Contents

B L T T TR 4.4, |
EEIOUCHION..... oo ceeecree o perssm e i b g fiee e duipaped shtas s eprasp s R s 0o r b rasssms pppasass sabaes e TR

SECTION I Biological Chemistry

Chapter 1 Elements of Organic CHemisIrY ..........co.ccermiermiemmmcsrmimssissnssmenrmssssssssssosssnssasstosssosssss e 3

Introduction .. P
1.2 Thmmn-d}'namm and Chcmma] Fmpcrllm uf Sﬂlutmm ................................... 3
1.2.1 Thermodynamic State Functions ..........ccccovvemnninnssmnemmissimsssnsseienns 3
1.2.1.2  Gibbs Free BRergy o ccisecseicssnsssssssssenns 0
1.2.1.3  Chemical Potential.........coooveiininininiinss s 8

1.2.1.4  Quasi-Equilibrium State and Local 'Ihermudynamm
State Functions... B e S A T |
1.2.2  Chemical Properties of Sulutmns ....................................................... 11
1.2.2.1  Solution Concentrafion ... ... 11
1.2.2.2  Solvability .... cermsesens e et eanerenmsasnsnsnens Lb
1.2.23  Solution Culllgatwe Pru:rpemes ........................................... 17
1.23  Chemical Equilibrivm in Reactions among Solutes .........ccoevvevvinn 17

1.2.3.1 Simple Reaction Equilibrivm and the Law of Mass

ACHOM. i s 17
1.2.32  Simultaneous Equilibriom of Several Reactions................ 20
1,24 Reaction KINELCS (oo ssess st e e sssmsssssmssssssssensses 23
L25  Catalysis oo 28
1.2.6  Solvability in a Polar SolVEDT ... 29
1.2.6.1  Solutions of Gases in Liguids ... 3z
1.2.6.2  Solutions of Liguids in Liquids.. ..., 32
1.2.6.3  Solutions of Solids in Liquids......ccovvieiiniiiincninnnns 33
1.3 Organic Chemistry Building BIocks ... srssssenieeenes 39
1.3.1  Hydrocarbons: Types and SIFMCIUIE oo is
LAl AIRETIBE L i e ks e i m e Soms beme e s s i i 35
1.3.1.2  Alkyl Gmups ARSI, £ |
1.3.1.4 Alkynm SRR .
1.3.1.5 Stereuscoplc Structure ﬂf H}'dmcarbuns,,,.,..,,.,,,,..,,..,.,,,,,, 3
1.3.1.6 Aromatic Hydrocarbons .., cermrmemime e emememeseseseenmsese s 0
132 Functional GIOUPS ... e s H
1.3.2.1  Allogeneic Functional Group .......cccevvvcveeicisinvneie. 4
1.3.2.2  Alcoholic Functional Group ... 42
1.3.2.3  Ester Functional Group....... e 44
1.3.2.4  Ether Functional Group ... 45
1.3.2.5  Aldehyde Functional Group........cooovvvvvesimirssieinceicseaen M0

+
L1



xii

Chapter 2

Contents
1.3.2.6  Ketone Functional Group ..., 48
1.3.2.7  Acid Functional Group ... s S0
1.3.2.8  Amino Functional Group.......eesemesmsss s o 52
1.3.29  Amide Functional GIoup........ooovoororeoocccceiiii 55
L POIYITIEIS c.oeiceiieiesmscecncnnsres sevm e smrssns nesa st s sosa i o dso e sabesss ans bass busasnsstns basa s eansmanas 56
1.4.1  Polymerization and Polymer Types.......ccomnmmmnseees 7
.42 Polymeric Materials SIuctire .o e e oo ceeecenis ah
.43 Polymers for Microfabrication Main Properties ..., 65
1.5  Microscopic Models of Macromolecule Solutions ... 72
1.5.1  Implicit Solvent Models for Solution in Equilibriom ... 73
1.5.1.1 Cavity Free Solvation Energy ..., 75
1.5.1.2  Electromagnetic Free Solvation Energy .. 77
1.5.1.3 | van der Waals Free Solvation Energy.....ccoeicciciernecininien 79
1.5.1.4  Implicit Solvent Models and Explicit Solvent Simulations ... 79
1.5.2 Chemical Reactions between Macromolecules: The Perfect
Gas of MacromoleCUles ..o st 82
1.5.3  Collisions and Reaction Kinetics ... L
[ (3 1L PO ST U U T U PP 91
Elements of BIOChBIISITY ....ociiieiconimsiimississsssssasssississsiasssssssisnsssssssam s sass nesereass 05
P R 1Ty LT v 95
2.2 Structural Organization of Biochemical Macromolecules.........o.ooi vt
2.2.1  General Properties of Macromolecules. ..., 04
2.2.1.1  van der Waals FOrces ... 99
2.2.1.2  Hydrogen Bonds ..o 100
2213 1onic INEETACHIONS Loovvireiersceirssres e ssiessns s esssmssimsssnas 102
2.2.1.4 Biological Macromolecule Complementarity ..., 102
2.2.1.5  Eneymatic Catalysis oo 1413
222 Organization and Structure of the Cell ... 104
2221 Cell Structural Organization ... 105
P T T o U T 107
224 Classes of Biological Macromolecules. ..o 108
2.3 Protein Structure and Chemistry ...
2.3.1  Protein Chemical Structure............
23 1.1  Acid-Base Reactions of Amino Acids ..o 109
2.3.1.2  Protein General Chemical Composition. ... 1o
2313 Protein Primary SIIUCTIIE (oo smsssmseeis 111
2.3.2  Protein Stereography: Secondary SIructure........ooooveveeeievicineens 112
2321 The Protein Helixes ..o 113
2.3.2.2  The Protein B-Sheets ..o, 116
233 Protein Stereography: Terfiary SUructure ....ooeveimsierssesinaes 118
234  Role of Proteins in Biochemistry ... s 122
2.3.4.1  Contractile Proteins .....c.cocciicimsismsinssimssssssmssns 122
2342 Enzymanic Profeins. ... 125
2343 HOMMONES. ... e rmsssnsmsss s ims s e sa s 125
2344 Structural Proteins ..o 128
2345 Storage Proteins . ... 128
2346  Transport PROteing ......ooevmeiinnmnninn s 128
24 ImmunogloBulin ... b 130

241 Immunoglobulin G SIrUCIURE .o 131




Contents xiii

24.2  Classification of Human Immunoglobulin........c.oooivimeninninnicnns 135
2.5  Enzymatic Catalysis ... citEsisinin s ssiserin i 1O
251 The Basic Frmmple ﬂf Enz_‘,rmﬂs Wurkmg ....................................... 138
2.5.2  Kinetics of Enzyme-Catalyzed Reactions...........ccocomivmcernrrncnicanns 139
25.2.1 The Michaelis—Menten Kinetic Model............................ 14]

253 Dependency of Enzyme Kinetics on Enzyvme Type and
Bnviroament o s i iiniinh o s nliia et R ekl i i 146
2.5.3.1  Allosteric Enzymes.... BB e T
2532 Effectof pH on Enzymanc Actml:,r ................................. 147
2533 Effect of Temperature on Enz}rmahc A;:twn}f .................. 148
2.54  Enzyme Inhibition... LS ST TR R |
254.1 {Iurmpq,htwe Inhihltmn ...................................................... 150
2.5.5 Enzymatic Catalysis Thermodynamics.........ccoconmiinnmmsinineninnenn 151
2.5.5.1 ES Binding Energy ... e 132
2.5.5.2 Entropy Loss and DEHld.h]]lﬂiT.ll‘.ll't t}f ﬂ1L ES Cumpl:‘:x e 192
2.6 . Nuocleie Acifds:, i s i T A i i it cninins il 153
2.6.1 Deux}'rlbﬂnuclﬂr:hcld 155
2.6.1.1  DNA General SEUCHITE | s i besssstsssarisassssbresssrs 100
26.1.2 DNA Supercoiling ... Al ekl B i s T
2.6.1.3  Genetic Code for Pmtems S}fnﬂmsm ................................ 158
2.6,1.4  DNA Replication ... SUETERIN SIS | |
2.6.1.5 DNA Interactions wuh Prntcms A .|
2.6.2  Ribonucleic Acid Structure ... s e s 161
26.3 RNA Types and Roles ... R YIRS L e CE I N S |
2.6.3.1 RNA Role in I‘ranslatmn S R |
2.6.3.2 Regulatory RNAS ... s s 164
A R B | | ALY 11 S bt M 0 F S A S e 164
271 Free Fatty ACIS .......cocooieensioneieees e iers e sssesissssssssesnssssnsssnseees 1684
272 TTIRCYIEIYCRTOLE ocniiai il denbs sis pasa b ki vans prsm enms bt nms sesmsusnsey snsasugesenes YOO
2773 Membrane Lipids ..o eiiisiissisis s e cisnsbreses e sssnsasaressssscores 100
R JRERE e T T ol 1 R T R TS PP s S O A SRR | .. |
2.8.1  MonoBacCharides . ....c.cumrmmvsesers it smcssvines s sesssnrass sesssmsssareses snssseens 170
2.8.2  Oligosaccharides ... imsmsbsbriiisbnssns smsmsmsmsasas sararassssssisirosss 110
2.8.3 . lycODrOEIIE it s reminses b s ik eres sirs nsrsnssprasass sanprssses sape s LR
References....... o dmone e kot aolie b st B s sres s e e I'78

Chapter 3 Biochemical Assays and Sequencing Technigques......ooeiecicisnnssencssene 183

3.1 Introduction............. s i i s s psasens vaes sisesn pna pros rerreer O

32 Assay Fruce:dure am.l Preparatmn i e s sesssreraresny seerrrenes B0

3.2.1 Cells 1 y8is TeChMIGUES ....cioiviiciiessiesmsseia s smsssnssa s s e smsssna s e s srsms e 185

3.2.1.1  Mild Lysis (Osmotic LySIS) .....coreomivnrrrsnreiminnermrssreronsnees 189

3.2.1.2 Enzymatic Lysis Method ..o 186

3.2.1.3 Bead Lysis Method .........cccoveveveimeccevnrceimnccssemcs s 186

3.2.1.4  Sonication LYSiS........commimmiscnmssinimssimmsinrmmsssssrsssinrnsees 187

3.2.1.5 Detergent Lysis Method setil s berbnian seadsnsnsmmnsan spinasss SO0

3216 Thermal Lysis Method. ... 188

3.2.2  Nucleic Acid Extraction from Cell Lysates........cccoviernvrinrcancnseinns 188
3221  Guanidinium Thiocyanate-Phenol-Chloroform

EREFACTION. oottt st 188




Xiv

34

35

j6

L)

Contents
3222 Spin Column-Based Nucleic Acid Extraction .................. 189
3.2.2.3  Magnetic Bead-Based Nucleic Acid Extraction ............... 190
3224 Anion-Exchange-Based Nucleic Acid Extraction............. 190
323 Protein Extraction from Cell Lysates.....c..cvvmmmninmnnnmenmen., 191
3.23.1  Ammonium Sulfate Precipitation..........cccoeeverivninrcsienns 191
3.2.4  Protein HYArOIWEIS ... cerseesesimsanssbobsss s sesshosts sibssasesmsssrasssss st 192
DNA Amplification by Polymerase Chain Reaction ... 193
33.1 . PCR Efficiencyrciiblannaalidod il 194
332 PCR Alternative Procedires ... ... sseanns 197
3321 Real-Time PCR
33.2.2 Reverse Transcriptase-Polymerase Chain Reaction ......... 199
3.3.2.3 PCR VBMBONE ... iioberes v srbosterevaras sessenss evssarersssass esssares 200
Enzymatic ASSa¥5....c.coveies L AR | | |
34.1  Detection MLth}dH in Enaymam ﬂawd\f\ ......................................... 201
34.1.1  Continuous Detection ......cevvecerersseressssees resssesrssipssasssssases 202
34.1.2  Discontinuous Detection.... .. 205
RO At OE LAY . irres riresn iniiinbn et SR AGE 20 same sdhnths s snne nsnsmmsnns s s s 206
351 Liquid Column Chromatography ..........covmmiiicimii s 206
3.5.2  High-Performance Liquid Chromatography ..., 211
353  Alternatives to Adsorption Liquid-Phase Chromatography............. 212
3.53.1  lons-Exchange Liquid-Phase Chromatography ..o, 212
3.5.3.2  Size-Exclusion Chromatography .......oooooioiiiicii 213
3533 Gas Chromatography ... e nssisrnn 215
Electrophareais. ;. ..o i ek it il s el smme s s sees sesasnssnisns 219
3.6.1  Electrophoresis Gel THPes...oimiinissisimssim s s, 221
6.1 1 ABATORE . .ovvrsiirrssbaressserss bbb babssasesrssass abs bhsnpbans pe basa brsmsnins st 221
3.6.1.2  Polyacrylamide ..o 222
3.6.1.5.... Starch.. i con st Gt i e il 222
3.6.2  Protein Electrophoresis ...
363  Nucleic Acid Electrophoresis .......ooocoovinmrnssmsmsssernss s rereennes 224
Immunoassays 224
3.7.1  Structure and Thermodynamic l;'.nl' AI‘I.L]}_.LH—AI]HIJU‘J\-
i L 11 T Y A A 228
3.7.2  Kinetic of Antigen—Antibody Neutralization............ccoevvmivevierernns 232
373 IMIUNOASSAY PIOCESEES cveuriresirrsess e brsiesssssssesssresstrsns bebesasesmsss asass 236
374 Western Blot or Immunoelectrophoresis.....cmmeemen. 239
3.7.4.1 Tissue Preparation .........cccormiemmmimsmsrersisms s esesss e 239
3742 Gel ElectrophOresis. ..o oo esessesssmsssesssns 241
BT A3 TranEler.. o it s snid s sranmes sees e srneses s sems pemee s e 241
3744 Blocking.... i e e s 241
JT45  DElECON e rrrrsnesrernsassesssmesrerasassrrssurs reresassres s beresssrers 241
1740 . AnalYRIE i i v i i s snsa s cese s snn s s e 242
375 Enzyme-Linked Immunosorbent ASSay.......comnininnnin 242
3.7.5.1  Indirect ELISA ..o iomciisrmesssmsesesssessesesmsmsesmssssmssnsesos 250
3.7.5.2  Sandwich ELISA .o 244
3753 Competitive ELISA ..o 245
3.7.6  Flow CylOmMEITY ASSAY ..ccocvimeriirmsinimmssmsmsssssnsnsissnsrsrassnsmssssanssssasaves 246
3.7.6.1 Particle Labeling in Flow Cytometry ... 246
3.7.6.2 Flow CyLOMEIer SIFUCIUIE ...c.coccerineeanissneramssesmsssssmasnsains 243

3.7.6.3 List of Measurable Parameters .....ccovvvervevemersienimsseesravenes 249




Contents

Xy
3.8  Nucleic Acid Sequencing.... L TR E T S AR, . .
3.8.1 First-Generation Fragment Sequenmng ........................................... 252
38.1.1  Chain Termination Method (Sanger Method) .................. 252
3.8.1.2 Maxam-Gilbert Sequencing Method...........coiiice. 254
3.8.2  Second-Generation Fragment Sequencing ....................................... 256
3.8.2.1 Polony Sequencing.... rerens 256
3.8.22 Pyrosequencing.... cermrerenen 238
3.8.23 Other Second- Generanon Saquenr:mg Metho-ds .............. 262
3.8.3  Third-Generation Fragment Sequencing.... TSRO . . &
3831 Sequencing by Hybridization...........ooooniiiinninne.. 264
3.8.3.2 Microscopy-Based Te::hniques ......................................... 264
3.8.3.3 RENAP Sequencing.... T
384 Fragmenting and Assembly MLlhmls e 204
3841 Primer Walking [Chmmusnme Wal]ung} ......................... 264
3.8.42 Shotgun SEQUENCING .......ooeevermmnimsmirrnsssnimes e mnssnsmesssssass 265
39  Protein Sequencing and Structural ASSessment. ... 2660
3.9.1 Protein SeqUencing..........coiinmmein i s 266
3.9.1.1 Sequencing through Edman Degradation............c.ceenn 267
3.9.1.2  Protein N-Terminus Identification ..., 267
3.9.2  Protein Strocture ASSESSMENT ..oooveeiniinseinsnssssssessisass 209
RefOreliCes «.ou k. wustsmdnees Soidued e i L B R R e B B 1o 209
SECTION 1I  Lab on Chip Technology

Chapler 4 Planar Techmoloy . ... o cuicieiots s ssensniasaisscs s sinsqesss bass s onans seisss se sasnsns sesssuss sns peassss 279
2 R R 114 o LTt oy A s PO P T 279
4.2 Planar Process Flow of a Lab on Chip . 280
4.2.1  Front-End Process Flow ... 281
4.2.2  Back-End Process Flow ... 289
423  Production Testing TEChNIQUES ..o.oooeeioeieerr e reecsms e smessn e s rees e 292
4231 On-Wafer Testing. ... 292
4232 Back-End Testing.....cuininisssinn 294
4233 Fault Simulafion. ... 294
4234  Design for TestHng. oo 296
424  In-Field Testing ... s 297
4.3 Micro- and Nano-Fabrication Fabs ... 297
431 Clean Rooms .. RO OTORITOG. . |
4.3.1.1 Clean R[mm C]ass1ﬁ-:ﬂt1on ................................................ 298
4.3,1.2  Clean Room Structure and Procedures ..o, 299

432  Fabrication Materials: Silicon, Silica on Silicon and Pure
Silica Wafers.., SRR || - )
43.2.1 Srandard Slhcnn Wafers ................................................... 305
43272 Glass Wafers ... e e 307
4323 Number afChlps unaWﬂfer FUTOTPUPRPROONC. | .
44  Planar Technology Cost Model ... 308
441  Industrial Cost Models ... 310

4.4.1.1 General Expression of the Cost of Produced Goods ........
44.1.2  Different Cost Models ..o

310



xvi

4.5

4.6
4.7

4.8

49

Contents
4.4.2  Industrial Cost Estimation for Microfluidic-Based Labs
on B gt s L i e L i st ns o nnmm s e e 312
44,21 Industrial Cost PATAMELETS ....c.oocvoiminmsmanismsmnsmsisnssrass rmses 312
PhOtOlHOZIAPIY ...ocoveecsiiisisss i sanerinsms sess s ssinsms s st smsas et sama e sases s aba badt smsas 316
4.5.1  Waer Cledning.on sl itanadaniliiitl i mmssasism semsssrsmssassmsio sime ki
4.5.2  Photoresist Deposition.........c.civ e e s 37
4.5.2.1 Photoresist Spin Coating Deposition ... 317
4.5.2.2  Alternative Photoresist Deposition Processes . 319
4.5.2.3  Photoresist TYPEB ... ccsissinisinissssimsmins s smsmsmsmsan s s s s 322
4.5.24 Permanent ResistS ... e eecois 324
4.5.3 Mask AHZNMENL ..t s s 325
4531 Types of Masks for Planar Lithography ..., 325
4.53.2 Three-Dimensional Photolithography Masks.................. 329
454 Photoresist EXPOSUTE ....cccuiciimmimmmiminmmm s s sssasssa esrissrass s 330
4.5.5  Post-ExXposure PrOCESSES . ....cvirriiersiieeeics e ceccs it tscamseminasamaneains 334
4.55.1 Post-Exposure Bake...........cccrimimmimmmmnminmrmns s 334
4.5.5.2  Developient. .o i e ssesrressasssss rorsserasasns 334
O Vi BT = {11 1.4 ARSI NI OEL AR S0 LN NN S 335
4554  Pattern Transfer ... b s e s 390
4.5.5.5 Photoresist SIHPPINE. ... ccoiieimiinmssnia s rsss s ssnsnscanas 336
4.5.6  Photolithography Definition ... doiiiiisinssnicsiananans 336
Electron Bearm LUROZEAPRY «..cocivemiveniis i eveees 399
BUCRIDE. . .. e cooecmeecsas s sisd smsanseie sepn e smsms smussesrvmsmmassrs sressasatas hes bR R s e s b 341
4.7.1 Wet Etching Techniques.......coimiimiimnssme sttt snssssnsnssasanns 342
4,7.1.1 Wet Etching Characteristics ........ccceimimimnmninermissnseneneen: 342
4.7.1.2  Wet Etching EQUIPMENLS ..o 345
4.7.2  Plasma Characteristics and Plasma Generation for Planar
g ST S —— 347
4.7.2.1 Plasma Characteristics and Generation .......c.coeveeiviiaences 347
4.7.22 DC Glow Plasma Generation..........mimmmnemammms 340
4.7.2.3 RF Plasma Generation ..o 351
4,73  Dry Etching Techmiques.. ... ressrcs s 354
4.7.3.1 Sputtering Etching (Ton Milling)........c.coovieinniniiininnn 355
4,7.3.2 Reactive lon Etching: Plasma Etching........cccceiinnn 358
4.7.3.3 Reactive Ton Etching: Physical plus Chemical Etching..... 360
4.7.3.4 Deep Reactive lon Eiching .....ccooovvevmminsirnssierniesesnenns 363
48.1 Chemical Vapor Deposition ... 365
4.8.1.1 CVD Process Types and CVD Reactors ... 365
4812 CVD Deposition of Different Materials ... 369
4,82  Physical Vapor Deposition ... 372
4.82.1 Thermal PVD oo srms st ras resssasasnsns 373
4.8.2.2 Electron-Beam PVD ... i 373
4.8.2.3  Other PVD Technigues. ..cicmmiiminmimnssiranseee 314
4.8.3  Other Physical Deposition Techniques......ommeiimisssnnn 375
4.8.3.1 Physical Plasma Deposition (Sputtering)......_........... 375
4,832  Molecular Beam EpHaxy .....ovveieoicimiminimian, I
Waler BonIng. ... e ceec i rimsnsisivmsanss b rsssassssssssnssmssnsapensmmm muns reveremsuss Faedeat 370
49,1 . PlATATIZAEION . ss01nersssrsissmans sasaseansssuasssass spsmsss nms sesmsasesbrbbs besnsnsnsna nenmsnsn 79
492  Adhesive Wafer Bonding........c.ooceeviriinnn. 381

4921 Adhesive Wafer Bonding Principle .......oocovovviieiieeiinn 381




Contents

Chapter 5

493

494

49.2.2 Bond Quality of Adhesive Water Bonding........ccovivieen
4923 Adhesive Wafer Bonding Process and Reactor

L M Wi 2 5t b e B e ab bt b b e St st g
Direct Wafer Bonding ...
49.3.1 Direct Wafer Bundmg Prmmple .......................................
49.3.2 Thermal Direct Wafer Bonding.... A
49.3.3 Electrically Enhanced Thermal Wafer Ecmdmg

{Anodic Bonding) ...
4.9.3.4 Plasma-Enhanced DlI‘E.".C'L Wafer Enndmg
Wafer Alignment.... o
494.1 Optical Mwmwup}' Ahgnmem Method ...........................
4942 Backside Alignment with Digitalized Image ..................
4943 Smart View Alignment Method ......covierieenininiernnnn,

R e BORE:. ... ki s cumiit i e b bt . sttt s b St

POlYIOEr TeehIOIDEY . ...cove ol e i fane it vaiie st s verasa basmsames e smsnbtsmrs s basa bsms b sias il

3.1
3.2

5.3

5.4

5.5

5.6

5.7

IO EIOMY ... oo bl it csims s diianarios o i s i o S S e i et s

Soft Lithography....

5.2.1

3.2.2
323

Deposition Technigues ...

331

5.3.2
3.3.3
534

Micro- Etmldﬂl F‘rmh ng iy
52.1.1 Self-Assembled Monolayer Inks fﬂl‘ Mlcm Cunta::t
Printing ...
5.2.1.2 Micro- Cunlm.t Prmlmg Prnpr:rlms
Micro-Transfer Molding.... i
Micro-Molding in L.mﬂlanes and Mlcm Repltca \-‘Ioldmg
Polymer Film Depnsﬂmn [hruugh Spra}r Coauug ............................
5.3.1.1 Plasma Spray Coating... 2tk
53.1.2 Polymers for Spray Dn.ptmlmn
Polymer Knife Coating. ... sssiesis
Plasma-Enhanced Polymerization. ...
Langmuir=Blodgett Deposition_...... ..o vereeemeesescsensesssesnssessinsesns

Patterning TEChNIGIES .- ;. uassem i iai s e biiioss ke biaididnses snssfiatdn inmn simmins

j.4.1
542

Micro-Molding ...

3.5.1
552

Inlciert POATILIIE Jcioraru recn unsmosinnmnsiamen st nmsuinammus sumssnansennsss soms sramssseses sinm bub
Micro-Sterec-Lithography ...
Thin Wﬂll Injecuuu Mo].dmg ............................................................
Hot Embossing ...

Lithographie, Galvanik und Ahfurmung .......................................................

.61

5.6.2

563

Laser Ablation ..

3.7.1
3.7.2

Deep X-Ray Lithography for LIGA ...
5.6.1.1  Fabrication of an Intermediate Mask...............ccoo
5.6.1.2  Fabrication of a Working Mask ._.

5.6.1.3 Deep X-Ray Lithography....

5.6.1.4 Ele-ctmformmg of Metal Mu]d Hﬂt Embowng
X-Ray Lithography... T L
5621 X-Ray Source ....................................................................
3.6.22 XK-Ray Resists.....cimeniciinmcsiniissssssnsenms s en s
ELSCIIOPIANIE ovuvoersvrrs et rosmimsmiosssmmrsassssisisssresbrsesrisses sasmsmsasss sass vass sasser

Laser Ablannn Basms and Mechamsm
Parameters of Laser Ablahon

s
xXviu

382

R4

.. 386

386

S

.. 390
) |
w382

393

394
.394

394

40
401

.03

v OB
410

411

L. 411

413
413
414
418
421
422
423

427

429

430

432
434
434

e 436
A
vormreenes 437

w437

439
441
443

- =
44

446



xviii Contents
5.7.2.1 Substrate Absorption and Reflection of the Laser

R L (=1L 1 | 446

5722 Laser Spot SI76 ..ol sss s snsnsssessrsssarisnssenamasasa s 448

5723 Depth of FOCUS. .o e s st nis s s smsn s nin s s 450

5.7.2.4 Laser Pulse Repetition Rate and Pulse Length ................ 450

57.3 Laser Ablation Alternative Processes ..o immmiesinssisesissiees 452

Referemices il b bt iyl Sl brdile vo i cararisesnt s s s 453

Chapter 6 Back-End TechnolOZies ... s s 457

BT TIIRTCHIMICHIONN oo usvsnorars nsss siessams rnsssss seee smcscussass sss s ss nhanses mues sams simas o in s pis susad babbbd 18 457

6.2  Back-End Requirements and Process Flow ... 458

6.3 Hybrid INEETAION ....covvcvevc e ses i ess s s e e ass vess s s sevasmsas s var 462

£.3.1  Chip-on-Chip Integration........mmmmss e 462

6.3.2  Multi-Chip Packaging ..ot 467

6.3.2.1  Muli-Chip Packaging for Electronic Integration............. 468

6.3.2.2  Flip-Chip Electronic Connection between Chips............ 469

6.4  Bonding Technigues in Micro-Fabrication............cooovimnn, 470

0.1 GIUIE c.ocovvemcerienmenms s rmr s ssme e s e sseteo e e ime bt it et ea s 470

6.4.2  Laser WElding ... snassi s s s snsens s s 473

G433 SOMErINE (oo e e s 479

6.4.4  Butectic BONINE ... 481

0.5  Back-End Processes. ..o 482

6.5.1  Wafer Dicing and Die Attach.......cocovniimniini e e 482

6.5.2  Electronic Interface Fabrication ... 485

6.5.2.1  Wire Bonding ... e 485

6.5.3  Microfluidic Interface Fabrication ... 48E

6.53.1 Microfluidic Vertical Inlet.......ocoooviiiiiiiinn, 490

6.5.3.2  Microfluidic Horizontal Inlet/Outlet ....c.coocovvviviensrvnenns 404

6.53.3 Chip Charging with Reactants................coocomiecciiinin 495

6.54  Optical Interface Fabrication ..., 496

6.5.4.1 Chip Multi-Mode Fiber Interface .........cocciivinninnnn 497

6.54.2  5i-510, Chip: Single-Mode Fiber Interface........coovveern 500

6.54.3 Optical Interfaces without Fiber Optics ... 303

0.0 Temperatiure COMrOl ..o iossses et st 506

6.6.1 Heaters and THErmistors .....o.vovincenicssisiessrsns s smssressnessenserassnces SUQ

6.6.2 Temperature Stabilization by Peltier Elements ..., 508

6.6.3  Heating Micro-Systems. ... a1l

L L 514

SECTION IIl  Lab on Chip Design

Chapter 7 Fluid Dynamics in Microfluidic Circuits ..o 521

7.1 . InodUCHION. .. .o i B s L e avamae e emmames e s e 321

7.2 Kinematic of Fluid MOtON ..o s sn s s 322

7.2.1  The Continuous Fluid Model ... 522

7.2.2  Fluid Motion Description ...t s sms s 523

7.2.3  Continuity EQUALION ....ccovivmiirmsrmmmrmsbinssmsssisssrmsssmsrsssresssss s sssssasssnsss 529




Contents

xix
7.3 Fluid Dynamics ... Ve el adatinnind.., Boeia 530
7.3.1 The Momemum E.vulutmn Equatmn ................................................ 330
7.3.1.1 Change of Momentum Due to Fluid Motion ... 531
7.3.1.2  Stress Tensor in the Fluid, Pressure, and Viscosity.......... 532
7.3.1.3  Change of Momentum Due to Pressure and Viscous
Forces... yis st i DO
7.3.14 Change uf Monmnmm Due tu Bndg,r Fm‘cts ..................... 536
7.3.1.5  The General Equation of Motion and Newtonian Fluids..... 536
7.3.2  The Energy Evolution EQUation ... i 539
7.3.3  Newtonian Liquids Flow in Lab-on-Chip Ducts: Simplified Model ... 543
7.33.1 State Equation: Incompressibility Hypothesis.........ooe 543
7.3.3.2 Low Reynolds Number and Temperature Fluctuations.... 544
7.3.3.3  No-Slip Boundary Condition... - SO I
7.34  The Liguid Flow in a Microfluidic Duct: Pmscutlle Flow ............... 545
7.3.4.1 Energy Aspects of the Poiseuille Flow........occoceieeniiinnnan 550
7.34.2 Hydrodynamic Circuit Theory ... crennis 330
7.3.4.3 Poiseuille Flow in Ducts with a S:mple Geometr}f .......... 552
7.3.4.4 Transition Region at the Duct Input/Output ... . ¥
7.3.45 Temporal Transient at the Start/End of a P:mcmlle Flnw 560
7.3.5 Interfaces Phenomena and Droplets.......oooveoim i, 36l
7.3.5.1 Pressure on a Curved Interface ceveresnsnases 0
7.3.5.2 Contact Angle and Wetting Capacity of a l..lqmd <367
7.3.53  Capillary Effect ..o 571
7.3.54  Droplet GEneration ... 574
7.3.6 Non-Newtonian FInids ... 578
7.3.6.1 Time-Independent Non-Newtonian Fluids..........ccooconeo 580
7.3.6.2 Time-Dependent Non-Newtonian Fluids .........cccveeennee. 582
7.3.6.3  Visco-Elastic Non-Newtonian Fluids ..o 583
7.4 Solutions Dynamics: DifFUSION s, 584
7.4.1 Diffusion Models.......c.c.ceeeenrmiscissmmmsimmsmmm s e s s S04
7.4.2  The Diffusion Coefficient. ... 587
7.43  Diffusion Equation Basic Solutions: Free Ditfusion. ..., 591
7.43.1 Green Function and Free Diffusion from an Initial
DAL TTDUEION . v vosnorcrsnsinns sosommsnanaca s simslunsnns seus smmsrasksias soas bisaia 592
7.4.3.2  Source and Flux-Driven Free Diffusion ... 593
7.44  Diffusion Equation Basic Solutions: Diffusion in Limited
Volumes... bttt it e i T T
745 The Chemlcal—Danumnn Model Examples .................................... 00
7.4.6  Diffusion-Convection Model: Examples ..., 604
7.5  Electro-Hydrodynamics .......o.oeeeeereiconmmmsimisssssmssssmsisssssssssissssesesss OUB
7.5.1  Tons Electrophoresis ... 010
7.5.2  Stern and Debye LAYEIS...ccoiiiiiisie it 611
7.5.3  Protein and Nucleic Acids Electrophoresis ..o .. 6l6
7.5.4  Electroosmosis ... RN .1 f
7.5.5 Electrophoresis of Neutnl Parllcle:. {Dlelex,tmphurtms] ................. 620
7.5.6  ElECITOWETING ...ovvvvevernseessrseerecmceresnsssssssssssssssssssssssssssasssssssassessecs D24
1.6 Magnﬁ[o-Hydrodynamics,...,.,.,........................................,..,,,.......................626
7.6.1  Magnetostatic BARICS .....ccoiinimcsnn s ssssniessssasssssesssesnssesases 020
762 Magnetophoresis oo esersrcsee e 629
7.63  Bead Concentration Evolulion......c.c.ccmieismsmrsssererseesnceeenns 031
e OO U OO OO UOUUDOOBTRNY . X, £



XX Contents
Chapter 8 Microfluidic Building Blocks. ... s 637
Bl INECOAUCIION 1o ceeereceeecce e vnsmnsmsrsmsrasa resabrsmsssmass s bassbns st raberasssms st s nssannsasmans vama vamas 637
8.2  Fluid Flow Control: MICTOVAIVES ....coccevvceveieinssenssmsssrmsssmsssessssssnssnsss s resas 637
8.2.1  Control MiCTOVAIVES ...ccoreiereiereienerersssrmressssssnrssresmssessemre ereesns s cooes 637
B.2.2  Active MIicToOVaIVES. ... et b s e s 641
8.2.2.1 Electrostatic and Electromagnetic Microvalves ..., 642
#2.2.2 Pneumatic and Thermopneumatic Microvalves............. 646
£.2.2.3 Thermomechanical Microvalves ..., 630
8.2.2.4  Shape Memory Alloy Microvalves..osn, 653
8.2.2.5 Piezoelectric Mictovalves.....coevvrerersrrsrsrers rescsserasernensse 656
8.2.2.6 Electrochemical and Chemical Microvalves................. 638
8.2.3  Microvalve Design Consideralions .. ... 664
8.2.3.1 Valve Equivalent Spring and Bistable Valves
(Latching VAIVES) ..o 664
B3k MAITE BEAL e crrrcmns prrnsia iras megsheses sps semssinssos sems sechmebes cosnin 667
8.2.33 Fluid Flux through the Valve.......ccviiiiiiieinicece 667
8.2.4  Microvalve Performance COmparisom ..., 669
8.3 Fluid Flow Generation: MicTOPUITIPS ..o s e 673
831 Mechanical MiCTOPUMPS. .....cccooiiiiiiiiainns i mmssnsns e 675
832 Capillary Micropumps ..o s st iasains 679
8.32.1 Passive Capillary Micropumps ..., 630
8.3.2.2  Transpiration MICrOPUMPS ..o [ih]
8.3.3  Electromagnetic MICTOPUMPS ..coovvvieimsmmnimeis s 687
8.3.3.1 Electrostatic MiCTOPUINIPS. .. .ooiomiieioninicmsesmssss s 688
8.34 Comparison among Different Micropump Architectures................ 693
8.4  Sample Preparation: MiCromiXers. ..o e resssismmsisssissssssresserisrmsssoes G96
B.4.1  Lamination MiXEIS ... iecerseereeereasssssssssssmtasssssssssssssmsesmssanssasssnsses 697
8.4.1.1 Basic Lamination Mixer SIruciures. ........oovvcniinninnns 697
8.4.1.2 Parallel, Sequential and Other Lamination Mixer
T Ly e 700
8.4.1.3 Lamination Mixing by Stream Focusing.........cccovivinnns T06
. 8.4.2 Chaotic Advection MICIOMIXErS ..o 712
i 8.4.2.1 Chaotic Advection Micromixers in a High Reynolds
Number BRegime. ... s T13
8422 Chaotic Advection Micromixers in an Intermediate
Reynolds Number Regime... S )
8.42.3 Chaotic Advection Mmmm:xers ina La:rw Re:, nolds
Number Regime......oomimiisn e ss s 715
843 Active MICTOMEXEIS. cooieiieirsees s ressssssssssss e rasssns st sasssssasns 716
844 Comparison among Different Micromixer Architectures............... 17
8.5 Sample Purification: FIIErs ..., 718
8351 Hydrodynamic FIllers........conininiimsssns s e 7120
85.1.1 Pure Hydrodynamic Filters ... 123
85.1.2  Pinched Flow Fractionation Filters........ccccoivininncinnn 724
8513 Diffusion-Based Filters.......ccoccciinmincmininrsvnrsninesioesnns 728
8.5.1.4 On-Chip Chromatography ........c.ccoocommiiiniiiiin 73
8.5.2  Electrophoresis FIMETS ... s 731
B.5.2.1 Free-Flow Electrophoresis. ..o 736
8.5.2.2 Capillary Electrophoresis ..o 738

B.5.3  Membrane FIILETS ..o v e rieresesreieresesesesmsnssasasmsmses enssmsesssssssnsmesass 741




Contents

Chapter 9

Chapter 10

8.6

8.7

8B

Relerences ..

8531 Size-Exclusion Membrane Filters. ...
8.5.3.2 Microdialysis Filters.........cccovievnrinnene iy s e
Microdroplets in Microfluidic Circuits..,
8.6.1 Droplet Stability and Breakmg Dmn'n
8.6.2 Microdroplet Break ... R
8621 T Junction ..........
8.6.22 Droplets Break- Up b}r Stream Fc»cusmg ...........................
8623 A Junction... M i
Droplet Generation ... £,
8.7.1 T Junction Dmplﬂt Genemtor s e e
B.7.2  Stream Focus Droplet f‘mneramr ......................................................
Micropumps for Droplet FIoW.. ...
8.8.1  Thermocapillary Micropumpa
B2 Elcctrﬂwemng M]r;mpump'-.

Surface FunCtonmaliZation ..o i iieiissas e esssms nvanssera resssses sasesssssmssesasnsssasnsnasanasas

9.1
0.2

93

9.4

9.5

9.6
9.7

Introduction ... A
Surface hctwamm for Lahq on Chlp :
921 Noncovalent Chemical ‘iuﬂm Auwation
9,22  Covalent Chemical Surface ACHVATION ..ovvvversivsescesiiersissssmmsnsnnens
9221 Covalent Activation by Zero-Length Crosslinkers...........
9222 Bifunctional Crosshnker........c.cooiemnerenimsmsnsnssessiesaseans
Activation of Different SUbSLIAES ...ccocovvvrmiinmes i e s
0.3.1 Glass Surface ACHVALION .....oo i rirsesors s et it
9,32  Polymer Surface Activation. ..
09.3.3  Metal Layer Activation_..
934 Nanoparticle Activation and Funcnunahzanr:m ...............................
Surface Activation Using Carbon Nanotubes_ ...
9.4.1 Carbon Nanotube Nature and Growth ..o,
0.4.2 Carbon Nanotube Functionalization ...
Antibody and Aptamer Surface Functionalization ...
9.5.1 Antibody Monolayers on Activated Surfaces.........cocvvviiniininnn
9.5.2  Aptamer Monolayers on Functionalized Surfaces oo
Stability of Functionalized Surfaces for Labs on Chip ..o
On-Chip Cells Immobilization.., )
9.7.1 Immobilization through Adhrsmn Mnlaculee ..................................
9.7.1.1 Adhesion Molecule Families ... -
9.7.1.2 Adhesion Molecule-Based Cell Immnbﬂ]zauunr-.
0.7.2  Immobilization in Gel ... et
9.7.2.1 Gel Entrapment by Tonic Network Formation ...
9.7.2.2 Gel Entrapment by Precipitation ......ovmeenieisssnssi
0.7.2.3  Gel Entrapment by Polymerization.............cccoociiiiiiii,
9.7.3  Immobilization in Artificial SIPUCIUTES ...

£ T e o T A g ot SO o AP =R A A T I I R i EEMPRECIY L PRt Lo

BN 0 Dt i OL 01 s ibicis s os saainsiins b ducuiusina s amasbiens.se 5Hee 50 nanint mss nmmmsmu smies sd i b

10,1 INTrodUCTION o oo citiasiunirarnsnsansrassme s rnssrmssare reses et mans banssnm e e s e s marmnnsarm e
10,2 Detection System Parameters. ...

xxi

741
743

e 730
reerees T30
O i

e 154

756

srenrer SO0
)
... 761

Ta5
768
769

. 715
77

785

.
... 786

787
788
TRE
789
791
791

s 193
.. 797

ROO

802

B804

807
808

. 810
.. 312

813

.. B13

815
817
Bl8
B18
818
Blo
820

B25

825
826



xxii Contents
10.3 Impedance DEtectiOn. ... ..o mmsminissns e sssssssmssesssssssmsssessssssarsrmsssrassrssasesnenss B2R
110.3.1 Non-Faradaic Impedance Detection ..o 831
10.3.1.1 Impedance of an Electrolytic Cell ..., 832
10.3.1.2 Non-Faradaic Impedance Affinity Detection.........c.coee.. 835
10.3.2 Faradaic Impedance Detection. ........cccocmmmimisimsmsrsissss s aeness 838
10.3.2.1 Reaction Rate Influence on Faradaic Impedance
7T T T At L W . S 839
10.3.2.2 Mass Transport Influence on Faradaic Impedance
Detection .. ... et bna il i 842
10.3.2.3 Faradaic Impedance Detection in Lab on Chip..........c.c... 844
10.3.3 Impedance-Based Cell Detection and Cell Activity Analysis ......... 846
10.3.4 Impedance Measurement Techniques .........cocorv v 851
10,4 Voltammetry DetertiOn . ....ocimiiieiienimsmt it sssme s sms s s sass s asssms s sasanas 854
10.4.1 Step Voltammetry or Chronoamperomerry s, 856
10.4.2  Variable Potential Voltammetry .....covvvsvsrmimssrsimr s s 260
10.4.2.1 Variable Potential Yoltammetry Theory ..., 860
10.4.2.2 Lincar VOAMMELTY ..o oo iessnsnsssssss s sssssms s sasssnsmensess 867
10.4.2.3 Cyclic Voltammetry ..o 869
10.4.3  Electrodes for Voltammetry Detection ... . 873
10.4.3.1 Carbon Electrodes for Lab on Chip...c i 873
10.4.3.2 Noble Metal Electrodes for Lab on Chip........cccooce B7S
10.5 Amperometry DEteCtion. .....cocmiesmrmrmrsimmismrmrmssisresssssreresssessasssssnsmssessnasass 876
10.5.1  Amperometry Enzymatic Detection ... B76
10.5.1.1 Amperometry Enzymatic Detector Analysis ......c.ococvevene 877
10.5.1.2 Mediator Selection.........ccoirmeimreisiiesinioiciiiianimssinsnins 882
10.5.2 Amperometry Detection with Integrated Capillary
Blectrophomesi .. s L e i i camm s e mrme 885
10.5.3  Alternate On-Chip Amperometry Methods.......ocorviieiiciiienn HER
10.5.3.1 Pulsed AMPETOMELIY ....ooorirrimimiasmassnns s sssmsssmsns s e s BEO
10.5.3.2 Amperometry Detection Using Electrode Arrays............ RO
10,6 Mechanical Detection Based on Microcantilevers........oooovoioinciineicinace, 801
10.6.1 Static Cantilever-Based Detection.......... i e s 892
10.6.2 Dynamic Cantilever-Based Detection...........ccvnnimiiminmsnn 594
1(0.6.3  Piezo-Resistive Cantilever Displacement Measure.........cocovvivvmrevens 897
10.7 Calorimetric DRLEotION........ ot irirseres csirrmrasss st bass s etssrans bass osasassans basnsmsass 899
10.7.1 Enzymatic Dynamic Calorimeter Detection ..., 900
10.7.2 - On-Chip Calorimeters ... c.co o vemisverssrmsmssssssrassssses e rass resssssesssssnass 901
10.7.2.1 Thermopile-Based Microcalorimelers ..., 901
10.7.2.2 Calorimeter Implementation ... a4
[ s L AR o A L A Ry I S 907
Chapter 11 Optical DEBCTION .....ccv e cen e s s ss s sbs st sass s s msn s n e mm e 917
111 TOtrOUCTROU 1o v iresearsiones rarrsnsoses vysasiannes dons snes beamasasnce seemsumesns abes soes umesssanes bt sasss o917
11.2  Elements of OPHCs. ... s imes s cssssms s s st rass rersssresmsssssasssasns 918
11.2.1 Light Description by Waves and Photons............nnn, 919
11.2.2 Classical Description of Interaction of Light with Matter.............. 926
11.2.2.1 Light Propagation in a Nonconducting Material ............. 926
11.2.2.2 Light Propagation in an Electrolyte Solution ................... 931

[1.2.3 Quantum Description of Interaction of Light with Matter............... 933




Contents

11.3

11.4

11.5

e
xxm

11.2.4 Light Detection... i SSUSRRIURRRRTON. - || |
11.24.1 Structurc of an Dpncal Detacmr ...................................... 940
11.2.4.2 Optical Detector Performances .....cccceresnereono 944

11.2.5 Integrated Optical Circuits... iy ORI . .
11.2.5.1 Optical Prnrpaganon in lntegratr:d Dmlecmc

Waveguides ... bt i, 940
11.2.5.2 Optical Dl&]ﬂﬂtﬂt Wavegmde At[enuutmn frisiinsies B
11.2.5.3 Integrated Clptmq Compunents SOOI & .

Lab-on-Chip Spectroscopy.... s sareniat a5 D08

11.3.1 Absorption Spectruscup}r i b istviisn i habnriassas FO
11.3.1.1 Absorption Spectmscop}r Theory v 908
11.3.1.2 Ahmrpuuu Spectroscopy [mp]emcntauun in Lah

11.3.2 Fluorescence Spectmscupy .............................................................. 976
11.3.2.1 Fluorescence Spectroscopy Theory ... 977
11.3.2.2 Fluorescence Spect‘mmlpy Implementation in Lab

on Chip.... R PSRN Mt SRR SEM .

Surface Plasmon Remndm.L

11.4.1 Plasmons: Definition and Pmpemm o foni e asmseehea et
11.4.1.1 Bulk PIASIIONS ....oounsieiasimniisminismnssisnimsisssars esssossssssases 988
11.4.1.2 Surface Plasmons... duvd b i s s s et e R
11.4.1.3 Surface Plasmon E.P‘.thdll{}ll .............................................. 993

11.4.2 Surface Plasmon Immunoassay Detection ... 997

11.4.3 Localized Plasmon Resonance Detection ..., 1001
11.43.1 Localized Plasmons and Scattering from Nanoparticles ... 1001
11.4.3.2 Detection thruugh Localized Plasma Resonance

Measurement... USROS [ 110 &

Lab-on- Chjp Interferometry... SR SR PR TR S TR S AR SPM Rt L1 1.

References .......oovev. XTI ST, R L TEART F AN Pe P PSSP RURPTSINN PEOPCTR | | |

Chapter 12 Building Blocks fOr GEReTics ......o.oovrcoicinissiisssinicsssmssssmssmsssssssssssssssssscsssenss 1021

12.1
12.2

123

Introduction .. i R WO LR AP N IR R0 TR | | 7.1
On-Chip DNA Pur1ﬁcat1un s s e e DD
1221 Cell LyBIS ..eueneninemiosisssararasnimsniminsssiavssnsnsmssrasasassasasasssasssnsnsns soassmsasas 1022
12.2.1.1 Mechanical LySis ....c..rreenimsmimsmsssminiismmmmsisr s smsasaies 1023
12.2.1.2 Thermal Iyswl[ﬂi
12.2.1.3 Chemical Lysis ... d SRR e e it 235 1025
12.2.1.4 Electrical Lysis ... wesieiivsvinnern LOBT
12.2.1.5 Comparison of Dn-Chlp L}'sm Techmques verennes 1029
12.2.2 Mucleic Acid Extraction .. i R L1 & 4
12.2.2.1 Silica-Based Su:face A.fhmty Extractlcm ....................... 1030
12.2.2.2 Electrostatic Interaction-Based Extraction..................... 1031
12.2.2.3 Nanoporous Membrane Filtration-Based Extraclmn ...... 1032
12.2.2.4 Functionalized Microparticle-Based Extraction ............ 1032
12.2.2.5 Comparison among On-Chip DNA Extraction Meih-:)ds 1033

12.2.2.6 RMNA EXIACHON oo isss e e sesssnas 1033
On-Chip PCR Amplification..... S it e Bt i waan vamsnnne: LT
12.3.1 Stationary PCR Ampljﬁcatmn . cerenmerermrnnnrernnnene 1034

12.3.1.1 On-Chip FCR Tcmperature Contml rereresmrasssnniens 1033



xxiv Contents

12.3.1.2 Bubble Formation and Evaporation Prevention.............. 1037

12.3.1.3 PCR Chamber Fabrication Material.........ooirierineniciains 1038

12.3.2 Continuous-Flow and Droplet-Based PCR Amplification ............. 10358
12.3.2.1 Continuous-Flow PCR Amplification.......ccccinnininneas 1039

12.3.2.2 On-Chip Droplet-Based PCR ..o 1041

12.4  On-Chip Mucleic ACid ASSAYS ..o i s 1041
12.4.1 Complete Sequencing INEELALHON ..o 1042

12.4.2 Lab-on-Chip Integrating Sequencing Subsyslems. ... 1045
RELEIEICES ...voeemei st iinsnas s sssnssmes s rars bededsohabo b be bR b bbb sR s e et s S b SRS v 1046

Appendix 1: Convention for Organic Formulas and Molecules Stereographic

RePresenAION. ... ..c.oiiiiiiiiimrnineer ettt s ran e v ey 1051
Appendix 2: Building Blocks of Proteins............cooooii s 1063
Appendix 3: Conventions for Mathematical Notations ... 1071
Appendix 4: Time-Scale Separation Method ... 1079
Appendix 5: Elements of Bio-Electrochemistry. ... 1083
Appendix 6: Detection Requirements of Selected Clinical Blood Tests ..o 1093




