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Preface

The first decade of the 21 st century has been labeled “‘the sensing decade.” Biosensing,
based on nanomaterials, is one of the hottest topics in nanotechnology and nanosci-
ence. The unique properties of nanomaterials offer excellent platforms as electronic
and optical signal transduction to design a new generation of biosensing devices.
Thus, nanobiosensing opens up the novel concepts for basic research and new tools
for ultrasensitive biosensing in clinical, environmental, and industrial applications.

With the achievements of nanotechnology and nanoscience, a wide variety of
nanoscale materials with different sizes (1-100 nm), shapes, and compositions
have been introduced to biosensing. The small sizes of nanoparticles break through
the limitation of structure miniaturization, leading to lower detection limits, even
reaching zeptomolar concentrations. Furthermore, the biofunctional nanoparticles
can produce a synergic effect among catalytic activity, conductivity, and biocom-
patibility to accelerate the signal transduction. Most importantly, nanoscale materials
are in direct contact with the environment, which permits them to act as chemical
and biological sensors in the single molecular detection of biomolecules. As of this
writing, nanobiosensing is routinely being applied in biological systems. Future
efforts on nanomaterial-based biosensing will involve in vivo detection with less
cytotoxicity, high sensitivity, and long-term stability for early screening of disease
biomarkers and reliable point-of-care diagnostics.

This book introduces novel principles and detection strategies in the area of bio-
sensing based on nanomaterials. Each chapter provides a theoretical overview of a
different topic and the interesting bioanalytical application of nanobiosensing
devices. The most exciting and unique aspect of the book is that the utilization of
nanomaterials not only enhances the biosensing capabilities, but also brings out
newer approaches such as biomimetic, reagent-less biosensing, and single molecular
detection.

The material is presented in 18 chapters, covering the most successful nanoma-
terials used so far in biosensing. The first four chapters of the book, contributed by
Huangxian Ju (Chap. 1), Songqgin Liu and Huangxian Ju (Chap. 2), Zhihui Dai and
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Huangxian Ju (Chap. 3), and Jianping Lei and Huangxian Ju (Chap. 4), describe the
biofunctionalization of nanomaterials, signal amplification strategies for nanobio-
sensing, and nanostructured mimicking enzymes. The next six chapters focus on
ultrasensitive platforms using various nanomaterials, such as carbon nanofiber,
nanoporous silica, carbon nanotubes, quantum dots, molecularly imprinted nanopar-
ticles, and sol-gel nanoparticles; they are contributed by Xueji Zhang and Lei Su
(Chap. 5), Shuo Wu and Huangxian Ju (Chap. 6), Jianping Lei and Huangxian Ju
(Chap. 7), Guizheng Zou and Huangxian Ju (Chap. 8), Ruizhuo Ouyang and
Huangxian Ju (Chap. 9), and Jiuhong Yu and Huangxian Ju (Chap. 10). The last eight
chapters illustrate the successful applications of nanobiosensing in environmental
screening and clinical diagnosis and have been contributed by Xueji Zhang and
Chunyan Wang (Chap. 11), Sichun Zhang and Huangxian Ju (Chap. 12), Dan Du and
Huangxian Ju (Chap. 13), Zong Dai, Joseph Wang, and Huangxian Ju (Chap. 14),
Zhifeng Fuand Huangxian Ju (Chap. 15), Yongkang Ye, Joseph Wang, and Huangxian
Ju (Chap. 16), Lin Ding and Huangxian Ju (Chap. 17), and Jie Wu, Joseph Wang, and
Huangxian Ju (Chap. 18). We are very grateful to all the authors who contributed
their high-quality work. We also thank Jie Wu for her help in editing the whole book.

This book involves a broad audience, such as those involved in the research,
teaching, learning, and practice of biosensing, based on various nanomaterials, in
biomedical, military, industrial, and clinical applications. We are fortunate to have
had the opportunity to undertake this enormous project. We warmly acknowledge
the gracious support of our families. Finally, we also thank Springer’s editors for
doing a remarkable job to publish this book.

Nanjing, PR. China Huangxian Ju
Sarasota, FL. Xueji Zhang
San Diego, CA Joseph Wang



Contents

1 Biofunctionalization of Nanomaterials .................cccccooeveiiiiiennnnn. 1
L1 INErodUCHON ..o 1
1.2 Biofunctionalization Method of NanomaterialS...............c.ccocovne... 2

1.2.1 Biofunctionalization by Noncovalent Assembly.................. 2
1.2.2  Covalent Route for the Biofunctionalization
of Nanomaterials .........ccccoviviiiiniiincicie e 3
1.3 Biofunctional Nanomaterials ...........ccccoccevmvueerieiiiicieieceiccen 10
1.3.1 Carbon-Based NanomaterialS..........ccooveveverrreieceeieseeneninns 10
1.3.2  Metal Nanoparticles ...........cooceeieveeieriesieseiiieeeiiee e 12
1.3.3  Semiconductor Nanoparticles ............ccocoeveeiceeeceieeeeeeeeas 14
1.3.4 Magnetic NanopartiCles .........coueverrerrierienresuiienieniesecnsnennes 15
1.3.5 Other Biofunctional Nanomaterials ...............cccoocoevieieinnnn. 17
1.4 Characterization of Biofunctional Nanomaterials...................cc....... 19
1.5 Applications of Biofunctional Nanomaterials.............c...ccooveereene..e. 21
1.5.1  Optical SENSING ....cccovuivieiuiiiiieiiee ettt 21
1.5.2  Electrochemical SEnsing .......c...cccoeemeiininenine e 27
1.6 CONCIUSIONS ...ttt 32
REF@IENCES ...ttt 32

2 Signal Amplification for Nanobiosensing.............................ccccoeooennn. 39
2.1 INrodUCTION c..oeiiiicceice et en 39
2.2 Nanoparticle-Amplified Optical ASSQY .......ccoevveveveieerieiiecreieeenee 40

2.2.1 Colloidal Gold Nanoparticle-Based Amplification.............. 40
2.2.2  Semiconductor Nanoparticle-Based Amplification.............. 48
2.2.3 Nanoparticle-Amplified Chemiluminescence
and Electrogenerated Chemiluminescence Assay................ 49
2.3 Nanoparticle-Amplified Electrochemical Detection........................ 54
2.3.1 Enhanced Conductivity with Nanoparticles......................... 54
2.3.2 Detection of Nanoparticle Label with
Stripping Voltammetry .........cccooveevivievieiirnienie e 57
2.3.3 Nanoparticle-Enhanced Impedance Signal ............cococuen.. 58
2.3.4 Nanoparticle-Enhanced Voltammetric Signal....................... 62

vii



viii

Contents
2.4 Nanoparticles as Carrier for Signal Amplification.................cco...... 65
2.4.1 Gold Nanoparticles as Tracer..........ccccceevveriiiiciiciseniiecienns 65
2.4.2 Carbon Nanotubes as Carrier ..........ccceevveveeivicuineciie e 73
2.4.3 Silica Nanoparticles as Carrier..........ccoceeveiieneieieecinenene. 75
2.4.4 Other Materials as Carrier........c..ooeeeeeeereceeiienieseecie e 77
2.5 CONCIUSIONS ...ttt et 79
RETETBACES usssssnsiosuisssssmnsiossmnbsisi dosssssnesssssisss so e 5y S mnss s Smauss SHRSSU ST AR SR FTR Y 79
Nanostructured Mimic Enzymes for Biocatalysis

ANd BIOSENSING .........ooiiiiiiiiiiiieie e 85
3.1 INrOAUCHION ...t 85
3.1.1 Need for Nanostructured Mimic Enzymes........c..cccocceeeneee. 85
3.1.2 Developments in Nanostructured Mimic Enzymes.............. 86
3.2 Nanostructure Used in Artificial Mimic Enzymes.............c..cccc..... 87
320 BBSCN), oomvcscnmvvmsmmssrosnmpsmnsosmsssrssisssessnssaonsoraisisvasses 87
1510 T T S R HOp S ————— 89
B2L3  BES...ccrmcrcnrsnsonsnsesnnssssnssnmnsssanssibasnsinsonsarsans i ionasib s arisisniis 93
3.2.4  POLYSEYT@NE ..couiiiiieeiiieiie et 95
3.2.5 Breslow s MITICE: s isissismasssesssmsnsss sssussssonsispsssuss susssasses 96
3.3 Mimic Enzymes for Sensors ...........ccoeveieriiininciiiincccicc 98
331 H,O, SENSOTS ..o 98
3.3.2  Glutamate SeNSOTLS. ....ccuiuiueiieieieieiieeeeiee et 98
3.3.3  GlUCOSE SENSOTS .veviiiiiiiieiiiitieieiee et re e e ere e 99
3.3.4 Nonelectroactive Cation Sensors ..........ccccevereeeeiouinineeenenn 100

3.3.5 Easily Oxidizable Compounds and Other
Nontraditional SeNSOrS ........ccviviiiiiiieiiieer e 100
3.3.6 Transition Metal Hexacyanoferrate Sensors ...........cccc.c..... 101
Bl CONCINSIONS i5as5s sesvisassamavivsiiassais vinwssses sosvuessessnsss s saiussssavvevsspinassss 102
REFEIENCES .. v 102
Porphyrin-Based Nanocomposites for Biosensing ................c..c.c........ 111
4.1  IntroduCtion ssessssmsrsvessssmsmsess sssmaymaissmmssssasys s s isessimam wuniss 111
4.1.1 Porphyrin: A Mimic of Enzymes ........ccccccocoiiiiiiiinninnn. 111
4.1.2 Significance of the Porphyrinic Nanocomposite.................. 112
4.2 Assembly of Porphyrins on Carbon-Based Nanomaterials.............. 112
4.2.1 Carbon NanOtUDEs. .. ssumsssmssossessisimmisisssssssmamsimpsmsas 113
4.2.2 Optical and Electrochemical Biosensing ............c.cccccceenne 117
423 Carbon NanohOInS .......ccooccireeeiniiienienciciice e 119
4.2.4  Graphene ShEetsS.......cccoiuieiiivieiiieriiiie e 120
4.3 Assembly of Porphyrins on Semiconductor Nanoparticles ............. 122
4.3.1 TiO,~Porphyrin NanoCOmMPOSIte ............cocueurrurmririarnrinricnnn. 122
4.3.2  Quantum DOtS ...c.oeeiiiiieiieeee e 129
4.3.3 Fe, O, Nanoparticles ..o ovsssmansmmommassmsnumsmsmymiss 131
4.4 Assembly of Porphyrins on Metal Nanoparticles ..........cccccccceeueens 131
4.4.1  Au Nanoparticles......ccoooueeeiviiiciiiiieieerecicieeece e 131
442 Ag Nanoparticles........cooovvviiiriiiiiiiciiiie e 134

4.4.3 PtINaNOPATICIES cuuommmssimsmsssssamimmssmsissmsmssssssspsmsinos 135



Contents X

4.5 Other Nanomaterials .........coceiiriiriiieiiineie e 137
4.5.1 Polymer Nanoparticles...........c.cocooeurierciniineneienenieeeieen, 137
4.5.2  Silica Nanomaterials .........ccccovireieniniireee e, 138
4.5.3 Calcium Phosphate Nanoparticles........ccoccovereeeiieierrnenenn. 140

4.0  CONCIUSIONS sionaranssesusssnsasssiaasshssivisisiiuesss sisniversssssassassassbbrnonsnsasnsensss 141

REEIBNCES ....c..iiiiiiie e 142

5 Carbon Nanofiber-Based Nanocomposites for Biosensing.................. 147

9:l  IItEOAUCH ON covissosimsimmmnns ssasasnsis awssiissssivs saswiiimsses vo s san da s isannaraneannans 147

5.2 Synthesis of Carbon Nanofiber ..........c.cccoeeieieniiiieneieceee 149

5.3 Why Carbon Nanofiber? .........cccoccoovimiiiiiiniiiieeiceeeeeeeeee 151

5.4 Carbon Nanofiber-Based Electrochemical Biosensors
AN BIOASSAVIS! susssivssiswssigssss imsaassssnesssmasamswie siissss svmssiise cisiiesss siadosass 151
541 GlucOSE SENSOTS .....vevuieniiiiriieieiireirie ettt ee e 151
5.4.2  Ethanol SENSOTS......cccccviirririeriniiereeieniesinenssssseseeessesassenes 154
5.4.3 Acetylthiocholine Sensors............cccceeveeveriesesiiieiceeeeenes 155
544 'PRenol SENSOLS ssewissvssisssssssnsssssesssasssssseismssnssinsassssssasas siscs 156
5.4.5 Hydrogen Peroxide S€nsors ........c.cccoevevevveceeeieenieieeeeceene 157
5.4.6 NADH Sensors.....ccccoeveririiiiiieieieiesie e 159
5.4.7 Protein Electron Transfer (ET)....c..cccoooveiiiiiiicciiieeceeeeen, 160
5.4.8  IMMUNOSENSOTS ...cuviuriiiriiriiieeirie ittt eseaeae s 162
5.4.9 Vertically Aligned Carbon Nanofiber Array-Based

BIOSENSOTS ...ttt 162

5.5 CONCIUSIONS ...ttt e st eaa s 166

R EICES v s svewvsmsssmmessasvsssirsns s4ssbsin s aa R 1 540H 005 S50 Re bk s nnd o nsnmsmmnansonsans sns 167

6 Biosensors Based on Nanoporous Materials...................c.occcoeerennnnenn. 171

6.1  INrOdUCHON .cviiiiiiiitiiiitit et 171

6.2  Why Are Proteins Immobilized?.............cooevvieviiciiniiiecieeceece 172

6.3 Biosensors Based on Mesoporous Materials.............ccececviiirinninnnn. 173
6.3.1 Factors Affecting Protein Immobilization............................ 173
6.3.2 Methods for Protein Immobilization

on Mesoporous Material .........cccvvveeriivenesenennniseee e 177
6.3.3 Biosensors Based on Mesoporous Silica.............ccccceuevee.n. 178
6.3.4 Biosensors Based on Mesoporous Carbon........................... 185
6.3.5 Biosensors Based on Mesoporous Metal Oxide................... 191
6.3.6 Biosensors Based on Mesoporous Hybrid

NanoCOMPOSILE........cceevueiieiiiiicce ettt 192

6.4 Biosensors Based on Nanoporous Gold..........ccccoevveeeeiiiiiiennennen. 196
6.4.1 Enzyme Biosensors Based on Nanoporous Gold................. 196
6.4.2 DNA Biosensors Based on Nanoporous Gold ..................... 198
6.4.3 Escherichia coli Biosensors Based on Nanoporous

Platinum-Coated Gold Nanoporous Film................c.cceevn.. 199

6.0 CONCIUSIONS susssunsssssissmssussssssssntsssansssossssnsisssamessessesssmassasssisss waiiness 200

R T RIICOS s visssomn s bimossm BETI LR 6E S e Sy e e m v ses s R e e e S 200



7 Electrochemical Biosensing Based on Carbon Nanotubes..................
7.1 INrOUCTION ...ttt
7:1.1  SHHUCtufe Of CNTS . msississssssssoivsnsinnsviaiosnnesvonisnssssisssissvieisness
7.1.2  Advantages of CNT-Based Electrochemical Sensors ..........
7.2 Functionalization Strategy of CNTS.......cccooviiiiinieiiiiiecece
7.2.1 Noncovalent [NETaCtHON o seimmeismsmmonssimsssossasnissiosnsavssmes
7:2:2 Covalent INteraction . uisssmissnssssmmasiassvsvssasmis
7.3 Fabrication and Characterization of CNT-Based Sensors................
7.3.1 Scanning Electron Microscopy and Transmission
Electton MICTOSCODY, cwnsssseimmsusssseorsusnissnsuvsinsssuessn sonssusions
7.3.2  Fourier Transform Infrared .........ccccoeininiiiniiniiiiiinnnn.
7.3.3  Atomic Force MiCroSCOPY .....ceerveioiieiiiriiieieiecieieiie e
7.3.4  Raman SPeCtrUM ......cccciiiiiiiiiiiiaiiiiee e
7.4 Amplification of Signal Transduction..............cccooicciiciiiiiiiciienae
7.5 Electrochemical Biosensing Based on Functional CNTs.................
7.5.1 Deoxyribonucleic Acid .......cooooeeeiiiriieeee e
7.5.2  Antigen—Antibody .......ccooiiiiiiiiiiie e
7.9:3.  CCUS sssassssssssssvisvazsssssins shsssanssussnivissssinssrsssws sionisdsoniissedsssnis
7.5.4 Other Biomolecules..........cccooiiviiiiiiiiiniiiiiisiiciieeee e
7.6 SWCNT-Based Field-Effect Biosensing.........ccccoccoeeviviniivinineennnes
7.6.1 Detection of Proteins by SWCNT-Field-Effect
TraANSISTOT ...ttt
7.6.2 Detection of Nucleic Acids by SWCNT-Field-Effect
TTANSISTOT ..ttt e
7.7 SWCNT Forest in Electrochemical Biosensing............ccccccoeivnnee.
7.8 CONCIUSIONS ..ottt ettt ettt e eenae st
RETOIENEEE sivewsesssasmwssmsssmivnssnsssnsmisssasas sotavsaiva sssivsnss ssssopasssnisn nssvvanms

8 Biosensing with Nanoparticles as Electrogenerated
Chemiluminsecence Emitters...................ccooooiiiiiiiiiiiniennn.

8.1
8.2

8.3

INFOAUCHON . ovussvwesisssssssmsssissnssimsomssasmsisnisssssmssizssessssussionssss
Principle of ECL from Nanoparticles ..........c..ccccccoiiiinnnn.
8.2.1 ECL Mechanism of NPs..........ccccoooiii
8.2.2 Generation Type for NP ECL............ccccooviiiininnnnne
8.2.3 Coreactant System for NP ECL ...........ccccoiiiiins
Biosensing Strategy and Corresponding Application ............
8.3.1 Direct Determination of Biochemical Coreactant......
8.3.2 Improved ECL Performance for Higher Sensitivity...
8.3.3 Analyte-Inhibited (or -Enhanced) ECL Emission......
8.3.4 Determination Based on Resonance Energy Transfer
8.3.5 Determination with Enzyme-Catalyzed Reaction......
8.3.6 Immunoreactions or DNA

Hybridization-Coupled Sensing........c..cccoocviiiinnnnn.

Contents

8.4 CONCIUSIONS 1.vvvvesivrseeieeeeeee et e eeseese e s nsseaasseaeeeseeeeeeeeeesesneeenensnnnnees
|3 (53 (=5 1 [ SRR

207
207
207
208
208
209
213
214

215
215
216
216
218
220
220
222
224
226
229

229

231
231
233
234

241
241
242
242
244
247
251
252
253
254
255
255

257
260
260



Contents Xi

9 Biosensing Applications of Molecularly

Imprinted Nanomaterials...................cooiiiiiiiiie e 265
9.1 INtrOdUCHON ..eovieiieiiee et et 265
9.2 Molecular Imprinting Technology.........c.cccceveviviiciininincneene, 268

9.2.1 Noncovalent Approach .........ccceevvrieeveineniesieniinnensesinene 269
9.2.2  Covalent ApPproach ..........cccoeeieveeeiininece e, 270
9.2.3  Other ApProaches ........cccccceevuiivieeceieeieiicieeeie e 271
9.3 Types of MIP Materials .oisssvemsvmvissitmmvomsmsssmssssnsiasasmsusoissinsss 271
9.3.]. Organic MAater1als ... verses ssssuessesssnsssissisnssssssasssis smsases 272
9.3.2 Inorganic Materials............cccooiiiiiiiniiiininccce 272
9.4 Development of MIP Nanomaterials...........cccccooeevirieeiinieeeeennnn 273
9.4.1 Limitation of Traditional MIPS...........c.cccccoiiiiiniiiienn 273

9.4.2 Exploration of Novel Molecular
Imprinting Strate@ies .........cccooveeeeveeneeieee e 274
9.4.3 Attractiveness of MIP Nanomaterials...........cccccooceereeneenn. 275
9.5 MIP-Based BIOSENSOLS 1vuususssesisssessvives ssriensssssmimsscss somessssa s suess 276
9.5.1 Molecular Recognition of MIP-Based Biosensors............ 276
9.5.2 Interfacing the MIPs with a Transducer .........c.c..cccccceueueee 278
9.5.3 Electrochemical Sensors..........cccevueveeniineneneeieeeeeieeneen 279
9.5.4  Optical SENSOTS .....veeuiieeiieiiee et 282
9.5.5 Mass-Sensitive Devices .......ccoocvveviereiieeriiesiieee e 288
9.6 CONCIUSIONS ...ttt st 294
R @ICNCES ....ieiiiieie e 294
10 Biosensors Based on Sol-Gel Nanoparticle Matrices.......................... 305
10.1  INtrOAUCLION ...eveiiiiierereeiie sttt e st sbe e ene 305
10.2 S0l-=Gel ChemiStIY ..cc.ccuivuiiieiiiiceee et e 306
10.2.1 What Is Sol=Gel?....cccoiiiiiiiiiiiiiee e 306
10.2.2 The:SOI-GEL PIOCESS. s swaswsssisssssvesimmsssssivsasisnssissssias 306
10.2.3 Nanoparticles from the Sol-Gel Process.........c.ccoceceeuene. 309
10.3 Biosensors Based on Sol-Gel Nanoparticle Matrices.................... 309
10.3.1 Silica Nanoparticle for Biosensing...........ccccceevvieiereennene. 310
10.3.2  Sol-Gel-Derived Metal Oxide Nanoparticle .................... 316
10.3.3  Sol-Gel Nanocomposite Matrix for Biosensing............... 319
10.4  CONCIUSIONS ..iiiiiieie ettt s s e 326
ReferencCes . ....coiiiiiiii e e 326
11 Nanostructure for Nitric Oxide Electrochemical Sensing................... 333

LLT INEOAUCHION ..ottt bbb 333

11.2  Nanostructure for Nitric Oxide Determination .............cccoecveueeneene. 334

11.3 Nanomaterials for Modification of NO Electrochemical

SENSOTS ottt 336

11.4  CONCIUSIONS ..iiniiiiieeiie ettt e et eae e 344



Xii

12

13

Contents
Assembly of Nanostructures for Taste Sensing .................................. 349
121 INErOAUCTION ..t 349
12.2 Nanoassembled Films for Taste Sensor Application...................... 350
12.2.1 Nanoassembled Conducting Polymers for
Taste Sensor Application ........cceevveviiinieeieciiiiie e 350
12.2.2 Carbon Nanotube Polymer Composite
for an Impedimetric Electronic Tongue........cccocvvviivnnnne 352
12.3 Sensor Array Based on Gold Nanoparticle-Fluorophore
COMPIEXES ..vvviiieiit it e e 352
12.3.1 DetRetion of PIOIEINS wavevsonimerssmsseosssssnmsromsas sussivssesssiss 353
12.3.2 Detection of Bacteria and Mammalian Cells.................... 355
12.4 Catalytic Nanomaterial-Based Optical Sensor
and SenSOT AITAY ...cooeiiiiiiiiiiii st 356
12.4.1 Nanomaterial-Based Cataluminescence Sensors
for Vapor SenSing ... ..cussiersssssnisssassivsssssassssisaissosissiass 356
12.4.2 Catalytic Nanomaterial-Based Optical Chemosensor
Array for Recognition and Discrimination Odors............ 358
12.4.3 Recognition of Organic Compounds in
Aqueous Solutions by Chemiluminescence
on Catalytic Nanoparticle Arrays .......cccccoveevvvcenenvinunnnnss 361
12,5 CONCIUSIONS .etiitiiiie ittt e e e 363
RETEIEICES ...ttt ettt 363
Nanostructured Biosensing for Detection of Insecticides.................... 365
13,1 INrOAUCTION ..ot 365
13.1.1 Conventional Strategies for Detection
OF PESTICIHES vovsvnsmmmunsmnmsninmsymmsssmse i e s s aismn sy 365
13.1.2 Developments in Pesticide Biosensors ............ccccceevennee. 366
13.2  Enzymes Used in Pesticide BioS€NSOrs .........cccevoieriiienicenieiiecie. 367
13.2.1 ChE-ChO Bienzyme-Based Biosensors
fOr PESHCIAES scunmosvsssosmissanmsmmmssmmmsmmsssissmssnsss sassssssassnpsanass 367
13.2.2 AChE-Based Biosensors for Pesticides...........ccccccueeuennee. 369
13.2.3 OPH-Based Biosensors for Pesticides.........c.ccceevieninnne. 371
13.3 Nanostructured Biosensor Design for Pesticide Analysis.............. 372
13.3.1 Carbon Nanotube-Based Nanobiosensor
fOr PeStCIAES iiswmusirsimiiissivvisianisiaissiimsnsivssssinmmsnsssiosnss 372
13.3.2 Gold Nanoparticles as Transducer for Detection
Of PeStiCIde ..o 375
13.3.3 Quantum Dots as Transducers for Detection
OF PeSHCIARS ..ot 376
13.4  Pesticide IMMUNOSENSOTS .....cccueiiiiiriiiiieiiieeie et 377
13.4.1 Detection Methods for Pesticide
IMMONOSENSOLS :usississmssvsnsssnis swassnssosmammessisssssasmmsassiassasss 377

13.4.2 Immunosensors for Pesticides ........ccccoevvmeveevieenreeereeeeeenn. 378



Contents xiii

14

15

13.5 Nanotechnology for Biomonitoring of AChE Activity

aNd PestiCides ........oovviiiiiiiiiiiecie et 381
13.5.1 Biomarkers of Organophosphate
Pesticide EXPOSIIE. .. ..uvsmsusisasinsimssssssnssisvississnissisvasisssissmasis 381
13.5.2 Biomonitoring of ChE ACHVILY .....cccevvereeiiiirieiceeienn 382
13,6 CONCIUSIONS ...ouiieiitceiee ettt et e 384
REEEIEINCES ..ttt aees 385
Carbohydrate Detection Using Nanostructured Biosensing................ 393
141 INrOAUCTION ...ttt e e 393
142 Structural Depiction of Glycans ........cc.oceveeieeiicscnininveee e 394
14.2.1 Basic Structural Unit of Glycans............cccccevuivivcninnnnn. 394
14.2.2  GlyCOCONJUZALE ....c.eiimiiieiieeie ettt 394
14.2.3  Major Classes of Glycoconjugates
and Oligosaccharides .........cccveiveeiirecniirieenir e 394
14.3 Biological Roles of Glycans.........ccocuoveiiiniinsenieneiniecie e, 396
14.4 Difficulty in Studying Genetic Glycosylation Defects................... 397
14.5 Protein—Glycan INteractions ............ceevevvereieceeiesierieeeeceieeie e 397
14.6  Techniques Used to Identify a Carbohydrate
AN T8 DETIVALES cusuesiossssvsssuvavnmassinsvosvsunssiesisnis o it svssasss sanissingss 398
14.6.1 General Considerations for Analyzing the Primary
Structure of a Carbohydrate.............cccooeovvieiiiciiiiin 398
14.6.2 Detection of Carbohydrates..........ccccevvvrvevviinniirniinnns 399
14.6.3 Linkage ANALYSIS .c...coueimmsommmsrnnnesiosussnisssssessassisissnasssin 400
147 NanotechnolOy.......cccccceiirieriiiiiiiiise e 402
14.7.1 Analysis of Carbohydrates in Biological System
with Nanostructure Device/Components..............ccoveneee. 402
14.7.2  Other Principles of Direct Carbohydrate
DEIECHON. ..ot 404
14.7.3 Carbohydrate Components in Biosensors ............c.c........ 413
14.8  CONCIUSIONS ..ttt sttt ettt et ebe et e e 420
RCTCTEIEES  wi::smssmuasessussimsssn svssumsms s e imisnsvesiisnes £isySuassden s nsiasiarasasansis 420
Nanomaterials for Imnmunosensors and Immunoassays...................... 425
15.1  INtrodUCHION c..eeiiiiiciie et 425
15.2  Principle of Immunoassays and Immunosensors .............cccoueune. 426
15.2.1 Antigen, Antibody, and Their Recognition
REACHION ... 426
15.2.2 Immunoassays and Immunosensors ...........cccceeeeeeeevennnen. 427
15.3 Immunosensors Based on Biocompatible Nanomaterials............... 429
15.3.1 Nanomaterials Used as Immobilization Substrates.......... 429
15.3.2 Nanomaterials Used as Signal Tags..........cccoocovverieeencnnne 436
15.3.3 Nanomaterials Used as Probe Carriers............ccoccevuevneneen. 444
19:4 CONCIUSIONS sisusinmesmssuisussnmssssisssissrosssimessassmarissisnesins s ihsssssvnsss sessss 447

RETEIENCES ...t 448



Xiv

16

17

18

Contents
Nanostructured Biosensing and Biochips for DNA Analysis.............. 453
16:1  INrOAUCHION wrvscvcmisnssnicns sasonsssnesis ssissvssininimonarns fenmmmsrassnsoneasasesnssanssssns 453
16.2  Nanostructures in DNA BioSensing ..........ccccoeeveciniiinicenceencenns 455
16.2.1 Carbon Nanotubes for DNA Analysis.....cc.c..ccceeverurruennee. 455
16.2.2 Metal Nanoparticles for DNA Analysis .........ccccoerueriunnne 464
16.2.3 Semiconductor Nanostructures for DNA Analysis........... 467
16.3 Nanostructures for DNA BioChips ......ccccoeevivieciiniareieiiiiecenenne. 471
16.3.1 Optical Techniques for DNA Biochips........c.cccvcevnirvennene. 471
16.3.2 Electrochemical Methods for DNA Biochips................... 474
16.4  CONCIUSIONS ...c.oouiiiviieiieietiereere et st es e s enes 475
RETEIEICES ...ttt ese e eb et et 479
Cytosensing and Cell Surface Carbohydrate Assay
by Assembly of Nanoparticles...................cccocoooiviiiiiiiiiciiiccec 485
17.1  INtroduCtion ....cc.eeeiiiiieiiiieieee e 485
17.2  Why Use Nanomaterials in Cytosensing?..........cccocevvevevevcverenene. 486
17.3 Cytosensing by Assembly of Nanomaterials..............cccceevereerrnnnnn. 487
17.3.1 Fluorescence Imaging by Assembly
Of Nanoparticles........c..ooveiiieiniineiieiieiee e 488
17.3.2 Magnetic Resonance Imaging by Assembly
of Magnetic Nanoparticles .........c.cocoverenonieiernnienienenn. 499
17.3.3 Cellular Surface-Enhanced Raman Scattering (SERS)
Detection by Assembly of Nanoparticles...........c.ccccoeeene. 506
17.3.4 Colorimetric Cytosensing by Assembly
O NANOPATIELES ....ocvpmmssmismmmssiasmmommmsissosro s 511
17.3.5 Electrochemical Cytosensing by Assembly
of Nanomaterials ..........ccoceveevirinininenienine e 511
17.4  Cell Surface Carbohydrate Assay by Assembly
Of NANOPATHOLES cuivvsosmeansonsvsimssuswamsmnmvsmsansss somnson svs i yousanwass ssmessa 517
17.4.1 Cell Surface Carbohydrate Assay Based
on Nanomaterial Substrates...........cooeeivieneineiiencene e, 518
17.4.2  Cell Surface Carbohydrate Assay Based
Off NANOPFODES us.smes sssssveavermpimssnsonsiasssveasssnsssmssessssssms sissim 520
17.5  CONCIUSIONS ..ttt et 527
RETEIEINCES ..ttt ettt 528
Nanobiosensing for Clinical Diagnosis......................ccccocooiiiiii, 535
18:1  JOEROAMECHION wucisiisisusianssavmmviossssns sisssvesessisisnassn ssdssinssssiasntsnssinnssnnnnrnns 535
18.2 Nanotechnologies in BioSensing ..........c.ccoceveveiviesieiiviecicreerieniennn, 536
18.2.1 Nanomaterials for Biological Detection...........c.ccccco..... 536
18.2.2 NanofabriCation........c.cumesisiniississsissmsissssiasrasvisssssasasios 544
18.2.3  NanOdeViCes.......cccvvirieiieeiieiieie et 548
18.3 Nanobiosensing for Clinical Diagnosis........cccceceeeeveerireeiiiennennns 555
18.3.1  Glucose Detection .........cccecerrerinireeieiisieieeiee e 555



Contents %

18.3.3 DNA DEeeCHON .....coeveieeeeceeeeiieeeeeeeeee e eeeeeaeeeeeeeaeeeseeenes 558
18.3.4  VIrus DeteCtiON .....covieeeiieen e e eemseeseseaeeaneenaeseees 560
18.3.5 Bacteria Detection ........c.cccccoeeiieeeieeeeeieeeeeeeeeeeeenree e 561
18.3.6 Cancer Cell Detection..........ccccoveeevuieeeeeeeieeeceeeeecieeeeiae e 561
I18.4 CONCIUSIONS .....cuviiiieiieiiiciiiiier et ireee e e s sseseese e s s ssnsasaeeae s ssaneeseens 562
RETEIENCES ... . oot eae e e e e aeeeennne s 562



Chapter 1
Biofunctionalization of Nanomaterials

1.1 Introduction

The unique properties of nanoscale materials (1-200 nm) offer excellent platforms
for electronic or optical signal transduction and the design of a new generation of
bioelectronic and biosensing devices. However, the drawbacks of nanoparticles
(NPs) in biocompatibility and biological recognition ability limit their application
in analytical chemistry. The biofunctionalization of nanomaterials can endow them
with good biocompatibility for the immobilization of biomolecules, tissue, or cells
and high specificity for biological recognition [ 1-6], which led to stable biosensing
systems with good selectivity and reproducibility. Particularly, the biofunctional
NPs can produce a synergic effect among catalytic activity, conductivity, and bio-
compatibility to accelerate signal transduction and achieve a rapid response to target
with a very high sensitivity by signal amplification. The need for ultrasensitive bio-
assays and the trend toward miniaturized assays have made the biofunctionalization
of nanomaterials one of the hottest fields. Therefore, seeking suitable methods for
the functionalization of nanomaterials with biomolecules such as protein, DNA,
small organic molecules, polymer films, and even entire living cells has attracted
considerable attention.

Two approaches for the functionalization of NPs have been involved: noncova-
lent interaction, including physical adsorption and entrapment of biomolecules
around the NPs, and covalent interaction to the functional groups on the NP’s surface
[7-10]. The noncovalent approach via electrostatic interaction, n—m stacking, or van
der Waals force, is an efficient immobilization method of biomolecules, which can
avoid destruction of the conjugated skeleton and loss of electronic properties of the
NPs. The covalent functionalizations of NPs are subdivided into three general strat-
egies: direct chemical reaction, linker strategies, and click chemistry. Covalent
binding in general should be preferable to unspecific physisorption in terms of the
stability and reproducibility of the surface functionalization.
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