experimental procedure

stimulant

suction lense
cell trapping = culturing = stimulation = response

20 um

64

(¢) culturing of trapped
MINomO relle for Idave



Stimulation

Uptake of a stimulus (fluorescent glucose analogue: 2-NBDG)

0 min 23 min Bright Field 20 um
Time course of the uptake of 2-NBDG

 buffer 20 uM 2-NBDG _ buffer )
""""" _— 7N Experimental procedure

= = 'F Non- . ®cell ' : |

i" : J,"I E stimulated : orifice st r?ulant

- Stlmu!ated 1 2 A 55 %

:if - / '.-__L - St]mUIEtE'd 2 suction ‘E::—.i‘:;:wc

;% — “‘-—_ =S J— .ceillrapping > culturing < stimulation = response

- od 65

time "JT: inJ



Pancreas 8 cell ( insulin secretion)

lucose
8 Membrane potential

ATPERfE  ~— BTE | FAFE
JIa—2A b-753 fﬁ"ﬂr Ca#* |:Q1 secretion
VoLIFF—t ~ A8
JIa—2R o
com.  [appl” HA#K e o
* ............... o
EE R \mz:mm—mz: N
-~ .
¢ aop AT iy [
TC,A Ei'fCa'\' 2+
{ B THEF .: - P (AT Re
; g2+
&Mitﬂchondrial Ca’ E_,ﬂﬁﬁ!—‘ﬁf IMER I }
il
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Responsive reaction

glucose-inducedrise in cytosolic Ca%* concentration

& 15k ) = 2.8 mM
- 03 20 mM
212t i
4]
=
3
ELlF
g
2 1.0
(a)schematic of cells on (b) phase contrast image of % ]— -ﬂ |- |-I-| I]-l [ﬂ m
a chip cells =
| AT 1 2 3 4 5 6 7 8
stable cell stimulus applied cell number

stimuiated cell cannel

(e) the fluorescence intensity change
in response to glucose stimulation

Experimental procedure

stimulant

I
20 um
(c) stable cells (c) stimulaed cells
in 2.8 mM glucose with in 20 mM glucose

cell trapping = culturing = stimulation =» response



Mimicked Tissue Micro-environment

Insulin
gy’ release
¥/ Venous

capillary

In Vivo

Glucose

stimulation
Aperture

Arterial
capillary

Microchannel

Localization and control
mechanism of secreting direction
1. Apply localized stimuli
Stimulate through
“Pseudo-arterial capillary”

’ Glass substrate

2. Measure intracellular response
4D imaging (X,y,z and time)

Obijective lens 68



Fabrication

Multi-Directional UV Lithography.

Glass
_~ Substrate

y .
4 “— Resist

UV Light
Masked Glass
area (-’ ’ Substrate
I o Resist Layer
Inclined Rotational Stage /

T. Suzuki, et al., MicroTAS 2007.

Stepper Motor

«  Complex micro channel from
Single photo mask

No mask alignment process
69



Fabrication

1. Al Patterning 2. Spincoat SU-8

A

SU-8
I
-
>
Glass
Substrate

Thickness: 35 um

A

3. Multidirectional Lithography 4. Al Etching

Rotational Speed: 5 Hz
Dose: 200 - 400 mJ/cm? 0



Positioning of single cell

Pancreatic [ Cell (MING) ®10 pm

Aspiration

/\(®

Trap single cell by aspiration through micro channel.




Setup for measuring localization and secretion

Foreign substance

Focal plane

Objective lens
| ' Z-scaning device

Confocal microscopy

- Localized stimuli introduction into trapped cell
- 4D imaging of its uptake and intracellular responsgs



Micro channel and hole

Simulation

SEM image

20 um

Z [um]

Simulation

— T _[E_:d'_.- —

SEM image

360 mJicm?2

| 1 um

N\ 200 mJlem?2

1pum

- Aperture-size/shape control
by exposure dose

73




Cell positioning

160 ms/frame

Single cell is positioned at an aperture.



Glucose instability and localization inside cell

10 sec / frame

50 uM 2-NBDG (fluorescence glucose analog)

50 uM 2-NBDG

(4]
o

- External substances is introduced
- Glucose uptake is visualized with
4D (x,y,z and time) resolution.

-
on

Hehsity
=

n

75

10 20 30 40 50 60
Time [s]

o



Insulin GFP Is introduce and imaged in 5 cell

Insulin-eGFP / MING6 cell




Insulin Secretion

Secretory granule

Iranslocation

I‘m-ckmg\ Priming
Full fusion

: I I.II.I-:.L‘rn. :

Glass coverslip

resident

33msec/frame  1um
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