Technologické
aspekty biosensoru

B miniaturizace

B nanotechnologie

B nanobiotechnologie
B nanobiosensory

Co to je nanobiotechnologie

Nanotechnologie zkouma a vyviji struktury, které

alespon v jedné z dimenzi maji velikost od desetin po

stovky nanometra (nanoéastice, nanodraty, nanovrstvy)

Nanobiotechnologie vyuziva biologické nanosystémy

(biomolekuly, proteiny, nukleové kyseliny, vicemolekularni
komplexy, viry, bunééné komponenty, ...) v technickych
systémech. Pouziva nanotechnologické postupy pfri
zkoumani biologickych systému, s cilem ziskat informace

obtizné dostupné ,klasickymi* technikami.



hloubkovy profil z (nm)

AES
EPXMA
GDMS
ISS
PIXE
RBS
SAM
SIMS

Studium biopovrchu
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lateralni rozliSeni (x-y)
Auger electron spectroscopy SPM Scanning probe microscopy
Electron probe X-ray microanalysis TEELS Transmission electron energy-loss
Glow discharge masss pectrometry spectroscopy
lon scattering spectroscopy TEM Transmission electron microscopy
Proton-induced X-ray emission TOF-SIMS Time-of-flight secondary ion mass
Rutherford back-scattering spectrometry spectrometry
Scanning Auger microscopy XPS X-ray photoemission spectroscopy
Secondary ion massspectrometry XRFA X-ray fluorescence spectroscopic analysis

Principy SPM a AFM

Scanning tunneling Atomic force microscopy
microscopy 1986 (G. Binnig, C. Quate,
1982 (G. Binnig, H. Roher) C. Gerber)

tunelovani elektronti mezi Lenard-Jonestiv potencial

hrotem préby a vodivym
povrchem

vhodné pro nevodivé
povrchy a méreni pfimo

| ~V exp(-Ad'2d) v kapalinach

aplikace V ---> | lase

kantilever

V¥V s hrotem



Mikroskopie...

ELECTHOM ATCMIC FORCE

4
SPM (scanning probe microscopies)
z-piezo 1 i
- senso SFM
- . STM sprlng SCM
gocbo | S5
meZIatomove sily
kapacitance

tunelovy efekt

metal2 vlakn

®  onom <

vodivost (ionty) termoclanek %%

metal1 D
insulator gptic.
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|_STM scanning tunelling microscopy |

B zaloZeno na tunelovani elektront pres potencialovou
barieru mezi ostrym kovoyvm hrotem a vodivvm hrotem

v pFitomnosti el. pole

STM mody

B zpétnovazebna operace - zména vysky (z) hrotu nad vzorkem tak,
aby se udrzoval pozadovany stav (konstantni proud nebo
konstantni vzdalenost)
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Atomarni rozliSeni

B atomy na povrchu hrotu a povrchové atomy
vzorku spolu interaguji

Atomarni rozliseni




AFM, atomic force microscopy

B principem je méreni sily mezi hrotem a povrchem vzorku,
hrot je umistén na konci pruzného nosniku (cantilever)

B vznikajici sily vedou k prohnuti nosniku (deflection)

B na zakladé znalosti jeho tuhosti pak Ize vyhodnotit
velikosti pusobicich sil

Base

Cantilever

Tip

Pl
&\.({;'

v

é.ﬂ &VA R

Interakéni sily

B mohou byt vysvétleny na zakladé van der Waalsovych sil

van der Waalsova potencialova energie mezi dvéma atomy ve
vzdalenosti r je aproximovana exponencialni funkci - Lennard-
Jonesliv potencial

prvni €len v sumé popisuje 6 2

vzdalené pritazlivé sily dané [
interakci dipélu rJ "
druhy €len se uplatni na kratsi
vzdalenosti - repulze dana Pauliho
vyluéovacim principem

r, je rovnovazna vzdalenost Uy
mezi atomy, hodnota energie
je minimalni




laser

2-segmentova LED

optika

kantilever

Schematické znazornéni
systému pro citlivé sledovani
vychylovani kantilevru

Rozdil signalu A-B vystupnich
napéti segmentu fotodiody je
umeérny velikosti vychylky
kantilevru

Opticky ,zesilovaci“

fokusovaci

systém
Quadrant
pbotnd-t-uta: \
a o
H
s
(® g q
o Cantilever =] ":_
AC Source 8
Sampla ‘é a
g o
; l o Electronic a
Ak s / i A Controller .-5 a
2
x| |¥ L
¥| Data
) e e M

‘ Zpétna vazbha

Photodiode
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Vychylovani nosniku

> (1) > (1)

T 2) N (2)

=

()

> (4)

skenovani polystyre
kuli¢ek (primér 90 nm)

SEM image




AFM: lateralni rozliseni

konvolucni efekt

o hrotu-vzorku
frue imaging
nejlepsi zakriveni hrotu cca 5 nm,
rozliSeni je pak 1 az 2 nm R path
L] af tip
£\ &
Iy
R path of tip

sample

tip imaging

ath
5 iy

® vliv konvoluce na topografii

Nastaveni, sken, zobrazeni

integrovany videomikroskop
presné nastaveni na
zkoumanou oblast




Instrumentace

B MultiMode, Digital Instruments (Veeco)
B PicoPlus, Molecular Imaging
B skenovaci hlava

oteviena uzaviena
pro petriho misky pritocéna, vé.
temperace
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AFM: kontaktni mod

y
. 4
Two segment ” . Y
@ phatodetectar rastrOVy sken /
K

L/ m vertikalni vychylka (deflekce)
= topografie

’,
" Laser beam

direction of scanging
e

Four segment
photodetector

" area with
different friction

— 5

Lateral Force Microscopy image

B lateralni vychylka = frikéni sily

Contact modes

11



AFM: tapping“mod | ... |

"semicontact”

mode
i i
H - Fyay~ —111
1 I
Free vibration of i :
cantilever + +
1o 1 h
i
ibration with re- J f
duced amplitude contact : non-contact
mode L mode
h

Probe-sample interaction potential.

B kantilever vibruje blizko své resonanc¢ni frekvence a
zaznamenava se tlumeni oscilaéni amplitudy

B nevadi frikéni sily

B kratky kontakt hrotu s povrchem — povrch neni tak
poskozovan (ani hrot) - pro biomolekuly

Semicontact modes

Force
A
intermittent-
contact
repulsive | (semicontact)
|
force i
|
i
]
|
N\ dist i
attractive !
force |
T—
contact
region

Usage of SFM with oscillating cantilever was firstly anticipated by
Binnig. Relatively small shift of cantilever oscillating frequency
with sensing repulsive forces means that contact of cantilever tip
with sample surface under oscillation is not constant. Only during
- small part of oscillating period the tip "feels" contact repulsive
force. Scanning sample surface with cantilever oscillated in this
manner is not non-contact, but intermittent contact (semicontact).

12



| MNMam_ canéantd mandas |

Y NT-MDT /

Non-Contact techniques: |

® Non-Contact mot

Force © Frequenc
A nodi
1ntern‘\:1alét‘.:ent-
e ~ The Non-Contact AFM (NC AFM),
invented in 1987, offers unique
advantages over other contemporary
scanning probe techniques such as
contact AFM and STM. The absence of
. repulsive forces (present in Contact
AFM) in NC AFM permits it use in the
imaging “soft” samples and, unlike the
STM, the NC AFM does not require
conducting samples.

repulsive (semlicontact)
force =

tip - sample
distance

ot

Porovnani obou modu

B kontaktni

+ - velka rychlost skenovani
- relativné snadné dosazeni ,atomarniho“ rozliSeni

- uéinkem lateralnich sil mize dochazet k deformaci
zobrazovanych objektu

- ve vzduchu se mohou projevit vyrazné kapilarni sily (kolmé na
smér interakce hrot-vzorek) - zhorsené rozliseni

- poskozeni mékkych povrcht ,,poskrabanim“ (u bioobjektt)

B nekontaktni (semikontaktni)

- vysSi lateralni (xy) rozliSeni (1 az 5nm)
- mensSi sily a mensi poskozeni mékkych objektii na vzduchu
- eliminace lateralnich interakci

- { - nizka rychlost skenovani



Electropolymerizované vrstvy

m 1,4-diaminobenzen o5}
a resorcinol

Au nanocastice

B slida (mica) silanizovana thiol-modifikovanym silanem

14



Viry a butiky (web nr-mo)

Ebola v

lymfocyt

nH

408

208

1866

1888 2888 3888 4888 5888 M

AFM DNA

BioScope (zvétSeni az 107 x)

EcoRI v komplexu
s plazmidov : neuron

0.6
0.2
Z-rozsah 4 nm
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AFM bakterie

L3

ﬁ |

bacterie

celulosa napadena bakterii Pseudomonas putida
8x8 pm 5x5 ym max. vySka 500 nm

AFM nukleovych kyselin

B DNA z teleciho brzliku na slidé modif. Mg?*

16



Biomolekuly ... |

kolagen typu I-lll, vpravo
zvétsSeno a prebarveno

IgG detaily

17
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Atomarni rozliSeni

13nm

8B 8

jednotlivé vrstvy atomu
uhliku v orientovaném
pyrolytickém grafitu

Difrakéni limit optickych tecnik

A
R '\/ . R = i
|

= svétlo ma vinovou povahu, diky difrakci je bod
zobrazovan ne jako bod, ale jako soubor koncentrickych
kruh( s vyssi a nizsi intenzitou

= minimalni vzdalenost R pro rozliSeni dvou blizkych bodi
je asi polovina vinové délky svétla

= realné to je kolem 150-200 nm pro viditelné svétlo

18



Efekty blizkého pole

o
| Te—

2a<<Ag

=consi

e e

predchozi neplati, pokud se zobrazovany objekt nachazi v
blizkosti Stéerbiny mnohem mensi nez je vinova délka svétla
- vznika tzv. blizké pole - SNOM technika (scanning near
field optical microscopy, nebo taky NSOM)

Zaklady SNOM

detekované \
fotony

_/| dopadajici svétlo |

— stérbina

7

g

— vzorek

"sub-wavelength" stérbina se priblizi na nékolik nm k
povrchu vzorku

generované fotony jsou zachyceny detektorem

bod po bodu se skenuje 2D obraz povrchu s rozliSenim
kolem 1 nm.

19



Optické viakno jako stérbina

/| Coupling unit |
Laser N — | Optical fiver |

Core
Claddin§

| Metal coating |

high intensity light is being
transported for long distance
within an optical fiber due to

\ total internal reflection
Optical between the core and the
fiber tip cladding. Tip etching followed

I by metal coating forms
IZ aperture-like structure with a
Aperture width of tens nm.

Shear-force feed-back control

Piezodriver i Snf

Optical
fiber

Ag Sinfeat)

Quartz
tuning-fork

Urt)

probe vibrates at resonance frequency of quartz tuning-fork. Amplitude
and phase of such vibration significantly change when the probe tip
arrives the closest proximity of the object surface. Feed-back control
mechanism fixes parameters of new state providing precise height
positioning of the tip. Thus sear-force topography image of the surface
can be obtained simultaneously with near-field optical one.

20



SNOM

D NT-MDT Py
SNOM:

® Shear Forc

Scanning Near-Field Microscopy (SNOM)

The resolving power of classical optical
microscopes is restricted by Abbe's
diffraction. However, it is possible to
overcame this limit. If a subwavelength hole
in a metal sheet is scanned close to an
object, a super-resolved image can be built
up from the detected light that passes
through the hole. Scanning near- F eId

i

2

B vyskovy (vievo, AFM mod) a opticky (vpravo,
SNOM mod) obraz elektropolymerizovaného filmu

21



| Sledovani biointerakei |

o S DAV

AFM measured height

. dindrtid |\

AFM measured height

Py Y N

AFM measured height

Non-specific ’l‘ Specific
@® ant gen antibody antibody

B tapping mod, image 500x500 nm

C. HSA exposed fo a-HS4

B histogram pro Z, x osa 0 az 5 nm

Nanobiosensor B charakterizace povrchi

biosensorll

B hrot je mozné modifikovat
SPM biosensor imobilizaci vhodnych
biorekognic¢nich molekul,
raménko ¢imz dostavame biosensor
teoreticky schopny
detekovat jednotlivé
molekuly analytu
B tento postup byl pouzit pro
pifimé méreni sily potirebné
k preruseni nékterych
bioafinitnich interakci

analyt »roztrzenim“ existujici
f vazby; nékteré vysledky
jsou shrnuty v tabulce.

22



wForce-distance*
kFivky

B hrot se pohybuje pouze
vertikalné v ose Z bez
skenovani v X-Y plose

B vychylka je zaznamenavana
jako funkce posunu Z

B méfi se priblizovaci a odda-
lovaci faze:

A kantilever se nedotyka povrchu, pohybuje se volné a neciti zadnou
silu bez deflekce

B priblizuje se k povrchu a dochazi ke ,,kontaktnimu saltu® pfi
nastupu pritazlivych sil

C doslo ke kontaktu s povrchem, zvétSuje se vychylka

D po dosazeni konec¢né stabilni sily je proces obracen. V pribéhu
oddalovani je nutné prekonat adhezi a hysterezni sily

E v tomto bodé jsou pfekonany adhezivni sily a kantilever je volné
nad povrchem. — Tato vzdalenost je dulezitym parametrem krivky.

| Ligand-receptor vazebné déje |

probe tip approach
[+]
<
o
spacer s o
e.g. PEG binding force v
ligand retraction %
receptor Tip-sample
’ ! ! '/ ./ ' distance b
Specific binding Non-specific binding

B v pritomnosti specifické interakce je pro "pretrzeni"
vazby potieba pridavna sila

B takto zmérena sila charakterizuje danou biointerakci

23



|  Spectroskopické techniky |

,Spectroscopies:

® Force-distance curves
® Adhesion Force mic)
® Amplitude-dist:
®
O]

Phase-di
Fre
Ball
~ SFM can be used not only as tool for

. topography acquisition. SFM can also be
used as a tool for force spectroscopy —
tip-sfmple interactiocn

measuring forces as a function of distance.
e For oscillating cantilever tip-sample force

mede ~ can affect some other characteristics of
. cantilever oscillation — amplitude,
frequency, phase, dissipation etc.
Correspondingly dependence of these
characteristics upon tip-sample distance can
also be regarded as spectroscopic data.

Approach Retraction

AFM - biotinylovany hrot | = MAC Mode AFM and
. _ TREC images with

biotin modified tip of

H (a) topography and
(b) recognition of
avidin on mica.

B (c) topography and
(d) recognition
images of the same
sample taken after
streptavidin was
added to the
solution. The avidin
molecules are not
recognized because
the biotin tip is
blocked

B 1ym x 1gm

B E - 3 3




Interakéni sily zmérené AFM

Interakce Sila AG AH
(pN) (kJ/mol) (kJ/mol)
avidin - biotin 160 £ 20 60 90
streptavidin - biotin 260120 77 134
anti biotin IgG - biotin 240 * 20 variabilni variabilni
(ACTG); - (CAGT), 1500 £ 200 117 430

Intermolekulové adhesni sily zmérené pomoci AFM
porovnané s volnou energii a reakéni entalpii pro
typické afinitni interakce

Mikrokantilevry jako biosensory

mechanicky prevodnik — ohyba se v dusledku rozdilného
povrchového napéti na protilehlych stranach

B B

L 2
~ -~
-~
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Experimentalni usporadani

Diferencialni usporadani

korekce nespecifické vazby
Ab anti-HSA

26



Diferencialni méreni

kantilevry modifikované albuminem a Proteinem A

Albumin

19G
Protein A

2.5V ' Ascity
AAO01 50

20 min

Integrovany mikrobiosensor

m piezorezistivni kantilevry —
bez optického systému

m prutocna cela s nékolika
integrovanymi kantilevry

= multikanalové méreni
® miniaturizace
= masova produkce

m pohled dovnitf cely pred
zakrytim hornim tésnicim
dilem zboku a shora
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Scanning Probe Lithography

Self assembled monolayer of PTCDA (3,4,9,10-perylenetetracarboxylic
dianhydride)

scannen ruster schreiben Scannen

U, 3
/" 2. 4.

AFM dip pen lithography

AFM T|

Wiriting direction

Molecular transport Y —’

Water meniscus

Substrate

Molecular Patterns " Specific binding of nanostructures|
generated via
Dip-Pen Nanolithograp by

|

'
ﬁgﬁ%%gﬁgﬁ%g
#

%‘%‘3%‘%‘

¥ ﬁif
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CDBAA | Sk ncavasmlans |

O NT-MDT ,

Lithographies:
@ AFM Oxidation Lithography |
@ STM Lithograph

AFM atomy

atomy xenon na Ni (110) substratu

NN Did o hH )
h‘kh - :’5‘ i }Lﬂ b4

> _
» AL AN H 4 4‘1‘

P S e Y
D DDDH H o

B D.M. Eigler, E.K. Schweizer. Positioning single atoms with a
scanning tunneling microscope. Nature 344, 524-526 (1990)
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SPM - Interdisciplinarni aplikace

B molekularni a bunécéna biologie, virologie

B studium polymeru

B mikro- a nanoelektronika

W zakladni vyzkum ve fyzice a chemii povrchu
® nanotechnologie

B nanobiosensory

B navstivte nas:
A4 laborator 0.60 (suterén)
http://biosensor.chemi.muni.cz/nanobio

Scanning electrochemical
SECM | °¢ 9
microscopy

Proba = mikroelectroda mérici elektroaktivni latky,
pohybuje se pres skenovany povrch (X -Y) v konstantni
vertikalni vzdalenosti (Z ~ 15 pym)

Zpusoby ¢innosti: indikatory - Ru[(NH,),]?*

generujici substrat A
blokovany prenos
(napf. oxidasa --> H,0,) '« --> pokles proudu |

II zpétna difuze
\ T ’ --> narust |
e ©o Red Ox
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