Technologicke
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 nanometru (nanocastice, 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.
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Rozliseni mikroskopickych metod

Canblzver
Proteins Bacteria 1um

10 nm
- Fed Blood
| Cell S5um
[

_ DNA 2nm £
Si ‘ﬁ‘t'_:'m Virus 530nm |
Spacing _ |
0.4nm {%, =i |I

ﬁzh_. _
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104 103 102 10°

Micron Millimeter Meter

Angstrom Nanometer
TEM

Mear Field Optical
Optical Microscope

SEM
D



Studium biopovrchu
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lateralni rozliSeni (x-y)

AES Auger electron spectroscopy SPM Scanning probe microscopy
EPXMA Electron probe X-ray microanalysis TEELS Transmission electron energy-loss
GDMS Glow discharge masss pectrometry spectroscopy
ISS lon scattering spectroscopy TEM Transmission electron microscopy
PIXE Proton-induced X-ray emission TOF-SIMS Time-of-flight secondary ion mass
RBS Rutherford back-scattering spectrometry spectrometry
SAM Scanning Auger microscopy XPS X-ray photoemission spectroscopy %
SIMS Secondary ion massspectrometry XRFA X-ray fluorescence spectroscopic anal * S






Principy SPM a AFM

Scanning tunneling Atomic force microscopy
microscopy 1986 (G. Binnig, C. Quate,
1982 (G. Binnig, H. Roher) C. Gerber)
tunelovani elektroni mezi Lenard-Jonesuv potencial
hrotem proby a vodivym vhodné pro nevodivé
povrchem R
povrchy a méfeni pfimo
| ~ V exp(-AdD'2d) v kapalinach
aplikace V ---> | lase
¥V s hrotem

AP N Nt \,



SPM (scanning probe microscopies)

Zz-piezo I
X~ y-
STM
SCM T
’\/\/\/\/\
—]/_ meziatomové sily <;ﬁ>%%c?
apacitance

tunelovy efekt
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STM scanning tunelling microscopy

B zaloZzeno na tunelovani elektront pres potenmalovou
barieru mezi ostrym kovoyv /
v pritomnosti el. pole

-',s-,._ 0o et
AN ST RO TS,




STM mody

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

v L_ = const F Y
a
Lt T I r‘ *e
- -, - &
nL r,‘. o ., o - .,
Fant 5 s J il .
Ve ) [
"~y -y -y ey f i
- F " (L] ' . |
o+
w L’
" J P TN, -y -
‘ i .
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Atomarni rozliseni

B atomy na povrchu hrotu a povrchové atomy
vzorku spolu interaguji

AN
00[]“%



Atomarni rozlisen

V 4




AFM, atomic force microscopy

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

B vznikajici sily vedou k prohnuti nosniku (deflection)

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

Base

Cantilever

“-

Ly e Y
S ENEDIINC.

AN
IS




Interakcni 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-

Jonesuv potencial

prvni ¢len v sumé popisuje

/
V 4 V 4 wn A L V 4 Vé V 4 ¥ i ¥ 'F I|
vzdalené pritazlivé sily dané U,,(r)=U u{ 2‘ — | +

interakci dipélu

. '\E "fa”'_u\u L

) T

druhy clen se uplatni na kratsi
vzdalenosti - repulze dana Pauliho
vylu€ovacim principem

r, je rovhovazna vzdalenost
mezi atomy, hodnota energie
je minimalni

\ Fy

L)
-

A
2508




laser

2-segmentova LED

ioda

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“
systém

fokusovaci

Quadrant
phntndlt-utu:

% oF ﬁ%

Cantilaver =
AC Source
Sampla

o

XYZ Plezoscanner | Z Electronic
: < Controller .-E:

—* Data
Translator p| Acquisition

Py |
o ®0x0d UOFIOTIL



Zpeéetna vazba

Photodiode

actuator




Vychylovani nosniku

> (1) > (1)
(2)

()

> (4)






http://www.af-fe.de/Products/Olympus_Cantilevers/Tip_Properties/tip_properties.html

Druhy kantileveru

Dle materialovych viastnosti
— vyjadreno konstantou tuhosti Force Constan@lm]

K. tuh. [N/m] 10-130 1-10 0.1-1.0 0.005-0.1
-

Material kr. kfremik pol. kiremik sklo Si5Ny,
-

Res. f. [kHZ] 200-500 100-200 15-100 1-20

Specialni aplikace — dalsi materialové vlastnosti: vodivé, magneticke,
koloidni hroty >



AFM: lateralni rozlisen

l 4

konvolucni efekt
hrotu-vzorku

true Imaging

nejlepsi zakriveni hrotu cca 5 nm,
rozlisSeni je pak 1 az 2 nm

tip imaging

yrarmidal

B vliv konvoluce na topografii

tip

. petth

af tip



Nastaveni, sken, zobrazeni

integrovany videomikroskop
presné nastaveni na
zkoumanou oblast

_=18] %]

o

@
VAN || @
Bisant| | & (3 | Lo &) wiscirico sty - .. [ comorodio  {hevs FIEECET § g’
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Instrumentace

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

PN
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m Ntegra Vita

AFM systé

oteviena

uzavirena

pro petriho misky pritocna, vé.

temperace




... modularni systém

[SFCOSONTF or SFC10ONTF, FOO4NTF
EOROBNTE d

SPM scanning head SMENA with o set of Insert tables
with capaclitlve sensors and motorised approach leg

Insert tables:

[SFCOSOLNTF (or SFC100LNTF)

SPM scanning head SMENA-L

for gas and liquld
|sFcosoHNTF]

ISFTOINTF, SUTOINTF

SPM scanning unit for variable-temperature
atomic-resolution measurements In gas and liquid

wit n / closed liquid cell

[AUO2ONTF %

for femto-ompere SSRM

(with optical detection head) % SPM scanning head SMENA 300°C
/ (For heating stoge up to 300°C»
JAUDOTNTF % STM scanning head STM-SMENA
For sczsku\ LI _ I
STM head (30pA-S0nA> > .
§ X - SNOM scanning head
REPLACEABLE DEVICES e

SNOM head

Low-current STM heod (10pA-SnA} @
Femto—ampere STM head (JUFA-lWM)@ @
AFAM transducer \®

Sample XY-positioning stage

Closed cell for gas/liquid operation )
o
=

Closed cell for gas/liquld operation
with temperature stabilisation up to 60°C

SPM head for lum optical resolution

Optical head for opertureless SNOM
(with probe head)

(with CCD camera) with Sum optical resolution
Protective hood for electric shielding, acoustic Isolation

and controlled gas environment IACOGBNTF (or ACOOTNTF)

Low vacuum <102 torr) verslon requires modified unlversal base.

Heating stage (up to 300°CY %

[SC203NTF, SC210NTF 7
Replaceable scanners et

3x3%2.5um, 10x10x4um, S0%S0xSum

|SCBO3aNTF (or SCBO4aNTF for vacuum)|

Universal bose

with copacltive sensors -2
talso - modified version for low vacuum <10 ~ torr»

BL222RNTF| SPM ¢

=-1150V, bipolar Z,
-signal measurement bandwidth qu to SMHz,
—addltional input to put loteral force signal to lock=in,
-4 digital generators,
-digital extension bus with external connector
for odd-on modules.

e

Central unit for replaceable scanners
and semple holders.

7S -150 (or MOD-1 M+)]

Active vibration-isolation system MOD-1M+

[SCCOINTF or
[SCCO2NTF or
SCCOANTF

Centraol unit with integrated
bottom-up objective (For high optical Stability).

Immerslon ob Jectives con be used.

Compatible with Olympus and Nikon
inverted microscopes.
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Sz
AFM: kontaktni mod 7 I )
4
E LI";EEEL*;‘E?;.- rastrovy sken ) /

5 &

/... W vertikalni vychylka (deflekce)
= topografie

direction of scanning
N _

Four segment
photodetector

" area with
different friction

e gy B8

Lateral Force Microscopy image

B |ateralni vychylka = frikcni sily



Contact modes



AFM: ,tapping“ mod
-
"semicontact”
» mode "
: : Fuqu~ —11h
| |
Free vibration of I : /
cantilever } }
1 |0 I h
I
|
Vibration with re- | i
duced amplitude contact I non-contact
mode _ L mode
- 1

Prohe-sample interaction potential.

B kantilever vibruje blizko sve resonancni frekvence a
zaznamenava se tlumeni oscilacni amplitudy

B nevadi frikéni sily

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

o
2508



Semicontact modes



Non-contact modes




Porovnani obou modu

H 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
smer interakce hrot-vzorek) - zhorsené rozliseni
- poskozeni mékkych povrchu ,,poskrabanim® (u bioobjektu)

\

H nekontaktni (semikontaktni)

- mensi sily a mensi poskozeni mékkych objektti na vzduchu

{ - vy$Si lateralni (xy) rozliSeni (1 az 5nm)
- eliminace lateralnich interakci

- { - nizka rychlost skenovani

A
2508



Electropolymerlzovane vrstvy

B 1,4-diaminobenzen
a resorcinol




Au nanocastice

B slida (mica) silanizovana thiol-modifikovanym silanem

"
A
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Viry a bunky (webnr-mpr)

|Ebola v

d

588

lymfocyt

A

a 1888 2888 3888 4880 5888 nM

AN
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BioScope (zvétSeni az 107 x)

EcoRI v komplexu
s plazmidovou DNA r neuron




AFM bakterie

celulosa napadena bakterii Pseudomonas putida
8x8 Um 5x5 ym max. vyska 500 nm

"
[—1
%Q)



B Jan Pribyl (NCBR) and Igor Crha (Medical Faculty) investigate sperm
cells and effects of oxidative
stress (hydrogen peroxide as simulator)




AFM nukleovych kyselin

,.__il-"f
i alle

B DNA z teleciho brzliku na slidé modif. Mg?*
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600
i
P pr—
M TR R AL LA A
| A R

X/
il

B
1 ] i |4‘
o e

&

g




Biomolekuly ...

nH
(a15]5]

588 -

488

388

ZBa

188

il
1201 L

1640

19

1

kolagen typu I-lll, vpravo
zvetSeno a prebarveno




1gG detaily

180

Height

2.5




V 4

Atomarni rozliseni

-3 nm

200

a0

400

200
120

nm

jednotlivé vrstvy atomu
uhliku v orientovaném
pyrolytickém grafitu

PN
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Fluorescence a AFM

700 nm topografie

dsDNA

B Rad51 protein (fluorescencné znaceny Alexa555) vytvari filamenty
podél dsDNA

B detailni AFM 3D sken vybrané oblasti o



70 nm

fast[umy




Konfokalni mikroskopie a AFM

Mouse embryonic fibroblasts were labelled with anti-clathrin heavy chain antibody. To visualise clathrin coated pits a TRITC-labelled
secondary antibody was added, and filamentous actin was stained using FITC-phalloidin. An overview of the cells as AFM topography (A),
labelled actin (B), and an overlay of the two (C) is provided. A higher resolution AFM topography (D) was acquired as was a LSCM image (E)
of an area exhibiting labelled clathrin at the cell surface. An overlay of the two images (F) shows that fluorescent label corresponds to pits at
the cell surface. An electronic zoom of the topography from one relevant area (marked in F) is presented in (G).

:




ucinek peroxidu
vodiku na fibroblasty

kontrola (A,B,C) / 30
min (D,E,F)a1h
(G,H,l) pusobeni

0.1 mM H,0,

fazovy kontrast

epifluorescence -
aktinova vlakna
znacena FITC-
faloidinem

AFM 20x20 pm




Mechanickeé viastnosti

500

400

300

200

100

Vertical deflection (pN)

multinuklearni tubularni bunka,
fazovy kontrast

mapa distribuce Youngova modulu
ukazuje individualni stresova
vlakna pobliz povrchu

indentacni krivka z oblasti
oznacené krizkem

-0.2 0.0 0.2 0.4 0.6
Tip-sample separation (um)

fast [um]




Difrakcni limit optickych tecnik

= svetlo ma vinovou povahu, diky difrakci je bod
zobrazovan ne jako bod, ale jako soubor koncentrickych

HEN W V¥ =

= minimalni vzdalenost R pro rozliSeni dvou blizkych bodu
je asi polovina vinoveé délky svétla

= realneé to je kolem 150-200 nm pro viditelné svetlo

o
2508



Efekty blizkého pole

I]Q }LQ

1||r i, S

e e — ~__

ﬂ—'r _kji :j_
2a 2a<<iy ‘51 = Cconst

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

PN
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Zaklady SNOM

l/ dopadajici sveétlo
— stérbina

detekované \
fotony ( ;

(\’\~ « vzorek

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

generovane fotony jsou zachyceny detektorem

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



Optickeé viakno jako stéerbina

Laser

A\

Optical
fiber tip

Aperture

< [__Coupling unit

/ Optical fiber

Core

Cladding

Metal coating

high intensity light is being
transported for long distance
within an optical fiber due to
total internal reflection
between the core and the
cladding. Tip etching followed
by metal coating forms
aperture-like structure with a
width of tens nm.

d:



Shear-force feed-back control

Piezodriver : -

Optical
fiber

Q ”
o Ay Sinceot)

Quartz
tuning-fork

Urt)

Glue

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.



Realizace SNOM

|
y 4 v r I
opt. vlakno s o.tvor_err_1 _(prllepene :
K ladici vidlici !
I
I
( s |
<F-dm !
I
|
I
I
|
|
|
-‘-!:_ __...----ﬁ--..H_j —  sample |
substrate I
|
—— objective I
— |
.PM'I'. !
pveighs () w.:- M, 2002 www. . com

SNOM mody:
kolekce, transmise, reflekce

OINT-MDT
Molecwlar Beeices and Tools far NanoTechnology

kfremikoveé rameénko
S otvorem

100x, 0.

v

100X
0.7 NA




Nasmeérovani laser. spotu na otvor v kantilevru

laser. spotem je skenovano
,l, l VvV rovine X,y

350
— ]

300

250

100x
0.7 NA

200
mV

150

400 nNm

\ /

50 100
e

v ]
meri se prochazejici svétlo - otvor v
kantilevru se nalezne automaticky s presnosti
<10 nm, nasledné se laserovy spot (cca 400
nm velky) zaostfi pfesné na otvor - dosazeni
CcO nejvySSi prostupnosti




SNOM

o
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Height

100

90

80

70

40

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

"
%Q)



Mitochondrie

SNOM image of mitochondria dyed W|th
FITC-labeled antibodies.
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SNOM litografie
pozitivni fotorezist FP 380 na Si

fotoresist
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Sledovani biointerakci

» embet-ebeien | /\

AFM measured height

.Sy P VAN

AFM measured height

Sy Y N

AFM measured height

Non-specific Specific
® Antigen antibody antibody

B tapping mod, image 500x500 nm

B histogram pro Z, x osa 0 az 5 nm

A HS5A

B. HEA exposed fo igG

C. H5A exposed fo a-HSA

AN
IS



NanObiOSEﬂSOr B charakterizace povrchu

biosensoru

B hrot je mozné modifikovat

SPM biosensor imobilizaci vhodnych
biorekogni¢nich molekul,
raménko ¢imz dostavame biosensor

teoreticky schopny

detekovat jednotlivé

molekuly analytu
B tento postup byl pouzit pro

primé meéreni sily potrebné

k preruseni nékterych
“ bioafinitnich interakci

analyt »roztrzenim* existujici
? # T vazby; nekteré vysledky

— ' - jsou shrnuty v tabulce.

biorekognic€ni prvek

PN
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»wForce-distance*
krivky

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

B vychylka je zaznamenavana
jako funkce posunu Z

B meéri 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® pri

nastupu pritazlivych sil

C doslo ke kontaktu s povrchem, zvétsuje se vychylka

D po dosazeni konecné stabilni sily je proces obracen. V prubéhu
oddalovani je nutné prekonat adhezi a hysterezni sily

E v tomto bodé jsou prekonany adhezivni sily a kantilever je volné

nad povrchem. — Tato vzdalenost je dulezitym parametrem kfivky. E



Ligand-receptor vazebneé deje

) A
probe tip approach
()
o
o
spacer Lo o
e.g. PEG binding force v
. retraction
ligand ) % ‘
receptor Tip-sample
’ ! ! '/ ./ ' distance >
Specific binding Non-specific binding

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

B takto zmerena sila charakterizuje danou biointerakci

PN
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Modifikované hroty

7 pmm Elag = Z0.00 K X Wih= &mm Signal A= Inl ane Dt =4 Apr JNIT

WAL BT 1 Sy=tem Yaouum = 5.5« 05 mBar EHT = 1500 kv Heke Reduction = Pl Ay Time ;100359

S40XB-27-08

Mag - 5000 K X WD= 7mm Signal &= InLens Date :79 rﬂ pg
System Vacuum = 8.73e 007 mBar EHT = 10.00 kv Noise Reduction = Pixel Avy. Time :15:1 %%




Biointerakce avidin - biotin

B ligand na hrot vazan pres flexibilni mastek
(PEG)

B existuje nékolik zpusobu interakce se
vzorkem — pouze ligand (specificky), pouze
hrot ( ), kombinace
obou

B oba déje se charakteristicky |
projevi na Fd kfivce ve fazi -
oddalovani (retrakce) ’_“\j‘}

B realné zaznamy obsahuji

F ruzné kombinace obou prubéhu P

priblizeni
[ —
— Biotin

oddaleni ﬁ‘* i
ain
::j: /T

d | mica




Force, pN

Experimentalni Fd krivky

400

30D

% 300 100

S 10 1% M0

o

B mozné prubéhy zahrnuiji: 43+15 pN

20

\I

- q
\  bezinterakce specificka i
\ <2 | vazba - interakce hrotu
\ ug = I\" § ® '\
\ S \ Ll .
\ ~ | . T e
M A A Ty e : \
10 o :;Ja‘swﬂ:lma :":‘m 40 o 7] 0 10 0 l(!z au:‘l;:on‘:ir nn'm 50 60 o 10 1 10 Zd:;‘.xoﬂ.:l:"r "!“':J 50 60 0
.‘ interakce hrotu . pfilis daleko osclluiici
- opec yazhy ¢ (PEG~20nm) .. raménko
.‘ g ] g 1
: : \..
\. \
\‘,:fhzmwmi y ;' ;':ﬁ;;ﬂ};s;(::'--mm ® \ Twmﬁ:ﬁm“ J [ 1
\ o o ] %

Z desplacement. nm Z displacement, nm Z displacement, nm



Automatizace Fd meéreni

Vertical deflection (pN)
— 1 1 1 1

D ©® ®» & N

S &6 © © o

PR
_'_!,:,46

|

}
-160
-180

=20 O 20 40 60 80 100 120 140
Tip-sample separation (nm)

JPK Instruments
ForceRobot - automaticky systém na zaznam krivek silové spektroskopie
automatické nastaveni laseru a detektoru
kompenzace driftu raménka s hrotem
80 tis. Fd krivek za den

Yertical deflection (pM)

1 1 L 1 1 | 1 1

0 10 20 30 40 50 &0 7O El
Tip-sample separation (nm) * c




Spectroskopickeé techniky




AFM - biotinylovany hrot | = MAC Mode AFM and
ﬂ ———— TREC images with
biotin modified tip of
(a) topography and
(b) recognition of
avidin on mica.
(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
1um x 1ym

T - R e e T 8
L e e — R T e 2=

"
A
%Q)



Interakcni sily zmerené AFM

Interakce Sila AG AH
(PN) (kJ/mol) (kJ/mol)
avidin - biotin 160 + 20 60 90
streptavidin - biotin 260 120 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 reak€ni entalpii pro
typické afinitni interakce



Mikrokantilevry jako biosensory

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

B g II“ 2




Experimentalni usporadani

[ ap |
[cpie |

IN

FFT |«




Diferencialni usporadani

korekce nespecifické vazby

Ab anti-HSA

AN
IS



Diferencialni mereni

kantilevry modifikované albuminem a Proteinem A

Albumin

1gG

Protein A AAO1

2.5V | Ascity
AAO01 50

20 min



Integrovany mikrobiosensor

m piezorezistivni kantilevry —
bez optického systému

m priatocna cela s nékolika
integrovanymi kantilevry

m multikanalové méreni
®m miniaturizace
m masova produkce

m pohled dovnitr cely pred
zakrytim hornim tésnicim
dilem zboku a shora




Scanning Probe Lithography

Self assembled monolayer of PTCDA (3,4,9,10-perylenetetracarboxylic
dianhydride)
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AFM dip pen lithography

AFM Tip
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Specific binding of nanostructures
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SPM Lithography




AFM atomy

atomy xenon na Ni (110) substratu

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



SPM - Interdisciplinarni aplikace

B molekularni a bunécna biologie, virologie

H studium polymerti

B mikro- a nanoelektronika

B zakladni vyzkum ve fyzice a chemii povrchli
B nanotechnologie

B nanobiosensory

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



Scanning electrochemical
SECM | °° 9
microscopy

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

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

generujici substrat ..
blokovany prenos
(napr. oxidasa --> H,0,) «— > pokles proudu |

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

AN
IS



