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Chapter 10

Bionanotechnology

ABSTRACT
Bionanotechnology IS

multidisciplinary knowledge gained at
the intersection of biology and

nanotechnology.

Certainly, biology operates in the
nanoscale regime, using natural
processes that occur in the

nanoscale, by convention, under 100

nm in dimension.

Therefore, bionanotechnology relates
to those subtopics in the biological life
sciences that exploit the analytical and

experimental tools of nanotechnology.

This chapter makes no pretense of
acting as a comprehensive treatise, but

rather selects a mix of timely topics that

Fnasa 10

bnoHaHOTEexHONOrMA

AHHOTAUMWA
buonanomexnonocusa-amo

MeofcducuunﬂuHapHaﬂ HAYKAQ,
BO3HUKWIASL HA cmblke Ouono2uu u

HAHOMEXHOJIO2UIL.

beszycnosno, buonocus pabomaem 6
HAHOMACULMAOHOM Gopmame,
UCNONIL3YSL eCIecmBeHHble NPOYECChl,
npoucxooswue 8 HaHomacumaoax,

yenoero, pasmepom menee 100 Hm.

Ilosmomy, noopasoern
buonanomexnonocuu  xax  Hayku
OMHOCUMCSL K meM noopazoenam
OuonOcUYeCKUX HAYK O  JICUSHU,
Komopble UCNONIL3YIOM
aHanIumuyecKue u
IKCNePUMEHMANbHbIe UHCIPYMEHMbl

HAHOMEXHOJIO2UI.

Oma enasa ne npemenoyem HA poiib
ucuepnvleanwe2o HayuyHo2o mpyod,

a, CKopee, 6bl6upaem couemarue




span over a wide set of tools and

applications.

It is addressed to practitioners,

researchers, faculty, and
university/college students within the
field of

engineering; it is also addressed to

bioengineering/biomedical

other closely-related governmental,

non-governmental, and industrial

entities.

10.1. CHAPTER OBJECTIVES

Bionanotechnology has the opportunity
to exert a dominant impact on
nanotechnology products that are to be

developed in the coming decades.

This is in no small part due to the

compelling advances in nanomedicine.

CB0€EBPEMEHHDBIX mem,

0X6AMBIBAIOWUX — WUPOKULL  HADOP
UHCMPYMEHMO8 U NPUTOIHCEHULL.

On aopecosan
IKCNEPUMEHMAMOPAM,
uccneoosamensim, npenooasamenim
u cmyoenmam yrusepcumemos |
KoJeodicell 8 obracmu
ououndceHepuu / OUOMEOUYUHCKOLL
UHOICeHepuU; OH Mmaxce aopecosan
Opy2um 1puoUdecKuUM JuYyam, mecHo
CAZAHHBIM C  20CYOAPCMBEHHBIMU,

HenpasumelbCneeHHbIMU u

NPOMBILUUIEHHBIMU OPSAHUSAYUAMU.

10.1 LUenwn nasebl

buonanorexuoorus HUMCCT

BO3MOXHOCTDb OKa3bIBaThb

JTOMHUHUPYIOIIEE BO3JCHUCTBUE HAa

MIPOJTYKThI HAHOTEXHOJIOTHH,

KOTOpBIE pa3paboTaHbl B

OynyT

OJroKalIIe JeCATUICTHS.

9TO BO3MOKHO B HEMAJIOU CTEIIECHU
32 CUET 3HAYUMOCTH JIOCTHKECHUU B

HAaHOMCIHNIIMHC.




This chapter presents a comprehensive
review that would form the basis of a

monograph on bionanotechnology.

A judicious choice has been made in
this chapter to identify areas of
bionanotechnology that span a wide

range of technological tools and form a

basis for the evolving art.

Following the historical background,

the focus is on biosensors, drug

delivery and nanomedicine,
biotechnology templates for electronic
device architecture, and biosynthesis

of nanoparticles.

10.2. INTRODUCTION
Innovations at the intersection of

engineering, biotechnology, medicine,

physical sciences and information
technology are spurring new directions
in research, education,
commercialization and technology

transfer.

B osroi  rmaBe  mpencraBieH

BCECTOPOHHUNM  0030p,  KOTOPBIN
JSKET B OCHOBY MoOHOrpaduu 1o

HAaHOTCXHOJIOTHUAM.

B rimaBe Owl1 cnenan 000CHOBAHHBIHM
BBEIOOp IS OMpeAeNieHHus] 00IacTH
OMOHAHOTEXHOJIOIHH, KOTOpBIC

Pa3BUBAIOIICTOCSA UCKYCCTBA.

OCHOBBIBasICb Ha  HCTOPUYECKOU
IIPEAINIOCHIIKE, OCHOBHOE€ BHHUMAaHUE

YACACTCA 6HOC€HCOpaM, JOCTAaBKEC

JIEKapCTB u HAaHOMEUIINHE,
OMOTEXHOJIOTHYECKUM  I11a0JIOHaM
TUTST CO3/IaHus AIEKTPOHHBIX
YCTPOUCTB u OnocuHTe3a
HaHOYACTHIL.

10.2 BctynneHue

NHHOBaMM Ha CTBHIKC HWHXKCHEPUH,
OMOTEXHOJIOTHH, MEIULINHEL,
puznyeckux HayK "
UH(OPMAITMOHHBIX TEXHOJIOTUI

CTUMYJIUPYIOT ~ pPa3BUTHE  HOBBIX

HamnpaBlieHUH B  HUCCIIEJOBAHMSIX,
00pa3oBaHNM, KOMMEPLHUATU3ALNN U

repenavye TEXHOIOTHM.




this intersection where

nanotechnology operates.

It iIs at

Anticipating a robust market, there is
enormous excitement and expectation
surrounding this multidisciplinary

phenomenon.

In fact, the future of nanotechnology

is likely to continue along this path, as
significant technologic advances across
multiple scientific disciplines will
continue to be proposed, validated,

patented and commercialized.

One of the greatest impacts of
nanotechnology is taking place in the
context of biology, biotechnology

and medicine.

This

generally

area of nanotechnology is
referred to as
bionanotechnology, with an evolving

emphasis on nanomedicine.

HMMeHHO Ha 3TOM CTBIKE HayK H

OIICPUPYIOT HAHOTCXHOJIOTHUH.

CylecTBYIOT OTPOMHBIE aXKHUOTaX U
OKUTaHWSI OTHOCHUTEIEHO

YCTOMYMBOTO PBIHKA Y OKPYKAIOIINX

OT 3TOr0  MEXIWCIHILIMHAPHOTO
SIBJICHHSL.
DaKTHYECKH, Oymyriee

HAaHOTEXHOJIOTUH, BEpPOSATHO, OyJleT
MPOIOIKATH CBOE PA3BUTHE T10 STOMY
NyTH, TOCKOJbKY 3HAUUTEIbHBIC
TEXHOJIOTUYECKHUE JIOCTIKCHHUS BO
MHOTHX

HAaY4YHBIX JAUCHUIIIIMHAX

OyIyT TIO-TIpEKHEMY 3asBIISITHCA,

POBEPATHCS,  MATCHTOBATBCS |
KOMMEPITHATU3UPOBATHCS.
OnHo Haubosee

nus3 3aMCTHBIX

BO3JEUCTBUI HAHOTEXHOJIOTUU
MPOUCXOJUT B KOHTEKCTE OMOJIOTHH,

OMOTEXHOJIOTHHU H MCOMUIIUHBI.

Ota 00J1acTh HAHOTEXHOJIOTHHA
OOBIYHO UMEHYETCS
OMOHAHOTEXHOJIOTHEH, c




Commercial bionanotechnology,
although at a nascent stage of

development, is already a reality.

However, most agree that its full

potential is years or decades away.

Obviously, development is progressing
more rapidly in certain sectors; the
most active areas of product
development are drug delivery,
nanoelectronics, nanocoatings, and

in vivo imaging.

10.3. DEFINITION OF
BIONANOTECHNOLOGY

10.3.1. What is Nanotechnology

and Nanomedicine?
Although the term “nanotechnology” is

very much in vogue, defining it is not

simple.

BO3pacTaromuum AKIICHTOM Ha

HAaHOMEIUIIHHY.

Kommepueckast OMOHaHOTEXHOIOTHS,
XOTS M HAXOAUTCS B 3apOKAArOLIEeCs
CTaJMM PA3BUTHS, YK€ SBISACTCSA

PEaTbHOCTBIO.

OnHako, OOJIBIIIMHCTBO CXOIUTCS BO
MHEHHUH, YTO JIO MOJTHOTO PACKPBITUS
ee TMOTEHIMala eme TOAbl WM
JECSTHIICTHS OKUTAHUS.

OueBHUIHO, YTO pa3BUTHUE UJET OoJiee
OBICTPBIMH TEeMITaMU B
OTIpe/IeNICHHBIX OTpaciiAx; Hambojee
akTUBHBIMH c(epamu pa3pabOTKH
NPOAYKTOB  SIBIISIOTCS  JIOCTaBKa
JeKapCTB, HAHOXJIEKTPOHUKA,
HAHOMOKPBITUS M BU3yaju3auus "in

vivo".

10.3 3Ha4yeHune
broHaHOTEXHONOTMM

10.3.1 Ymo makoe HaHomexHos102uu
U HOHOMeouyuHa ?
XOoTsT TEpMHUH “‘HAHOTEXHOJOTHS

OYCHb TIOIIYJIAPCH, OIPCACIUTH Cro

HETIPOCTO.




A nanometer (Greek, nanos, dwarf) is
one billionth of a meter, or 1/75,000th

the size of a human hair.

An atom is about one third of a

nanometer in width.

Nanotechnology is not a well-defined
field, but encompasses many technical
and scientific fields such as medicine,
chemistry,

physics,  engineering,

biology, etc.

One can view it as an umbrella term
used to define the products, processes

and properties at the nano/micro scale.

One of the major problems regulators

lawyers
nanotechnology is the confusion and

and face regarding
disagreement about its definition

(Bawa 2007a-b; Bawa, 2011).

Hanometp (rped. nanos, Kapiuk) -

9TO OJHAa MUJIMApAHAA 9aCTb MCTpa,

WIn 1/75 000-# pasmep
YEJI0BEYECKOr0 BOJIOCA.
ATOM WMEET IIPUMEPHO TPETH

HAHOMETpPA B IIIUPHUHY.

HanotexHonorust He SIBASETCS YETKO

OIpeeICHHOU 00J1aCThIO, HO
OXBaThIBACT MHOTHE TCXHHUYECKHE W
Hay4yHble  00JacTH,

TaKHueC KakK

MeIUIIMHA, XUMUS, busuka,

WHXXEHEepHsi, OUOIOTHUs U T.JI.

KT0-TO MOXET paccMaTpuBaTh €€ Kak
00001Ia0IIHiA TEPMUH,
UCIIOJIB3YeMBI  JIJI  ONPEACIICHHS
HPOAYKTOB, MPOIIECCOB M CBOMCTB B
HAaHO/MUKpPO MaciuTaoe.

OnHolt M3 OCHOBHBIX HPOOJIEM, C
KOTOPBIMH CTAJIKUBAIOTCS
3aKOHOJIATEJIM U IOPUCTHI B 00JIaCTH
HAHOTEXHOJIOT U, SIBJISICTCS
NyTaHUIIA ¥ PA3HOIJIACHS T10 MTOBOIY
ee onpenenenns (Bawa 2007a-b;

Bawa, 2011).




There are numerous definitions of
nanotechnology.

One often used — yet sometimes
troublesome — definition of
nanotechnology was proposed by the
US

Initiative.

National Nanotechnology

(NNI) — a federal
established by the U.S. government to

R&D program

coordinate the efforts of government

agencies involved in nanotechnology.

It simply limits nanotechnology to ...
about 1 to 100 nanometers...” (NNI,
2011).

Various government agencies,
including the Food
Administration (FDA) and the Patent
and Trademark Office (PTO)

continue to use this vague definition

and Drug

based on a sub-100 nm size.

CymectByer MHOKECTBO
OIPEICIIEHN HAHOTEXHOJIOTHM.
OnHO 13 YacTO UCTIOJB3YEMBIX — XOTS
WHOTIa U OCIIOPUMBIX — ONPEACICHUN
HAHOTEXHOJIOTUI OBUIO MPEIIOKEHO
HannonansaeiM nactuTyTOM CIIA.
HanorexHnonornueckass ”HUIIMATUBA.
(NNI) -

dbenepanbHas HAay4dHO-

MICCIIEI0BATEIIbCKAs Iporpamma,
cozmanHas mnpaButensctBom CIIA

IS KOOpAWHALUU YCUIUHI

rOCyIapCTBEHHBIX BEJOMCTB,
3aHUMAKIINUXCA HAHOTCXHOJIOTUSIMUA.
910

nmporpamMmma IPOCTO

OTPaHUYUBAET TIOHATHE
HAHOTEXHOJIOTHH J0 *“... MIPUMEPHO OT
1 nmo 100 wnanomertpos...” (NNI,
2011).

Paznuunsbie MPaBUTEIIbCTBEHHbIC
YUPEXKJICHUS, BKJIIOUas YIIpaBlICHHUE
0 KOHTPOJIO 3a MPOAYKTAMH U
nexkapctBamu (FDA) u bropo mno
naTeHTam u ToBapHbIM 3HakaM (PTO)
UCII0JIb30BaTh

IMpOaOJIZKAIOT 9TO

paciibIB4aTOC OIpCACICHHUC,




Although the FDA is part of the NNI
had the

development of this narrow definition,

and participated in
it has yet to officially adopt the NNI’s
definition for its own regulatory

“formal”

purposes, or establish a

definition.

The NNI nanotechnology definition

presents numerous difficulties.

For example, although the sub-100 nm
size range may be important to a

(e.g., a
quantum dot’s size dictates the color of

nanophotonic  company
light emitted therefrom), this size
limitation is not critical to a drug
company from a formulation, delivery

or efficacy perspective because the

OCHOBaHHOE Ha pa3mepe menee 100

HM.

XoTst YrpaBieHue Mo CAaHUTAPHOMY
HaJ30py 3a KayeCTBOM MHIIEBBIX
MPOJYKTOB " MEIMKAMEHTOB

SIBJIAETCS 9aCTbIO HHU "

y4acTBOBAJIO B pa3pabOTKE 3TOTrO
JTUMUTUPOBAHHOTO OIpEJIEIICHHS,

OJHAaKO My CcIc IMpCacCToOnuT

opUIMAIBHO TPUHSTH OMNpeEJEICHUE

HHU poga  cBoux COOCTBEHHBIX
HOPMATUBHBIX nejen 158)0%1

(13 29
YCTaHOBUTH dhopmanbHOE
OIpEJICIICHHUE.

OnpeneneHne HAHOTEXHOJOTUH OT
HHU COIIPSIKEHO c

MHOTOYMCJICHHBIMU TPYAHOCTAMM.

Hanpumep, XoTs pazmep Auana3zoHOM

Hike-100 HM MOKeT OBITh BaXKEH I

KOMIIAHWM, 3aHUMAIOMIUXCS HaHO
dboToHukol  (HampuMmep, pa3Mep
KBAHTOBOM TOYKH  ONPEIEISICTCS

[BETOM H3JIy4a€MOI'0 CBE€Ta), 3TO

OTpaHUYCHHC HE SABJIACTCA

KPUTUYHBIM 17151 (hapMalieBTHUECKON




desired property (e.g., improved
bioavailability, reduced toxicity, lower
dose, enhanced solubility, etc.) may be
achieved in a size range greater than

100 nm.

Moreover, this NNI definition excludes
numerous devices and materials of
of

dimensions less than 1 nanometer), a

micrometer  dimensions  (or

scale that is included within the
definition of nanotechnology by many

nanoscientists.

Therefore, experts have

cautioned against an overly rigid
definition, such as this, based on a sub-
100 nm size, emphasizing instead the
continuum of scale from the “nano”

to “micro”.

KOMIIaHHNH C ICPCIICKTUBLI

pa3zpaboTKH, MOCTaBKH u

3¢ peKTUBHOCTH, MIOTOMY 4TO

HY)XKHbIE  CBOWCTBa  (Hampumep,

yIIydiieHHas OMOIOCTYITHOCTD,
CHUKEHUE TOKCUYHOCTH, CHIDKCHHE
7103bI, TIOBBHIIICHHAS PaCTBOPUMOCTH
U T. J.) MOTYT OBITh JOCTUTHYTHI B

nuariazoHe pazmepoM 6osiee 100 HM.

boaee Toro, 3Tto o6o3naueane HHIU

VICKJIFOYAET MHOTOYHCJICHHBIE
yCTpPOMCTBA u MaTepUabl
MUKPOMETPOBBIX  pa3MepoB  (WiH

pasmepoB MeHee | HaHOMeETpa),
MaciiTad, KOTOPBIM BKIIIOYAECTCS B
MOHSATUE HAHOTEXHOJOTMH MHOTUMH

YUCHBIMHU-HAHOTCXHOJIOT'aMU.

[ToaTOMy 3KCTIEpTHI MPEAOCTEPETAIOT
OT dYpe3MepHO «(HUKCHUPOBAHHOTO
onpejieneHusi, MOA0OHOrO 3TOMY,
OCHOBaHHOTO Ha pa3mepe menee 100
HM, TIOJYEpKHUBasi BMECTO 3TOTO
HEMPEPHIBHOCTH MaciiTada oT “HaHO”

10 “MHKpO”.




Add to this confusion the fact that

nanotechnology is nothing new.

nanoscale carbon

“high-tech

For example,

particles — soot
nanoparticles” — have been used as a
reinforcing additive in tires for over a
century. Another example is that of
protein vaccines — they squarely fall
the of

within definition

nanotechnology.

In fact, many biomolecules are in the

nanoscale.

Peptides are similar in size to quantum
dots and some viruses are in the size

range of nanoparticles.

Hence, most of molecular medicine and
biotechnology can be classified as

nanotechnology.

Technically speaking, biologists have

been studying all these nanoscale

Jlo6GaBbTe K 3TOW MyTaHUIIE TOT (aKT,
YTO HAHOTEXHOJIOTMU HE SBJISIOTCS
YEM-TO HOBBIM.
Hanpuwmep, HaHOpPAa3MEPHbIC
YaCTHIIbI yriepoaa —
“BBICOKOTEXHOJIOTUYHBIE

HAHOYACTHUIIBI CaXHU - UCTIOJIb3YIOTCS
B Ka4eCTBE apMUpPYIOIIEH T00aBKH B
muHax yxe Oonee Beka. Jlpyrou
npuMep — OEJIKOBBIC BaKIIMHBI-OHU
MOJTHOCTBIO

BIIMCBIBAIOTCA B

OIIPCACIICHUC HAHOTCXHOJIOTHH.

Ha caMoOM nene, MHOTHE

OMOMOJIEKYJIbI HaXOJSTCS B

HAHOPa3MEPHOM MacIiiTabe.

[lenTtuapl Mo pasMmepy MHOXOXKH Ha
KBAaHTOBBIE TOYKH, a HEKOTOpHIC
BHUPYCHI - HA HAHOYACTHUIIbI.

CrnenoBareyibHO, OOJBIIYH0 4YacThb
MOJIEKYJISIPHOM MEIUIHbI u

OMOTEXHOJIOTMU MOKHO OTHECTH K

HAHOTEXHOJIOTHUSIM.
C TexHMYECKOW TOYKH 3PEHHS,
MOKHO  CKa3aTb, 4YTO OHOJIOTH

n3ydyajin BCC OTH HaHOPAa3MCPHLIC




biomolecules long before the term

“nanotechnology” became fashionable.

Even though the National Institutes of

Health (NIH) concurs that while much
of biology is grounded in nanoscale
phenomena, it has not reclassified most
of its basic research portfolio

as nanotechnology.

In light of this confusion, the following

definition of nanotechnology,
unconstrained by an arbitrary size
limitation, has been developed by
Bawa et al. (2005):

The

production,

design, characterization,

and application  of
structures, devices, and systems

by controlled manipulation of size and
shape at the nanometer scale (atomic,
molecular, and macromolecular scale)

that produces structures, devices, and

6I/IOMOJ'ICKYJ'IBI 3a40JI'0 10 TOro, KakK

TEpPMHUH “‘HAHOTEXHOJIOTHS BOIIEI B

MOJTY.
Jlaxxe HecMOTps Ha TO, 4TO
Hanmonansubie WHCTUTYTHI

3nopoBbst (HU3) cornamatorcs ¢

TCM, YTO, XOTiA OoipIIast YacTh

Ouosioruu OCHOBaHa Ha
HAHOPA3MEPHBIX SBJICHUSIX, OHA HE
nepexyiaccuuIpoBaia  OOJIBIIYIO

4acTh CBOETO nopTh oo
GbyHIaMEHTAIbHBIX HCCIICIOBAaHUN B

HAHOTCXHOJIOTHIO.

B cBere 31Ol IyTaHUIBI CIEAYIOLIEE
ONPENEIICHNE HAHOTEXHOJIOTUH, HE
CBOJMMOE K IIPOU3BOJIBHOMY

OTpaHUYEHUIO  pa3Mepa, ObLIO
paspaborano Bawa et al. (2005):
IIpoexmuposaHnue,

Xapaxkmepucmuka, npou3eo0cmeo u
npuMeHenue CMmpyKmyp, YCmpoucme
u cucmem nymem KOHMPOUPYEMO20
MAHUNYIUPOBAHUS. pasmep U Popm 8
HaHOMempo8oM Mmacwmabe
(amomuom, MONEKYIAPHOM u

MAKpOMONEKYIAPHOM — Macuimaode),




systems with at least one novel/

superior characteristic or property.

Naturally, disagreements over the
definition of nanotechnology carry

over to the definition of nanomedicine.

At present, there is no uniform,
internationally accepted definition for

nanomedicine either.

One definition, not constrained by size,
that
the

medical

yet  correctly emphasizing

controlled manipulation  at

nanoscale results in

improvements  and/or  significant

medical changes, comes from the
European Science Foundation

(EMRAC, 2004):

...the science and

of

diagnosing, treating and preventing

technology

disease and traumatic injury, of

relieving pain, and of preserving and

KOmopoe npou3eooum CmpyKmypbl,
yempoucmea u cucmemvl, o Kpaumeu
Mmepe, c OOHUM
HOBLIM/NPEBOCXO0AUUM  CEOUCTNBOM
UIU 0COOEHHOCMBIO.

EctectBenHno,

pasHOrJacusi IO

moBoay (GOPMYIUPOBKH  TOHSITHS
"HAaHOTEXHOJIOTUHU'" IEPEHOCATCS U Ha
OTpeIeJICHHE TTOHSATHUS
"HaHOMeAuIMHA" .

B Hacrosiee BpeMs HE CyIIECTBYET
€IMHOTO,

Ha MEKTYHAPOTHOM

YPOBHC IIPU3HAHHOI'O OIIPCACICHUA

HAaHOMEIUIIMHBI.
Onno omnpezeseHue, HE
OTPAaHUYCHHOE  BCIMYMHOM,  HO

IPAaBWIBHO IOAYEPKUBAIOLIEE, YTO
KOHTPOJIMPYEMbIE MaHHUITYJISALMU Ha
HAaHOYPOBHE MIPUBOJSAT K
MEIUUUHCKUM YIyUYIIEHUAM W/ WK
3HAYUTEIbHBIM MEIULUHCKUM
WU3MEHEHUSIM, IIPEIIOKEHO
EBponelickum  HayyHbIM  (pOHAOM
(EMRAC, 2004):

..HAYKa U MexXHuxKa OuacHOCMuKu,
Jle4enus u npouUIaKmuKu
3abonesanuii u mpaem u

noepedxcoenutl, oobnecuenus 00U,




health,

and

improving  human using

molecular tools molecular

knowledge of the human body.

Hence, the size limitation imposed in
NNI’s definition should be discounted,
when

especially discussing

nanopharmaceuticals or nanomedicine.

10.4. HISTORICAL BACKGROUND

AND LITERATURE OVERVIEW
The combination of the disciplines of

nanotechnology and biology has led to
some very important theoretical and
practical advances in both biology

and nanoengineered materials in a very

short span of time.

Some of the developments in biology

that owe critical insights to

nanotechnology include:

COXpaHeHusi U YAy4ueHuss 300P06bsl

yenoseka c UCNONb308AHUEM
MONEKYNIAPHLIX ~ UHCIMPYMEHMO8 U
MONEKYIAPHBIX SHAHUL 0
yenoseyeckom meie.

CrnenoBaTenbHO, HE clenyeT
UCIOJb30BATh  ONpEAETeHHE IO
OTpaHUYEHUIO pa3mepoB,

yctaHoBlieHHbIXx B HHUM, ocobenHo

Korjaga pCYb HacT 0

HaHO(apMaleBTUKE WU

HAaHOMCIUIINHE.

10.4 NcTopunyecKan npes-

Nocbl/Ika M 0630p ANMTEPaTYpPbI

Coueranue JTUCIUTIIINH
HAHOTEXHOJIOTUH u OMoJIOTHH

ITPHUBEJIO K HCKOTOPbIM O4YCHb

BaXXHBIM TEOPETUUECKUM U
NPAKTUYECKUM JIOCTH)KEHUSIM Kak B
Ouonorud, TaKk W B pa3paboTKe

HAHOMH)XCHCPHBIX MAaTCpUaJIOB 3a

OYeHb  KOPOTKHMH  TPOMEXYTOK
BpPEMEHH.

HekoTopeie w3  gocTwxkeHHd B
Oounonoruu, KOTOpbIE 00s13aHBI

IMEPCIO0BbIM HACAM HaHOTeXHOHOFHﬁ,

BKJIFOYArOT:




1. Cell adhesion — a fundamental
process in cells, which can affect

marine growth to tumor metastases.

2. Molecular or nanoparticle tags with
a strong enough signal to allow single
molecule observation inside a living

cell.

3. Improved technology for reading
DNA expression, allowing orders of
magnitude increases in the number of

genes spotted on a microarray slide.

4. Improvements in DNA sequencing,
reducing the costs and increasing the
practicality also by orders of

magnitude.

5. The converse has also led to
important insights. Developments in
nanotechnology that owe inspiration to

biology include:

1. Kierounas anre3us —
dbyHIaMEHTaIbHBIN mporiecc B

KJICTKax, KOTOpLII?I MOJKCT BJIMATH Ha

poct OMyXOJIeH 10
METacTa3upOBaHUS.
2. MonexkynspHbie WU

HAHOYACTHYHBIC METKH C JIOCTATOYHO
CHJIBHBIM CHUTHAJIOM, ITO3BOJISIOIIAM
HaOJI01aTh 3a OJHOM MOJEKYJIOM
BHYTPHU JKMBOU KJIETKH.

3. Y coBepIIEHCTBOBAHHAS
TEXHOJIOTHS CYUTHIBAHUS KCIIPECCUU
JIHK, mno3Bosisitomias Ha MOPSAJIKH
YBEIUYUTh  KOJUYECTBO  TI'EHOB,

OOHApYXEHHBIX HAa  MHKPOUHIIE-

JTHK.

4. VYiydimieHWe CEKBEHUPOBAHMS
JIHK, Taxxke Ha MOpsAOOK CHUKEHHE

3aTpaT U MOBBIIICHUC IMTPAKTUYHOCTH.

5. OOpatHoe TaKXe TPUBEIO K
BaXHBIM HJIESIM B HAHOTEXHOJIOTHH.
PazpaboTku B obsactu
HAaHOTEXHOJIOTHI, KOTOPBIC OOs3aHbI
BJIOXHOBCHHEM oT OHoIOTHH,

BKJIFOUYAIOT B CEOs:




a. Organic-inorganic hybrid polymers

or ceramics modeled on bone.

b. Molecular self-assembly.
c. Liposomes used in drug delivery,

foods, and cosmetics.

d. Adhesives used in dentistry.

Clearly, both nanotechnology and
biology have had a very fertile cross-
fertilization to date, and there is much

maore progress to come.

For the purposes of this section,
however, let us focus on developments
in biology that have their origins

in nanotechnology.

Physicists often point to the seminal
lecture given in 1959 by Richard
Feynman “There’s Plenty of Room at
the Bottom”, at Caltech, to show that
the of

theoretical concepts

a. OpFaHI/I‘—IeCKI/Ie'HeOpFaHI/I‘-IeCKI/Ie

FI/I6pI/II[HBIC IMOJIUMCPLI NI
KCpaMHuka CMOIACIIMPOBAHHBLIC  Ha
KOCTH.

b. MosnekynspHas caMmocOopKa.
C. Jlumocomsl, HCMONB3yEeMbIEC IS
JOCTABKU

JEKapCTB,  MIPOIYKTOB

OUTaHUSL, 1 KOCMETHUKH.
d. Knen,  ucnonb3dyembie B

CTOMATOJIOTHH.

[ToHsATHO, YTO U HAHOTEXHOJIOTHH, U
OHOJIOTHs HA CEroOgHSIIHUN JEHb
UMEIOT OYeHb 3HAUYUMBIA OOMEH
3HAHUSIMU, HO U BIIEPEIU OKHUIACTCS
ropaso OoJbIIUI porpecc.

OnHako, B 3TOM pazleiie  Mbl
COCPEIOTOYMMCS Ha pa3paboTkax B

Ouosioruu, OEpyIlIMX CBOE HAyalo B

HAaHOTEXHOJIOTUSX.
@u3MKhH YacTo  YKas3blBalOT Ha
OCHOBOIIOJIATAIOITY IO JIEKIIUIO,
03BydeHHYl0 B 1959 romy B

KanmudopuuiickoM TeXHOJIOTHIECKOM
uHctutyre Puuapnom dentHMaHOM

110 Ha3BaHHMECM «Tam BHU3Y IIOJIHO




nanotechnology — of manipulating

atoms directly — were valid.

This lecture is often used as the starting

point for theoretical concepts of

nanotechnology, while the
development of the “high resolution”

electron microscope (Bogner et al.,
2007) in the 1980s showed the ability
to image structures at nanometer scale

resolution.

Unfortunately, there was no visionary
lecture in biology comparable to that

given by Feynman.

While nanotechnology and physics was
a match of willing partners, the
intersection of nanotechnology

and biology was considerably more
tumultuous since biologists were slow
to grasp the import of nanotechnology

to biological problems.

MECTa», IS TOrO, 4TOOBI IOKa3aTh,

qTo TCOPCTUUCCKHUC KOHICIIIMH

HaHOTCXHOJIOTHH - IIpsAMOTO
MaHUITYJIUPOBAHUA aTOMaAMU — OBLIH

I[GﬁCTBI/ITGJII)HO pa60q1/1M1/1.

3Ty JICKOUIO 4YaCTO HCIIOJBb3YIOT B

Ka4YCCTBC TOYKH OTCUCTAa JJIA

TEOPETUUECKUX KOHUEIUN
HAHOTEXHOJIOTHUH, B TO BpeMs, Kak
pazpaboTka AIEKTPOHHOTO
MHKPOCKOTIa «BBICOKOTO
paspemenus» (Bogner et al., 2007) B
1980-€e romer mokasaia BO3MOKHOCTH
U300pKEHUSI CTPYKTYp Ha YpOBHE

HAaHOMETPOB.

K cosxaenuro, mo OMOJIOTHH HE OBLIO

BU3UOHEPCKOW  JIEKUMHU,  YPOBH,

cpaBHUMOTO ¢ jekiuerd Oeltnmana.

B To Bpems kak HaAaHOTEXHOJIOTHS W
¢u3rKa OB 3aMHTEPECOBAHBI JAPYT
B apyre, nepeceyeHue
HAHOTEXHOJIOTHH W OHOJIOTHH OBIIO

3HAYUTEIIBHO OOJIbIIIE HECITOKOMHBIM,

MOCKOJIbKY OWOJIOTM HE CIEIIWIN




Nobel

lectures, the vision of nanotechnology

Instead of laureates giving
in biology was often linked to ideas

from movies or television.

Tools for biologists were lacking as

well.

Surprisingly though, nanotechnology
has had a major impact on some of the

critical problems in biology today.

10.4.1. Major Themes in Biology
The major themes in biology, over the

past few decades, consist of the
following:
1. Structural information: molecular,

organelle and at a cellular level.

2. Deciphering the genetic code: for
many years, the deciphering was
focused on simply unraveling the

genetic sequences, but now has shifted

OCO3HaBAaTh BKJIAJI HAHOTEXHOJIOTUH B
pelieHue OMOJOTUYECKUX MPOoOIeM.
HOOEIIEBCKUX

Bwmecto JICKIINH

JTaypearos, Ipe/ICTaBICHHE 0
HAaHOTEXHOJIOTUSIX B OMOJIOTUU 4acTO
OBLJIO CBSA3aHO C UACSIMU U3 (PUITHEMOB

NI TCICBUACHUA.

HHCTpYMGHTOB JJIIsA OMOJIOrOB TaKKe

HE XBaTajo.

Kak nu CTpaHHO, HAHOTCXHOJIOTI'NH

OKaszaJid OOJIbIIIOE BJIMAHWE Ha
HEKOTOpBIC BaKHEUIIIHE MPOOJIEMBI

COBPEMEHHOM OMOJIOTHH.

10.4.1. OcHosHble memebl 8 buosioa2uu
OCHOBHBIE TEMBI OMoJIOTUN

NOCJHEAHUX JECATUIIETUN YKa3aHbI
HUXKE!

1. CrpykrypHas wuHboOpManus: Ha
MOJIEKYJISIPHOM, OPraHOMJHOM M Ha

KJIETOYHOM YpPOBHE.

2. PacmmppoBka TEHETHUECKOTO
KoJa: B TCUYCHHE MHOTHX JIET
pacuudpoBka KOJIa ObLIa
HampaBjeHa  HA  pas3rajibIBaHHe

T€HCTHYCCKUX




to understanding the complex interplay

among genes.

3. Signaling: the transmission of
information using molecular signals to
organelles within the cell as well as

intercellular signaling.

Nanotechnology has had a critical role

in each of these areas.

Using nanotechnology, it has been

possible to greatly extend the
knowledge of the structure of the cell
far beyond what was available with

light microscopy.

Nanotechnology has helped speed up
the rate of determining genetic
sequences; in that, what was once an
arduous task taking more than a decade
to be completed, can today be done in

much shorter spans of time.

HOCH@HOB&TCHBHOCTCﬁ, HO cCe€roaHida
OHa nepenuia K ITIOHMMAaHHIO

CJIOJKHOTI'O BBaHMOHeﬁCTBHH MCIKIY

reHaMH.
3. Cur"anuzanusg: nepeaya
uH(popManuu o CpeAcTBaM

MOJICKYJISIDHBIX CHI'HAJIOB, a TAaKKe
MEKKJIETOYHOMN CHUTHaJIM3alllun K

OpraHeJljIaM BHYTPH KIIETKHU.

Hanorexnonorun ChITpAIA
PELIAIOIIYIO POJIb B KAXKIOW U3 3TUX
oOmnacTei.

C noMoup0 HaHOTEXHOJIOTHIM CTaJIo
BO3MOKHBIM 3HAYUTEIBHO
pacliupuTh 3HAHUS O CTPYKTYpE
KJICTKHA, HAMHOTO OOJBIIE TOTO, YTO
OBLJIO  JIOCTYTHO C  TIOMOIIBIO

CBETOBOW MUKPOCKOIIHH.

HanotexHonoruu noMoriv yCKOpUTh
OTpeIeJICHHE FeHETHYECKHUX
MOCJIEAOBATEILHOCTEH;  TO,  4YTO
KOTJ1a-TO SIBJISLIOCH TPYIHOM 3aJja4€en,
HA BBINIOJIHEHUE KOTOPOU YXOIWJIO
Oosee necsaTka JeT, CErogHSI MOXKET
OBITH BBITIOJIHEHO B Tropas3fo OoJjee

KOPOTKHUE CPOKH.




Nanotechnology has also helped
develop critical insights into cellular
communication — insights that have
proven to be extremely important in a

number of fields.

10.4.2. Determining

Structures in Biology
Since the development of the first

microscopes in the 1600s, biologists
such as Robert Hooke were fascinated

by the contents of the cell.

While cells are a hive of activity,
biologists had to be content with static
pictures of cellular structures, since the
staining process necessary to see
with  light

cellular  organelles

microscopy was fatal.

However, biologists have not been
restricted to light microscopy for
determining static cellular structures,

since compounds such as DNA and

HanoTexHonornm Takke MOMOIJIU

pa3paboTatb  TEpeloBble  HUJIEU
KJIETOYHOTO B3aUMOJICHCTBUS- UJICH,
KOTOPbIE OKa3aJIMCh YPE3BBIYANHO
BOXHBIMH B HECKOJBKUX cdepax
HayKH.

10.4.2. OnpedeneHue CmpyKmypbl 8
buosnoauu.
C MoMmeHTa pa3pabOTKH MEPBbIX

MHUKpOCKoTioB B 1600-x rogax, Takue
ouonoru, kak PoOGept ['yk, Obum

O4YapoOBaHbl COACPKNMBIM KJICTKH.

HGCMOTPSI Ha TO, YTO KJIICTKH HUMCIOT

BBICOKYIO aKTHUBHOCTh, OuoJyioram

IMPUXO0IUIIOCH JOBOJIBCTBOBATHCsA
CTaTUYHBIMU I/1306pa)K€HI/I5IMI/I

KJICTOYHBIX TakK KaK

CTPYKTYD,

nporecc OKpalliBaHus,

HEOOXOIUMBIM i1 TOTO, YTOOBI
YBUJIETh KIIETOYHBIE OpraHeIbl C
MOMOIIIBI0O CBETOBOM MMKPOCKOIUU,
ObLT 0OpEUCH Ha HEey1auy.
onosoru

OnnHako HE

OrpaHUYUBAIUCH CBETOBOM
MHUKPOCKOIIMEW I ONpEIeIICHUS
CTaTUYHBIX KJIETOYHBIX CTPYKTYD,

IIOCKOJIBKY TaKHWC COCAWMHCHHA, KaK




proteins could be determined with X-

ray crystallography.

As long as a material could be
crystallized, its structure could be

elucidated.

This technique offered a snapshot of
biological structures, although there
were always some underlying concerns
of how representative crystal structures

were of the molecules in solution.

In some cases, by using a very powerful
X-ray source, it was even possible to
determine a protein structure in

solution (Brunger, 1997).

Furthermore, biologists were
determining structures at the angstrom
(A) level.

JIHK wu Oenku, MOXHO OBLIO
OIpECIINTh C TIOMOII[BIO

PEHTI€HOBCKOM KpUCTaIorpaduu.

[loka  marepuan  Mor  OBIThH
KpUCTaJUIM30BaH, €ro CTPyKTypa

MoTJ1a OBITH BEISBJICHA.

DTOT MeToj MPEeACTaBIsul  COOOM
CHUMOK OHWOJIOTHYECKUX CTPYKTYD,
OJIHAKO BCEI/la HMEJHNCh BECOMBIE
COMHEHHSI 10  TIOBOAYy  TOTO,
HACKOJIbKO OBUIM PENpe3eHTaTHUBHBI
KPUCTAJUTMICCKUE CTPYKTYPBI

MOJIEKYJ B PaCTBOPE.

B HekoTOpBIX cilydasix, ¢ MOMOULIBIO
OUYECHb MOITHOTO VUCTOYHHUKA
PEHTI€HOBCKOTO M3JyY€HHUsI, OBLIO
JNaXXe  BO3MOXHBIM  ONPENEIINUTH

CTPYKTYypy ©Oeika B  pacTBOpe

(Brunger, 1997).

Kpome ToOro, OGmosoru ompenemnsiu

CTPYKTYpbl Ha YPOBHE aHICTpeMa

(A).




A good crystal structure can yield a
structure with an accuracy of between
0.2-0.3 A, while NMR spectroscopy
can often yield structures with an
accuracy between 05 and 1.0

angstroms.

So, structural biology was accustomed
to examining proteins, DNA and other
molecules of interest at a resolution of

less than 1 nm.

Not surprisingly, the push from
nanotechnology enthusiasts to examine
molecular structures in a cell at a scale
of nanometers was met with something
less than wide-eyed enthusiasm

amongst all biologists.

Nevertheless, the SEM, TEM, and
STM that the physicists had developed
to probe atoms and molecules, directly
provided useful lower resolution

structural information.

Xopomas KpHUCTaNINYECKas]
CTPYKTypa MOKET BBISIBUTh
CTPYKTYypY ¢ ToyHocThio 0,2-0,3 A B
TO Bpems, Kak SAMP-cniekrpockonus
YacTO MOYET BBISIBIISATh CTPYKTYPHI C

TOYHOCTHIO OT 0,5 1o 1,0 anrcTpem.

Tax, CTPYKTypHas ouonorus
Hayuyniachk u3y4ath Oenku, JJHK wu
IPYrue€ MPEICTABISIOIINE WHTEPEC
MOJIEKYJIBI B pa3pelieHud MeHee |
HM.

Hey,[[I/IBI/ITGHBHO, 4qTO CTPCMIICHHUC

DHTY3UAaCTOB HAHOTEXHOJIOTU
MICCIIEIOBATH MOJIEKYJISIPHBIE
CTPYKTYpPBI B KJIETKE B

HAaHOMETPOBOM  MacmiTtabe  ObLIOo
BCTPEUYCHO JaJIeKo HE
BOCTOPKEHHBIM JHTY3Ua3MOM CpEIu
BCEX OMOJIOTOB.

Tem e meHee, COM, TOM u CTM,
paspaboTaHHble  (QU3MKAMH IS
UCCJICIOBAaHUSI aTOMOB W MOJIEKYII,
HETIOCPEICTBEHHO obecrnieunBaIn
HcclieqoBaresen MOJIE3HOU
CTpYKTypHOU nH(popmarueii ¢ 6omee

HHU3KHUM pa3pCHICHHUCM.




There are a number of biological
compounds  which  cannot  be
crystallized yet can still be imaged
albeit at lower resolution using

electron microscopes.

Furthermore, the electron microscopes
were far more convenient than Xray

crystallography, yielding  images
without the laborious challenge of

crystallization.

A note about protein structure: Protein
structure can be classified into four
categories:

1. Primary structure: the sequence of

amino acids which makes up a protein.

2. Secondary structure: the structures
that two dozen or so amino acids form,

such as a-helices or B-pleated sheets.

3. Tertiary structure: how the helices or
sheets are assembled into larger
structures, such as a barrel or helix turn

helix.

CymectByer psll OHMOJOTHYECKHUX
COCIMHEHUI, KOTOphIE HE MOTYT
OBITh KPUCTAJUIN30BaHBI, OJTHAKO BCE
KE MOTYT OBITh OTOOpPaXEHHI B
HU3KOM pa3pelieHud ¢ TIOMOIIBIO

QJICKTPOHHBIX MHUKPOCKOIIOB.

Kpome TOTO, 3JIEKTPOHHbIE
MHUKPOCKOTIBI ObuTH HAMHOTO
ynoOHee PEHTI€HOBCKOM
Kpucraorpaduu, BBIJIaBAsI

n300pakeHust  0e3  TPYAOEMKHUX

IMPOLCCCOB KPpUCTAIIIN3AllH.

IIpumedanne o cCTpyKType Oenka:
CTPYKTYpYy O€JiKa MOKHO DPa3JeiHTh
Ha YEThIPE KaTETOPUU:

1.IlepBuunas CTPYKTypa:
MOCJIeI0BaTEIbHOCTh aMUHOKHCIIOT,
U3 KOTOPBIX COCTOUT OEJIOK.
2.BropuuHas CTpyKTypa: CTpyKTYypHlI,
KOTOpbIE 00pa3yloTCs U3 OKOJIO IBYX
JIECSATKOB aMUHOKHUCIIOT, TAKUX KaK 0l-
CIIUPAJIA WUITU [B-TTUCTHI.

3.Tpernunas CTPYKTypa:
MOKAa3bIBACT, KaK CIIUPAITH UITU JINCTHI

o0Opa3zyrot Oonee KpYyTHbIE




There are only about two dozen
common motifs in protein tertiary
structure.

4. Quaternary structure: for larger
proteins such as enzymes, this structure
displays how various tertiary structures

can be assembled into a whole.

It is important to realize that it is often
impossible to determine a protein’s
tertiary structure based solely on its
primary sequence, for often, very
dissimilar primary sequences can have

remarkably similar tertiary structures.

The converse is also true.

Similar primary sequences can also
have very different tertiary structures if
key residues forming disulfide bonds

are missing. In

KOHCTPYKILIMM, TaKue Kak Oappenu
WIN COUPATb-TIETIISA-CIIUPAb.
Cyl1iecTByeT TOJBKO OKOJO JBYX
NECATKOB  OOIIMX  MOTHBOB B
TPETUYHOU CTPYKType Oenka.
4. YerBepTuuHas CTPYKTypa: Ui

OoJiee KPYITHBIX OEJIKOB, TAKUX KakK

bepMeHTHI, 3Ta CTPYKTypa
MOKa3bIBACT, Kak pa3JInyHbIe
TPETUYHbIE  KOHCTPYKIIUU  MOTYT

00pa30BBIBATH €IMHOE 1IEJIOE.
BaxHo mnOHHMMaTh, YTO 3a4aACTYIO
HEBO3MOKHO OTIPEICTUTh

TPETUYHYIO Oenka

CTPYKTYDPY
VCKJIFOYUTEIIBHO HAa OCHOBAaHHUU €T0
IIEPBUYHOM  IIOCIEAOBATEIBHOCTH,
4acTO, OYEHb pa3HbIC IIEPBUYHBIC
[IOCJIE0OBATEIBHOCTH MOI'YT HMMETh

YAUBUTCIIBHO ITOXOKHC TPCTUYHLIC

CTPYKTYpHI.

OO0partHoe Takke BEpHO.
[TonoGHBIE MIEpBUYHbIC
MOCTIEIOBATEIPHOCTH MOTYT TaKXkKe
UMETh OYEHb pa3Hble TPETUYHBIC
CTPYKTYPBI, €CITH KITFOYEBbIE OCTATKH,

oOpa3zyromue AUuCyab()uIHbIE CBS3H,




terms of the activity of a protein or its
function inside its cell, its tertiary and
quaternary  structures are  very

important.

Consequently, even a lower resolution
image of a protein structure, especially
a large protein, can often prove to be
more informative than one might

expect.

One of the major concerns about
crystallizing proteins for X-ray
crystallography is  whether the
crystallized proteins of tertiary
structure is representative of its tertiary

structure in solution.

10.4.3. Electron Microscopy
Transmission electron microscopes

(TEM) and scanning electron
microscopes (SEM) worked well for
the dissection of cells — determining

cellular structures after the cell has
been stained, frozen, sliced or has
undergone some procedure which
ensures that it is very far removed from

a living organism.

OTCYTCTBYIOT. Yro Kacaercs
aKTUBHOCTH O€JIKa WK €ro QyHKIUU
BHYTpU KJI€TKH, TO 34EChb OYEHb

BaXHbBI TPCTUYHBIC M YCTBCPTHUYHLIC

CTPYKTYDBHL.

CrnenoBaTenbHO, M300pakeHHe
CTPYKTYphl O€lika, Jdake C HU3KUM
paspeiieHrueM, OCOOCHHO OOIBIITUX
OCJIKOB, YacTO MOKET OKa3aTbCs
HaMHOTO WH(OPMaTHBHEE, YEM ATOTO
MOKHO ObLIO OBI 0KHIATh.

OouH U3 OCHOBHBIX  BOIIPOCOB,
KacaTelIbHO KPUCTAIIN3AINHA OCIIKOB
s PEHTI€HOBCKOM
KpucTauiorpaduu -
pernpe3eHTaTUBHA JIM  TPETUJIHAs

CTpYKTypa Oenka B pacTBOpE.

10.4.3. 2n1eKMpPOHHAA MUKPOCKONUA

IIpocBeunBaromue AIIEKTPOHHBIE
MUKPOCKOTIBI (IIBM) 17}
CKaHHMPYIOLIUE AJIIEKTPOHHBIE

Mukpockonbl (COM) OblIN MOE3HBI
B MPOILECCE BCKPBITUS KIETOK — IS
ONpENENIEHUs] KIETOYHBIX CTPYKTYP
nocie TOro, Kak KieTka Oblia
OKpallleHa, 3aMOpOKEHa, pa3pe3aHa

WIH npoIuia KaKy0-Tu00




Once suitably prepared, SEM samples
could be used to gather information
about the surfaces of cells, while TEM
could probe the interior structures of

the cell using 10 nm slices.

However, neither TEM nor SEM are

well suited for studying living cells
given their sample preparation
requirements (plating with a thin layer
of gold atoms) and operating

conditions (high vacuum).

Nevertheless, these electron
microscopes did enable observation of
organelles from cells at resolutions
beyond the capabilities of conventional
light microscopy.

By 1988, there were a number of

techniques  available to image

MPONEAYpPY, TapaHTUPYIOIIYIO0, YTO
OHa YX€ HE SBIAETCS >KUBBIM
OpraHU3MOM.

[locne Hagnexamed NOATOTOBKH
COM  ofOpa3upl  MOryT  OBITH
HCTIOJIb30BaHbI TUTSt coopa
“H(pOpMAIUU O IOBEPXHOCTU KIIETOK
B TO Bpems, kak IIOM wmor
HCCIIEIOBATh BHYTPEHHHUE CTPYKTYPHI

KJIETKH ¢ moMo1pio 10HM cpe3oB.

Omnako Hu IIODM, sm COM He
SBJISIFOTCS JIOCTaTOYHO
TTOAXOASIIAMH JIJTIS U3yUEHUS KUBBIX
KJIETOK C YYeTOM HMX TpeOOBaHUM K
POOOMOTOTOBKE (TOKpbITHE
TOHKUM CJIOEM aTOMOB 30JI0Ta) H
YCIIOBUM OKCIUTyaTalluu  (BBICOKHIA
BaKyyM).

Tem HE MeHee, ATH JIJICKTPOHHBIC
MUKPOCKOIIBI TIO3BOJIMIIN HAOIIOAATh
KJICTOYHBIC OpraHesUIbI B
paspenieHusx, MPEBBIIIAFOIINX
BO3MOXXHOCTH OOBIYHOW CBETOBOM

MHKPOCKOIINH.

K 1988 r. cymecTBoBano HECKOIBKO

METO/IOB TUIS U300paxeHUs




organelles, bacteria, and viruses using
either TEM or SEM (Tanaka, 1989).

10.4.4. Dynamic Cellular Probes

Biologists have also been busy probing

cellular processes dynamically.

Given the complexity of cellular
processes, a static snapshot of a cell and
its organelles has proven to be of

limited utility.

Hence, even electron micrographs of
cells, which showed some amazing
details of organelles and other
structures, were not really all that
useful to study dynamic cellular

processes.

Better understanding of cellular
processes requires following the

reactions taking place in a living cell.

opranei, OakTepuil U BHPYCOB C
ucrojib3zoanueM [IOM wimn COM

(Tanaka, 1989).

10.4.4. [luHamuyeckue Kremo4Hsble
30HO0bI
buonorn TaKXKe 3aHUMAJINUCh

30HAUPOBAHHUEM KJICTOYHBIX

IMPpOLCCCOB NTMHAMUYICCKHU.

YuureiBasg CIOXHOCTb KIIETOYHBIX
MPOLIECCOB,  CTAaTUYHBIA  CHHUMOK
KIETKM M €ro OpraHeis, Kak
0Ka3ajaoch, HMEET OIPAHUYCHHOE

HCIIOJBb30BaHHUC.

COOTBETCTBEHHO, Ja)Ke DJICKTPOHHBIC
MuKpodoTorpaduu KI€TOK, KOTOpPhIE
BBISIBUJIM HEKOTOPBIE YIAUBUTEIHHBIC
JIETaJIM OPTAHEIIT U IPYTUX CTPYKTYD,
B JCHCTBUTEIBHOCTH, OKAa3aJIHCh
HEOCTAaTOYHO TTOJIC3HBI TUTST
W3YYCHUS TMHAMHYCCKUX KIICTOYHBIX

IPOIIECCOB.

Hawnnydiree moHMMaHHE KJIETOYHBIX
poIIeCCOB TpeOyeT HaOIIOJeHUs 3a
peaKIUsAMH, POUCXOISIINX B KHUBOU

KIJICTKE.




Confocal microscopy coupled with

fluorescent  probes allowed the
determination of the path of some
molecules in the cell in real-time,

including their chemical changes.

By 1990, the first images of living cells

were  available  with  confocal
microscopy and in a seminal paper,
Cornell-Bell and colleagues (1990) had

shown that it was possible to monitor

glutamate and calcium levels in
astrocytes to probe their
interdependence.

It would be rather disingenuous to
claim that nanotechnology had much to
do with this work, but it does have a

role to play involving confocal
microscopy that we will touch on

shortly.

10.4.5. Development of the AFM
As noted above, SEM and TEM did

provide some wonderful images of

cellular structures by the mid-1980s,

KoH(dokanbHass ~ MHKpPOCKONHS B

couetaHuu C  (IYyOpPEeCIECHTHBIMU
30HJaMU  TO3BOJIMJIIM  ONPEJECIUTD

IIyThb HCKOTOPBIX MOJICKYJ B KJICTKC B

PCKHUMCE pCaJIbHOTO BPCMCHH,
BKJIrO4asd nux XUMHUYCCKHEC
HU3MCHCHMUS.

K 1990 r. mnepBbie u300pakeHUs
KUBBIX KJIETOK CTaJd JOCTYIIHBI C
ITOMOUIBIO KOH(OKaTbHON
MUKpPOCKOIIUHA, U B OPHUTMHAIBHOU
cratbe Kopaemwr-benmn u  kosern
(1990) mokazamm, YTO BO3MOXKHO
HaOJI0JaTh 32 YPOBHEM IUIyTamara u
YTOOBI

KaJdbllud B  aCTPOLIMTAX,

Ha6J'HO)IaTB HUX B3aMMO3aBHCHUMOCTD.

beuto  Ob  OBOJIBHO  JIYKaBO
yYTBEP)KIIaTh, YTO HAHOTEXHOJIOTHH
UMEIOT MHOTO OOIero ¢ JTOH

paboTol, OJJHAKO, OHA MIPAET CBOKO
pOJIb B KOH(OKAITbHOMN
MHUKPOCKOIIMU, TEMY KOTOPOM MBI

KOCHEMcs B OJmKaiiiiee Bpems.

10.4.5. Pazsumue ACM

Kaxk ormeuanocs Beiie, COM u TOM
JIEUCTBUTEIIHLHO oOecrieynBaIn

HCKOTOPLIC 3aMCUYaTCIbHBIC




but these images were static and were

far from physiological conditions.

Dynamic cellular information was

another story.

Given the instruments’ requirements,
SEM, TEM or STM could not be used
to solve many of the important

problems in biology which required

dynamic interrogation of living cells.

The scanning tunneling microscope
(STM), first developed in 1981, did
not appear to be much of an
improvement over electron
microscopes for biology since it
required a conductive surface; although
by 1989, it was possible, via this
technique to image cellular membranes
in aqueous solutions (Ruppersberg et
al., 1989).

M300paKeHHSI KIIETOYHBIX CTPYKTYP K
cepenude 1980-x TOAOB, HO ITHU
U300pakeHUs] ObUIM CTaTUYHBIMH H
ObUIM  JaleKd  OT  peallbHBIX
(U3HOTOTUYECKUX YCIIOBUH.
Jlnaamugeckas KJICTOYHAS
uHopmaIus  SBJISIACH HWHBIM
ciy4yaem.

VYuuteiBas TpeOboBaHUsI K TpUOOpam,
CoM, TOM mwm CTM He Morim
OBITH HWCITOJIH30BAHBI JIJIST PEIICHHUS
MHOTHX BaKHBIX POOJIEMBI
ouonoruu, TpeOyIOIUX
IUHAMHUYECKOrO0  HAOJIOACHUS  3a

JKUBBIMHU KIJICTKaMU.

Cxanupyrommii TYHHEJIbHBIN
MHUKPOCKOII (CTM), BIIEPBbIC
paspabotannbii B 1981 1., He
OTJIMYMIICS OOJIBIINM  YIyYIIICHUEM
[0 CPaBHEHUIO C AJIEKTPOHHBIMU
MHUKPOCKOTIaMHU, ISl OMOJIOTHYECKHUX
UCCIIEJIOBaHUA eMy TpeboBajach
MpOBOJSAMIAs MOBEPXHOCTh, XOTS K
1989 romy crTamo BO3MOXHBIM C
MOMOIIIBIO 3TOTO METOJIa U300Pa3UTh

KJICTOYHBIC M€M6paHBI B BOJHBIX




However, an offshoot of the STM,

the AFM (Atomic Force Microscope)
developed in 1986 (Giessibl, 2005),
finally gave biologists a high resolution
microscope that could work

on the insulated surfaces of cells as

well as the conductive surfaces.

Like the STM used by Eigler to
produce his seminal picture of xenon
in 1989, the AFM

mechanical, not an optical, microscope.

atoms IS a

Work in the early 1990s demonstrated
the power of the technique for both
probing cells and monitoring their
responses to various challenges

and insults (Henderson, 1994; Chang et
al., 1993; Fritz et al., 1994).

pactBopax (Ruppersberg wu np.,
1989).

Onnako pazHoBuaHocts CTM, ACM
(aTOMHO-CHIIOBOM MUKPOCKOII),
pa3zpaborannbiii B 1986 r. (Giessibl,
2005) HakoHen cTtaj Jjsi OHMOJIOTOB
MHUKPOCKOIIOM BBICOKOTO
paspelnieHus, KOTOpbld MOT paboTaTh
KaK Ha W30JTUPOBAHHBIX
MOBEPXHOCTSAX KJIETOK, TaK M Ha
MIPOBOIATINX MTOBEPXHOCTSIX.

Tak XKe KaK u CTM,
WCIIOJIb30BaHHbIN JuriepoM B 1989r.
JUIS1 CO3/IaHUSI CBOETO OPUTUHAIIBHOTO

n300pakeHus aToMoB kceHoHa, ACM

- 3TO  MEXaHW4YEeCKHUM, a He
ONTUYECKUN MUKPOCKOIL.
Pabota Havaja 90-x TrOJIOB

IIPOJICMOHCTPHUPOBAJIa BO3MOKHOCTH
STOU TEXHUKHU U JUIST HAOJIIOACHUSA 3a
KJIETKaMH, W JUISI OTCIIEKHBasT HX
peakiuii

Ha Pa3INYHBIC

1994;
Chang et al.ap., 1993; Fritz et al.,
1994).

pazapaxurenu. (Henderson,




There were still challenges to
overcome, notably the high vacuum
requirements of all of these various
microscopiesl; but by 1991, the first
reports of AFM imaging of living blood
cells was published by a group at IBM
(Héberle et al., 1991).

Of the microscopes associated with
nanotechnology, only AFM had the
ability to observe molecular surfaces in

living cells.

Perhaps more importantly, AFM can
probe the physical environment of a
cell in a very unique manner, which has
led to remarkable insight into cellular
signaling, discussed in a subsequent

section.

While confocal microscopy is an
optical technique with resolution

limited to optical wavelengths, AFM

Opnako ObUIM  emie  MPOOJIEMBI,
KOTOpbIE HEO0O0XO0AMMO OBLIIO
PEO0JI0JIeTh, B YaCTHOCTH,
TpeOOBaHUS K BHICOKOMY BaKyymy y
BCEX ITUX Pa3HOBUIHOCTEH
MHKpOCKOIIMH; HO K 1991 r. mepBrie
coobmenuss 06 ACM-uzo0pakeHuit
KUBBIX  KJIETOK  KpPOBH  ObUIN

onyonukoBanbl Tpynmnoii B IBM

(Haberle u ap., 1991).

N3 Bcex MUKPOCKOTIOB, CBA3AHHBIX C
HAHOTEXHOJIOTHSIMU, TOoJIbko ACM
AMEII  BO3MOXKHOCTH  HaOmIOmaTh
MOJICKYJISIPHBIE ~ TOBEPXHOCTU B

JKHNBBIX KICTKax.

Bo3moxxHO, eme 0OoJjiee BaXXHBIM
sBisieTcss To, 4ro ACM MoOXeT
uccineoBath  (DU3NYECKYI0 Cpeay
KJIETKH YHHUKaJIbHBIM 00pa3oM, 4TO
MIPUBEJIO K PEBOJIFOIIMOHHBIM HJIESIM O
KJIETOYHBIX CHUTHAJIM3AIUAX, PEYb O
KOTOPBIX MOMAET B CJIEAYIOIIEM
paszeie.

B T0 Bpems, kak koH(poOKaIbHAS
MUKPOCKOTIHUS SIBJISIETCS ONTHYECKON

TEXHUKOU c pas3pelIeHUEM,




does not rely on photons for images and

has a far finer theoretical resolution.

In practice, AFM and confocal
microscopy are far more
complementary rather than competitive
techniques — both imaging

technologies are very useful at

understanding the living cell.

10.4.6. Other Advances in

Structural Biology: Quantum

Dots and Nanoparticle Probes
Quantum dots2, one of the poster
children for nanotechnology, offer a
number  of  advantages over
fluorophores used as biological probe
tags in both microarrays and confocal

microscopy (Alivisatos et al., 2005).

Biological tags are covalently linked to

a probe that will bind to a molecule of

OTpaHUYCHHBIM OITHYECCKUMU
JUIMHAMU CBETOBBIX BOJIH, ACM He
noyiaraeTcst Ha (QOTOHBI JIJIsl CO3aHUS
M300paKCHU B IMEET O0JIee TOUHOE

TCOPCTUUCCKOC PA3PCIICHUC.

Ha npaktuke ACM u koH]oKkanpHas
MHUKPOCKOIIUSL ~ Topa3io  OoJiblie
JOTIOJIHAIOT JpYT Jpyra, HEXeIu
IPOTUBOIIOCTABIISIFOTCS - obe
TEXHOJIOTHH MIOJTy4eHUS
M300paKEHUsI OYEHb TOJIE3HBI IS

IMOHMMAaHMUS )KMBOM KJICTKH.

10.4.6. [pyeue odocmuxceHus 8

CmpyKkmypHoU buosnoauu:
K8aHMosasa ToYKU U HAHO YacMU4Hoe
30HOUpPOBAHUE

KBaHTOBBIE TOYKM - OHJHO M3

OJIMLETBOPEHU HAHOTEXHOJIOTUM -
NpeIaraT psija MPEUMYIIECTB Ha
dbayopodopamu, UCHONB3yEeMbIMH B
KauyeCTBE METOK OHOJIOTHYECKUX
30HJI0OB KaK B MUKpO4YHIIaX, TaK ¥ B
KOH(OKATbHOMN MUKPOCKOIUHU
(Alivisatos et al., 2005).
buonornueckne METKH KOBAJICHTHO
CBSI3aHBI C 30HJOM, KOTOPBIA Oymer

CBA3BIBATLECA C HpCI[CT&BJ'DIIOH.I@ﬁ




interest and give off a strong optical

signal when the binding occurs.

Since the signal from quantum dots is
stronger than that from fluorophores as
well as longer lived, a single quantum
dot provides a sufficiently strong signal
where it was previously necessary to
use a number of fluorophores to
generate adequate

signal to noise.

As noted earlier, by using a confocal
microscope, it is now possible to follow
the path of a tagged molecule through

the cellular machinery.

In fact, different molecules can be
tagged with more than one type of
fluorophore or quantum dot, thus
allowing comparison of various
cellular components

or pProcesses

simultaneously over time.

WHTEPEC MOJICKYJIOM U BBINYCKaTh
CUJIbHBIM OITUYECKUH CHUTHal BO
BpEMSI CBSI3KH.

[TockonpKy CHUTHAI OT KBaHTOBBIX
TOYEK yeM

CHJIBHCC, oT

TaKxke Oolee

dbayopodopoB, a
JUTATEIbHBIN, OJUHOYHAS KBAHTOBAs
TOYKa 0O0ECIeUnBaeT JIOCTATOYHO
CUJIBHBIA CUTHAJI TaM, TAC paHbIIeC
ObLJI0O  HEOOXOJMMO HCHOJIB30BAThH
pan dbayopodopoB aJjisi BRIPaOOTKH

AJICKBATHOT'O K IIyMY CHUI'HAJIA.

Kak oTmeuanocs paHee, ¢ TOMOIIBIO
KOH(OKAJIBHOTO MUKPOCKOIIA TENEPh

MOJXHO CJIICOUTH 3a IIYTCM MEUEHOM

MOJIEKYJIbI yepe3 KJIETOYHBIN
MEXaHU3M.
@DaKkTUYECKH, pa3HbIE  MOJIEKYJIbI

MOTYT OBITH NOMEYEHBI Oojiee YeM
omHUM TunoM ¢dayopodopa wWIH
KBAaHTOBOM TOYKH, YTO TIO3BOJISIET
OJTHOBPEMEHHO U JUTUTEIBHO

CpaBHUBATb Pa3JIMYHBIC KIICTOYHBIC

KOMITOHCHTEI WUJIKW IMTPOLCCCHI.




Fluorophores have been under

development longer than quantum dots
and thus there are a much wider variety
of synthesized fluorophore conjugates
(fluorophore bound to a probe)

available.

With this variety of fluorophores,

a number of techniques have evolved
for confocal microscopy (Dailey et al.,
2006).

Although quantum dots’ longer lived
signal and more robust nature — with
the development of core/shell quantum
dots — has significant performance

advantages over the  standard
fluorophore chemistry, the existing
fluorophore conjugate catalog ensures

their popularity.

Quantum dots are not the only tag
molecules developed by

nanotechnology.

®dnyopodopsl  pa3zpabaThIBalUCh Ha
NPOTSHKCHUH  Ooyiee  UTUTEITBHOTO
BPEMEHH, YeM KBAHTOBBIC TOYKHU W,

CJIEZIOBATEIEHO, CYIIECTBYET TOPa3/Io

Ooee ITUPOKU I BBIOOD
CUHTE3UPOBAHHBIX KOHBIOTATOB
bryopodpopa (dbyopodpop,

CBSI3aHHBIN C 30HT).

bnarogaps sTomy pa3Ho00pa3uio
dbayopodopoB ObUT pazpaboTaH psj
TEXHHK TSt KOH(OKaJbHOU

mukpockonuu (Dailey et al., 2006).

Xotss Oonee JOJTMH CHUTHalI H
OonpIasi  CTOMKOCTh ~ KBAHTOBBIX
TOYEK - C pa3BUTHEM siIpa / 000TOUKH
KBAaHTOBOM  TOYKH - MMEIOT
3HAYUTEIbHBIE MPEUMYIIECTBA B
POU3BOUTEIILHOCTH MO CPABHEHUIO
Co cTaHaapTHO (yopodopoHOit
XUMEH, CYIIECTBYIOLIMNA  KaTajor
KOHBIOTATOB dbayopodopa

rapaHTUpPyCT UX HOIIYJIAPHOCTS.

KBaHTOBEIC TOYKH - HE
€MHCTBEHHBIE  MOJIEKYJIbI-METKH,
pazpaboTaHHbIC Osarogaps

HAaHOTCXHOJIOTUAM.




Gold nanoparticles can also be used to
provide an optical signal strong enough
to detect single molecule binding

events using ordinary light microscopy.

As is the case of all these tag
technologies, toxicity of the tag
molecules remains a concern (Murphy
et al., 2008).

10.4.7. Determining DNA Sequences

Determination of the genetic content of
an organism prior to the 1980s was a
highly laborious process — it could take

years to find a single gene.

But the technology to determine gene
sequences evolved dramatically in the
1980s (with some assistance from
physicists); and the speed of
characterization of DNA  bases
improved to the point that by 1990, the
Human Genome Project could be
initiated — a project which led to
identification

30J10ThI€ HAHOYACTHUIIBI TAKIKE MOTYT
UCIIOJIb30BAThCA Il  OOECTIeUeHHUSI
CUJIBHOTO  ONTHYECKOTO CHTHAJIA,
JOCTAaTOYHOr0, I OOHapyKEHHS
COOBITUH CBSI3BIBAHUS OJHOU
MOJICKYJIBI C TIOMOIIBIO OOBIYHOM
CBETOBOW MUKPOCKOIIHH.

Kak w B cnydae ¢ Japyrumu
TE€XHOJIOTUSIMU OTMETOK,
TOKCUYHOCTH MOJIEKYJI-METOK

octaetcs noj BompocoM. (Murphy et
al., 2008).

10.4.7. OnpeodeneHue
nocsniedosamesbHocmelt [JHK
Onpenenenue T€HETUYECKOT'O

cocraBa opranusma 10 1980-x rogos
OBLIIO BEChbMa TPYAOEMKUM
MPOIIECCOM - MOTJIM MOTPeOOBaThHCS
TOJIbl, YTOOBI HaWTH OJIUH
€IMHCTBCHHBIN I'CH.

OnHako TEXHOJIOTHSl OMpeeaeHuUs
MOCJIEIOBATEILHOCTE TE€HOB PE3KO
sBoJTIIOIIMOHUpOBaia B 1980-¢ rojsl (c
HEKOTOPOH MOMOIIBIO (PU3UKOB); U
CKOPOCTh ONPEEIICHUS] OCHOBAaHUU
JIHK Obuta ymyumieHa A0 Takoro
ypoBHs, uro B 1990 romy crano
BO3MOXKHBIM MHULIMHPOBaTh [IpoekT

"'eHom  uyenmoBeka" -  MPOEKT,




of all the 20,000-25,000 genes in
human DNA in 13 years.

Aimed at producing a genetic map of

an individual cheaply, Pacific
Biosciences developed products that

extensively use nanotechnology.

Combining the technology of handling
zeptoliters of fluids with zero mode
waveguides, a hole with a diameter of
tens of nanometers in a 100 nm metal

film on a silicon dioxide substrate,
Pacific Biosciences is planning on very
DNA

sequencing aimed at providing genetic

rapid and  inexpensive

information to individuals.

KOTOPBIN MPUBEN K UACHTH(PUKAINHA
Bcex 20 000-25 000 reHoB B

yenopeuecko JIHK B Teuenue 13

JET.

Crpemsich IIPOU3BECTU
FEHETUYECKYI0  KapTy  KaXJoro
YeJI0BEKa C MUHHMAaJIbHBIMU
3aTpaTamu, KOMITaHUS Pacific

Biosciences, pa3padoTaia npoayKThl,

B KOTOPBIX IIMPOKO HCHOJIb3YIOTCS

HaHOTEXHOJIOTHUHU.

KombOunupoBanue TE€XHOJIOTUHU
00paboTku 3€NTOJIUTEPOB
KUJIKOCTEU c HYJIEBBIMU

BOJTHOBOJIaMH, OTBEPCTHE C JUAMET]
B ECATKU HaHOMETPOB B
METAJUIMYECKON TIJIEHKE TOJIIIMHON
100 am Ha cyOcTpare u3 AUOKCHU]IA
Biosciences

KpEMHUS, Pacific

IJIaHUPYEeT  OYeHb  OBICTpOE U
Henoporoe cekBenupoBanue JIHK,
HANpaBJIEHHOE Ha MPEJOCTABICHUE
FCHETUYECKOMN

uHdopmauu s

bu3HYeCcKuX JUII.




The key molecular component, DNA
polymerase, reads DNA bases at a rate
of tens of bases/second. Reading a
sequence thousands of bases long takes
a few minutes, and algorithms to
assemble the information into the

full sequence have been developed.

10.4.8. Determining Gene Expression

For larger organisms, where expressed
gene products could be collected from
biological fluids, generally blood, Pat
Brown’s lab at UCSF developed

the microarray in the mid-1990s
(Schena et al., 1995).

The

simultaneous

microarray  allowed  the

characterization  of
multiple gene products — the cellular

signals emanating from genes.

Although microarrays were originally

developed to probe nucleotides,

biologists are now using protein based

Kiroueson MOJIEKYISPHBIN

KOMIIOHEHT, JAHK-nonumepasa,
cuutbiBaeT ocHoBaHus JIHK Ha

CKOPOCTH B JIECSITKA OCHOBAHWI/B

CEKYHIY. Urenue
MOCJIEIOBAaTEIbHOCTH B THICSYU
OCHOBAaHUW 3aHUMAET HECKOJIBKO

MUHYT, Takke ObUIM pa3zpaboTaHbI

AITOPUTMBI TUISL cOopku
uHpOopMauu B HOJIHYIO
MIOCJIEZI0BATEIBHOCTb.

10.4.8. OnpedeneHue 3sKcnpeccuu
2eHos

Jliia ©ornee KPYIHBIX OPTaHU3MOB, Y
KOTOPBIX MPOAYKTHI

AKCIPECCUPOBAHBIX TEHOB MOTYT
OBITH TIOJYYEHBI U3 OMOJIOTHYECKUX
KUIKOCTEH, KaK MPaBUIIO, U3 KPOBH,
nabopatopus I[Isra bpayna B UCSF
paszpaboTajia MUKPOYHUI B CEpeUHE
1990-x rr. (Schena et al., 1995)

Mukpo4un mo3BOJIST OJTHOBPEMEHHO
OTIPEIEIATh

IPOIYKTHI cpasy

HCCKOJIbBKHUX TICHOB - KICTOYHBIX

CHTHAJIOB, UCXOAIIIUX OT I'CHOB.

HecMmoTpss Ha TO, YTO MMKPOYHIIBI
M3HAYaJbHO OBLIM pa3paboTaHbl IS

HCCJICA0OBAHU HYKJICOTU OB,




microarrays as well, allowing for the

concurrent detection of multiple

proteins.

Microarrays make use of the same

interrogative  technology used in
confocal microscopy; however, instead
of monitoring the binding of a probe
molecule in a cell, a short oligomer of
nucleic acids or protein fragment is

bound to a slide.

Then, samples containing potential
molecules of interest with high binding
affinities for these probe

molecules can be examined.

If binding occurs, a tag molecule, such
as a fluorophore, quantum dot or other
nanocrystal, emits an optical signal.

ouoJioru TCIICPb HCIIOJIB3YIOT
OCJIKOBEIC MUKPOYHIIBI,
ITO3BOJIAIOIIHNC OJHOBPCMCHHO

0OHapyXEHHUE HECKOIbKUX OEITKOB.
Mukpouunsl HUCHOJB3YIOT Ty K€
MHTEPPOTATUBHYIO TEXHOJOTHUIO, UTO
UCIIONIB3YEeTCSI U B KOH(OKAJIbHOU
MHUKPOCKOIIUHU; TEM HE MEHEE, BMECTO
MOHHUTOPHHTA CBSI3BIBAHUSA
MOJIEKYJIbI 30H/1a B KJIETKE, KOPOTKUI
OJIUTOMEP HYKJIEHHOBBIX KHUCIIOT WUJIH

dbparmMeHT Oenka NpPUBA3BIBACTCS K

clanmny.

[Torom MOKHO HCCIE0BaTh
00pa3Iisl, cojepIKaIlne
MOTEHIIUAJIbHBIC  MPECTaBJISIIOIINE
UHTEPEC MOJIEKYJBI C  BBICOKOM
adpUHHOCTHIO CBSI3bIBAHUS c

30HAaAMM JJIs1 9TUX MOJICKYII.

Ecmu IMPpOUCXOaUT CBA3BIBAHUC,

MOJICKYJIa-MCTKa, KakK HaIrpMcep

dbayopodop, KBaHTOBas TOUYKA WU
IpyTrou

HaHOKpPUCTAJLI H3J1ydacT

OINITUYECKUU CUTHAJ.




The development of microarrays to
nanoarrays, akin to the development of
microelectronics to nanoelectronics,
has led to dramatic improvements

in the number of gene products that can

be measured on a single chip.

Early microarrays from 1995 were
limited to determining whether a few

dozen genes were being expressed or
not; hence, and making the microarray

an expensive, laborious process.

Today’s microarrays (effectively
nanoarrays, but still called microarrays
similar to the terminology in
electronics) can determine whether
tens of thousands of genes are being

expressed.

Biologists are now drowning in data, as
theory has not kept up with the vast

amount of data generated.

Pa3BruTre MUKpOYHUIIOB B HAHO YUIIOB
MOYXHO CpaBHUTb C Ppa3BUTHEM
MUKPO3JIEKTPOHUKHU U
HaHORJIEKTPOHUKH - OHO MPHUBEIO K
3HAYUTEIBHOMY YBEJINYEHUIO
KOJMYECTBA TE€HHBIX IPOIYKTOB,
KOTOPBbIE MOKHO U3MEPUTH HA OJHOM
YuIeE.

Pannne wmuxpounnser u3 1995 .
OTrpaHUYMBAIIHCH ONpEEICHUEM
TOro, ObUIa JIM DJKCIpPECcCHpOBaHa
JIIOKUHA I'€HOB WIH HET;
CJIEI0BATEIIBHO, IIpeBpalaIn
UCIIONIb30BAaHUE  MHUKpOYMIIa B
JOPOTOCTOSAIIMHA U TPYAOEMKHUU
nporecc.

CeromHss MHMKpOUHMIIBI (Ha CamMoOM
JieJe  HAaHOYMIBL, HO BCE elle
Ha3bIBAEMbIE MUKPOYMIIAMH, KaK U B
TEPMUHOJIOTMM B 3JIEKTPOHHKE)
MOTYT OIPEENHTD,
AKCIPECCUPOBAHBI JIU AECATKU THICSY

I'CHOB HNJIN HCT.

buonoru celiyac yronarr B 1aHHBIX,
IIOCKOJIBKY TEOpHsl HE YCIIEBaeT 3a
OTPOMHBIM KOJIMYECTBOM

CICHCPUPOBAHHLIX JTAHHBIX.




The of

microarrays to nanoarrays is due to

miniaturization  process
advances in handling smaller volumes
of materials, whether it is coating glass
beads at the nanometer range

or applying DNA oligomers to these

surfaces reliably.

Furthermore, the technology to
synthesize these tens of thousands of
oligomers cheaply and reliably has
been dependent on inkjet printing

technology, which in turn owes a great

deal to nanotechnology.

Like the

improved tag technology of quantum

confocal  microscopy,
dots and other nanocrystals is having an

impact on microarrays.

The improved signal-to-noise of these

technologies has allowed further
reductions in the number of probes
needed for both protein (Zajac et al.,
2007) and nucleotide microarrays

(Karlin-Neumann et al., 2007).

IIpouecc MUHHATIOpU3aLUN

MUKPOYHIIOB B HAHOYHUIIBI CTal

BO3MOXKCH OJyiarojiapsi JOCTHXCHHSIM
B 00paboTKe HEOONBIINX 00HEMOB
MaTepuaioB, Oyab TO TOKPBITHE
CTCKJISTHHBIX [IIAPUKOB B

HaHOMCTPOBOM AUAaIia3oHe 501041

IMPOYHOC HAHCCCHUC  OJIMTI'OMCPOB

JIHK Ha T noBepxHOCTH.

KpOMe TOIO, TCXHOJIOTHA
CUHTC3UPOBAHHA OTHUX JCCATKOB
TBhICSAY OJIMTOMCPOB ACHICBO u

HAJICKHO 3aBHCEla OT CTPYWHOH
MEYaTHOM TEXHOJIOTMH, KOTOpas, B

CBOIO OYepelb, BO MHOTOM 0O0s3aHa

HAHOTEXHOJIOTUSIM.
Kaxk 51 B KOH(OKaJIbHON
MUKPOCKOIINH, YIIy4IIEHHAs

TCXHOJIOTHA MCTOK KBAHTOBBIX TOUYCK

U OPYTUX

OKa3bIBACT BJIIMAHUC HA MUKPOYUIIBI.

HaHOKPHUCTAJIJIOB

VYIIy4lI€eHHOE COOTHOUIEHHE CHUTHAJI-
IIyM 3THUX TEXHOJOTHHA IO3BOJIAIIO
JajbHenee COKpallleHuE
KOJINYECTBA HEOOXOAMMBIX 30HJIOB,
UCIIOJIB3YEMbIX KaK ISl MUKPOYHIIOB

oenka (Zajac et al., 2007), Tak u s




10.4.9. Cellular Signaling
Cells can signal using a variety of

methods: chemical, electrical, and least
understood, direct physical

contact.

Yet, direct physical contact is critical to

control in vital cellular processes.

Pressure on a cell membrane or
activation of a receptor can indicate
whether it is time for a cell to divide or
undergo apoptosis - programmed

cellular death.

Adhesive forces between cells are

critical to understanding cell function.

While intercellular chemical signals

are critical for long distance

MukpouunoB Hykjieotuaa (Karlin-

Neumann et al., 2007).

10.4.9. KnemoyHslil cueHan
Knetku MoryT nepenaBaTh CUTHAJIBI,

UCIIONb3Ysl  Pa3jIU4HbIE  METO[BI:

XUMHUYCCKHUC, QJICKTPUICCKHUC 151
HanMMCHCC HCCICAOBAHHLIC-TIPAMBIC

(1)I/IBI/ILI€CKI/IG KOHTAaKTHEI.

Tem He MeHee, IpsIMON (PU3HUYECKHI
KOHTaKT UMEET PELIAoIIEee 3HAaUCHHUE
JUISL KOHTPOJISl KU3HEHHO Ba)KHBIX

KJICTOYHBIX IIPOLECCOB.

JlaBneHue Ha KJIETOYHYI0 MeMOpaHy
WIM aKTUBalUs pELenTopa MOTyT
yKa3arb, Mopa JiM KJIETKE AEINUTHCS
WIM TOABEPTHYThCA amonTo3y -

3alpOrpaMMHUPOBAHHON  KJIIETOYHOM

CMEpTH.

Cuna aaresuu MeXIy KIE€TKaMu
MMEET pelIAoNIee 3HAYEHUEe s
MMOHUMAaHHUS (GyHKIIOHUPOBAHUS

KJICTOK.

B TO BpeMs Kak MEXKIETOYHBIC

XUMHUYCCKUE CUTHAJIBI KPUTUYHBI AJIs




communication, on shorter distance
scales, intercellular physical contacts

also play a critical role.

It is now possible to identify a single
molecule in a cell membrane that sticks
to the surface of another cell’s
membrane, and to measure the force

that this molecule exerts using AFM.

It is also possible to measure the forces
of adhesion and deadhesion

between cells (Benoit et al., 2000; Pittet
et al., 2007; Helenius et al., 2008) as
well as the elasticity of various types of
cells (Kuznetsova et

al., 2007) with this technique.

Adhesive
understanding a plethora of phenomena

forces are critical to
from marine growth to the progression
of cancer.

the

Understanding importance of

physical intercellular

oOLIeHUsT Ha OOJIBIINX PACCTOSHUSX,
Ha Ooyiee KOPOTKHX JUCTAHIMSIX
MEKKJICTOUHbIE duznueckue

KOHTAKThI TaKXKC HUIrparoT

pearonyo poib.

Tenepp MOXHO HIACHTHPHUIMPOBATH

OJIHy MOJIEKYJy B  KIJIETOYHOM
MeMOpaHe, KOTOpas NpPHIHIAET K

ITOBCPXHOCTH M€M6paHI>I

Ipyrou
KJIIETKH, ¥ W3MEPUTh CHIIy, KOTOpas
3Ta  MOJIeKyJa  TpOSBISAET, C
nomoIpro ACM.

Taxxke ¢ IMOMOMIIBIO ATOM TEXHUKU
MOYKHO U3MEPHUTH CHIIBI aJITC3UH U JIe-
anaresnn Mexay kietkamu (Benoit et
al., 2000; Pittet et al., 2007; Helenius
et al., 2008), a Takke 3IaCTUYHOCTH
Pa3ITMYHBIX

THUIIOB KJICTOK

(Ky3nemnona u ap. al., 2007).

Cuna anaresud KpPUTHYECKM BaXKHA
JUIA TIOHUMAaHUs MHOYKECTBA SIBJIEHUN
OT pOCTa MOPCKHX PACTEHHUM [10

pa3BUTHS paka.

[lonumMaHre BaXHOCTH (PU3UUYECKUX

MCIKKJICTOYHBIX CHJI IIPUBCIIO K




forces has led to revolutionary
advances in several areas including:

1. Proliferation of tumor cells.

2. Organ growth and regeneration.

3. Cellular repair.

4. Implant technology (Emerson &
Camesano,

2004).

5. Multicellular growth.

The AFM has led to insights into the
adhesion of tumor cells by showing that
as the intermolecular forces in solid
tumor cells decrease, the tumor

can spread far from its initial site of

formation (Panorchan et al., 2006).

Clearly, loss of cellular adhesion is one
key step in the metastases of

tumor cells.

The field of organ regeneration has
shown amazing progress in the last

decade or so.

PEBOJIOOMOHHBIM JTOCTHIKCHUSAM B
HECKOJIBKHNX O6JIaCT51X, B TOM 4HUCIJIC:
1. Pa3MmHokeHue OIIYXOJICBBIX
KJIETOK.

2. Poct u perenepaiys OpraHos.

3. KileTouHO€ BOCCTaHOBJICHHUE.

4. Texuomorns HMILIaHTaluHu
(Emerson & Camesano, 2004 r.).

5. MHOTOKJIETOYHBIN POCT.

ACM 1o3BOIMI TIOHATH AaATe€3HIO
OIYXOJIEBBIX KJIETOK, IOKA3bIBAsI, UTO
3 (0) Mepe YMEHBIIIECHUS
MEXXMOJIEKYJIAPHBIX CHJI B KIIETKAaX
KPYHHBIX OMYXOJIEH, OIMYXO0JIb MOXKET
PACIIPOCTPAHATHLCS TAJIIEKO OT CBOETO
MIEpPBOHAYATIBLHOTO MecTa

obpazoBanust (Ilanopuan wu 1p.,

2006).

SlcHO, dYTO mNOTEpss  KIETOYHOU
aJre3uu - OAUH U3 KJIKOYEBBIX 1I1aroB
B METACTa3aX OIyXOJIEBBIX KIIETOK.

O6mactb HaykM O pereHeparuu
OpPraHoB TOKAa3aJla IOTPSICAOIIUN
IIPOrpecc pa3BUTHUS 3a IMOCIEOHUE

ACCATHIICTHA.




Transplantation of human organs is still
a difficult task, and rejection of the
transplant makes many operations

essentially fruitless.

Work going on Wake Forest Institute of
Regenerative (Winston-
Salem, NC, USA) has shown a great

Medicine

deal of promise in growing a
replacement organ using the host’s own
cells, which avoids the problem

of rejection.

Already, young children with spina
bifida have a far better prognosis with
implanted bladders grown from their
own cells than a transplant from

another human being.

Other organs, including livers, are

under development.

TpaHCHJ'IaHTaI_[I/IH OpraHOB 4YCJIOBCKaA

IMO-TIPCIKHEMY  OCTACTCHA CIIOKHOM
3az[aqep”1, 141 OTTOPIKCHUC
TpaHCIUIaHTaTa ACJIacT MHOTHEC

OoIIcpaluu, 110 CyTH, OCeCIONIC3HEIMU.

Pabora, mpoBoaumas B HHctutyTe
pPETEHEPATUBHOM MEIUIUHBI Y 3K
®opect (Yuncron-Canem, CeBepHas
Kaponuna, CIIA) neMoHCTpHUpYET
MHOT000€IIAI0INEe NEPCHIEKTUBBI B
BBIpAIUBAHUU 3aMEIlAoIIero
oprana c HCITIOJIb30BAaHUEM
COOCTBEHHBIX KJIETOK XO3fMHA, YTO
po0JIeMbI

[MO3BOJIAET  M30eXKaTh

OTTOP>KEHUSI.

Ve celyac MajJeHbKHE JETH CO
paciienjieHuemM IMO3BOHOYHHKA
MMEIOT TOpAa3J0 JYYIIUH MPOTHO3 C
MMILJTAHTUPOBAHHBIMU MOYEBBIMH

My3bIPSIMU, KOTOpBIE ObLTH
BBHIPAIIEHBI U3 COOCTBEHHBIX KIIETOK,
HEXKEJIM YEM C TPAHCIUIAHTATOM OT

JPYroro 4ejoBeKa.

JIpyrue opraHbl, B TOM YUCJIE [I€YEHb,

HaxoIATCA B CTaaud pa3pabOTKH.




Key insights into the scaffolding for an
organ template and cellular conditions
necessary for multicellular

growth have come from AFM.

Similar to the challenges for organ
regeneration, wound care has also
benefited from new developments
enabled by AFM.

Three-dimensional porous scaffolds,

which  promote stimulation and

guidance of cells during wound

healing, have been developed.

The cellular/scaffold interactions

were studied with AFM, allowing
quantification of adhesion (Doneva et
al., 2004).

Studying these interactions is also
crucial for improvements in implants
such as artificial knee, hip, and elbow

joints.

KiroueBble maem o Kapkace A

MaTpUIlbl OpraHa ©  KJIETOYHBIX
YCIOBUSIX,  HEOOXOMUMBIX IS
MHOTOKJIETOYHOTO  pOCTa,  ObUIH

MoJy4eHsbl ¢ moMouibio ACM.

[Tomobno mpobiemam pereHepanuu
OpraHoOB, MPOIIECC yXOAa 3a paHaMHU
OBbLIT

TaKkKe YCOBEPILICHCTBOBAH

Oynaromapss HOBBIM  pa3paboTkam,
CTaBIIUMHU JOCTYIHBIMH Ojaromaps

ACM.
beun  pa3paboTaHbl  TpeXMEpHBIE

IIOPUCTHIE KapKachbl, KOTOpBIE
CTUMYJIMPYIOT U HAIIPABIISIIOT KIIETKU

BO BpPEM: 3aKUBJICHUS PaH.

B3aumoneiicTBus KieTku / Kapkaca
ObUM M3ydeHbl ¢ momoiibio ACM,
4TO

IIO3BOJINJIO KOJIMYCCTBCHHO

onennth anresmio (Doneva et al.,

2004).

N3yuenue »>TUX B3aUMOICUCTBUH

TAaK)XKC HMMCCT PCIIANOMICC 3HAYCHHUC
AJI yIYUYIICHUS UMILIAHTATOB, TAKHUX
KaK

HCKYCCTBCHHBIC KOJICHU,




10.4.10. The Political Landscape
With the establishment of the NNI in

2003 funding grew rapidly.

In 1997, nanotechnology research was
awarded $116 million, and by 2002,

funding reached $697 million, and
there was a formal recognition of the

discipline in the halls of Congress.

While funding for nanotechnology
was not much of a problem for agencies
such as the National Science
Foundation (NSF), which were being
deluged with grant applications from
researchers eyeing the new electron
microscopes becoming available, for
the National Institutes of Health (NIH)
funding nanotechnology proved to

be something of a mixed blessing at
best.

Ta300epCHHbBIC u JIOKTEBHIE

CYCTaBBbI.

10.4.10. Nonumuyeckaa obcmaHo8Ka
C cozmanuem HHU B 2000 T.

dbuHaHCUPOBaHNUE OBICTPO

YBCIIMYHIIOCH.

B 1997 romy Ha wuccinemoBaHus B
obmacTh  OMOTEXHOJOTHH  OBLIO
BbIJI€JICHO | 16 MUTMOHOB 10J11aPOB,
a k 2002 romy ¢duHaHCHMpOBaHHE
NOCTUIIIO 697 MUJIUIMOHOB 10JUIapOB,
a TaKXke Mpou3onuio (opMaabHOe
MpU3HAHUE OTOH JUCHUUIUIUHBI B

3anax Konrpecca.

B T0 Bpems, kak ¢uHAHCHpPOBaHUE
HCCJICIOBaHUI B o0JjacTu
HAHOTEXHOJIOTHHA HE OBLLIO OOJIBIION
poOJIeMOM JJIsl TAKUX areHTCTB, Kak
HanwonanpHbeii  HaydHbIi  GOHI
(NSF), xotopbiii ObuT  3aBajieH
3asiBKaMH Ha TPAHTBI OT
MCCIIE0BAaTENIe, BEOYyIIUX CBOM
HCCJIEIOBAHHUS gyepe3 HOBBIE
3JIEKTPOHHBIE MHKPOCKOIIBI,
CTAaHOBUBIIUXCS JOCTYIHBIMH, IS
HaIlMOHATBHBIX UHCTUTYTOB B cdepe

3ApaBOOXPAHEHHUS (NIH)




By some estimates, about 12% of the
2002 funding was dedicated to

nanobiosystems (Roco, 2003).

Cries of “We’ve been doing
nanotechnology for years already!”
were spoken in the halls of Washington
and funding agencies when researchers
in biology and biochemistry were
asked to come up with new projects
that  fit the  guidelines  of

nanotechnology.

Given the lean years of science funding
from the Reagan and Bush
administrations, only partially

reversed  during the  Clinton
administration, a terrible logjam of

researchers who were unable to

¢uHaHCHpOBaHNE HAHOTEXHOJIOTHI
CTajo0 B Jy4llleM CiIy4ae 4YeM-TO

BpOJI€ MAJIKOH O IByX KOHIIaX.

[To HEKOTOpBIM OLIEHKaM, 0KOJI0 12%
¢unancupoBanuss 2002 r. bBeuio

BBIACIICHO Ha HAaHOOMOCHCTEMBI

(Roco, 2003).

Bo3myiienus BpOJIC «MpI
3aHUMAEeMCsl HAHOTEXHOJIOTUSIMHU YKE
MHOT'O JIET!» CHBIIIAJMCH B 3ajax
Bamuartona u  GUHAHCUPYIOIIUX
areHTCTB, KOrjJa HCCIIeIoBaTelIic B

o0jacTh OHOJIOTUM W OHOXUMHH

IPOCUIIN IPEIIOKUTH HOBBIE
POEKTHI, COOTBETCTBYIOIIHE
PYKOBOJSIIIIAM IpUHLMIIAM
HAaHOTEXHOJIOTUH.

VYuutsiBas TOJIbI CKYZHOTO
(uHaHCHpOBaHUS HayKH

anMuHucTpanuen Peirana m byma,
YTO TOJBKO YACTUYHO U3MEHHUJIOCH BO
BpeMsi aaMHUHUCTpanuu KIiMHTOHA,
CO3AJICS CBOErO poJAa TYNHK JJIs
VCCJIE0BATEIIEN, KOTOPBIE HE MOTJIHU

OTKPbIBATb COOCTBEHHEIE




start their own labs due to a lack of
grant money eyed nanotechnology

funding with suspicion and envy.

The bitter jape overheard a conferences
of “if you want to get your research
funded, make sure

you have the word ‘nanotechnology’ in
the title”, showed that biologists and
biochemists were much more hesitant

about working in this new area.

Not surprisingly, a lot of research was
simply relabeled to fit the new funding

guidelines.

Topics such as “Metal Binding to
Triplex DNA Fragments” became
“Formation of a Nanocomposite
Complex of Metals and Triple Stranded
DNA.”

nabopaTopuu u3-3a HEXBATKH
IPaHTOBOTO (buHAHCUPOBaAHMSI,
OJTHAKO HaOJTFOTaBIITUX 3a
(uHAHCHpPOBAaHMEM HAHOTEXHOJIOTHM

C IIOJO3PCHUCM U 3aBUCTLIO.

l'oppkas mryTka, mojaciIyIIaHHas Ha
KoHpepeHuax «Eciu Bbl XOTHUTE
MONYYUTh  (UHAHCUPOBAHUE IS
CBOMX HCCIIEOBaHUM, YOEIUTEChH,
YTO B Ha3BaHUM €CTh CJIOBO
«HAHOTEXHOJIOTUM»», IIOKa3ajia, 4TO
ouosorn U OHOXMMHKH OBLIM BCE
Oosiee u Oojiee HE PEUIUTEIbHBI NS

paboThI B 3TOM HOBOM 00IaCTH.

He YAUBUTCIBHO, qTo MHOTI'UC

UCCJIEI0BAHMUS ObuIH IpOCTO
MIEPEUMEHOBAHBI, YTOOBI
COOTBETCTBOBATH HOBBIM
PYKOBOJSIIIIAM MPUHITUTIAM
(dbuHaHCUpOBaHUS.

Takne temsl, kak «CBs3b MeTaIa C
TpuruieKCHIMU ¢parmentamu JJHK»
npespatunuch B «PopmupoBaHue
HaHOKOMIIO3UTHOI'O KOMIUIEKCA

MeTauioB U Tpexuenodeuynon JJTHK».




10.4.11. The Impact of
Nanotechnology on Biology:

Revolutionary or Evolutionary?
After this brief introduction on the

intersection between nanotechnology
and biology, it is now fair to ask the
question: Has the influence of

nanotechnology on biology been

evolutionary or revolutionary?

Perhaps a comparison between the
impact of nanotechnology on physics
and materials science will help put this

in perspective.

One way to look at the development of
microelectronics,to  what is now
effectively nanoelectronics, is that the
technology has evolved over the

years; Dbut, there has been little
deviation from the roadmap established
by SEMA (Semiconductor

Equipment Manufacturing
Association).

10.4.11. BnuaHue HaHomexHosno2ul
Ha buonoeuro: PesosiroyuoHHoe usru
380/10UUOHHOE ?

[Tocne 3TOro KpaTkoro BCTYIUIEHUS O

CTBIKE€ HAHOTEXHOJIOTHH U 6I/IOJ'IOFI/II/I,
CIIPaBCIJIINBO 3a1aTb BOIIPOC:
ABILICTCA JIM BJIIMAHHEC, OKa3aHHOC

HAHOTEXHOJIOTHSIMM Ha OWOJIOTHIO

ABOJIIOIIMOHHBIM W
PEBOJTIOLIMOHHBIM?
Bo3MoxHO,  CcpaBHEHHME  MEXIYy

BIMAHUEM  HAHOTEXHOJOIMM  Ha
Gu3NMKy M MarepuanbHblE HAyKu
IIOMOXKET  PacCMOTPETh  3TO B

MIEPCIIEKTUBE.

OmuH w3 cnoco0OB B3MJISIHYTH Ha
pa3BUTHE MUKPOIJIEKTPOHUKH, Ha TO,
9T0 ceiyac (HaKTHUECKHU SBISETCS
HaHOAJIEKTPOHUKOM, COCTOUT B TOM,
9TO TEXHOJIOTHSI pa3BHBAJach Ha
NPOTSHKEHUMM MHOTHUX JIET; OJIHAKO
OBLJI0O HEOOJIBIIIOE OTKJIOHEHWE OT
«JIOPOYKHOM KapThD», pa3paboTaHHOM
SEMA (Acconuanus PBIHKA
CHEeUaIBHOTO 00opyaOBaHUS).
Takum  oOpa3oMm,  KPUTHYECKHUX

U3MEHEHUN  HE  COCTOLJIOCh  —




Thus, there has been no dramatic
upheaval — silicon remains the
mainstay of the industry, although

new materials have been introduced in
what has been, for the most part, a well-
orchestrated development

process.

Furthermore, most of the current
applications of nanomaterials seem
somewhat prosaic

— improved sunscreens, packaging,
batteries, pharmaceuticals, conductive

polymers, coatings, etc.

Radically different materials for
structural applications, solar cells,
energy storage and transmission

are still under development, although
there have been some impressive

demonstrations.

It is also debatable as to what qualifies
as evolutionary and what should be

considered revolutionary.

CHJIMKOH OCTaeTCsl OCHOBOM oTpaciiu,
XOTA HOBBLIC MaTCpUaJIbl ObLIN

IMpCaACTaBJICHBI TaM, YTO ABJIACTCA, 110

OobIen YacTu, XOPOIIO
OpTraHU30BaHHBIM pOIIECCOM
pa3paboTKH.

Kpome TOro, OOJBIIMHCTBO U3
TEKyIIUX CIOCOO0B MPUMEHEHUS
HaHOMaTEPHAJIOB KaKeTcs
HECKOJIbKO IPO3auIHBIM —
yJIy4lI€HHbIE COJIHIIE3aIUTHBIE
KpPEMBI, YIaKOBKa, Oatapen,
(apmalieBTHKa,  TOKONPOBOJSAIINE

IMIOJIUMCPBLI, IIOKPLITHUA, U T. /.

[IpuHUIKMIIMATBEHO OTJIMYHBIE
MaTepuabl sl KOHCTPYKIIMOHHOTO
UCIIOJB30BaHUsA, JJEMEHTOB  JUIA
nutanusi ot CoJIHIIA, XpaHEHUs Hu
nepejaym  JHEpruM - BCE  €IIe
HaxXOJATCA B CTaauu pa3pabOTKH,
XOTS OBTM W BICUATIISIONTUE
JEMOHCTPALHH.

Takxke CIOpPHBIM SIBJISIETCS BONPOC O
TOM, YTO CUMTATh HBOJIOIMOHHBIM, a

4TO - PCBOJHOIMOHHBIM.




Taking batteries as an example: while
lithium ion battery chemistry has taken
decades to mature to the commercial
products now in widespread use,
nanomaterials have played a key role in
their improved

performance.

So there is certainly room for debate as
to whether nanomaterials have played
an evolutionary or more of a
revolutionary role in the development

of lithium ion batteries.

New battery technology is making
increasing use of nanomaterials; so, if
there are new battery chemistries,

which supplant lithium, especially in
the transportation segment, these
batteries will likely owe a great deal to

nanotechnology.

Bo3pMemM B kadecTBe ImpuMcepa

OaTapeiiku: XOTs JIJis JTUTUH-UOHHOU

XUMHH AKKyMYJISITOPOB 151
noTpeOOBaINCH JNECATUIICTHS
IIpexIeE, yeM OHU cTanu
KOMMEPYECKUMHU IIPOAYKTaMHU,
KOTOPBIE cenyac LIUPOKO
UCIIONIB3YIOTCA, BCE xKe

HAaHOMAaTEPHUAJIbI CHITPAIU KIIOUYEBYIO
poJIb B YIIYy4YIIEHAH 150,

XapaKTEPUCTHUK.

Tak uTo, 0€3yCIOBHO, 3IE€Ch €CTh
MECTO JIJIS CIIOPOB O TOM, CHITPajIu JId
HaHOMAaTepUaJIbI ABOJTIOIMOHHYIO
win 0oJiee PEeBOJIOLMOHHYIO POJb B
pa3paboTke JUTUN-UOHHBIX

OaTapeex.

HoBast akkyMyJiATOpHast TEXHOJIOTHUS
BCE OombIIe UCIIOJIb3YET
HaHOMaTEePUAJIbL; UTaK, eciu
HOSIBATCSL ~ HOBBIE  XHMHYECKHE
COCTaBbI Oarapeex, KOTOpbIE
BBITCCHAT  JIMTUHM, OCOOEHHO B
TPaHCIIOPTHOM CETMEHTE,

pa3paboTka ITHX Oarapeek,




In biology though, the case for what is
evolutionary and what is revolutionary
due to nanotechnology is actually a bit

more clear-cut.

10.4.12. The Revolutionary

Development: The AFM
It has taken over a decade for the power

of atomic force microscope (AFM) to
be appreciated by biologists, since the
first that

adhesion of bacterial cells could be

experiments  showing
measured, in 1998 (Razatos et al.,
1998).

AFM has allowed biologists to develop
a much better understanding of
adjacent cell signaling — a process
critical to all multicellular organisms

with far reaching results.

BEPOSITHO, BO MHOTOM OYyIyT 00s13aHa
HAHOTEXHOJIOTHSIM.

Onnako, B OMOJIOTMH apTyMEHTHI B

IIOJIB3Y TOrO, qTo ABJIACTCA
OBOJJIIOIIMOHHBIM, a qTo
PEBOJIOONMOHHBIM 6J1arozlap;1

HAHOTCXHOJOIrusiM, Ha CaMOM JOCJIC

HEMHOTO 00JIe€e SICHBI.

10.4.12. PesostoyuoHHoe passumue:
ACM
[TorpeboBanock Oosee aecaT JeT ¢

T€X TOp, Kak ObUIM TMPOBEICHBI
IEpBbIE JKCHEPUMEHTHI B 1998 T.
(Pazaroc u np., 1998), nokazasiiue,
4yTO aAre3us OakTepUaIbHBIX KIIETOK
MOXET OBITh H3MEpeHa, sl TOro,
YTOOBI

MOIIIb ATOMHO-CHJIOBOT'O

mukpockona (ACM) Oblia olieHEeHa

OHoJIOTaMH.

ACM TTO3BOJIHII onoJioraM
3HAYUTEIHLHO Jy4Ile MIOHSATH
nepeadyy — CUTHAJOB  COCEIHUMU
KJIETKaMH - TIPOLECC, UMEIOIIUU
pelaroiee 3HauYeHWE I BCeX
MHOTOKJIETOYHBIX  OpPTraHU3MOB, C

MHOT0O00CIIAIOIIUMH Pe3yIbTaTaMHu.




There

engineers and scientists: “If you can’t

IS an old adage amongst

measure it, you can’t do science on it.”

Biologists have known for many
years that the physical environment of
the cell is critical to its growth,

function, and longevity.

Yet, there have been very few tools that
have enabled biologists to probe the
physical environment of a cell rather

than its chemical environment.

The advent of the AFM has enabled
biologists to measure adhesion, from
single molecular interactions such as
ligand receptor binding to intercellular

adhesive forces.

Thus, it is fair to say that the AFM has
revolutionized biology in a

fundamental way by allowing

Cpenu WHXXEHEPOB U YYEHBIX €CTh

CcTapasa IIOroBOpKa: «Ecain BB He

MOXCTC HU3MCPUTH 3TO, BbI HC

CMOIKCTC 3TO U3YUUTDH».

buonoru yxe MHOTO JIET 3HAKOT, 4YTO
¢usnyeckass cpega KICTKH HMEET
pelaroliee 3HaueHue AJisd €€ pocTa,

(PYHKIMOHUPOBAHUS U JIOJITOJIETHS.

Tem He MeHee, ObUIO OYCHBH MAaJlo
WHCTPYMEHTOB, KOTOPHIE MTO3BOJIUIH
OBl ouooraM HCCIIEIOBATh
bu3HIecKoe OKpYKEHNE KIIETKH, a HE

€€ XUMHUYECKOE OKPYKEHHE.

ITossBnenue ACM MMO3BOJIMJIO
onosoram U3MEPHUTH aJre3uIo,
HaYWHas c OTJIETBLHBIX
MOJIEKYJISIPHBIX ~ B3aUMOJECHCTBUU,

TaKHMX KaK CBA3bIBAHUC JIHUTaHAHOI'O

peuentopa, A0  MEXKIETOYHBIX

AAI'C3MOHHBIX CHII.

Takum 00pa3om, OyaeT cripaBeIJIUBO

ckazatb, u4To0 ACM KOpEHHBIM

o0pa3oM TIpOM3BE PEBOJIOIHUIO B
O1oJI0THH,

ITIO3BOJIMB HU3MCPATH




measurement of physical forces that
affect cell growth and function that
were known conceptually, but could

not be determined experimentally.

The well-known Petri dish used by
biologists for many decades may be
sufficient for growing cells in a
laboratory environment, but it is very
poorly suited for growing three-

dimensional structures such as organs.

The AFM has made possible the

development of scaffolds to grow
three-dimensional cellular structures —
a technology with far reaching

consequences.

10.4.13. Evolutionary Uses of
Nanotechnology in Biology

It is surprising that when advances in
biology due to nanotechnology are
mentioned, the AFM is often given
short shrift, but several other

technologies garner the interest.

dbu3uYecKrue CHUJIBI, BJIMSIONIME Ha
pocT U (GYHKUIHIO KIETOK, KOTOpbIE
OBLITM M3BECTHBI KOHLIETITYalIbHO, HO
HE MOINIM  OBITh  OMNpPEICICHBI

OKCIICPUMCHTAJILHO.

Xopomo wu3BecTHOM 4amku Ilerpw,
UCIOJIb3yeMON OMOJIOraMU B TEUEHHUE
MHOTHUX  JCCSATHIICTHH, MOKET
XBaTUTH JIJIs1 BHIPAIIUBAHUS KIIETOK B
7a00paTOPHBIX YCJIOBUSAX, HO OHAa
OYeHb  TUIOXO  TOAXOAUT  JUIS
BBIpAIIBAHUS TPEXMEPHBIX

CTPYKTYp, TAKUX KaK OPTaHBbI.

ACM caenain BO3MOYKHBIM
pazpaboTky KapKacoB TUTST
BBIpAIIBAHUS TPEXMEPHBIX

KJIETOYHBIX CTPYKTYP - TEXHOJIOTHIO C
MHOT000EMIAIOIIIUMUA

IMCPCIICKTHUBAMM.

10.4.13. 380/1H0UUOHHOE
ucnosne3zosaHue HaHomexHonoaul 8
buonoauu

V IUBHUTEIBHO, 4TO, Koraa
YIOMHHAIOTCS JIOCTHIKECHUS B
OMoJIOTHH, CBSI3aHHBIC c

HaHoTexHoJIorusiMu, ACM 4acto He

YACIHAIOT AOJDKHOTO BHUMAHUA, IIPU




These technologies include: quantum
dots, dip pen nanolithography, and
nanofluidics used for both microarrays

and high-speed reading of DNA.

While all of these technologies have led

to useful advances, especially in
reducing the amount of time needed to
gather data, none of these technologies
has enabled the dramatic theoretical

developments seen driven by the AFM.

Dip pen nanolithography, driven
largely by Nanoink, offers a way to
print very small volumes

— zeptoliters (three orders of magnitude
smaller than nanoliters) reliably and

quickly.

ATOM HEKOTOPBIC JPYTHE TEXHOJIOTHH
BBI3BIBAIOT HHTEPEC.
Ot

TCXHOJIOTHH BKJIFOYAIOT:

KBAHTOBBIC TOYKH, repbeBas
HaHOMHUTOTpadusi, © HAHOKUIKOCTH,
HCTOJI3YEMBIE KaK JIJII MUKPOYHIIOB,
TaK W JJI9 BBICOKOCKOPOCTHOTO

cunteiBanus JIHK.

XOTA BCE 3TH TEXHOJIOTUH PUBEIHU K
3HAYUMBIM JIOCTIKCHHUSM, OCOOCHHO
B COKpAIllCHUHU KOJIMYECTBA BPEMEHHU,
HEOO0XO0IUMOro Jyisi cOopa JaHHBIX,

HKX OJHa H3 3JTHUX TEXHOJOTUH HE

CTUMYJIMpOBaa IPOrPECCUBHBIX
TEOPETUYECKUX  pa3pabOTOK,  CO
BpeMeHn ACM.

IleppeBast ~ HaHoOmuTOrpadus, B

3HAYUTEILHOU CTEIICHU yipasBJsieMasn

Nanoink (Hanounk), mpeayaraet

croco0 HaJIe)KHOM U OBICTPOI TIeYaTH

OYEHb MaJIbIX 00BEMOB -

3eNTOJUTPOB (HAa TpU TOpsAJKa

MEHBIIIE HAHOJMTPOB).




Single cell assays are being developed,
and which will allow testing large
numbers of compounds rapidly and

inexpensively.

This is effectively a more effective
robot, one that can handle larger
quantities of samples than the currently

used technologies.

While there may be some experiments
which can benefit from this technology,
the major challenges

in biology today is one of theory and
computation: how to put the data found

into a useful framework.

It will take some theoretical advances
in the field before some of these tools,
enabled by nanotechnology, can be

truly effectively used.

PazpabaThiBalOTCSl  OJTHOKJIETOYHBIC
poObI, KOTOPBIE MO3BOJISIT OBICTPO U
HEJIOPOTO  TECTHUPOBATh  OOJIBIIOE

KOJIMYECTBO COECIMHEHUN.

[To cytu, 3T0 Gonee >¢hdeKTUBHBIN
po0orT, KOTOPBII MOKET
00pabaTbIiBaTh OOJIBbIIIEE KOJUUECTBO
00pa3IoB, YE€M HCIOJIb3yEMbIE B

HACTOAIICC BPCM:A TCXHOJIOTHUH.

XoTss MOTYT OBITh TPOBEICHBI
HEKOTOpbIE  ODKCIEPUMEHTHI, U3
KOTOPBIX MOXXHO W3BJICUb BHITOIY OT
ATOM TEXHOJIOTHH, CETOHS OCHOBHAS
npobiema OMOJIOTUU - ITO TEOpHUS U
BBIYHCIICHUS KaK TTOMECTHUTh
MOJIYYCHHBIC JIAHHBIE B TIOJIC3HBIC

PaMKH HUCIIOJIb30BaHUA.

[ToTpebyeTcs HEKOTOPBIH
TEOPETUUYECKHA TPOTPEecC B ITOM
00J1acTH, MpeXae YeM HEKOTOPHIEC U3
STUX HHCTPYMEHTOB, OCHOBaHHBIC Ha
HAHOTEXHOJIOTHSX, MOTYT  OBITh
JNEUCTBUTEIBHO s pexTUBHO

HCIIOJIB30BAaHEI.




Microarrays  have seen  rapid
development in the past 15 years; and
the number of genes that can be studied
simultaneously on a single gene chip
has increased by several orders of

magnitude.

These developments have been enabled

by nanotechnology.

The ability to do nanofluidics as well as
better tag molecules has driven this

remarkable development.

However, the concept of looking at
multiple gene products simultaneously
was not altered by the theories of
nanotechnology; unfortunately,
nanotechnology has not helped link

the data generated to a more useful

theoretical framework.

With little impact on the theory of
microarrays, it is hard to argue that
nanotechnology has revolutionized this
field.

3a mocienHue 15 JeT MHKPOYUIIBI
OBICTPO  pa3BUJINCH,  KOJIUYECTBO
TEHOB, KOTOpPbIE MOXXHO H3YyYaTb
OJTHOBPEMEHHO Ha OJIHOM TE€HHOM
YHIe, yBEJIWYWIOCh HAa HECKOJIBKO

MOPSIIKOB.

OTH p33pa60TKI/I CTaJId BO3MOXKHBIMHU

Oyarozapsi HAHOTEXHOJIOTHSIM.

CnocoOHOCTD cO3/1aBaTh
HAaHOXHUIKOCTh, a TaKKe JIydIle
MapKHpOBaTh MOJICKYJIBI IIpUBEa K

9TOMY 3aMCUAaTCIIbHOMY PAa3BUTHIO.

Onnako KOHLEIILUS
OJIHOBPEMEHHOI'O HaOMIOAEHUs 3a
HECKOJIbKUMH T€HHBIMU MPOTyKTaMH
HEe ObUla HM3MEHEHa TEOpUAMH
HAHOTEXHOJIOTHH, K COKaJICHHIO,
HAaHOTEXHOJOTMM  HE  TOMOTJIH
CBSI3aTh MMOJTYYCHHBIE JaHHBIE C OoTiee

MIOJIE3HON TEOPETUUECKONM OCHOBOM.

N3-3a HEOOJIBIIIOr0 BIWIHUAA HA
TEOPHIO MHUKPOYHUIIOB TPYIHO

YTBEPKAATb, YTO HAHOTCXHOJOI'MU




While nanotechnology has enabled
some amazing practical and theoretical
developments in biology- notably three
dimensional cellular interactions and
structures, the field has also had

success in developing better tag
molecules and reducing the cost of

genetic transcription.

Unfortunately, nanotechnology has had
less impact on the theoretical
challenges of relating changes in

genetic expression to changes in

cellular structure and function.

Nanotechnology has not exhausted

its impact on biology to date — far from
it.

10.4.14. Timeline

1930s: Development of the scanning

electron microscope (SEM) and

IPOM3BENM PEBOJIOLUI0O B  ITOU

obJtacrtu.

B TO Bpems, kak HaHOTEXHOJOTHUHU
NO3BOJIMJIM  CO3JaTh  HEKOTOPHIE
yIWBUTEIbHBIE  TPAKTHUYECKUE U
TEOPETUUECKUE pa3paboTKH B
Ouosorum - B YAaCTHOCTH,
TpEeXMEpHbIE KJIETOYHBIC
B3aUMOJEUCTBUSI U CTPYKTYpBI, 3Ta
0o0JlacTh TaKXke HMeNa ychex B
pazpaboTke JTY4IIAX
MapKHUPOBOYHBIX MOJIEKYI U
CHIDKEHUU CTOMMOCTHU T€HETUYECKOM

TPAHCKPUIILU Y.

K coxanenuio, HaHOTEXHOJIOTHU
OKa3aJdul MEHbIIEE BIUSHHE Ha
TEOPETHUUECKUE 3a7ayu B CBS3U C
U3MEHEGHUSIMU B TEHETUYECKOU
DKCIPECCMM U  HM3MEHEHUSIMH B
KJIETOYHON CTPYKTYype U (PYHKIMSIX.
HanorexHonorum n0 cux nop He
yucyuepnaid CBOEro BIMSHUS Ha

OMOJIOTHIO — OTHIO/Ib HA00OPOT.

10.4.14. BpemeHHAA xpOHO102UA

1930-¢ TOJIBI: Pa3Burtue

CKaHUPYIOLIEH AIEKTPOHHOMN




transmission  electron  microscope
(TEM).

1959: Feynman’s lecture: ‘There is
Plenty of Room at the Bottom’.

1965: First commercial SEM.

1981: Invention of the STM.

1986: Invention of the AFM.

1989: First commercially available
AFM.

1990: First confocal images of living
cells.

1991: First AFM images of living cells.
1998: First AFM measurements of
adhesive forces in bacteria.

2003: First use of quantum dots in

DNA microarrays.

2004: First SEM images from fully
hydrated samples (Thiberge et al.,
2004).

2004: First quantum dots inserted into
mammalian cells (Mattheakis, 2004).

MHKPOCKOIINH (COM) 151
MIPOCBECUYNBAIOLIECH AJIEKTPOHHOMN
mukpockonuu (ITOM).

1959: Jlekuus @Perinmana: «BHuzy
MHOTO MECTa.

1965: Ilepsbiii koMMmepueckuii COM.
1981: N3obperenne CTM.

1986: N306peTenne ACM.

1989: IlepBbIii KOMMEPUYECKHU
noctynHbii ACM.

1990:  IlepBble = KOH(OKaIbHBIE
M300paXeHUsI )KUBBIX KIIETOK.

1991: IlepBeie ACM-uzo0pakeHus
KUBBIX KJICTOK.

1998: IlepBeie ACM-uzmepeHus
aJr€3MOHHBIX CHJI B OaKTEpPHSIX.
2003:  IlepBoe  uCHOJIB30BaHUE
KBaHTOBBIX TOYEK B MHUKPOUYHUIIAX
JTHK.

2004: IlepBeie COM-uzoOpaxeHUs
U3 TIOJTHOCTBIO THUIPATHPOBAHHBIX
o6pasnos (Thiberge et al., 2004).
2004: IlepBble KBAaHTOBBIE TOYKH,
BCTaBJICHHBIE B KJIETKA

MJIEKOTTUTAIOIIUX (Mattheakis,

2004).




10.5. BIONANOTECHNOLOGY
SENSORS

10.5.1. Overview
A biosensor is an analytical device that

converts the concentration of analytes
of interest into an electrical signal by
combining a biological or
biologically-derived recognition
system (either integrated within or
intimately associated) with a suitable
physicochemical transducer, and then
conveys the signal to a detector (Marks
et al., 2007).

It generally consists of three

components as shown in Figure 1.

The first is a biological or biologically
derived element that can recognize

presence, activity, or concentration of
an analyte of interest in a complex

mixture of other components.

10.5. JaT4nKkn BoOHaHOTEXHONOTUM
10.5.1. O630p

buocencop — 3TO aHamUTHUYECKOE
YCTPOMCTBO, KOTOpOE Tpeodpasyer
KOHIIEHTPAIUIO aHAJTU3UPYEMBIX,
NPEACTABISAIONINX  MHTEpEeC s
HCCJICIOBaHMUS, aQHAJINTOB, B
JJIEKTPUYECKU  CUTHAI  IyTEM
00BbCAUHECHUS OHMOJIOTHYSCKON WIIN
OMOJIOTUYECKH IPOU3BOAHON
CHUCTEMBI pacrio3HaBaHMs
(MHTETpUPOBAHHOM  WJIM  TECHO
CBSI3aHHOM) ¢ MOJAXOMASIINM (DU3UKO-
XUMHUUYECKUM TpeoOpa3oBareiieM, a

34aTCM IICPCAACT CUTHAI Ha JCTCKTOP

(Marks et al.,2007).
Kak mpaBuno, oH COCTOWT M3 TpeX
KOMIIOHEHTOB, KakK IIOKa3aHO Ha

pucyHKe 1.

ITepBoIif - 3TO OHMONOTMYSCKUN WM

OMOJIOTUYECKH IPOU3BOAHBIN
JJIEMEHT, KOTOPBIU MOET
pacno3HaBaTh PUCYTCTBHE,

AKTUBHOCTbD N KOHOCHTPAaIHIo




The recognition elements may

generally fall into one of three different

types.

The first type is affinity binding
elements that are based on ligand-
receptor interactions, including
antibodies, peptides, nucleic acids, and

cell receptors.

The second type is biocatalytic
elements such as enzymes, abzymes,
microorganisms, organelles, and plant

or animal cells or tissue slices.

The third type is biomimetic receptors
based on various synthetic systems of
binding, catalysis, or both, such as

aptamers (Nguyen, Hilton, & Lin,

HCO6XOI[I/IMOF0 aHaJluTa B CJIO0XKHOM

CMCCH APYTUX KOMIIOHCHTOB.

OneMeHTHI pacrno3HaBaHuA, KakK
I[MpaBnujIo, MOT'YT OTHOCHTBCA K

OHOMY M3 TPECX pa3/IMYHbIX THIIOB.

[lepBbrit T — 3T0 adduHHBIC
CBSI3BIBAIOIINE AJIIEMEHTHI,
OCHOBaHHbIC Ha JMTaH/-
PEIEnTOPHBIX B3aMMOICHCTBHSIX,
BKJIFOYAsl ~ aHTWUTENa,  TEMTHIIBI,

HYKJICHMHOBBIC KHUCJIOTHEI U KJIICTOYHBIC

pEeLEenTopHI.
Bropoii TUIL — 3TO
OMOKaTAIUTUUECKUE 3JIEMEHTHI,

Takhue Kak (epMeHThI, aO3UMBI
(KaTaTUTHIEeCKU AKTUBHBIC
aHTHUTENA), MHUKPOOPTaHU3MBEI,
OpraHeIbl, pPACTUTEIbHBIE WM

JKHUBOTHBIC KJICTKH N CpE3hbI

TKaHEM.

Tperui THIL — 9TO
OMOMUMETHYECKHE peLenTop.l,
OCHOBaHHBbIE Ha Pa3INYHBIX
CUHTETUYECKUX cUcTeEMax




2009; O’Sullivan, 2002) and molecular
imprint polymers (Ge & Turner, 2008).

The interaction between recognition
elements and analytes of interest results
in the change of solution properties
around the immediate proximity of the

transducer.

The transducer, the second component
of a biosensor, translates the change
into the physical change of energy
(e.g., light,
magnetism, heat, or mechanical), and

electricity,  sound,

then transforms that energy into

measurable electrical signals.

The signals from the transducer are
passed to a microprocessor where they
are amplified, analyzed and converted

to concentration units.

CBA3BIBAHMA, KaTallM3a UK U TOIro, 1
TaKuX

Hilton,

KakK

Apyroro, anTamMephl

(Nguyen, & Lin, 20009;
O'Sullivan, 2002) u MoneKyIspHbIE

UMIIpuHTHBIE TIouMepel  (Ge &

Turner, 2008).

B3aumoneiicteue MEXIY

AJICMEHTAaMH  pPACIO3HABaHUSA U
HEOOXOMMBIMHU aHAJTUTaMU
MPUBOJUT K HW3MCHEHHIO CBOMCTB
pacTBOpa B  HEMOCPEICTBEHHOMU
0JIM30CTH OT MpeoOpa3oBaTesl.

IIpeobpa3zoBarernsb, BTOPOM
KOMIIOHEHT OMOCEHCOpa, MEPEBOIUT
3TO

u3MeHeHne B  (UBUYECKOE

U3MEHEHHE DJHepruu (Hampumep,

OJICKTPHUYCCTBA, CBCTa,

3BYKa,
MarHeTU3Ma, TeIla UJid MEXaHUKH ), a

3aTeM MpeodpaszyeT 3Ty IHEPTUI0 B

U3MEpPHUMBIE AIEKTPUICCKUE
CUTHAJIBI.
CurHanel  oT  TpeoOpazoBaTes

nepesaloTcsi B MUKPOIIPOIIECCOP, TIe
OHH YCWJIMBAIOTCS, aHATU3UPYIOTCS U
npeodpa3yroTcs B

KOHICHTPAIWMOHHBIC CIMHUIIBI.




The concentrations are then transferred | 3atemM KOHIIEHTpAIMK TIEPEHOCATCS
to display and data storage devices. Ha YCTpPOWCTBa OTOOpaKEHUS U

XPaHCHUA JaHHbIX.

The microprocessor and the display | Mukponpomeccop,  auciuied U
and data storage devices comprise a | ycTpoiicTBa  XpaHEHHS  JIAHHBIX
detector — the third component of a | comepkatr agerekTop —  TpeTHi

biosensor. KOMITOHEHT OMOCEHCOopa.

Pucynox 1. Hnmocmpayus mpex OCHOBHbIX KOMNOHEHMO8 OUOCEHCOpa:

buonocuueckue 31emerHnol pacnosHaearusl, npeo6pa306ameﬂb u demekmop

BrOnOrineecrne SnemenTe:
PACNOSHBAS MR MAK DELSNTOD

Casecu
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— *
3
+ SR O /1 KTPUYSCHaR
enTa
POTOHOSB L T
+ Cmrman f
npeocGpasosate
+
¢ fonso [T opmcrop Ter—
U + ! ueccop
(‘ ) MNeeszoanesTpn = =
* ocge Dnenmei w
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Figure 1. lllustration of the three major components of a biosensor: biological

recognition elements, a transducer, and a detector
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Biosensors can be classified into non-

optical  biosensors and  optical

biosensors.

In case of nonoptical biosensors,
electrochemical biosensors are the
most common and most frequently
cited in the literature (Marks et al.,

2007; Sadik, Aluoch, & Zhou, 2009).

In terms of detection principles, it is

generally classified into amperometric

EI’IOCCHCOpBI MOXHO pPa3acJIuTb Ha
HCOIITHUYCCKHUC 6I/IOC€HCOpI>I u

OTNTHYECKUE OMOCEHCOPHI.

Cpenn HEONTUYECKHX OMOCEHCOPOB
ANEKTPOXUMUYECKHE OMOCEeHCOoPBI
SIBJISTFOTCS Hanbosee
pacmpocTpaHEHHBIMH H  HauOoJiee
4acTo ITUTHPYEMBIMU B JINTEPAType
(Marks et al., 2007; Sadik, Aluoch,&

Zhou, 2009).

C TOYKM  3peHHS  NPHUHIUIIOB
0OHapy)KEeHHS OHH 0OBIYHO
KIaccuummpyroTes Ha




biosensors and potentiometric

biosensors.

The former produces a change in
current that is proportional to the
concentration of analytes, while the
latter is theoretically based on

Nernstian  behavior and, thus,
produces a 59.1 mV change of
electrode potential for every 10-fold

change in analyte concentration.

Acoustic biosensors, another major
type of non-optical biosensors, are
based on a mechanical wave
propagating through piezoelectric

or other materials.

For acoustic biosensors, any mass
changes at the material surface will
alter the propagation path of the wave,
which in turn will change the electric
response of the biosensor

(Marks et al., 2007).

aMIIEpOMETPUYECKUE OHOCEHCOPBI U
HNOTEHLUOMETPUUECKUE ONOCEHCOPBI.
IlepBbIit

IMpONU3BOAUT HU3MCHCHHUC

TOKa, IPONOPLUOHATIBHOE
KOHLIEHTpalMu aHajIuTa, B TO BpeMs
KaK BTOPOU TEOPETUYECKH OCHOBAH Ha
ypaBHEHUHU

Hepucrta wu, Takum

oOpa3oMm, TMPOU3BOJUT HU3MEHEHUE

AJIEKTPOJHOr0 moTeHnuana Ha 59,1
MB nmpum kaxmom  10-kpaTHOM
W3MEHEHUH KOHIICHTPALMK aHaJIUTa.

AKycTudeckue OMOCEHCOPHI - IPyrou

OCHOBHOH THII HEONTHYECKUX
OMOCEHCOPOB -  OCHOBaHBl  Ha
MeXaHU4YeCKOM BOJIHE,
pacnpocTpaHstomencs gepe3
MbE30JICKTPUUCCKUE WA JAPYTHe
MaTepHuabl.

Jlns akycThyeckux  OHMOCEHCOpPOB
JIOOBIE  HW3MEHEHHs  MacChl  Ha

MOBEPXHOCTH MaTepuajia HU3MEHST
IIyTh PACIPOCTPAHEHUS BOJIHBI, UTO, B
CBOIO

odepeib, U3MEHUT

ANEKTPUUECKUI OTKJIMK OmoceHcopa

(Marks et al., 2007).




The response can be tracked down and
correlated to changes in the
analyte of interest that interact with the

material surface.

The oldest and most common acoustic
wave biosensor is the thickness-shear
mode resonator or quartz crystal
microbalance (QCM)

(Ferreira, Da-Silva, & Tome, 2009),
based on bulk transverse acoustic
waves propagating through a QCM

substrate.

The substrate generally consists of a
parallel-sided disc of crystalline quartz
with actuating electrodes on both sides
and is sensitive to surface chemical

interaction and mass accumulation.

Peakiust MokeT OBITH OTCIIeKEHA U
COOTHECEHAa C HW3MEHEHUSIMU B
WHTEPECYIOIIEM aHaJIuTe, KOTOPbIU

B3aHMOHCﬁCTByeT C TIOBCPXHOCTBIO

MaTepuaia.
CambiM  cTapelM W Hauborsee
pacrnpocTpaHEHHbIM  OHOCEHCOPOM
aKyCTHYECKUX BOJTH SIBIISICTCS
pe30HaTop B PEXHUME  CABUTIA
TOJIIIHBI 170031 KBapIIEBbIii
KPUCTaJUIMYECKHM MUKpOOaaHe

(KKM) (Ferreira, Da-Silva, & Tome,
2009), ocHoBaHHBIN Ha OOBEMHBIX

IMOIICPCUYHBIX AKYCTHYCCKHX BOJIHAX,

PaCIIPOCTPAHSIOIIHUXCS qyepes
notoxkKy KKM.

[Tomnoxxka OOBIYHO COCTOUT W3
napauieIbHOTO JIACKA
KPHUCTATAYECKOTO KBapIa Cc
aKTUBHPYIONIUMH  JJICKTPOJIaMH  C

o0eux CTOPOH U YYBCTBHUTEIbHA K
MIOBEPXHOCTHOMY XUMHAYECKOMY
B3aUMOJICHCTBHIO ¥  HAKOIUICHHIO

MacCCHI.




Other non-optical biosensors include
thermal or calorimetric biosensors and
magnetic biosensors (Marks et al.,
2007).

The former measures change of
enthalpy during molecular interaction,
serving as an important complement to

other biosensor detection schemes.

The latter involves binding the analyte
of interest to a functionalized

magnetic tag (normally magnetic
microbeads and nanoparticles), which
then transforms the task from sensing
the analyte of interest to detecting the

magnetic moment of the tag.

In the case of an optical biosensor,
either the reaction product introduces
a significant change in the response of
a transducer to incoming light or the

reaction produces an optical signal that

Jlpyrue HeonTH4ecKre OHOCEHCOPHI

BKJIIOYAIOT TEIJIOBBIE WIH
KaJIOpUMETPUYECKHE OMOCEHCOPhl U

MarHuTHbIe Onocencopsl (Marks et al.,

2007).

IlepBbIit U3MepsIeT U3MEHCHUE

Terocoaepxkanust (DHTANNUU) TpU

MOJIEKYJISIPHOM B3aMMOJICHCTBHH,
CIy’ka Ba)XHBIM JIONIOJIHEHHUEM K
IPyTUM cxeMam OoOHapyXeHUs
OMOCEHCOPOB.

[locnenauii  BkIroyaeT B cels
CBSI3BIBAHUEC AHAITU3UPYEMOTO

aHanuTa ¢ (QYHKIIMOHATU3UPOBAHHOM

MAarHUTHOM METKOM (0OBIUHO
MarHUTHBIMH ~ MHKPOTpaHyJaMd |
HAHOYACTUIIAMH), KOTOpasi  3aTeM
npeoOpa3yeT 3ajadyy 30HIUPOBAHUS
UCCIIETyeMOTO aHaInTa K
OOHapy>KEHUI0 MarHUTHOTO MOMEHTa

MCTKH.

B cinydae onTuueckoro OuoceHcopa,
TO 3/IeCh MOXHO CKa3aTh, YTO JHOO
NPOJAYKT, TIOJYYEHHBIA BCJIEICTBUEC
BHOCHUT

peakiuu, 3HAYNUTEIILHOE

HNU3MCHCHHUC B p€aKuunro




Is sensed by the transducer, possibly
after amplification or conversion to
some other form (Borisov & Wolfbeis,
2008; Marks et al., 2007).

Regarding sensing mechanism, we can
categorize optical biosensors into the
ones based on reflectance (e.g.,

ellipsometry  and polarimetry),

fluorescence emissions, absorbance

(e.9.,
spectroscopy),

Raman

(e.9.,
surface plasmon resonance, localized

infrared and

plasmonics
surface plasmon resonance
spectroscopy, and surface enhanced

Raman spectroscopy), etc.

Optical biosensors have many

advantages compared to non-optical

npeoOpa3oBaressi Ha TMOCTYHAarONTUi
CBET, JIMOO peakuus MPOU3BOIUT

ONTUYECKUI CHUTHAJI, KOTOPBII
BOCIIPUHHUMAETCS MpeoOpa3oBaTeieM,
BO3MOXKHO, TIOCJI€ YCHUJICHUS WJIU
npeoOpa3oBaHus B KaKyr-JIMOO
npyryio popmy (boprucos & Wolfbeis,

2008; Marks et al., 2007).

OTHOCUTENBHO MEXaHHU3Ma
30HIUPOBAHUS, MBI MOXKEM
KJIacCU(UILIMPOBATH ONTUYECKUE

6I/IOC€HCOpI>I Ha OCHOBC OTpPa>XCHUA

(Hammpumep, TOJIIPUMETPHS u
DILTUTICOMETPHS), AMUCCHH
(bayopecieHIu, MTOTJIOIIEHHUS
(Hanpumep, uH(ppakpacHon 151
paMaHOBCKOU CHEKTPOCKOIINH),
MJIa3MOHHKA (Hammpumep,

MMOBCPXHOCTH TJIa3MOHHBIN PE30HAHC,

JIOKAJIN30BAaHHBIX  IOBEPXHOCTHBIX
IJIa3MOH PE30HAHCHOU
CIIEKTPOCKOIIMK, MW IOBEPXHOCTHO
YCUJICHHOMN pPaMaHOBCKOU

CHEKTPOCKOMHH), U T. [I.

Ontuueckue OMOCEHCOPHI  MUMEIOT

MHOT'O IPEUMYLIECTB MO CPABHEHUIO C




ones. Most importantly, they can be so

sensitive  that single molecular

detection is possible due to the
possibility of single-photon detection
and effect
(Kneipp et al., 1997; Nie & Emery,

1997; Qian & Nie, 2008).

surface-enhancement

Moreover, light signals at different
frequencies can be sent over the same
optical beam without the interference

among them.

Therefore, by measuring differences in

optical properties such as

wavelengths, arrival time, or
polarization states, the signals can be
multiplexed and demultiplexed,

enabling the real-time and parallel

monitoring of multiple analytes.

HeonTuyeckuMu. CaMoe IiIaBHOE, 9TO

OHM  MOTYT  OBITH  HACTOJBKO
qyBCTBUTEIbHBI, 4TO OJTHO
MOJIEKYJIIPHOE oOHapyKeHue

BO3MOXHO 6J1arozlap;1 BO3MOXHOCTHU
0JTHO(hOTOHHOTO
s dexra
(Kneipp et al., 1997; Nie & Emery,
1997; Qian & Nie, 2008).

OoOHapyXeHHs U

YCUJICHUA IIOBCPXHOCTH

bonee Toro, cBeToBBIC CHUTHAJIIBI Ha

pa3HbIX JacToTax MOTYT
HepelaBaThCs MO0 OJHOMY M TOMY K€
ONTHUYECKOMY JIyuy 0€3 IOMEX MEXTy
HUMU.

[ToaTomy, wW3Mepsii pa3nuuus B
ONTUYECKUX CBOMCTBAX, TaKWX Kak

JJIMHAa BOJIHBI, BPCMA HpI/I6I>ITI/I${ HNJIn

MMOJIAPU3aIOHHBIC COCTOAHUA,
CHUT'HAJIbI MOT'YT OBITH
MYJIBTUIIJICKCUPOBAHDbI "
ACMYJIbTUIINICKCUPOBAHBI, qTo

MO3BOJISIET B PEXUME PEAJbHOIO
BpEMEHU U napajjieIbHO
KOHTPOJIUPOBATh HECKOJIbKO

AHAJIMBUPYCMBIX BCHICCTB.




Lastly, optical signals do not
require Transmit Media, like wires
needed for electrical signal, which

makes remote measurement possible.

Due to these advantages, optical
biosensors have been widely studied,
developed, and applied to address the
major challenges in biosensor

research

— sensitivity, selectivity,

portability, low cost, and, most
importantly, multiplex, real-time,

and simultaneous analysis of many
pathogens, mutants, or therapeutic
drugs that is greatly demanded

by applications of combinatorial
methods in biotechnology for the

synthesis of new biocatalysts or drugs.

Among them, surface plasmon

resonance (SPR) biosensors involving
gold thin films (=50 nm thick) are

Hakonen, onTu4eckue CHUTHAIIBI HE
TpeOyIOT TepeAaroumx cpel, TaKhX
KaK TPOBOJIa, HEOOXOJIUMBIX IS

QJICKTPUYICCKOI'O CUTHaJIa, 4TO ACJIaCT

BO3MO>KHBIM JTUCTAaHIITMOHHOE
U3MEpEHUE.
brnaromapss »STUM mnpeuMyIIiecTBaM

ONTHYECKHE  OMOCEHCOphl  ObUIH
IIMPOKO M3YYEHBI, pa3paboTaHbl U
MIPUMEHEHBI ISl PEUICHUs] OCHOBHBIX
3a/1ay OMOCEHCOpPHBIX MCCIIEOBAaHUMN
— YyBCTBUTEJIBHOCTH, CEJIEKTUBHOCTH,
MIEPEHOCUMOCTH, HHU3KOM CTOMMOCTH
1, CAaMO€ TJIABHOE, MYJIbTUIIJIEKCHOTO,
B peanbHOM BPEMEHU u
OJIHOBPEMEHHOI'0 aHaJlu3a MHOTHUX
W

IIaTOI'CHOB, MYTAHTOB,

TCPAIICBTUUCCKUX IIpC€IaparoB, 4YTO

OYCHb BOCTpeOOBaHO ISt

IIPUMEHECHUS KOMOWHATOPHBIX

METOAOB B OHMOTEXHOJIOTHUH, IS
CHHTE3a HOBBIX OHOKATaJIM3aTOPOB

WJIY JIEKAPCTBEHHBIX ITPEMapaToB.

Cpez[H HHUX B HACTOAIICC BPCMA

HauboJee IIAPOKO  HCIIOJIB3YIOTCA

OoroceHcopsl MOBEPXHOCTHOTO




currently most extensively employed
(Homola, 2008).

Furthermore, the significant
advancements have been achieved

recently in controlled synthesis and
nanofabrication (Lu et al., 2009;
Stewart et al.,, 2008; Xia & Halas,
2005), theory and electrodynamic

modeling of optical properties (Pitarke
et al., 2007; Prodan et al., 2003; Zhao
2008),
functionalization (Genevieve et al.,
2007; Thanh & Green, 2010; C.J.

Wang et al., 2006) of plasmonic

et al., and surface

nanoparticles (NPs) and
nanostructures for biomedical
application.

Because of these great advances,
biosensors based on plasmon-resonant
nanoparticle bioconjugates, so called
plasmonic nanobiosensors (Anker et
al., 2008; Lal, Link, & Halas, 2007),

become one of the most attractive

mia3MoHHoro  pesonanca  (IIIIP),
BKJIIOYAIONINE TOHKHUE TUICHKU 30J10Ta

tonmuHo~50 HM (Homola, 2008).

Kpowme Toro, B mociieHee Bpemst ObuTH
JOCTUTHYTHI 3HAYUTEIILHBIE YCIIEXU B
KOHTPOJUPYEMOM CUHTE3e u
Hanodaopuxamusax (Lu et al., 2009;
Stewart et al., 2008; Xia & Halas,
2005), TEOPUU U
AIEKTPOIUHAMUYIECKOM

MOJCIIUPOBAHUY ONITHYECKUX CBONCTB
(Pitarke et al., 2007; Prodan et al.,
2003; 2008) w

Zhao et al.,

MOBEPXHOCTHOW (PYHKITMOHAIU3AIIUU
(Genevieve et al.,, 2007; Thanh &
Green, 2010; C. J. Wang et al., 2006)
mia3MoHHbIX HaHouactull (ITH) wu
HAHOCTPYKTYP J1si OMOMEIUIITHCKOTO
MIPUMEHECHUS.
brnarogapst 3TUM  3HAYUTEIHHBIM
JOCTIKEHHSIM OMOCEHCOPHI Ha OCHOBE
MJIa3MOHHO-PE30HAHCHBIX

HAHOYACTHI] OMOKOHBIOTATOB, TakK
Ha3bIBAEMBbIX MJIA3MOHHBIX

HaHnoOuoceHncopoB (Anker et al., 2008;

Lal, Link, & Halas, 2007), cramm




research areas in nanobiotechnology,
showing a great

potential in future biosensing assays.

Therefore, plasmonic nanobiosensors
is considered in this chapter as one of
the best examples to demonstrate

the impact of the convergence of

biotechnology and nanotechnology on

biosensing.

Hence, the three cornerstones of
plasmonic nanobiosensors are
discussed herein, namely:

phenomenological plasmonic theory,

major synthetic and nanofabrication

techniques, and surface
functionalization.

Furthermore, the applications
exemplified, and the strategies
contained in plasmonic

OJTHVM 3 HanoOosee
IPHUBJICKATEIbHBIX HampaBJICHUI
HCCIIEI0BAHUI B oOnactu

HAHOOMOTEXHOJIOTUH, JEMOHCTPUPYS
OOJIBIIION TOTEHIMAT B OYIyIIMX
OMOCEHCOPHBIX aHATN3AX.

[ToaTomy MJ1a3MOHHBIE
HaHOOMOCEHCOPBI pACCMATPUBAIOTCA B
ATOM TIJIaBe Kak OJWH W3 JIyYIIUX
MIPUMEPOB, JIEMOHCTPUPYIOITUX
BITUSTHUC KOHBEPTIEHITUU

OMOTEXHOJIOTUA W HAHOTEXHOJIOTHUNA

Ha OMOCEHCHHT.

Takxum o6pa3zoM, 37ech 00Cy)at0TCs

TpHU KpaeyroIbHBIX KaMHSI
MJIa3MOHHBIX HAHOOMOCEHCOPOB, a
UMEHHO: dbeHomeHonornueckas

TeOpwsl  TUIA3MOHWKH,  OCHOBHBIC
CUHTETUYECKUE u
HaHO(aOpUKAIIUOHHBIE METOJbI U

MOBEPXHOCTHAS (DYHKIIMOHATU3AIIHSL.

Kpome Toro, npuBeaeHHbBIE TPUMEPHI
IIPUMEHEHUS u CTpaTeruu,
comepkamuecss B IUJIa3MOHHOM

HaHOOHOCEHCHUHTe, 0000IIEHb TAKUM




nanobiosensing are summarized so as
to address the major challenges

mentioned previously.

10.5.2. Plasmonic Nanobiosensors
Physics behind Plasmonic Biosensor

“the

light

Nanophotonics is defined as
science and engineering of
matter interactions that take place on
wavelength and subwavelength scales
chemical

where the physical, or

structural nature of natural or
artificial nanostructured matter
controls the interactions” (National

Research Council - Committee on

Nanophotonics  Accessibility and
Applicability, 2008).
One of the major subfield of

nanophotonics is plasmonics, in which
manipulation of light is based on
interaction processes between
electromagnetic radiation and free-
electron conduction

plasma (or

electrons) at dielectric-metal planar

o0pa3oM, 4YTOOBI PEUIUTh OCHOBHBIE

po0JIeMbl, YIIOMSIHYThIE paHee.

10.5.2. [11a3moOHHbIe
HaHobuoceHcopsbl
du3uka, Jexamas B OCHOBE

Il1a3zMoHHOTO OHOCEHCOpa

HanodoTtonuka omnpenensieTcss Kak
“Hayka u mexumuxa 83aumooeucmeus
JlecKou

mamepuu, Komopas

npouUcxooum Ha macwmadax
CcyOBOIHOBLIX U OJIUHAX BOJH, 20e
Xumuueckas

Quzuueckas, unu

CMpYKmypHas npupooa
ecmecmeeHHOl UlU UCKYCCMBEHHOU
HAHO CMPYKMYPUPOBAHHOU Mamepuu
ynpaensem s3aumoodericmeusamu’’
(Hammonaneneiii McciienoBaTenbCKuii

Coget - KomuTer nmo 10cTynHocTy u

MPUMEHSAEMOCTHU HaHO(DOTOHUKH,
2008).

OnHMM U3  OCHOBHBIX  pa3JielioB
HaHO(OTOHUKHU SIBJISICTCSI
TUIAa3MOHUKA, B KOTOPOM

MaHUITYJIMPOBAHHUC CBCTOM OCHOBAHO

Ha  [poueccax  B3aMMOJECHCTBUS

MCIKOY SJICKTPOMArHuTHBIM

HU3JTIy4YCHUEM M I1a3MOou CBO6OI[HBIX




interfaces or nanocurved interfaces, | aekTpoHOB (WM JIGKTPOHAMH
resulting in surface plasmon - | mpoBoauMOCTH) Ha IUTOCKHX
polaritons (SPP) or localized surface | rpanumax  pasgena  AUAJICKTPHK-

plasmon-polaritons (LSP) (Maier, | MmeTayul WM HAHOKPUBBIX T'PAHHIIAX

2007), respectively. pasjena, HPUBOISIINX K
IIOBEPXHOCTHBIM IUIa3MOH-
MOJIIPUTOHAM (TIITIT) 158105

JIOKaJIN30BaHHBIM  MTOBEPXHOCTHBIM
MJIa3MOH-TIOJIIPUTOHAM (JITIIT)

(Maier, 2007), COOTBETCTBEHHO.
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NOBEPXHOCNIHBIX NIASMOHROE8 U NOJIYHUarouecocsl CneKkmpa paccesanusl (Haeepxy) 6

buocencunce. Au-Ph: ¢ocun noxpwvimsiii nanowacmuyamu Au (3o10ma), 6

KOnopbslX NOBEPXHOCMHO-AKMUBHOE 6euecnieo ¢OCQbMH UCNONB308ANIOCH OJIs

conrodbunuzayuu Hanowacmuy Au (3010ma) 6 600HOM pacmeope.
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Figure 2. Illustration of (a) a typical experiment setup (bottom) using surface
plasmon polaritons (or propagating plasmon) and a resulting reflectivity
spectrum (top) obtained in an angle-solved mode, and (b) a typical measurement
setup (bottom) using localized surface plasmons and a resulting scattering
spectrum (top) in biosensing. Au-Ph: phosphine-coated Au nanoparticles, in
which a surfactant phosphine was used to solubilize naked Au nanoparticle in

aqueous solution.



A plasmon is a quantum quasi-particle

representing the elementary
excitations, or modes, of the charge
density oscillations in a free-electron

plasma (Le Ru & Etchegoin, 2009).

As shown in Figure 2a, SPPs are
propagating dispersive
electromagnetic (EM) waves coupled
with the electron plasma of a
conductor at the planar interface

between dielectric and  metal
materials, having a combined EM

wave and surface charge character.

The surface charge is generated by the
electric field normal to the surface
while the EM waves propagate in the

x direction (H is in the y direction) for
distances on the order of tens to

hundreds of microns.

This combined character leads to the

field component normal to the surface

I na3zmoH- 3TO KBaHTOBas

KBa3U4acTHIIa, IpeICTaBIIAIONIAs
co00M 3JIeMEHTApHBIE BOJHEHUS, WU
MOJIbI, KOJIOaHUsI TJIOTHOCTH 3apsija

B IJITa3Me CBOOOHBIX AeKTpoHOB (Le

Ru & Etchegoin, 2009).

Kak nokazano Ha puc. 2a, IIIIII-3T0
pacnpocTpaHsomuecs

JACIIEPCUOHHBIE AJIEKTPOMArHUTHBIE
(OM)

BOJIHBI, CBsI3aHHBIC C

ANEKTPOHHOM IIa3MOW IMPOBOJHUKA

Ha IJIOCKOM I'paHHUIIC pa3aciia
JAUBJICKTPHUKA u MECTAJTINIMYCCKUX
MaTcpuajiosB, HNMCIOIIHEC

KOMOWHUPOBaHHBIM xapaktep OM-

BOJIHBI M1 TIOBCPXHOCTHOTO 3apsja.

[1oBEpXHOCTHBIN 3apsi FEHEPUPYETCS
ANEKTPUYECKUM IIOJIEM, HOPMaJIbHBIM
K IIOBEPXHOCTH, B TO BpeMs Kak
AIEKTPOMArHUTHBIE BOJIHBI
pPacCIpOCTPAHAIOTCS B HANPABICHUU X

(H-B HampaBiieHHUHU y) Ha PaCCTOSHHUS

nopsaakKa J€CATKOB-COTCH MUKPOH.

OTOT KOMOMHUPOBAHHBIM XapakTep

IIPUBOJUT K TOMY, YTO HOPMajbHas K




being enhanced near the surface and
decaying exponentially with distance

in the z direction on the order of 200
nm (Barnes, Dereux, & Ebbesen,
2003; Brockman, Nelson, & Corn,
2000; Knoll, 1998).

The enhancement reaches maximum
when SPP resonates with the incident
exciting laser, which is called surface
(SPR),

minimum

plasmon resonance
the

reflectivity as shown in Figure 2a.

corresponding  to

Localized surface plasmon-polaritons

are nonpropagating collective

oscillations of the conduction
electrons of metallic nanostructures
against the background of ionic metal
cores (Moskovits,1985) coupled with
the exciting electromagnetic field

(Figure 2b).

For a particle much smaller than

MOBEPXHOCTH  KOMIIOHEHTAa  IOJIS
YCWJIMBAETCSl BOJM3U MOBEPXHOCTH U
AKCIOHEHIIUAIIBHO 3aTyxaer c
pacCTOSsHMEM B  HampaBJICHUU Z
nopsaka 200 um (Barnes, Dereux, &
Ebbesen, 2003; Brockman, Nelson, &
Corn, 2000; Knoll, 1998).

VYcuiieHne JIOCTUraeT MaKCUMyMa,
xorga I1IIII pe3onnpyer ¢ nagarommm
BO30Y)K/IAIOIIMM JIa3€pOM, KOTOPBIH
Ha3bIBACTCSA MOBEPXHOCTHBIM
mIa3MOHHBIM  pe3oHancoM  (IITIP),
COOTBETCTBYIOIIIMM  MHUHHUMAaJIbHOMI
OTPAXKATEJIBLHOM CIIOCOOHOCTH, Kak
MOKA3aHO Ha puC. 2a.
Jlokann3oBaHHBIE  MMOBEPXHOCTHBIE

IUIA3MOH - TOJISIPUTOHBI - 3TO HE
pacpOCTPAHSIOIIUECS
KOJIJIEKTUBHBIC KojeOaHus
3JIEKTPOHOB MIPOBOAUMOCTH
METAJUIMYECKUX HAHOCTPYKTYp Ha
(hOHE HMOHHBIX METALITUYCCKHUX SACp
(MockoBui, 1985), cBsi3aHHBIX C
BO30YXKJAIOIIUM DJIEKTPOMArHUTHBIM
nosiem (puc. 20).

JI1s1 yacTUIIbl, 3HAYUTEIbHO MEHBIIICH
BO30Y’KIafOIIIETO

JJIMHBI BOJIHBI




the wavelength of the exciting light,
the dipolar plasmon is dominant in the
oscillation, which  contains an
effective restoring force on the

driven electrons.

When the exciting laser light is in
resonance with the dipolar plasmon,
the metal particle will radiate light
characterized by dipolar radiation
(Jackson, 1999), leading to electrical
field (E) amplification both inside and
in the nearfield zone outside the

particle.

This resonance is called the localized

surface plasmon resonance (LSPR).

Typical materials for plasmonic

applications are noble metals,

particularly silver or gold.

CBETa, B KOJEOAaHWU JOMHUHUPYET

JTATIOJIbHBIN MJIa3MOH, KOTOPBI

COJICP)KUT ¢ PeKkTUBHYIO

BOCCTAaHABJIMBAOIIYIO CUIly JIIA

YIIPaBIKICMbBIX 3JICKTPOHOB.

Korma Bo30Oy:xaromniuii 1a3epHbiil 1y4
HAXOJIUTCS B PE30HAHCE C JUTOJIBLHBIM

IJTa3MOHOM, MCTAJUVIMYCCKasa 4aCTHula

Oyner M3JIy4aTh CBET,
XapaKTePU3YIOMIMICS  JUIOJbHBIM
U3ITyYCHHEM (Jackson, 1999),
TIPHUBOJIAIIICE K YCHJICHHIO

anexkTpudeckoro noiis (E) kak BHYTpH,

TaKk U B OJMKHEW 30HE MOJIA BHE

YaCTHUIIBI.
otor pE30HAHC Ha3bIBACTCS
JIOKAJIM30BaHHBIM  TOBEPXHOCTHBIM

1a3MOHHBIM pe3oHaHncoM (JITTIIP).

TunuaapIME ~ MaTepuagaMu  JUIS
IJIA3MOHHBIX MPUMEHEHUN SBIISIOTCS
0JIaropoJIHbIe METasUIbl, B YaCTHOCTH

cepedpo Ui 30J10TO.




Silver displays sharper and more
intense LSPR bands than gold, while
gold nanostructure is chemically more

stable than that of silver.

The response of both SPR and LSPR
sensors to changes in refractive index
can be described by using the Equation
10.1 (Haes & Van Duyne,

2004), which was initially developed
for propagating SPR (Jung et al.,
1998).

AN

(10.1)
where, AAmax is the wavelength shift
when the extinction reaches maximum
due to resonant absorption, m is the
sensitivity factor, nadsorbate and
nmedium are the refractive indices of
the

surrounding the nanoparticle,

the adsorbate and medium

respectively, d is the effective
thickness of the adsorbate layer, and Id
is the electromagnetic field decay

length.

CepeOpo  nmemoHCTpupyeT  Ooiee

pE€3KME UM MHTEHCUBHBIE TOJIOCHI
JIIITIP, yeM 30510TO, B TO BpeMs Kak
HAHOCTPYKTypa 30JI0Ta XUMHYECKHU

OoJiee cTabuiibHA, YeM y cepedpa.

Peaxnuro natuynkos III1P u JIIITIP Ba

HU3MCHCHHUC ITOKA3aTCJIA IIPCIOMIICHUA

MOXHO  ONMHUCaTh C  IOMOIIBIO
ypaBHenuss 10.1 (Haes & Van
Duyne,2004), KOTOpOE

MEepBOHAYAILHO OBUIO pa3pabOTaHO
st pactipoctpanenus [P (Jung et

al., 1998).

AN

(10.1)
I'ne AAmax - ciBUT ITTMHBI BOJHBI IPU
JOCTHKEHUH OCTIa0JIeHUs MaKCUMyMa
3a CUeT PE30HAHCHOTO MOTJIONICHHUS,
m - KO3 pUIeHT
YyBCTBUTEIHHOCTH,  ajcopdaTr u
cpeaa-rnoka3aTeiu TIPEIIOMIICHUS
ajgcopbata W Cpelbl, OKpYy)Karomiei
HAHOYACTHUILY, COOTBETCTBEHHO, d -
s pexkTruBHAS

TOJIII[HA clos

ld-

QJICKTPOMArduTHOI'O ITOJIA.

azncopOara, JUIMHA  3aTyXaHUus




Therefore, both sensors are highly
sensitive to the dielectric properties of
the medium adjacent to the dielectric-

metal interface.

2a

experimental setup and a resulting

Figure shows a typical
reflectivity spectrum obtained in an

angle-solved mode (measured against
incidence at a fixed
that

resonance angle shift upon binding of

angle of

wavelength), demonstrate a
analyte in a SPP biosensor; while,
2b

measurement

Figure illustrates a typical
LSPR
biosensors and the resulting scattering

that

scheme for

spectrum shows resonance
wavelength shift upon binding of
DNA (Au-Ph-DNA, red line) to a
phosphine (Ph) surfactant coated gold
nanoparticle (Au-Ph, green line) (Liu

et al., 2006).

[loaTomy o00a patynka oOJaArOT
BBICOKOM  YYBCTBUTEIBHOCTBIO K
JUAJIEKTPUUECKUM CBOMCTBAM CpEIbl,
MpUJICTAIOIIECA K TpaHuIEe pas3fena
JUAJIEKTPUK-METaIL.

Ha pwuc. 2a mnokasaHa TunuyHas
HKCIEPUMEHTANIbHAsI yCTaHOBKA U
pe3yapTar OTpa)XaTeJIbHOMN
CIIOCOOHOCTH CHEKTpPa, MOIYYEHHOIO
B yroJI-pa3perieHHOM pexXHnMe
(u3MepeHue OT yria NajeHus 110
JUTMHOM

(bUKCUpOBaHHOMN BOJIHBI),

KOTOpPBIE  JAEMOHCTPUPYIOT

yroi
C/IBUra pe30HaHca NpPHU CBSA3BIBAHUU
anasuta B [1I1IT 6uocencop; a, puc. 2b
WUTIOCTPUPYET  TUIOBYIO  CXEMY
usmepenus s JITITIP 6uocencopos u
B pe3ylbTaTe paccesHUus B CIEKTpPE
MOKAa3bIBACT, PE3OHAHCHYIO [UIHHY
BOJIHBI caBura no mnpusssku JIHK
(Au-Ph-ITHK, xpacHas nuHUA) K
MOBEPXHOCTHO AKTHUBHOMY (OCPUHY
(Ph)

3o050T1a (Au-Ph,3enenas nunus) (Jlro u

coaBT., 2006).

IIOKPBITOMY  HaHOYaCTHUIaMU




To selectively bind and detect analytes
of interest in biosensing, the

metallic surface of both sensors is
generally modified using various
strategies such as bioreceptors
(Figure 2) and/or hydrophilic coating
(Genevieve et al., 2007; C.G. Wang et
al., 2006).

One of the important driving forces in
biosensor research is to develop large-
scale biosensor arrays composed of
highly miniaturized signal transducer

elements that enable real-time and

parallel monitoring of multiple
species,  especially  for  high-
throughput screening applications

such as drug discovery and proteomics
research where many thousands of
ligand-receptor

or  proteinprotein

interactions must be rapidly measured.

I[J'Iﬁ CCIICKTUBHOI'O CBJA3bIBAHUA U

OOHapyKEHHUsI aHaJIUTOB,
NPEACTABIAIONIMX ~ HUHTEpec Ul
OHMOCEHCHHT, MeTaInyecKas
NOBEPXHOCTb ~ OOOWMX  JaTYUKOB
OOBIYHO Mo UIIUPYETCS C
UCIIOJIb30BaHUEM pa3IMYHBIX

CIoCcO0OB, BKIIIOYasi OHOPEIENTOPHI

(Puc. 2) w/ummm ruapoduiibHOE
nokpeitie (Genevieve et al., 2007; C.
G. Wang et al., 2006).

OmHUM U3 BaKHBIX IBIKYIIUX CHIT B
OMOCEHCOPHBIX UCCIIEIOBAHUM
SABJISIETCS pazpaboTka

KPYIMTHOMACIITa0OHBIX OHMOCEHCOPHBIX

MAacCCHBOB, COCTOSIIIMX W3 OYECHb
MHHUATIOPHBIX CHUTHAJIOB
npeodpa3oBaTEIbHBIX AJIEMEHTOB,
KOTOpBIE TIO3BOJISIIOT B PEXKUME

p€ajlbHOI0 BPEMCHHU H IAPAJICIIBHO

MOHHUTOPHUTD HCCKOJBKO BHUAOB,

0CcO0OEHHO TUTST
BBICOKOIIPOU3BOAUTEIBHBIX

MPWIOKEHUM, TaKUX KakK, CKPUHHUHT
JIEKApCTB 151 HCCJIEIOBAHUMN
MPOTEOMUKH, TAE MHOTHE ThICAYU
B3aUMOJEUCTBUU «JIUTaH]I-

pPEIEnTOPOB» WU  «OEIOK-0eI0K»




To meet this need, LSPR-sensors

stand out over SPR as better

candidates due to the “nano”
advantages (Haes & VVan Duyne, 2002,

2004).

For example, SPR sensors require
minimum a 10x10 pm area for sensing
experiments. For LSPR sensors, when
delivering the same information as the
SPR sensor, the spot size can be
sub-100-nm

regime (around the size of a single

minimized down to
nanoparticle) using
nanoparticle LSPR (McFarland & Van
Duyne, 2003; Raschke

et al., 2003).

single

What is more, because of the large
refractive index sensitivity (around
2x106 nm RIU-1) the SPR sensor

H€O6XOI[I/IMO N3MCPUTH KaK MOKHO

CKopee.
YtoOsr YIOBJIETBOPHTH ITY
MOTPEOHOCTB, JITITTP-paTunku

BBIACIAOTCSA 1O cpaBHEeHUtO ¢ [IITP
KaK Jy4lIUe KaHJIuJaThl U3-3a “HaHO”
npeumyiiects (Haes & Van Duyne,
2002, 2004).

Hanpumep, natumku IIIIP TpeOyror
MHHUMYM Ioomaan 10x10 MM 1u1s
MPOBEJACHUSI  DKCIIEPUMEHTOB IO
3oHaupoBanuto. s natuukos JIITIP
IpU JIOCTaBKEe TOU ke MHpopmaIiuu,
yro u nparuuk [IIIP, pasmep nsarnHa
MOXET OBITh CBEJACH K MHHUMYMY
BILUIOTh /10 pexuMa MeHble 100 Hm
(0K0J10 pazMepa OJTHOM HAHOYACTHIIHI)
c HCTII0JIb30BAHUEM OJHOMN
Hanouyactunpl JIIIIIP (McFarland &
Van Duyne, 2003; Raschke et al.,

2003).

boiiee Toro, n3-3a 4yBCTBUTEIBHOCTU

OONBIIIOTO  TOKa3aTeds  MHJACKCa
npeiaomieHus (okoso 2x106 nm RIU—

1) matuuk IIIIP TpeOyer TOUHOTO




requires  accurate  control  of
temperature and complex optical
the LSPR

nanosensors do not, due to a lower

instrumentation  while
refractive index sensitivity (around
2x102 nm RIU-1). Today, LSPR
(Willets & Van Duyne, 2007) has not
only been recognized as an
ultrasensitive method for detecting
molecules of both biological and
chemical interest, but plays a

major role in all other surface-
enhanced biosensing techniques such
as surface-enhanced Raman

scattering (SERS) (Stiles et al., 2008),
surfaceenhanced hyper-Raman

scattering (Kneipp, 2007), surface-

enhanced infrared  spectroscopy
(Adato et al., 2009; Ataka & Heberle,
2007), and surfaceenhanced

fluorescence (Fort & Gresillon, 2008).

Plasmonic Nanostructures

and Fabrication Highlights

KOHTPOJISI TEMIIEPATypbl U CIOKHBIX
ONTUYECKUX TMPUOOPOB, B TO BpeMs

kak HaHoceHcopwl JIIIIIP storo He

JIEJIA0T n3-3a 0ostee HU3KOU
JyBCTBUTEIIBHOCTH MOKa3aTelIs
npejgomsieHust  (okoimo  2x102  HM

PNY-1). Ceromus JIIIIIP (Willets &
Van Duyne, 2007) ObUI0 HE TOJBKO
MPU3HAHO OJHUM W3 JIYUYIIUX JJIst
CBEPXYYBCTBUTEIIBHOTO MeToa

BBISIBJICHUS MOJIEKYJI KakK
OMOJIOTUYCCKHNX, TaK U XHMHYCCKHX,
HO TaK)XE€ UIrpaeT TJIABHYKO POJIb BO

BCECX ITOBCPXHOCTHO-

JIPYTuX

YCHUIICHHBIX 6I/IO‘-IYBCTBI/ITGHI>HI>IX
TCXHHUKAX, TAKHX KaK ITOBCPXHOCTHO-
YCHUJICHHOC paMaHOBCKOE pacCCCAHUC

(ITYPP) (Craitnz u coast., 2008),

MMOBEPXHOCTHO-YCHJICHHOE Tunep-
pamaHoBckoe paccesnue (Kuaiim,
2007), MIOBEPXHOCTHO-YCHIICHHOE

uH(ppakpacHoe criekrpockonus (adato
He Oran., 2009; Araka & Xebepie,
2007), 1 MOBEPXHOCTHO-YIy4lIEHHAs
dbmroopecuenius (Dopt & ['peccuson

2008).

OcCHOBHBIC MOMEHTHI IIA3MOHHBIX
HaHocTpyKTyp M MX IPOM3BOJACTBA




Plasmonic nanobiosensing may be
categorized as assay-based method

and substrate-based method.

Assay-based method uses the

suspended metallic or metallic—

dielectric NPs generally with surface
by
recognition elements to interact with

functionalized biological

analytes in solution. The NPs are

[13

generally  synthesized by “wet

chemistry” procedures, in which
clusters of metal atoms are formed
in the presence of a surface-capping

ligand.

I l1a3MOHHBIIHI HAHOOMOCEHCHUHT
MOXET OBITh KJIacCHU(PHUIIUPOBAH Kak
METOJ Ha OCHOBE aHAJIN3a U METOJ Ha

OCHOBE CyOCTpara.

MeTtoJ, OCHOBaHHBLI Ha aHajM3e,
HCMOJIb3YET B3BECILICHHLIC
METaJJINYECKHE 158101 METaJI0—

nuaiektpudeckue HY, kak mpaBuio, ¢
GyHKIHOHATU3UPOBAHHOM
MTOBEPXHOCTHIO (6monmornyecKuMu
DJICMEHTAMHU  pacIO3HABaHMS) IS
B3aMMO/ICHCTBUSL C aHAIU3UPYEMBIMU
BEIIIECTBAMHU B pacTBope.
HanouwacTuiipl O0OBIYHO
CHHTE3UPYIOTCSI METOJaMH ‘“MOKpPOU
XUMHUHN ™, B KOTOPBIX KJIACTEPHI aTOMOB
METaJUIOB 00pa3yloTCs B MPUCYTCTBUU
MMOBEPXHOCTHO-TIOKPBIBAIOIIIETO

JIMTaH[A.
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Puc. 3. Juanazon pezonanca nanouacmuy niazmMOHHbIX pe30HAHCO8 OJis
yacmuy ¢ paziuynou mopgonocuer © 2007, Macmillan Publishers Ltd.
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2004, (Ag spheres (b)) u © 2001, (SiO2/Ag (core/shell) nanoshells (c)); u COM-
uzobpasicenuss © 2007, (nanorods (d)), © 2006, (triangles (e)) Wiley-VCH, and
© 2006, (xyouku (f) and nanopuc (g)) Amepuxaunckoe xumuveckoe oouecmaso.

Hcnonwvzyemces ¢ paspeutenus.
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Figure 3. Nanoparticle resonance range of plasmon resonances for a
variety of particle morphologies © 2007, Macmillan Publishers Ltd. Used with
permission. TEM images of © 1995, (Au spheres (a)), © 2004, (Ag spheres (b)),
and © 2001, (SiO2/Ag (core/shell) nanoshells (c)); and, SEM images of © 2007,
(nanorods (d)), © 2006, (triangles (e)) Wiley-VCH, and © 2006, (cubes (f) and
nanorices (g)) American Chemical Society. Used with permission.

The capping ligand binds the metal | I[TokpbiBatonuii  JUrana CBS3bIBACT
clusters to prevent them from | meTamnueckne KiacTepbl, 4YTOOBI
aggregating into bulk material and to | npenoTBpaTuTh HMX arperamuilo B
control the final shapes and sizes of the | TBepabIii MaTepua u
NPs (Thanh & Green, 2010). KOHTPOJMPOBATh KOHEUHBIE (DOPMBI U

pasmepbl Ha"ouacturl (Thanh &

Green, 2010).




Due to recent significant advances

in nanoparticle synthesis (Lu, et al.,
2009; Xia & Halas, 2005), “wet
chemistry” methods have now been
able to fabricate plasmonic NPs with
controllable  sizes, narrow size
distributions, and a wide variety of
shapes including spheres (Grabar

et al., 1995;Wiley et al., 2004), cubes,
tetrahedrons, octahedrons, triangular
plates, bipyramids (Tao, Habas, &
Yang, 2008; Wiley et al., 2006),
prisms (Bastys et al., 2006), and rods

(Nikoobakh & El-Sayed, 2003).

Moreover, they have also fabricated
mixed metallic-alloy, and NPs having
the shell-core structures of metallic-
dielectric, and metallic-metal with
different shapes like
(Jackson & Halas, 2001; Sun, Mayers,
& Xia, 2003) and nanorice (H. Wang
et al., 2006).

nanoshells

Bnaroz[ap;l HCIAaBHUM 3HAYUTCJIbHBIM
JOCTUKCHUAM B CUHTE3€ HAHOYACTHUL]
(Lu, et al., 2009; Xia & Halas, 2005),
XAMHAN

TEXHOJIOTHAM  “MOKpOH

TCIICPDb CMOT'JIN HN3TOTOBUTH

TJIA3MOHHBIE HAHOYACTHULIBI Cc
KOHTPOJIMPYEMBIMU pa3sMepamu,

Y3KUM PpPacIpCaACiICHUCM Pa3MCPOB U

IIUPOKKUM  pa3zHooOpazueM  Gopwm,
Bkioyas  chepol  (Grabar et al.,
1995;Wiley et al., 2004), xyOsl,

TETPAdaAPbI, OKTAdAPHI, TPEYTOJIbHBIC
macTuHbl, Oumupamuae (Tao, Habas,
& Yang, 2008; Wiley et al., 2006),
npusmbl  (Bastys et al., 2006) wu
crepxkan  (Nikoobakht & El-Sayed,
2003).

Kpome TOTO, OHU TAKKE
CUHTE3UPOBAJIN CMEIIIaHHBIN
METATMYECKUN CILJIaB, 5
HanowacTunpl, wumeromux CHaps-
AAPO CTPYKTYPBI METaJJIOB-
JIUBJICKTPUKOB, METaJIJTNYECKUI-

MeTaJul C pa3IMYHbIMU (popmMamMu, Kak
nanoobonouku (Jackson & Halas,
2001; Sun, Mayers, & Xia, 2003) u
nanopuc (H. Wang et al., 2006).




the LSPR
dependent on both the shape and the

Since frequency is
size of the nanostructures, the wide
variety of NPs mentioned above can
have their LSPR frequency varied
from the entire visible to mid-infrared
part of the electromagnetic spectrum
as shown in Figure 3, demonstrating

the high tunability of plasmonic
nanobiosensors that enables a wide

variety of applications in biosensing.

For the substrate-based method, NPs
are condensed, deposited, or grown on
a supporting substrate such as silicon
wafers and glass slides;

the
interact with the

and where analytes from
environment can

functional NP surfaces.

ITockonpky uactora JIIIIIP 3aBucut
Kak oT (opMbl, Tak U OT pa3zMepa
HaHOCTPYKTYD, OoJbII0E
pazHooOpaszue HaHOYACTHUIIAM,
YOOMSIHYTBIX BBIILIE, MOXET HMETh

ceoro yacroty JIIIIP, Bappupyemyto

OT BCEM BUAUMOM JI0 CpEIHEU
uH(ppaKpacHoi 4acTH
AIIEKTPOMArHUTHOTO  CIIEKTpa, Kak

NOKa3aHO Ha pUC. 3, IEMOHCTpPUpPYS
BBICOKYIO NEepecTpPanBaeMoCTh
MJ1a3MOHHBIX HAaHOOHMOCEHCOPOB
00eCreunBaOIINUX IIUPOKUM CIIEKTP

PUMEHEHUN B OMOCEHCHHTE.

JUIss MeToJla Ha OCHOBE IIOJIOKKH
HAHOYACTHIIbI KOHJEHCHUPYIOTCH,
OCaXKJIArOTCAd WJIM BBIPAIIMBAIOTCS HA
TaKOW  Kak

OMOPHOM  MOJJIOKKE,

KPEMHHCBLIC IIJIIACTUHBI U CTCKIISIHHBIC

claiapl; U rae AHAJIUTHI
(aHanmu3upyeMble  BellecTBa) U3
OKpYyXKarouen cpenbl MOTYT
B3alMOJEHUCTBOBATh c

(GYHKUHMOHATBHBIMA  [TOBEPXHOCTAMHU

HaHOYAaCTHII.




Some of the important requirements

for an ideal LSPR substrate in
practical diagnostic applications are
that the substrate produces a high
enhancement, generates a
reproducible and uniform response,
has a stable shelf-life, and is easy and

simple to fabricate.

Currently, there are four major
fabrication techniques that could
potentially produce the desired

nanoplasmonic substrates for either
LSPR or SERS, and which can meet
these requirements: electron beam
lithography, nanosphere lithography
(NSL), the template method, and an
oblique angle vapor deposition (OAD)
or glancing angle deposition (GLAD)
method.

HekoTtopble u3 BaKHBIX TPEOOBaHUI K

uneaasbHo nomioxkke JIIIIIP B
MIPUJIOKEHUSAX 3aKII0YAIOTCSI B TOM,
YTO TMOJIOKKA MPOU3BOJIUT BBICOKOE
YCHUJICHHUE, reHEepUpyeT
BOCIIPOM3BOJAUMBIN W PABHOMEPHBIN
OTKJIMK, WMEET CTaOWIbHBIA CpPOK
TOJHOCTH, & TAKXKE JIETKA W MPOCTa B

HU3TOTOBJICHUM.

B HacTosimiee Bpems CYIIECTBYIOT

YCTBIPC OCHOBHBIX METOda

HU3TOTOBJICHUA, KOTOPLBIC

MNOTCHOUAJIIBHO MOT'YT IIPOU3BOAUTDH

JKeaeMbie HAHOTLJIa3MEHHbBIC
cyOcTpaThl TUTSt JITIIIP
(JIoxkamm3oBaHHbIE MTOBEPXHOCTHO

mIa3MeHHbId pe3oHanc) uimu [TYPC
(IToBepXHOCTHO-YCHIICHHbBIE
HAHOIUIa3MEHHbIE  CTPYKTYpbl) U

KOTOPBIC MOT'YT YIOBJICTBOPHUTL 3TUM

TpeOOBaHUSAM:  DIIEKTPOHHO-JTydeBast
mutorpadus (DJIJI), HanochepHas
mutorpadus (HCJI), mraGnoHHBIN

METOJA H METOJT OC@KICHUS W3
napoBoil (azbl TOJ KOCBHIM YIJIOM
(OIIKY) wim MeToJOM OCaXKISHUS

oA ckoab3sium yriaom (OCY).




The electron beam lithography (EBL)
method is an ideal method for
producing uniform and reproducible
nanoplasmonic substrates (Clark &
Cooper, 2011; Li et al., 2008; Lin et
al., 2010).

Unfortunately, it is expensive and
time-consuming to produce large area
using EBL,

nanoimprint lithography method is

substrates unless a

integrated (Alvarez-Puebla et al.,
2007).

The NSL method, developed by Van
Duyne and coworkers (Hulteen &
1995), the

evaporation of Ag onto nanopore

Vanduyne, involves
masks (generally made of self-
assembled colloidal particle arrays)
and subsequently the removal of the
masks that leave behind the Ag metal
deposited in the interstices to form a

regular Ag nanoparticle array (Hulteen

Meron AJIEKTPOHHO-JTY4YE€BOU
auTorpadguu (BJLI) SIBJISICTCS
UJCaTbHBIM  METOJIOM  MOJIYYCHHUs
OJTHOPOJHBIX ¥  BO30OHOBIISIEMBIX

HaHOILIa3MeHHBIX o oxkek (Clark &
Cooper, 2011; Li et al., 2008; Lin et
al., 2010).

K COXKaJICHUIO, HU3rOTOBJICHUE

IIOJJIOXKCK OOIBIION momaanu ¢

UCIIOJIb30BAHUEM  BJIEKTPO-Ty4EBOU
auTorpaduu (BJLI) SIBIIICTCS
JOPOTOCTOSIIIUM U TPYAOEMKHUM
IpoLIECCOM,  €CIM  TOJIbKO  He
UCIIOJIb3YEeTCs METOJ
HaHOMMIIPUHTHOU auTorpaduun

(Alvarez-Puebla et al., 2007).

Meton HaHocdepHOU auTOrpapuu
(HCJI), pazpabotannsiit Van Duyne u
kouteramu 1o padore (Hulteen &

Vanduyne, 1995), Bkimtoyaer B ceOs

ucriapeane  Ag  (cepebpa) Ha
HAHOTIOPUCThIE  MacKu  (OOBIYHO
W3TOTOBJICHHBIE M3  CaMOCOOPHBIX

KOJNIOMJHBIX MACCHBOB lII:lCTI/II_I) n

MOCIEAYIONmee  yAaJleHHEe  Macok,

KOTOPBLIC  OCTaBJIAKOT IIOCJIC cebs




et al., 1999; Malinsky et al., 2001,
Zhang, Yonzon, & Van
Duyne, 2006).

The template method uses a nanotube-
like array, which is generally made of
anodized Al203, as a template to grow
Agor Au

directly into the channels via an
electrochemical plating method to
form a Ag or Au nanorod array
(Broglin et al.,, 2007; Ruan et al.,

2007).

The OAD method is a physical vapor
deposition at a glancing angle (> 75°)
of the substrate normal with respect to
the incoming vapor direction (Figure
10.4a),
shadowing effect that leads to a

causing geometrical
preferential growth of nanorods on

in the direction of
4b).
specifically, in the initial stages of

the substrate

deposition  (Figure More

metamut Ag (cepebpa), OCaKICHHBIA B
POMEXKYTKaxX, 00pasys perysipHYIO
MaTpuily HaHodacTul] Ag (cepebpa)
(Hulteen et al., 1999; Malinsky et al.,
2001; Zhang, Yonzon, & Van Duyne,
2006).

B ma6ioHHOM METO/e HCIONb3yeTCs
MaTpHIla, MOX0Xas Ha HAHOTPYOKY,
KOTOpasi 0OBIYHO M3TOTaBIMBACTCS U3
anoaupoanHoro Al,Osz, B KkaudecTBe
mabsioHa I BbIpAalMBaHUS Ag
Au

7RI (30710Ta)

(cepebpa)
HETMOCPEJICTBEHHO B  KaHallbl  C
TTOMOIIIBIO MeToaa
AIEKTPOXUMHUYECKOTO TOKPBITHS C
o0pa30BaHMEM MAacCUBa HAHOCTEPIKHS
Ag umu Au (Broglin et al., 2007; Ruan
et al., 2007).

Meton OIIKY mnpenacraBisier coOoit
(bU3MYEeCKOe OCAXKICHHUE W3 MapOBOM
da3pl mox yriaom HakjgoHa (> 75°)
TTOJIJTOXKKH,

HOpMaJIbHBIM I10

OTHOIIIEHUIO K HaIpPaBJICHUIO
noctynatomero mnapa (puc. 10.4 a),

s ekt

3aTCHEHMUS,

BBI3BIBAIOIIICE
reOMETPUYECKOTO
MIPUBOJAIINNA K MPEUMYILIECTBEHHOMY

POCTY HAHOCTEPKHEN HA IMOJJIOKKE B




film, growth atoms condense and form

nuclei, resulting in geometrical
shadowing of regions of the substrate
that prevent film growth in those

regions.

The resulting film consists of columns
that grow off the nuclei and are
inclined in the direction of the vapor

source.

Therefore, the porosity of the film can
be controlled by simply changing

the incident angle.

Since the growth process is a thermal

or e-beam evaporation, various
materials can be used for GLAD, such
as materials metals, metal oxides,
silicon, silicon oxides, and even their
combination (Steele & Brett, 2007,
Zhou & Gall,

2008; Zhou, Li, & Gall, 2008).

HalnpaBJICHUW ocaxaeHus (puc.40).
bonee KOHKpeTHO, Ha HadYaJIbHBIX

CTaIusAX pOCTa IUICHKH, AaTOMBI
KOHJICHCUPYIOTCSL U 00pasyroT sjpa,
4TO MPHUBOJUT K TEOMETPUUECKOMY
3aTCHEHUIO 00JacTed  ITOJJIOXKKH,
NPEMSATCTBYIONINX POCTY IUICHKA B

ATUX 00JIACTAX.

HOJIy‘-IGHHa}I INICHKa COCTOUT U3
KOJIOHOK, KOTOPBIC OTpallluBaIOT Aapa
N HAKJIOHCHBI B CTOPOHY HCTOYHHKA

napa.

[ToaTOMY MOPUCTOCTH MIIEHKU MOKHO

KOHTPOJINPOBATh IIPOCTHIM
M3MEHEHUEM YTJIa MaJCHHUS.
ITockonbky IIPOLECC pocra

MPECTaBISET COO0M TEPMUUYECKOE WIIH
AJIEKTPOHHO-JIYYE€BOE HCITIApEHUE, IS
nonydeHuss OCY (Meroa ocaxaeHus
MOJT CKOJIB3SIIUM YIJIOM) MOTYT OBITh
WCIIOJIb30BaHbI Pa3IMUHbIC MaTEPUATIbI,
TaKUE KaK METAJLJIbI, OKCHIbI METAJLIIOB,
KPEMHUH, OKCUIbl KPEMHHUS U JaKE UX
xomOunanuu (Steele & Brett, 2007,
Zhou & Gall, 2008; Zhou, Li, & Gall,
2008).




The glancing angle deposition in
GLAD is a combination of OAD

and carefully controlled substrate
motion (Figure 4a) to fabricate a wide
variety of morphologies with three-
dimensional nanostructures, ranging
from simple nanostructures like close-
packed nanospheres and tilt nanowires
(Reisner, 2011) to more complex ones
such as chevron, and helical posts
(Steele & Brett, 2007) and nanotubes
(Huang, Harris, & Brett, 2009) (Figure
4¢).

GLAD can also be combined with
various  lithography
including EBL (Jensen & Brett, 2005),
NSL (Zhou & Gall, 2007), and

conventional photolithography (Ye &

techniques

Lu, 2007) to grow highly ordered
nanostructure arrays in a large scales

as shown in Figure 4d.

OC&)KI[GHI/Ie moa yrijioM HakKJIOHa B

ocy MPEICTaBISAECT coboit
KOMOMHAIIMIO METOHa OCAXICHUS W3

napoBoil (¢aspl MOJ KOCBHIM YTJIOM

(OIIKY) U TIIATEILHO
KOHTPOJUPYEMOTO TIBYKEHUS
MOJIOKKHI (puc.4a) TUISt
U3TOTOBJICHUSI IIUPOKOTO  CIEKTpa
MOpPQoJIOTHiA C TPEXMEPHBIMU
HAaHOCTPYKTypamMH,  HayuHas  OT

MPOCTBIX HAHOCTPYKTYp, TaKUX Kak
IJIOTHO YITaKOBaHHBIC HaHOC(hEPH U
HaKJIOHHBIE HaHoMpoBoJoKHU (Reisner,
2011) x Ooyiee CIIOXKHBIM, TAaKUM Kak
IIEBPOH, CIUpPAJIbHBIE CTOJIObI (Steele
& Brett, 2007) u HanoTpyOku (XyaH,
Xappuc, & bpert 2009) (puc.4C).

OCY Takxe MOKHO KOMOMHUPOBATH C
pPa3IMIHBIMU METOAAMHU JIUTOTPaHH,
Bkmouas  OJIJI  (DraekTpa-iaydeByro
autorpaduio) (Jensen & Brett, 2005),
Hanocdepnyro murorpadpuro (HCJI)
(Zhou & Gall, 2007) u 0OBIUHYIO
dotomurorpadpuro (Ye & Lu, 2007),
9TOOBI BBIPACTUTh
BBICOKOYTIOPSIZIOYCHHBIC MaCCHBBI
HAHOCTPYKTYp B OOJBIIMX MaciTadax,

KaK MoKa3aHo Ha puc.4d.
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Puc. 4. a. Cxema ocasxncoenus noo koceim yenom (OKY) unu ocasxcoenuss noo
ckoavzsawum yenom (OCY) © 2007, Springer. Hcnonv3yemces ¢ paspeuwienus. 6.
Konyenmyanvnas unnrocmpayus pocma xonouw. 8. Paznuumsie mopgonozuu,

useomognenuvie OCY: Ag-cgpepuvl (a) u maxnounvie namonpogonoku (b), Si-



wesponvl (c), cnuparvuvie cmotiku (d) © 2007, Springer. Hcnoavzyemcs c
paspeuwtenus. Hanompyoxu (e) © 2007, Amepukanckoe xumuieckoe oouecmeo.
d. Pasznuunvie y3opuamvle HAHOCMPYKMYpbL,  U320MOBIEHHbIE  NYMeM
komounuposanus OCY ¢ snekmponno-nyyesou aumoepaghuei (a, b) © 2005,
IEEE. Hcnonvzyemcs c paspewenus. Hanocgepnas numoepagus (c) u
Gomonumoepagua (d), © 2007, Amepuxanckoe Quszuueckoe o0b6UECmMeo.

Hcnonwvzyemcs ¢ paspewenus (e)).

. Incident vapor

. Lirowing Shadowed
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Figure 4. a. Schematic of oblique angle deposition (OAD) or glancing angle
deposition (GLAD) © 2007, Springer. Used with permission. b. Conceptual
illustration of column growth. c. Various morphologies fabricated by GLAD: Ag
spheres (a) and tilt nanowires (b), Si chevrons (c), helical posts (d) © 2007,
Springer. Used with permission, and nanotubes (e) © 2007, American Chemical
Society. Used with permission. d. Various patterned nanostructures fabricated by
combining GLAD with e-beam lithography (a, b) © 2005, IEEE. Used with
permission, nanosphere lithography (c), and photolithography ((d), © 2007,

American Physical Society. Used with permission, and (e)).

Surface Biofunctionalization of IMoBepxHOCTHaS
Plasmonic Nanomaterials OnogyHKIMOHATH3AIUS
IJIA3MOHHBIX HAHOMATEPHAJIO0B

The significant advancement in | 3HauuTeNBHBIA Mporpecc B 00JIACTH

controlled  nanofabrication  offers | ynpaBnsemoctu babpukanyu

researchers the capability to tune HAHOTEXHOJIOT UM JaeT

plasmonic properties of | uccnenoBarensam BO3MOKHOCTb

nanomaterials. HACTpanBaTh CBOWMCTBA IUIa3MOHHBIX
HAaHOMAaTEpUaIoB.

However, the surface of plasmonic | OqHako, MOBEPXHOCTh TUIA3MOHHBIX
nanomaterials (normally gold and | HanomaTtepuanoB (OOBIYHO 30J0THIX U

silver NPs) cannot interact with the CepeOPSIHBIX HAHOYACTHII) HE MOXKET

biological analyte selectively. U30MpaTeIbHO B3aMMOJICHCTBOBATL C
OMOJIOTUIECKIM aHAJIIUTOM
(BEIIECTBOM).

To overcome this limitation, surface | YtoObI mpeomoneTs 3TO OrpaHUYEHHE,

functionalization  techniques  of | npumenstoTcs HEJIaBHO




nanomaterials by biological
recognition elements (bio-receptors or
bio-probes) have recently been
developed to form hybrid
nanomaterials that incorporate the
highly  selective catalytic and
recognition properties of biomaterials
such as enzymes and DNA, with the
highly sensitive and easily tunable
electronic and photonic features of
plasmonic nanomaterials (Thanh &
Green, 2010; C.G. Wang et al., 2006;

Wang et al., 2009).

Often, NPs synthesized in organic
medium tend to aggregate to form
clusters in aqueous solution that is
generally required by biomedical

applications.

be

modified by any bioreceptors, an

Therefore, before they can

pa3paboTaHHbIC METO/TbI
(YHKIMOHAIIN3AITUH TIOBEPXHOCTH
HaHOMaTEePHAIIOB c [TOMOIIBI0
9JIEMEHTOB OHOJIOrMYECKOro

pacno3HaBaHusi (OHO-pelenToOpbl WM

OuozoHAbl) A (popMupoBaHUs
THOPHTHBIX HAHOMATEPHATIOB, KOTOPBIC
BKJTIOYAIOT B C€0s1 BRICOKOCEJIEKTUBHBIC
KaTaJIMTUYECKUE U PACcIIO3HABATENbHbIC
CBOICTBAa OMOMATEpUaOB, TaKUX KaK
(bepMeHTBI 151 JTHK c
BBICOKOUYBCTBUTCIIBHBIMU W JIETKO
HACTPaMBACMbIMHU DJIEKTPOHHBIMU U
(hOTOHHBIMHU XapaKTEPUCTHKAMH
TUIa3MOHHBIX HaHomarepuasioB (Thanh
& Green, 2010;C. G. Wang et al., 2006;
Wang et al., 2009).
Yacto HAHOYaCTHUIIBI,
CUHTE3UPOBAHHbIE B OPraHUYECKOU

HUMCIOT TCHACHIINIO

cpene,
arperupoBaTbcsi ¢  00pa3oBaHUEM
KJIaCTePOB B BOJHOM PAaCTBOPE, 4YTO
TpeOyeTcs

00BIYHO TS

OMOMETUIIMHCKUX TPUMEHEHUH.

[losTOomMy, mpexzae 4eM OHM MOTYT

ObITh  MOAM(PHUIMPOBAHBI  KAKUMU-

anbo OuopenenTopamMu, BKIHOYAETCS




additional  step, called water
solubilization, is included, during

which colloidally unstable NPs are
stabilized in aqueous solution by

conjugating with hydrophilic ligands.

The ligands could be ionic, resulting in

ionic  stabilization of NPs by

Coulombic repulsion.

Another way to stabilize NPs is steric
NP

aggregation is prevented by coating

stabilization, during which

with a physical barrier.

The
ligands, such as polyethylene
glycol (PEG) (Cobley et al., 2011) and

smallmolecular ligands like bis(p-

barriers include polymeric

sulfonatophenyl)
surfactants (Liu et al., 2006).

phenylphosphine

JOIIOJIHUTCIbHAA CTadus, Ha3bIBaCMasi

cojroOMIn3amnyeii  BOOBI, B  XOJE
KOTOPOM  KOJUTOMIHO-HECTAOUIbHBIE
HAHOYACTHUIIBl CTAOMIM3UPYIOTCS B
BOJIHOM PacTBOPE MYTEM KOHBIOTAIIUH

C FI/II[pO(bI/IJ'IBHI)IMI/I JIMTaHAaMU.

Jluranael MOTYT OBITH HOHHBIMH, YTO
MPUBOJUT K HOHHON CcTaOuIu3aiuu
HAHOYACTHUI[ MYyTEM KYJOHOBCKOIO
OTTAJIKUBAHUSI.

CIIOCOOOM  CTaOWIM3aluur

Apyrum
HaHOYACTHUL ABJEICTCA CTCPHYCCKAsA

cTabuinsanus, npu KOTOpPOH

arperauus HaHOYaCTHII
NpeoTBpallaeTcs 3a CUET MOKPBITUS
bu3nuecKuM 6apbepoM.

ce0s

bapbepsbl BKJIFOYAKOT B

MOJIUMEPHBIE JIMTAH[bl, TaKUE Kak
nonaTiieHrmkob (I1910) (Conley et
al.,2011) w1  MajoMoJIeKyJISIpHbIE

JINTaHJIbL, TAKAE KakK onc(11-
cynb(poHaTodeHwm)
bennndochruHOBbIE OBEPXHOCTHO-

akTuBHBIE BemecTBa (Liu et al., 2006).




These

solubilization, are then replaced by

ligands, for water
phase transfer or ligand exchange

or modified by ligand addition with
desired biofunctional ligands (Thanh

& Green, 2010).

Water  solubilization be

performed either as the final stage of

may

the biofunctionalization process of

NPs or as an intermediate stage.

Four strategies are generally used to
functionalize surface of plasmonic
nanomaterials (mostly Au, Ag, and Cu
surface) with biomolecules such as

bioreceptors.

The first is electrostatic adsorption of
positively charged biomolecules to
negatively charged nanoparticles or

vice versa.

OTH JUTAHAblI 3aT€M 3aMCHAIOTC

¢dazoBbIM IEPEHOCOM IS
COmOOWIM3aMi B BOAEC WU
MOAUPUITUPYIOTCS no0aBIeHUEM
JUTaHaa C KeJTaeMbIMH

Oro(pyHKITMOHATEHBIMU
BosMokHOCTsMU (Thanh & Green,
2010).

ComroOunu3anus BOIbI MOXKET OBITH
ambo B

BBIIIOJIHCHA Ka4yCCTBC

KOHEYHOH cTaaus rporecca
OMo(yHKIIMOHAIM3AIMY HAHOYACTHII,

00 Kak IIPOMCIKYTOYHAA CTaAUA.

Hns GbyHKIMOHATN3aIUN
MTOBEPXHOCTHU TIa3MOHHBIX
HAaHOMAaTEpPHAJIOB 0OBIYHO

UCIIOJIB3YIOTCSl YEThIpe cTpaTeruu (B

OCHOBHOM NoBepXHOCTh Au, Ag u Cu)

C OMOMOJIEKyJIaMH KaK
OuoperenTopamu.

IIepBrbIii-3TO 3JIEKTpOCTaTUYECKAsS
azcopOIus TTOJIOKHUTEIIBHO
3apsKEHHBIX OMOMOJIEKYJI Ha
OTPHULIATEIHHO 3apsiKEHHBIE

HAHOYACTHUIIBI WU HA00OPOT.




For example, gold and silver NPs
synthesized by citrate reduction are
stabilized by citrate ligands at pH

slightly above their isoelectric point.

This results in the anionic citrated
coated NPs that can be bound to the
positively charged amino acid side
chains of immunoglobulin G (1gG)
molecules (Shenton, Davis, & Mann,
1999).

The second strategy is ligand-like
of

by

binding to metallic surface

plasmonic nanomaterials

chemisorption of thiol groups.

For example, metal nanostructures can
be functionalized with L-cysteine
through the Au-S bonds, and then
bound to target proteins through
peptide bonds with the cysteine
moieties (Nakaet al., 2003).

Hanpumep, HaHOYAaCTHIBI 30J70Ta M

cepeopa, CUHTE3UPOBAaHHBIC
BOCCTaHOBJICHHEM IUTpAara,
CTAOMIN3UPYIOTCS UTPATHBIMU

gurangamMu npu pH (kucinoTHOCTH)

HEMHOI'O BBIIIC UX HSOBHeKTquCCKOﬁ

TOYKMU.
910 IIpUBOAUT K 06p330BaHI/IIO
AHHUOHHOI'O IOKPBITHUA oUTpaToM

HaHO4YaCTHUL, KOTOPBIC MOI'YT OBITH

CBs3aHBbI C ITOJOXUTECIIBbHO
3aps’KCHHBIMUA AMHWHOKHCJIOTHBIMH
OOKOBBEIMH Oe1sIMH1 MOJICKYJI

ummyHorooymmaa G (IgG) (Shenton,
Davis, & Mann, 1999).

Btopas crparerus-nmuranionoao0Hoe

CBJ3bIBAHUC C METaJJIMYECKOU
IMOBCPXHOCTBIO IIJTa3MOHHBIX
HaHOMATCpHaioB IIyTEM

XEMOCOPOIIMH TUOJOBBIX TPYIIII.
Hanpumep, METAJUINYECKUE
OBITH

1-

HAaHOCTPYKTYpbI MOTYT
(GyHKUIHOHATU3UPOBAaHbBI

HUCTEHHOM 4epe3 Au-S cBs3H, a 3aTeM
CBSA3BIBAIOTCA C II€JIEBBIMH O€IKaMU
qyepes

INCITUAHBIC CBiA3HU C




They can be directly bound to thiol

derivative analytes such as protein
containing cysteine residues (e.g.,
serum albumin) (Hayat, 1989) or
thiolated DNA (Mirkin et al., 1996;

Sonnichsen et al., 2005).

The third strategy is covalent binding

through biofunctional linkers,
exploiting functional groups on both

particle and biomolecules.

The bifunctional linkers have anchor
groups that can be attached to NP
surfaces and functional groups that can
be further covalently coupled to the
target biomolecules.

nuctenHoBbIME (parmentamu (Naka

et al., 2003).

OHu MOryT OBITH HEMOCPEICTBEHHO

CBSI3aHBI C TIPOM3BOJHBIMU THOJIA
aHanuTaMyd, TaKUMH Kak OCJOK,
coAepKalMid  OCTaTKU  IUCTEUHA
(Hanpumep, CBIBOPOTOYHBIM
ansOymun) (Hayat, 1989) wm

tuommtupoBannyto JIHK (Mupkun u

ap., 1996; Sonnichsen u coasrt., 2005).

Tpetbs CTpaTerusi-KOBaJICHTHOE
CBSI3BIBAHHUC qgepe3
OMo(yHKIIMOHAIIBHBIC JIMHKEPHI,

IKCILTyaTHpYIoue (PyHKITMOHAIbHbBIE
rpynnbl KaKk HA YacTHUIAX, TAK U Ha

OMOMOJIeKyIax.

budyHkmoHanbHbIe IUHKEPHI UMEIOT
SAKOPHBIE TPYNIBbI, KOTOPHIE MOTYT
OBITh MPUKPEIJIEHBI K MOBEPXHOCTSIM
HAHOYACTHL, U (YHKIUOHAJIBHBIC

rpynnbl, KOTOphIE MOTYT  OBITh

JOINIOJHUTCIBHO KOBAJICHTHO CBA3aHbI

C LICJICBBIMU 6I/IOMOJ'IeKy.HaMI/I.




They are used to

covalently conjugate biomolecules

extensively

with various NPs (Niemeyer, 2001),
especially when no linking moieties
like thiol groups are available in

biomolecules.

The common anchor groups include

thiols, disulfides, or phosphine ligands
that are used to bind the bifunctional
linkers to Au, Ag, CdS, and CdSe NPs.

The forth strategy is based on non-

covalent, affinity-based receptor-

ligand systems.

More specifically, nanoparticles are
functionalized with bioreceptors (e.g.,
antibodies) that provide affinity sites
for binding of the corresponding
ligand (e.g., antigens) or ligand

and

modified proteins

oligonucleotides.

Onn IIAPOKO HCIOJB3YIOTCA  OJIA
KOBAJICHTHOI'O KOHBIOTUPOBAHHA

6I/IOMOJ'ICKYJ'I C Pa3InIHbIMHU

nanougacturiamu  (Niemeyer, 2001),
OCOOCHHO Korja B OHMOMOJEKYJax
OTCYTCTBYIOT CBSIBYIOIIHEC
dbparMeHThl, TaKWe KaK THOJIOBBIC

TPYIIIBI.

OO01mMe SKOpHBIE TPYIIBI BKIIIOYAOT

THOJIBI, TUCYITb(HIBI WU

dbochuHOBBIE  JUTAHIBI, KOTOPHIC

UCIIOJIB3YIOTCS  JUISL  CBSA3BIBaAHUSA
OM(pYHKIIMOHANIBHBIX JIMHKEPOB ¢ AU,

Ag, CdS u CdSe nanouyacTuamy.

YerBeprast cTpaTerusi OCHOBAaHA Ha

HEKOBAJICHTHBIX, OCHOBaHHBIX Ha
adpuHHOCTH cUCTEMax pelenTop-

JINTaH]I.

Ecmu roBoputh 00j€€ KOHKPETHO, TO
HAHOYACTHUIIHI (HYHKITHOHATM3UPYIOTCS
ouoperienTopaMu (Hammpumep,
aHTUTEJIaMH), KOTOpPbIE 00ECIICUUBAIOT
apbuHHBIE YJaCTKU IS CBS3BIBAHUS
COOTBETCTBYIOIIIETO JUTaHaa

(HanpuMep, aHTUTEHOB) WJIM JIMTAH/-




The most well-known example in the
last several decades is the avidin—
biotin system (Green, 1975; Wilchek
& Bayer, 1988).

For example, biotinylated proteins

(e.9.,
albumins)

immunoglobulins and serum
or biotinylated
oligonucleotides (e.qg., single strand

DNA) (Sonnichsen et al., 2005) have
modify

streptavidin-functionalized Au NPs

been widely used to

by affinity binding (Niemeyer, 2001).

Regarding molecular recognition, the
system consists of a ligand, the small
molecule biotin (vitamin H), and a

receptor, the globular protein avidin
that is present, for example, in egg

white.

MOAU(UIIMPOBAHHBIX ~ OETKOB U
OJINTOHYKJIEOTUOB.

Haunbonee H3BECTHBIM MPUMEPOM B
MOCJIETHUE HECKOJIBKO JIECATUIIETUI

ABJICTCA CHCTCMaA aBI/II[I/IH-6I/IOTI/IH

(Green, 1975; Wilchek & Bayer,
1988).
Hampuwmep, OMOTHHUIIMPOBAHHBIE

Oenku (Harpumep, UMMYHOTIIO0YJTMHBI
U CBIBOPOTOYHBIE aIbOYMHHBI) WU
OMOTHHUIIMPOBAHHBIE
OJIMTOHYKJICOTHIbI (Harmpumep,
onnouemnodeunsie JIHK) (Sonnichsen et
al., 2005) mmpoKo MCTOIB30BAINCH JIJIS
MO IU(pUKAITIN
(GYHKIIMOHAIM3UPOBAHHBIX
Au

CTPENTABUANHOM (30J10TBIX)

HaHouyacTul]  myTeM  adpdUHHOTO

csizbiBanus (Niemeyer, 2001).
Yro KacaeTcst MOJIEKYJIIPHOTO
pacno3HaBaHUs, TO CUCTEMa COCTOUT
W3 JIMTaHlla, MaJICHBKOW MOJIEKYJIbI
ouoruHa (Butamuna H), u penentopa,
TJI00YJISIPHOTO OeJka aBHIMHA,
KOTOPBIN MPUCYTCTBYET, HAIIPUMED, B

SUYHOM OEJIKE.




Avidin consists of four identical

subunits, yielding four binding
pockets that specifically recognize and

bind to biotin.

The dissociation constant is of the
order of 1015 M; and, the affinity
bond, though not covalent, is found to
be extremely stable, resisting harsh
chemical and physical (e.g., elevated

temperature) conditions.

Applications

Case 1- Molecular plasmonic rulers:
Forster Resonance Energy Transfer
(FRET) has served as a molecular
ruler to monitor conformational
changes and measure intramolecular
distances of single biomolecules
(Weiss, 1999; Yildiz et al., 2003;
Zhuang et al., 2000).

ABI/I,Z[I/IH COCTOHUT nus3 YCTBIPCX

UJEHTUYHBIX cyObeIMHuUL,
00pa3yoIKX YEThIPE CBI3bIBAIOLINX
KapMaHa, KOTOpbIE CHelu(pUIeCKU
pacmo3HalOT U CBS3BIBAIOTCA  C
OMOTHHOM.
KoHcTaHTa  gucconuanuu — MMeEET
nopsiiok 1015 M, a apdunnas cBs3b,
XOT W HE KOBAJCHTHA, OKa3bIBACTCS
Ype3BbIYAHO CTaOMJIbHBIM,

YCTOﬁqHBBIM K XKCCTKUM XUMHYCCKUM

u busznuecKkuM (Hanpumep,
MOBBIIIIEHHBIM TeMIepaTypam)
YCJIOBUSIM.

Hpuaoxenust

Cryyait | - MonekynsapHsie
masMoHHble  JimHEHMKU:  Depcrep
PE30HAHCHBIM  IEPEHOC  JSHEPTUHU
(OPIID) choyxun  MOJNEKYJIAPHON
JIMHEUKOU Jing: MOHUTOPHHTA

KOH(OPMALlMOHHBIX ~M3MEHEHUH U
U3MEPEHUS  BHYTPHUMOJIEKYJISIPHBIX
paccTosiHUM OTAENBHBIX OMOMOJIEKYII

(Weiss, 1999; Yildiz et al., 2003;
Zhuang et al., 2000).




ruler suffers

difficulty  to

However, such a

sometime  from
distinguish changes in relative dye
orientation from changes in distance
(Weiss, 1999), limited observation

time of a few tens of seconds due to
blinking and rapid photobleaching of
fluorescence, and an upper distance

limit of ~10 nm.

Silver and gold NPs
have LSPR in the visible range and do

not blink or bleach.

Alivisatos, Liphardt, and co-workers
have exploited these as a new class of
molecular ruler to monitor the distance
between single strand DNA (ssDNA)
linked to single pairs of Au and Ag
NPs 2005),
overcoming the limitations of organic
(Taton, Mirkin, &
Letsinger, 2000; Yguerabide &
Yguerabide, 1998).

(Sonnichsen et al.,

fluorophores

OmHako TakoM JIMHEHKE WHOr4a
OBIBaCT TPYIHO OTIMYUTH W3MCHCHHSI
OTHOCHUTEJIBHO HaIPaBJICHHOCTH

OKpAIIIEHHOTO BEILECTBA oT
u3MeHenuii B organennoctu (Weiss,
1999), n3-3a orpaHUYEHHOTO BPEMEHU
HaOIIONEHNS B HECKOJIBKO JIECSITKOB
CEKYHJI U M3-3a MUTaHHS U OBICTPOIO
dhoTooOecIiBEeUnBaHUS

(biIyopeclieHIIMN 1 BEPXHETo Mmpejena

pacctosiHus ~10 HM.

CepeOpsiHbIC 1 30J10ThIe HAHOYACTHIIBI
nMmeroT JIIITIP B BuamMoM auama3oHe

1 HE MHMTAIOT U HE OTOCJIMBAIOTCH.

AnmBucaroc, JIunxapAT U ux KOJUJIEru
HCIOJIB30BAJIM UX B KA4E€CTBE HOBOIO
KJIaCCa MOJICKYJISIPHBIX JIMHEHOK JJIst
KOHTPOJIA

pacCToAHNA MCIKOY

oguHouHbiMH  menodykamu  JIHK
(or/THK), cBsi3aHHas ¢ OAMHOYHBIMHU
napaMu HaHodacTul, AU (3o10Ta) U
Ag (cepebpa) (Sonnichsen et al.,
2005), mnpeomoJyieBass OTPaHUYCHHS
opranndeckux (iyopodopos (Taton,
Mirkin, &  Letsinger,  2000;

Yguerabide & Yguerabide, 1998).




These researchers first attached a
streptavidin functionalized NP to the
BSA-biotin coated glass surface and
then introduced a second NP modified
by thiol-ssDNA-biotin bifunctional
linker to be attached to the first NP via
biotin/ streptavidin binding (Figure 5a,
d).

Light scattering was measured by
transmission darkfield microscopes

(Figure 5a).

For both gold and silver NPs, they
observed the significant color change
and spectral shift between a single
isolated NP and a pair of adjacent NPs
(Figure 5b, c, e).

The LSPR shift was used to follow the
directed assembly of gold and silver

nanoparticle dimer in real time.

OTH wuccrenoBaTeNnd CHayajga MpH-
Kpenwiu  (yHKIIMOHATU3UPOBAHHbBIE
CTPENTABUJUHOM  HAHOYACTULIBI K
nokpbiToii  BCA-6umotunom  (bbrumit
CBIBOPOTOYHBIH  aIbOYMHUH-OMOTHH)
CTEKJSIHHOM IIOBEPXHOCTH, a 3aTeM
BBEJU

BTOPOH HaHOYACTULIBL.

MoaudunmpoBanabiii  OudyHKIIHO-
HaJbHBIM JIMHKEpOM  THOJ-o1/JHK-
OMOTHH, TIPUCOCTUHSCTCS K IEPBOMY
CBSI3BIBAHHC

HaHO4YaCTHUIEC qucpe3

onotuH/cTpenTaBuauH (puc. Sa, d).
Paccestnue

CBCTa HU3MCPSIN C

IIOMOIIIBIO IIPOCBCUYUBAIOIMINX

TEMHOIIOJIbHBIX MHKPOCKOTIOB (pHC.

5a).

Kak nns manouacTul] 30/10Ta, TakK H

ot cepeOpa, OHU — HaOMIOJATU
3HAUUTEILHOE W3MEHEHHE IIBETa U
CIEKTPAIbHBIM CIBUT MEXIY OJIHUM
M30JIMPOBAHHBIM HAHOYACTULIEW U
napoil CcoceqHUX HaHo4dacTHl] (puc.
5b, c, e).

Casur JIIITIP Obul  MCIOJNB30BaH,
yTOOBl CJEAWTh 3a HaIpaBJICHUEM

coOpaHus TUMEp HAHOYACTHUI[ 30JI0TA




The research team also used the ruler
to study the kinetics of single DNA
hybridization events by monitoring the
LSPR shift (Figure 5f) due to the

resulting 2 nm distance increase

between the pair of the adjacent NP.

These ‘plasmon rulers’ make it

possible to continuously monitor
separations of up to 70 nm for > 3,000
s and become an alternative to dye-
based FRET for

molecule experiments, especially for

in-vitro single-

applications demanding long
observation times without dye
bleaching.

Chen, Lee, and coworkers

demonstrated another molecular ruler
in which double-stranded DNA is
attached to a 20-nm Au nanoparticle
through the thiol-Au chemistry (Liu et
al., 2006).

U cepebpa B peaJbHOM BPEMEHHU.
HccnenoBarenbckass Trpymmna Takke
KCIOJIb30BaJa JIMHEHKY JJIs1 U3y4YCHUS
KHHETHKHA COOBITHI THOpHIM3AIIIU
oguHouHbiXx JITHK, otciexxuBas caBur
JITIIIP (puc.5f) u3-3a
PE3YIABTUPYIOLIETO YBEIIUYECHUSI
pacCTOsIHUSL HAa 2 HM MEXAY MHapoit
COCEIHUX HAHOYACTHII.

JIMHEUKH

OTH "MJ1a3MOHHBIE

MO3BOJISIOT HEIPEPHIBHO
KOHTPOJIMpOBaTh pasnaeneHue ao 70
HM B TeueHue > 3000 ¢ u ctaHOBATCA
anbrepHatuBoi @PIID Ha ocHOBe
KpacuTessi Il  OKCIEPUMEHTOB C
OJTHOM MOJIEKYJIOH iN Vitro, 0cOOCHHO
JUIsT  TIPUMEHEHUH,  TpeOYIoIMX
JUTUTEIIBHOTO BPEMEHHM HAOJIOICHUS
0e3 oTOeMBaHUs KPACUTEIIS.

Jmw wu  ero

UnHb, KOJIJIETU

MPOJEMOHCTPUPOBAIA  €II€  OJHY

MOJIEKYJISIDHYIO JIMHEWKY, B KOTOpPOH

JHK npucoenunsercs k  20-HM

HaHouacTuile Au  (3oyota) C

OMOIIbI0 coeauHeHust Tnos-Au (Liu

et al., 2000).




Instead of monitoring the LSPR
between a pair of DNA linked metal
NPs, they monitored the LSPR of
Au-DNA

cleaved by various endonuclease

individual conjugates

enzyme.

The team found that the LSPR Amax
increases with the increased length of
the attached double strand DNA
(dsDNA) (Figure 6b).

An red-shift of
approximately 1.24 nm is observed per

DNA base pair.

average Amax

They also used this nanoplasmonic
molecular ruler to monitor, in real
time, DNA being digested by an

enzyme.

Therefore, this system allows
for a label-free, quantitative, real-time
measurement of nuclease activity with

a time resolution of one second due to

BwmecTo Toro, 4To0Obl KOHTPOJIHPOBATH

JIIIIP  mexny  maport  JIHK-
CBSI3aHHBIX METaNTMYECKUX
HAHOYACTHUIl, OHM KOHTPOJIUPOBAIU

JITITIP oTnenpHBIX KOHBIOratoB Au-
JHK, pacmenneHHbix pa3inyHbIMU
(dhepMeHTaMU SHIOHYKJICA3bI.

Komanna oOnapyxwuna, uro JIIIIP
Amax yBEJIUYUBACTCS C YBEJIUUYCHHEM
JUTUHBL IIPUKPEIIICHHOU
JIBYXILIEIOYEYHOMN JIHK

(nuIHK)(Puc. 6b).

CpeaHee KpacHO€ CMEILEHHE Amax
COCTaBJISIET IPUOIU3UTENHHO 1,24 HM
Ha oJHYy napy ocHoBanuii JIHK.

OHu  Takxe

HCIIOJIB30BaJIn Ty

HAHOIUIA3MEHHYI0  MOJIEKYJISIPHYIO

JUHEWKY I8 HaOJIoJeHus B
peabHOM BpemeHM 3a TeM, kak JJTHK

nepeBapuBaeTcs (HepMEHTOM.

Takum  oOpa3om, »dTa cUCTeMa
MO3BOJISIET MPOBOAUTH
KOJINYECTBEHHOE U3MEPEHHE

AKTUBHOCTHM HYKJICA3bl B PCAJIbHOM

BpeMEHH 0€3 METOK, C BpPEMEHHBIM




high quantum efficiency of Rayleigh
scattering compared with fluorescence

or Raman scattering.

The system can also serve as a new
DNA footprinting platform that can
accurately detect and map the specific
binding of a protein to DNA, which is
information

essential to genetic

processing.

Case 2 - Multiplexed LSPR detection:

Plasmonic nanobiosensors are
potentially ideal biosensors for the
high

applications in the proteomics and

throughput screening

drug discovery.

One of the requirements to introduce
them to a wider proteomics and drug
discovery community is to develop the

substrates that are well compatible

pa3pellieHHeM B  OAHY CEKYHIY,
Omarogapsi ~ BBICOKOM  KBAaHTOBOM
3 PeKTUBHOCTH PAJICEBCKOTO
paccessHUSL IO CPaBHEHHIO c

bayopeclieHIIMEH WJIA PaMOHOBBIM
paccessHUEM.

CucteMa Takke MOXET CIYXHUTh B
KauecTBe HOBOW T1IaThOpMbl ISt
JAHK-oTneuaTtkoB, KOTOpas MOXKET
TOYHO OOHApYXUBAaThb U OTOOpPaKaTh
crienupuYecKoe CBI3bIBAHHUE OElKa C
JHK, 4T0 mMeeT BakHOE 3HAYCHHE
VIS 00paboTKH reHETHYECKOU
uH(popMauu.

Cnyyaii 2 - MyJlbTUILIEKCUPOBAHHOE

obnapyxenue JIIIIP: IlnasmonHBIC

HaHOOHOCEHCOPbI MOTEHIIMAIBHO
SBIISIIOTCS ueabHBIMU
OnoceHcopamu TSt

BBICOKOTIPOM3BOIUTEIHLHOTO
CKpUHUHTA B 00JIACTH MPOTCOMUKH H
OTKPBITHUS JICKAPCTB.

Onxum u3 TpeOOBaHMUIA,
NPEABSBISIEMBIX K HHM ITHPOKUM

CIICOMAIMCTOB 10

Kpyrom
NPOTCOMHUKE U Pa3pabOTKe JIEKapCTB,

ABJIIETCSL  pa3paboTka CyOCTparToB,




with current high-throughput

platforms.

Recently, Endo and co-workers have
developed a promising multi-array
LSPR-based
suitable for screening biomolecular
interactions (Endo et al., 2005, 2006).

nanochip  biosensor

This LSPR nanobiosensing array
provides rapid, label-free detection of
protein concentration in small sample

volumes.

The plasmonic parts of the biochip are

fabricated using nanosphere

lithography to form three layer
structures: the bottom layer is a gold
film deposited onto a glass substrate,
the middle is the silica nanosphere
self-assembled monolayer (SAM),

and the top is the gold shell coated
over silica nanosphere cores to form a

SiO2-Au core-shell array.

XOpOIIIO COBMECTHUMBIX c
COBPEMEHHBIMH
BBICOKOIIPOU3BOUTEIILHBIMHU
m1aTGopMaMH.
HemaBHO DHIO W €ro KoOJIIETH
paspaboTtanu MEePCIIEKTUBHBIN
HAHOYMITOBBIN

JITIIIP,

MHOTOMAaCCHUBHBIN

OMOCEeHCOp Ha  OCHOBE

IIPUTOJHBIN JUISL CKpUHUHIA
OMOMOJIEKYJISIPHBIX B3aUMOJCHCTBUI

(Endo et al., 2005, 2006).

Orta HaHOOWOCCHCOpHas MaTpHuIa
JIIIIIP o6ecneunBaer ObicTpoe, Oe3

METOK, OOHapy»KEeHHE KOHIICHTpAIU!

Oeika B HEOOJBIIMX  OOBEMax
00pasIos.
[T1a3smouHBIE 4acTu ououunna

HU3TO0TaBJIMBAIOTCA C HCIIOJIB30BAHUECM

HaHOC(EpHOU muTorpadun c
oOpa3zoBaHHEM TPEXCIONHBIX
CTPYKTYp: HWKHUH  CJIOU-30JI0Tas

IJICHKA, HAHECEHHAsl HA CTEKJISIHHYIO
MOJIOKKY,  CpeIHUN-caMOCOOPHBII
MOHOCJION KpEeMHEBBIN HaHOC]epbl
(CMBH), a BEPXHUI-30JI0Tas

000JI0UKa, TOKpHITasg TOBEPX SAep




Subsequently, the bifunctional thiol
(4,4'-dithiodibutyric  acid)
SAM are formed over the gold shells.

linkers

Protein A was then immobilized on the
SAM and six different antibodies were
attached on Protein A, using a
nanoliter dispensing system, which

resulted in 300 nanospot array.

A photograph of such a multi-array

sensor is shown in Figure 7a.

Using the same dispensing system,
Endo and

different concentrations of specific

co-workers dispensed
antigens onto the surface and then
measured the change in the absorbance
at Amax for each spot that contains
analyte with varying concentrations as

shown in Figure 7D, c.

KpEeMHEBBII  HaHO  chepolt ¢

oOpa3oBaHHEM

0000uku SiO2- Au.

MaCCHBa sapa-

Bnocnencreun, OudyHKIIMOHATBHbBIE

THOJIOBBIE JIMHKEPBI (4,4'-
aatuoauMacisiHas  kuciora) CMH
HaJ

oOpasyrTcs 30JI0TBIMH

obonoukamu. 3ateM Oenok A  ObLI
nmMoOmnmu3oBad Ha CMH, m mecth
Pa3JIMYHbBIX aHTUTEN ObLIH
MPUKPEIUIEHBI K OEJIKY A C TOMOILBIO
CUCTEMBI JI03UPOBAHUS HAHOJIUTPOB,
yTO0 npuBENO K co3zanuio 300
MacCcUBa HAHOCIIOTOB.
®dororpadus TaKoro
MHOIOMAaTPUYHOTrO JIaTYMKa MMOKazaHa
Ha puc. 7a.
Ucnons3ys OIDHYy ©U Ty XK€
JIO3UPYIOIIYI0 CUCTEMY, DHJO U €ro
KOJUUIETH PAaclpeesuin pa3IuyHbIe
KOHIIEHTpaIuu cnienuduIecKux
AHTUTEHOB Ha MOBEPXHOCTh, a 3aT€M
U3MEPUIN M3MEHEHHE TOTJIOMICHUS
Ipd  Amax I KaXx[aoW TOYKH,

COACPIKAIICTO aHAJINTa C pa3JIMYHbIMHU




The limit of detection for this sensor is
100 pg mL-1, while the sensor
scales with

response linearly

concentration up to 1 pg mL—1.

This biochip can potentially fit a
variety of applications, such as point-

of-care devices, cancer diagnosis, and

KOHICHTPAIMSAMM, KaK IMOKA3aHO Ha
puc. 7b, c.

[Ipenen oOHapyXeHUs I ITOTO
natunka coctaBisier 100 or mJI-1, B
TO BpeMsi Kak peakius JaTyuka
JIMHEMHO

MacuTabupyercs C

KOHLEeHTpauuen 10 1 Mxr mJI-1.

OTtoT OMOYHI IIOTCHIOHUAJIBHO MOXCT

IIOAXOAUTD JIIA Pa3INYHbIX

IIPUMEHEHUM, TaKUX KaK yCTPOWCTBA

microorganism detection for | mns ToyewHoro yxoja, JUArHOCTHKA
biodefense. paka u oOHapyKeHHE
MHKPOOPraHu3MOB IUISt

OHMOJIOTMYECKON 3aIUATHI.

Puc. 5. J[HK-ynxyuonanuzuposanusvle Hanouacmuywl 301oma u cepedopa (H4Y)

6  Kawecmge  MOJNEKVIAPHbIX  NIA3MOHHbIX  JIUHEEK. (a)Cuauana
DYHKYUOHATUSUPOBAHHBIE CIMPENMABUOUHOM HAHOYACTMUYbL NPUKDPENIAIOMCI K
noxkpvimou bBCA-6uomunom cmexiaHHoOU nogepxwocmu (a; d cieea). 3amem
8Mopas HaHoyacmuya Moouguyupyemcs OUQpYHKYUOHATIbHBIM JTUHKEPOM MUOJI-
oy/[HK buomun u 3amem npucoeouHsiemcsi K nepeou uacmuye depes OUOmuH-
cmpenmasuourogoe aggunnoe ceaszvieanue (a; d cnpasa). Bcmaska: npunyun
npoceeyusaowell. Mukpockonuu memno2o nois. (b) Oounouwnvie wacmuybl
cepebpa Kaxicymcsi CUHUMU (cresa), a napvl 4acmuy-cuHe-3ejleHbiMu (Cnpasa,).
(c) Oourounbvie yacmuyvl 3010Ma BbL2NSLOAM 3e/IeHbIMU (Cle8d), a napvl 4acmuy
30710ma-opaudicesvimu (cnpasa). (e) PenpezenmamusHvle cnekmpovl paccesiHus
OOUHOUHBIX Yacmuy u nap wacmuy 0as cepeopa (ceepxy) u 3zonoma (CHU3Y).

Cnexmp paccesnus JIIIP 015 cepebpsaHblx HaHouacmuy nokaswviéaem 00 bl



cogue JIIIIIP (102 wm npomus 23 Hm), Oonee cuibHoe paccesHue ceéema u
MEHBULYIO NOTYUUPUHY NPU NOA08UHHBIX Makcumymax (HWHM), wem uacmuysi
3onoma. (f) Ilpumep cnexmpanvroeo cosuea JIIIIIP mescoy napoii uacmuy
3onoma, ceazanHou ¢ oy/[HK (kpacnwiti) u Ooy/[HK (cunuii), osmo
CcOOmeemcmayem y8eaudeHUuo paccmoaHus mexcoy napou yacmuy Ha 2,1 Hm npu

euopuousayuu JJTHK. © 2005, Macmillan Publishers Ltd. Hcnonvzyemcs c

paspeuietus.
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Figure 5. DNA-functionalized gold and silver nanoparticles (NPs) as molecular
plasmonic rulers. (a) First, streptavidin functionalized nanoparticles are
attached to the BSA-biotin coated glass surface (a; d left). Then, a second NP is
modified by thiol-ssDNA-biotin bifunctional linker and then attached to the first
particle via biotin-streptavidin affinity binding (a; d right). Inset: principle of
transmission darkfield microscopy. (b) Single silver particles appear blue (left)
and particle pairs appear blue-green (right). (c) Single gold particles appear
green (left) and gold particle pairs appear orange (right). (e) Representative
scattering spectra of single particles and particle pairs for silver (top) and gold
(bottom). The LSPR scattering spectrum for silver NPs shows a larger LSPR shift
(102 nm vs. 23 nm), stronger light scattering, and a smaller half width at half
maxima (HWHM) than gold particles. (f) Example of the LSPR spectral shift
between a gold particle pair connected with ssSDNA (red) and dsDNA (blue),
corresponding to the distance increase of 2.1 nm between the particle pair upon
DNA hybridization. © 2005, Macmillan Publishers Ltd. Used with permission.
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