Fabrication and Application of Biochip
- An Introduciton

Ji-Yen Cheng
Inst. Appl. Sci. Eng. Res. Academia Sinica

e
A T e Rk

R

Apr/2002



"We used to think our future was In the stars. Now we know
It IS In our genes."

- James Watson, Nobel Prize-winning geneticist and Human Genome Project developer.

* * = A story about overcoming “the
\\ S programming in his in-valid genes
W3 . ;
| and competes against the best in
the "valid" world.”

The development goal for biochip:

Large capacity and tiny amount of sample



Biosensors - Definition by application

» Analyte Is of biological origin.
¢ DNA, RNA
¢ Enzyme, Antibodies (Proteins)
¢ Virus, Bacteria, Tissue

« Analyte is biologically important.
¢ lon
¢ Drug molecule



Biochip: Biosensor or bioreactor in a format that fit in
a small foot print by the integration, miniaturization,
and parallel-processing techniques to practice

Sample preparation (separation, concentration, labeling, transportation, ...),
analySiS (mobility, molecular weight, ...),

detection (optical, magnetic, electromagnetic, electrostatic, mechanical,
electrocehmical, ...),

and (Or) data aCCIUiSition (signal pick-up, noise reduction, interface, ... )

In aims of swift analysis, large throughput, high
sensitivity, and (or) minimal sample consumption.



Various Type of Biochip

= DNA chip

¢ cDNA microarray/chip

¢ Oligonucleotide microarray/chip

« Protein microarray/chip

« Lab-on-a-chip



cDNA microarray Fabrication

PCR amplification
purification

robotic /Mm

MICROARRAY

(CHIP) SEGMENT SPOT CONTAINING COPIES
OF ACHIP OF ASINGLE DNA MOLECULE

PART OF ONE
DNA STRAND



ene Expression Profiling using DNA chip
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Fluorescence and Colorimetric Detection of DNA chip

excitation X-gal Fast red
laser 1 laser 2
N @ o CantiDig-AP

Cyanine Magenta

Dual Color Microarray

US$ 55,000

Image digitization

computer
analysis

US$ 500~7,000

P.O. Brown/Stanford U. K. Peck (EI%}JF’J‘S)/IBMS Academia Sinica



Microarrays Images Using Different Detection Methods
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Arrayer, Scanner, and a 400-point Microarray




(R e &N\ R ) Rif0SE® - #
R T3 K- 112 1< EE T S e B SR P — 5 LTRSS (T
i £ R e S I R - MHEESIRsE
FEE | FR i e X X Sl S e K o 5 (R (T S
L B TR - JEHRERR o ) X

BE -~ TEDCERRERN-EKSEHBEER -
ot - R R I-EIERK-HES EUr iR
B 9K R 9 S RRIR (St Jude
hildren’s Research Hospital) #¥HH#EE-HE DT

12311 FIE IR

==
#
K
&
7
i
5
&
-
B
i
%
ia'
g&"
b
%
i
5
&

T EHESORE SR © MO 7 O 4 T SHE 19
AR e SE <O -

S ERA - S R A R e
IE SRR EE R IR - B
R RE < SR IS 408 - SR DB
o 530506 9 o S A U I -
KISy NP o T RE S EE Rk

W -

R - NIRRT B EE L HE i RInE
ic - | KESEER | SiE-EREE - K2
SR AR TR SR PR B R K - S EH-D
e o mfe SRR I KSR IR R -

PEIR I i S H e e e SR B TR R
EE - BN ERSERE - HiEOKE
iR N R e S R -

B | DRI SRS IT RS - 2 I -
K e 92 ! s 2 SR Bk R i -
MEFE I SRERIXE - KSR RS
#E - FIHERERESBENECTEES
o B - ISR H e SRR N 10 SN
R X e R g

ARIERIET ~ B S - I T R i R O X K
SECHERERERE | #dc - R = |
AT RIS ~ £3HH IR RS o #3485 R 110 ik
B -

BEOGE ~ - - NERER R R K R

BRI I BIR R H =T - o SHER

B N AT S o S SRS B —
T o S G - =
mm =" n .© o
o 8 7 S £ ©
o .2 o o O O
< D = 7 =
UVJlmw 2 mw MW D
S .2 © 2 o =
r-l nu._lg a
S @ T =285 o

. 92)
= ) - N O o "
O © > O .Mw - © D O
= o ! o

S mw Q 5 > o 2L ¢
S = § & O 2 Q5 O
—_ D G e

< ©

@ mw (@) = @ O & »n G
Nn S._I.V O — @© 3 W

O o = O © o © X
oo © 92 Do o O
2 52 gLt
mT %CTH 1



Oligonucleotide Microarray

ow — Short DNA
on the chip

MICROARRAY

(CHIP) SEGMENT SPOT CONTAINING COPIES PART OF ONE
OF ACHIP OF A SINGLE DNA MOLECULE DNA STRAND
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B | B | suB | PuB | B
muB | wwB | wB | wwB | wB

L\

aerﬁa.rn.rﬁaa.ccmc'rnr
COACTAATACATGGATGATA
CCACTAATACTTGGATGATA

CCACTAATACGTGGATGATA
CCACTAATACAGTGOATOATA

\\ // SNP

detection

Expression of
13,500 genes




Applications of oligonucleotide microarray

= SNP study - not possible with clone-based cDNA array

= Gene expression study when short specific sequences are available.
Performance compared to cDNA array is similar. nucleic Acids Res. 28, 4552, 2000

« Detection of splice variants.

« Protein:DNA and drug:DNA interaction - sequence specific interaction

study using double-strand oligoarray. nat. Biotech., 17, 573, 1999; Nucleic Acids Res.
27,4100 ,1999

» Loci-linkage detection - paired probe array. Utilizing cooperative
hybridization. Nucleic Acids Res. 26, 1485 , 1999

« Hybridization behavior: DNA paring with different lengths. Nucleic Acids
Res. 17,788 ,1999

Intron Exon 1l Exon 2 Exon 3
Splice Variant 1 =~
Splice Variant 2 =~ =———



Single Nucleotide Polymorphisms (SNPS) --
The 1/1000 differences between individuals

From “The SNP Consortium, http://snp.cshl.org/”

The chromosomes contain the DNA, the genetic blueprint

2. L. GATAGCGTCCCGCTCG. . ...

The DNA of each individual contains sequence differences or
Single Nucleotide Polymorphisms (SNPs)

SNP genotype affects the drug response and disease
susceptibility.

SNP is the key to unravel genotype-phenotype
relationship



Examples of the polymorphism-efficacy relationship

New Eng. J. Med., 1999, v286, 487

« TaqlB polymorphism affects the efficacy of treatment
with Cholesterol-lowering drug. New Eng. J. Med., 1998, v338, 86

& Gene: CETP
¢ Therapy: pravastatin
& Effective vs. in-effective allele: B1Blvs. B2B2

« SNP polymorphism affects the susceptibility to
bronchodilator desensization. Lancet, 1997, vaso, 995

& Gene: ADRB2

¢ 1 mgqgpgngsaf llapngshap dhdvtgerde vwvvgmgivm ...Gly16, Glu27
* r q ... Argl6, GIn27



The SNP Consortium And Diversified Combination of
Genotype
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http://snp.cshl.org/

Published 1.42 million single nucleotide polymorphisms (SNPs)
distributed throughout the human genome. Nature, 2001, v409, 928 - 933

Imagine a genotype combination of

1,420,000
2

DNA sample in human body: 107 lymphocytes / ml in blood



Fabrication of oligonucleotide array

In-situ synthesized single-strand array
Photolithograpy - Affymetrix.
Maskless synthesis - NimbleGen. nat. siotech., 17, 974, 1999

Ink-jet reagent delivery/Surface tension selection - protogene; Rosetta, Agilent.
Biosensors and Bioelectronics, 11, 687, 1996; Nature Biotech., 19, 342, 2001

Electochemical solid phase synthesis- Combimatrix

« Immobilization of Pre-synthesized ODN:
¢ Spotting - Pick and Place approach

¢ Electrically addressed immobilization. anal. iochem., 255, 188, 1998;
Nonogene: Nature Biotech. 1999
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Light-directed Synthesis of =z emgin s il
Oligonucleotide Array Il - o -@-
Maskless Synthesis Using _ .- %1;2%? =
DMD é%%%
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Ink-jet Synthesis - reagent delivery:

Array scanned across ink-jet pumps
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Ink-jet pumps —
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Activated nucleotide monomers
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Electochemical solid phase synthesis

D. D. Montgomery, U.S. Patent 6,093,302
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Fabrication of oligonucleotide array

In-situ synthesized single-strand array
Photolithograpy - Affymetrix.
Maskless synthesis - NimbleGen. nat. siotech., 17, 974, 1999

Ink-jet reagent delivery/Surface tension selection - protogene; Rosetta, Agilent.
Biosensors and Bioelectronics, 11, 687, 1996; Nature Biotech., 19, 342, 2001

Electochemical solid phase synthesis- Combimatrix

« Immobilization of Pre-synthesized ODN:
¢ Spotting - Pick and Place approach

¢ Electrically addressed immobilization. anal. iochem., 255, 188, 1998;
Nonogene: Nature Biotech. 1999



Procedure for oligonucleotide array preparation

Oligonucleotide - | oligonucleotides
I 2=TE 2N
Synthesis i

=, '?J‘ a;f ;h_:

robotic i, |
|:-||nt||1q R

Length up to the
s € . synthesis capability
g (B e il G e Of the synthesizer

OF ACHIP OF ASINGLE DNA MOLECULE DNA STRAND




A commercial oligonucleotide synthesizer

ABI 3900
48 x 6 = 288 oligonucleotides / 10 hours
NT$ 6,000,000



Picture of a 384 Channel Oligonucleotide synthesizer

Whole view of the synthesizer




Pictures of a 384 Channel Oligonucleotide synthesizer

Reaction plate, XY table and
injection nozzles Reagent

I ~—g reservoir and
valves

- S\ .'f.f / /

)

= Valve driving
| | it
384 oligonucleotides / 10 hgﬂ?gl

Compatible to arrayer operation




HPLC, CE Analysis of Product Purity and Step Yield
» Step yield =

[Trityl-on product/Total product]'/"

5nmol 99.0 %

e

Trityl-On Full length dT

10 nmol 99.2 %
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where n = length of oligonucleotide

« HPLC chromatograph of dT,,.

20 nmol 98.3 %

:

« CE

Abs

0.014
0.012
0.010
0.008
0.006 —-
0.004 —-
0.002 +
0.000 —-

-0.002

¢ unpurified 21mer

CE of typical 21 mer un-purified oligonucleotide




Arrayer, Scanner, and a 400-point Microarray




DNA Immobilization Chemistry - Schiff base reaction
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Genotyping Oligonucleotide Microarray

SNP (single nucleotide polymorphism) is the most frequent variation
found in individual DNA sequences. Currently 3,000,000 SNPs are
estimated.

High throughput, low cost genotyping technologies are required.

Currently the most important limiting factor for routine SNP analysis
Is the DNA amplification: Simultaneous amplification of discrete
exons is difficult

We have proposed an approach to circumvent the aforementioned
difficulty
Oligonucleotide microarray is one of the most promising technology to

detect tens of thousands of SNPs (genotyping) in one experiment.
Throughput per day = spots per array x array per day.



SNP distribution of some selected genes

» ~40 PCR and additional 80 primers are required if each exon is
amplified separately for the following 5 genes.

= 3 million SNPs estimated in human genome => Genome wide
genotyping require novel strategy

Gene Name Gene Symbol |# of Exon |# of SNP in HGBase
Thrombomodulin THBD 1 7

Coagulation factor V F5 25 42

Low density lipoprotein|LDLR >=18 14

receptor

Parathyroid hormone-likePTHLH >=6 16

hormone

Coagulation factor XlIIl, B|F13B NA 14

polypeptide

HGBase: Human Genic Bi-Allelic Sequences Database,

~65,000 SNPs are collected and annotated.

http://lwww.hgbase.com.




Blood sample
from donors

{1

Extract genomic
DNA from WBC
{(~107/ml)

{1

Genomic DNA
Fragmentation

Printing array/
DNA
immobilization

Hybridization in
TMACI to
synchronize Trm

§E

—

In-Situ labeling
by
primer extension
with dNT P/Bio-
dUTP/

Polymerase

Proposed Experiment Flow Chart for
PCR-Free Genome-wide Genotyping

Detection of
reporter group
using CARD

Probe synthesis
by high-
throughput
synthesizer

r

Extract SNP
sequence from
database/Probe

design

One Reaction

CARD: Catalyzed

Reporter Deposition




SNP Sequence Extraction from HGBase

HGBase: Human Genic Bi-Allelic Sequences Database, http://www.hgbase.com/

e FEHEEE-SNP =10l |
BRE REE WE0D NP SHERE
I = = == NI
select ® from hybase where symbol like "thbd'’ ]
SNPD00003469 THBD Thrombomodulin CTGCTTCGCGCTCTAC
SNPD0O0003470 THBD Thrombomodulin ATTTCCTTGCTACTGA
SNPD00003471 THBD Thrombomodulin ATCTGCGGGCCCGAC”
SNPD0O0003472 THBD Thrombomodulin CGGTGGCGACAGCGG
Ding oo x|
oK
v Symbol Cancel
THBD|
I~ Name
|
LA | NUM | i

Entry
UP

Allele
Allele
Down

Sequence
CTGCTTCGCGCTCTACCCGGGLCCC
G

A
CGACCTTCCTCAATGCCAGTCAGAT
ATTTCCTTGCTACTGAACGGCGACG
G

C
CGGCGTTGGCCGCCGGCGCCTCTGG
ATCTGCGGGCCCGACTCGGCCCTTG
C

T
CCGCCACATTGGCACCGACTGTGAC
CGGTGGCGACAGCGGCTCTGGCGAG
T

C
CCCCGCCCAGCCCGACGCCCGELTC
GGCGAGCCCCCGCCCAGCCCGACGC
C

T
CGGCTCCACCTTGACTCCTCCGGCC
ACCCCAGCACTTGTGTTGTCTGGTG
A

G
TGGCACCATCTCTGATTTTCAAAGC
AAACAAAGGTTGAGATGTAAAAGGT
A

G
TTAAATTGATGTTGCTGGACTGTCA

SNP ID

SNP000003469
SNP000003469
SNP000003469
SNP000003469
SNP000003470
SNP000003470
SNP000003470
SNP000003470
SNP000003471
SNP000003471
SNP000003471
SNP000003471
SNP000003472
SNP000003472
SNP000003472
SNP000003472
SNP000003473
SNPO00003473
SNP000003473
SNP000003473
SNP000004296
SNP000004296
SNP000004296
SNP000004296
SNP000012896
SNP000012896
SNP000012896
SNP000012896



Automated probe design

Hot Spot (SNP position) at 3’-terminal

Up Stream Length Dn Stream Length
Up/Allele/Down SNP ID 20 0 Probe Sequence
UpStream CTGCTTCGCGCTCTACCCGGGCCCC SNP000003469 TCGCGCTCTACCCGGGCCCC TCGCGCTCTACCCGGGCCCCa
Allele G TCGCGCTCTACCCGGGCCCCg
Allele A TCGCGCTCTACCCGGGCCCCce
DnStream CGACCTTCCTCAATGCCAGTCAGAT TCGCGCTCTACCCGGGCCCCt
UpStream ATTTCCTTGCTACTGAACGGCGACG SNP000003470 CTTGCTACTGAACGGCGACG CTTGCTACTGAACGGCGACGa
Allele G CTTGCTACTGAACGGCGACGg
Allele C CTTGCTACTGAACGGCGACGC

DnStream CGGCGTTGGCCGCCGGCGCCTCTGG CTTGCTACTGAACGGCGACGt




Primer In-situ extension labeling

dATP/dGTP/

dCTP/Biotin-dUTP/

Polymerase

:
3 3 3 3
* *
5 5 5 5
Substrate Substrate Substrate Substrate
Mismatched probe/ Matched probe/ No extension. Extended probe with

No target annealed  Target annealed See below reporter group



Protein Microarray

Advantages In use:
Sample availability
Specificity

LABELED
Q Q £ ANTIBODY
PROTEIN READOUT
oR ANTIE0DYTO ﬁ’f
@ PROTEINS PROTEIN ANTHRAX

Vo

IN BLOOD FLUORESCENTLY ANTIBODY
ANTIBODY TO LABELED ANTIBODIES UNBOUND  DOTINDICATING —iues
A SMALLPOX ANTIBODIES THAT THE
PROTEIN PATIENT HAS
ANTHRAX
ANTIBODY TO
AN INFLUENZA
PROTEIN SCANNER |
| s .;:-,, 1 .'--nn u-._"'-‘:{:}::\

........

\/ANT!BUDY CHIP

Obstacles:
Available antibodies
Target antigen idenification



Protein Microarray Applications

Swift and sensitive antigen (pathogen) detection
Very suitable for diagnostic purposes

Protein-protein interaction

Drug target identification

DNA and Protein array:

Only analysis Is performed on chip.



Lab-On-a-Chip: Integration of Microfluidics and
Diverse Components

SAMPLE DROP NG THEAMAL GEL GEL
ELECTRODES LOADING METERING REACTION LOADING  ELECTROPHORESIS
GLASS f 1 r 11T L | 1

e eeea WAt Y T ey, IANRRN
22~ PG BOARD = = e : =L___|___,:"'I —— -;?1:
SO S LI L TEEREINE ddd

PHOTODETECTORS e FLLIG ENTRY PHOTODETECTORS e AL TEEH,

WIRE BONDS
HEATERS

TEMFERATURE
DETECTORS

t FLUIDIC CHANMELS

AIR VENTS

M. Burns, et.al., SCIENCE, 282, 1998, 484

Sample metering Pipetting machine

DNA amplification PCR temperature cycler
Mixing Shaker, Vortex

Digesting Thermostat

Separation Slab Gel, CE station
Detection Fluorescence microscope,

spectrometer



Lab-On-a-Chip

Miniaturized Laboratory

Putting The Lab an a Chip { Restart Pause j_

The results of the experiment are nurn?r-.c:1|:u|§":.r detected

and displayed

Caliper Technologies, http://www.calipertech.com

150 &
s
e
=
[=]
100 -
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a| &
=
50 =
1] -—-—W—w’] L-;___;
. L . . | .
10 15 20 z5 30 35 40 45

Time since injection, &



Lab-On-a-Chip Fabrication Methods | --
Procedures used in semiconductor industries

- Gold Metalization
Bo FPhasph
ron Doping Silican Dioxide orus Daging
Lithography 1-5 P=type Boron Silicon <100= IHHILE G

Aluminum Zing Oxide Silican Diaxide

. #

Lithography 11-12

Lithegraphy 6-7

: . e e i Depoasit and Eteh Parylens C
Lithography 13 Release in Acctone
Substrale Contact Electropharesie Electrode p Electraphars sis Channel

.. ."'I / I:Iln':I:II Contact
P I

Eteh Parylana C, Sillieon Disxide, and Interfaranca filter
ithography 8-10

J. Webster, M. Burns, et.al., Anal. Chem. 73, 1622, 2001



Lab-On-a-Chip Fabrication
Methods II

Embossing/Molding of Plastic

microfluidic chip

Plastic LabCard™ Device Fabrication

Glass or 51 wafer

Plastic microfluidic ;Zifr;:ra :j"“
Lal:)Car::I device Is dewelop |}|‘If_1|.:_Ji'I:"5
demgned *Elch glass

*Ramaove photore:
5lass plate or silicon .
wafer is masked and Elched glass plate
atched using typical

wafer microfabrication l
processas Electroplate

ietal mold tool is
glectroformed on
master wafer

’]' Separals

Moid tool is separated Metal electroform
from master

l Mald ar
Emboss

Plastic is molded or
em;bassed using mold
loo

Plastic
cover
[ayar -“

, { l Cover snd seal
LabCard device is

completed by sealing EE RS e e
with a thin plastic film Completed LabCard device

Hackage



Lab-On-a-Chip Fabrication Methods |l

Excimer laser
photons

A ] k| : EEERTIR _& .
PEEE 2 o e
N 4y Mask

Material
EE
.////- ,///.--,,n/- Ablation

/////""}/////}"?///// .

Laser ablation

H. Girault, Anal. Chem., 69,
2035, 1997

CAD File

I A. Commercial printing

PhommmH

l B. Photolithography

Photoresist”

on Si wafer l C. Developing

Master +
EOCTum

Soft lithography
using PDMS, cm

Whitesides, et.al., Electrophoresis,
21, 27,2000

A Fabricate master
by rapid prototyping

B Place posts to
define reservoirs

2

C Cast prepolymer
and cure

|

D Remove PDMS
replica from master

E Oxidize PDMS
replica and flat in
plasma and seal




Simultaneous Cell Lysis And Protein Extraction
A

B-Galactosidase extraction from E. Coli.,
Channel width: 1mm

Iytic agent
cells ¢ ) i
1 cells Iytic agent
* / -.']. l B
I m*
{rm’.r -
chormc! ! ue
a®
L4
! -_'4
LR
ll.'l [ ]
|| erecHRR
| | ekanmel
PRI detection molecule
f 7|+ intact cent Intracellular melecule
controlled ' f ]* v eab illeed cell B Nuurescent proaducl .
outlet I -

P. Yager et.al, Anal. Chem., 2002



DNA Sequencing Chip

18 Electrophoresis
Microplate

Hollow-Shaft
Stepper Motor " Rhomb
12 [  Prism
Detector— Trigger Disk
2
£ |
16 & ; 4-Color PMT
E Housing
: X
o
Dichroic
Ar+ Laser Beamsplitter

20 488 nm

Detection system

i P

1. 24 48 72 .96
Lane Number
1 10 20 30 40 50
GECAGTGLAAGCTTGCATGECTGCAGG TCGACTCTAGAGGATCCOCEE G TACCEA

B. M. Paegel, C. A. Emrich, G.J. Wedemayer, J.R.
Scherer, and R.A. Mathies, PNAS, 99, 574, 2002



On-Chip NMR Detection

TR RARRRN

(®)

%

YNz ;

w top glass substrate = Cu
(thinned)

e bottom glass substrate = SU-8

Sample consumption: 30 nL.
Analysis is miniaturized.

C. Massin, A. Daridon, et.al.
“Proceeding of the uTAS, 2001”, p438



Caplillary Electrophoresis Chip With
Fluorescence Detection

Amplifier
Blue LED -e 0
Lock-In Amplifie
Bandpass Filter \5 i
Ground Plane \-‘M‘-"_ O Olﬂ.‘lﬁ 288
Xl Interference
fliter

0.30

0.25

0.20

0.15

0.10

Photocurrent (nA)

0.05

0.00

40 60 80 100 120 140
J. R. Webster, et.al., Anal. Chem., 73,1622, 2001 Time (sec)



DNA Hybridization Detection Integrated on IC Chip

Reflective

. Self-Imaging
4 Optic

Photomask .

Sample _ - i
(DNA) ~ Microchip
. Light Source
Substrate | £p Diode Laser)
- L
~ Filter
Phototransistor :
Microarray
_ Integrated
Electrooptic Chip
~_
So~
'0%\\%@» {00@
A
Optical
Fiber
Translation Focusing
Stage / Optic
\ | Membrane

Filter

—. \ 5

L L S
Microscope / Lﬂ—ﬂ_-ﬂ_ﬂ_n_n_ﬂ_ﬂ_ﬂ_ﬂ-l
Shide * .
T. Vo-Dinh, et.al., Anal. Chem., 71,358, 1999
Phototransistor

Chip



Summary

= Central theme:

¢ Deciphering the genome and proteome, the internal book of life, by
detection biologically active molecules.

= The DNA microarray and CE chip are currently the most mature yet
being improved.

« The designs and applications of biochip still remain to be explored.

= The major challenges and goal
¢ Huge number of analyte
¢ Small amount of sample
¢ Merge all the advantages

swiftness sensitivity |
~ =>Total Analysis
throughput sample consumption



Thank you!
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