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Vybrané vyznamné vysledky
pro¢€ diamant a organické materialy
funkce povrchovych atomu =» bio-rozhrani a bio-elektronika
usporadani bunék do struktur pomoci diamantu

vliv vodivosti, smacivosti, adsorbce a adheze proteinu, etc.

vliv bunécneho prostredi na elektrické vlastnosti diamantu:
Cell-FET senzor, role hranic zrn, proteint a bunék
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Historie vzniku projektu

Zkusenosti a myslenky z mé prace v zahraniCi (5 let)
Né&mecko, Svycarsko, Japonsko

Navrat diky podpore Fellowship J.E.Purkyn& AVCR (2006-11)
podafilo se vybudovat Uspé&sny vyzkumny tym v CR
velmi dékuiji!

Formovani projektu pro 2. vyzvu programu

Nanotechnologie pro spolecnost (NpS)

Vyhody programu NpS
trvani vyzkumného projektu 5 let
mozné vyznamne pristrojové investice (fradové 10 MKC)
jednoducha administrativa (finance, reporty)
to vSe chybi v soucasné VaV a Je pritom zasadni!
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Formovani projektu, vyzkumny tym

FZU AVCR (B.Rezek et al.) - po&atek a koordinace
nano-materialy, hybridni organicko-anorganickeé systemy,
mikroskopické metody, vypocCty

1.LF UK (S. Kmoch et al.) S ]
buriky a biomolekuly, detekce pro medicinu v el

MFF UK (P. Maly et al.) Q 7
optické spektroskopie pro studium /

materiall a dynamiky elektronickych procesu = @ H @ i

FSI VUT Brno (T.Sikola et al.)
vytvareni nanostruktur, plazmonika =

Optaglio, s.r.o. (L. KotaCka et al.)
prumyslovy partner, vytvareni funkcnich nanostruktur

OPTAGLIO’

5' OFTICAL MICROSTRUCTURE TECHNOLOGIES
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Predstaveni vybranych vysledku

Cela rada vysledku v pri reSeni projektu
v oblasti vytvareni nano-materialt a nano-struktur
v oblasti opto-elektroniky a premeny energie
v oblasti bio-elektroniky a bio-mediciny
prehled napf. http://funs.fzu.cz

Predstavime vybrané vyznamné vysledky z oblasti bio-
elektroniky a bio-mediciny

nové chemické a elektronické funkce diamantu pro
biologicka rozhrani

Nanotechnologie pro spolecnost
(e
? @ N )
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http://funs.fzu.cz/

Diamond as gemstone

from the ancient Greek adapac — adamas "unbreakable"

oy ) -
)

Z_

traditional applications: jewelry, polishing pastes, cutting tools
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Diamond as novel electronic material

we see diamond as a class of materials with properties and functions
tailorable on demand: morphological, chemical, electronic, optical
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Diamond synthesis on any surface

nucleation process
UDD diluted holder

S Si wafer ]
Lol UDD diamond powder 5-10 nm
dispersed in ageous solution
UDD = ultradisperse diamond,

produced by detonation (research
of its own, including cells)

~

ultrasonic tank growth on “foreign” substrates
(Si, glass, metals, polymers!)

UDD nucleation

i i fi

Si/SiO, substrate Si/SiO, substrate Si/SiO, substrate

[Kromka et al., Chem. Vap. Deposition 14 (2008) 181] @
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Nanocrystalline diamond (NCD)

21.10.2013

We employ mostly nanocrystalline diamond (NCD)

fabrication easy, inexpensive, tailorable (compared to monocrystals) from
methane in MW plasma [Kromka et al., CVD 14 (2008) 181]

can be deposited on various substrates (silicon, glass, metals, plastic)
large areas / numbers possible (linear antenna systems)

direct growth of microstructures possible (via patterning nucleation)

role of grain
4 boundaries?

diamond
1332 cm’'

T T T T T
1000 1200 1400 1600 1800
wavenumber [1/cm]
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Diamond - material features

Diamond is fascinating material for bio-interfaces,
with unique set of properties:

carbon purely

non-toxic, biocompatible, environmentally friendly
transparent to visible light (~90%)
semiconductor (wide band gap 5.5 eV):

devices and sensors (FET, UV, p-i-n)
[Rezek et al., Sens. Act. B 122 (2007) 596]

chemically inert and stable
good for electrochemical electrodes, harsh environments

yet surface can be changed and functionalized!
[Nebel et al., J. Phys. D: Appl. Phys. 40 (2007) 6443]

most prominent surface moieties: H, O, N, CI, F

ozone, photo- or

plasma discharge,
electro-chemistry,...

21.10.2013 B.Rezek - Seminai NpS AVCR 11 FZ0



Diamond - functional interface

Functionality of H/O surface atoms s+H21 6-Q 35
opposite .... dipoles, wetting, el. affinity I 7\
C2s C 25 C
surf. conductivity of intrinsic H-diamond

planar field-effect transistors (FET) without gate oxide

in solution sensitive to pH, molecules
[Rezek et al., Sens.Act. B 122 (2007) 596]
[Rezek et al., Thin Solid Films 517 (2009) 3738]

influence on cell growth
[Kalbacova et al., phys. stat. sol. (b) 245 (2008) 2124]
[Rezek et al., Sensors 9 (2009) 3549]

O-diam:
spreaded
cells

H-diam:
rounded
cells

merging =» bio-electronic applications
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Properties of H/O-micropatterns (basic device)

electrically conductive SEM micrograph of H/O micropattern

o i A AR UL

electrically resistive optically fully transparent!

B. Rezek et al.: Diamond as functional material for bioelectronics and biotechnology
In: “New Perspectives in Biosensors Technology and Applications”
Intech 2011, pp. 177-196, ISBN 978-953-307-448-1
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Plating cells on diamond

medium for cell plating and growth
McCoy’s 5A medium + fetal bovine serum (FBS)
McCoy’s 5A: inorganic salts, aminoacids, vitamins, glucose, etc.
FBS: cell growth factors (proteins), heat inactivated, conc. 0-15%
penicillin, streptomycin

cell plating
droplet with cell solution spread on sample
concentration: 2.500 and 10.000 cells/cm?
McCoy’s medium added

cell cultivation
tissue culture plates
37°C, 5% CO,, 2 days

cell types

osteoblastic cells SAOS-2 (standard, well defined line)
cells that form bone tissue and later mineralize it

other cell types (fibroblasts, HeLaG, neurons)

Osteablasts 2
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Diamond assembles cells into micro-arrays

HelLaG

green = actin (cytoskeleton)
blue = nuclei

neurons

=>» preferential arrangement of cells

iInto micro-arrays

Cells strongly prefer diamond surfaces
with O-termination, with sharp boundaries

osteoblasts and cell stretching on narrow lines.
[Rezek et al., Sensors 9 (2009) 3549]
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Cells on B-doped diamond (BNCD) et fom kHeeren

100 um H/O-termination stripes, SAOS-2 McCoys, 15% FBS

0 ppm (undoped) 500 ppm 6000 ppm

[T
o2

=>cell assembly independent of conductivity
=>determined only by different wetting properties
of H- and O-terminated diamond
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Influence of cell concentration on selectivity

2.500 cells/cm2 10.000 cells/cm2

-
’ .

60 um
stripes

100 um
stripes

=>initial cell concentration is crucial factor for selectivity,
iIf too large, cells colonize all surface
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Influence of protein presence ibwebitssgivi

SAOS-2 cells seeded in FBS-free medium, FBS added later for cultivation,
100 um H/O-termination stripes

0 ppm (undoped)

=>» no cell selectivity on bare H/O-diamond w/o FBS, independent of doping
=>direct effect of diamond surf. dipoles excluded, proteins play crucial role

=>what are properties of FBS proteins on H/O-diamond?

21.10.2013 [Rezek et al., Sensors 9 (2009) 3549] s 2
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Protein adsorption on diamond

AFM in solution protein adsorption
advantages: bio-environment, diamond immersed in McCoy'’s
no meniscus at the tip 5A medium +15 % FBS, 10 min
silicon cantilevers, ~75kHz in air, rinsed by: a) McCoy’s b) water

~29kHz in liquid, Ay ~ 60 nm measured by AFM: a) in air,

b) McCoy’s, c) in-situ w/o rinsing

diamond

diamond

[B. Rezek et al., pss(a) 204 (2007) 2888; Langmuir 23 (2007) 7626; JACS 128 (2006) 3884]
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AFM nanoshaving

combined contact and non-contact regime to learn more

1-600 nN

force

contact

diamond

[B. Rezek et al., pss(a) 204 (2007) 2888 Editor’s Choice]
[B. Rezek et al., Langmuir 23 (2007) 7626]
[B.Rezek et al., JACS 128 (2006) 3884]
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FBS layers on H/O-diamond - AFM analysis

=» FBS layer adsorbed on both H/O-diamond,
in similar thickness (2-4 nm)
rinsing by water or McCoy’s — similar results
— no influence of McCoy’s composition
in-situ AFM in McCoy’s (no rinsing) — similar results
[Ukraintsev et al., pss(b) 246 (2009) 2832]

=>typical protein “fingerprint” on both surfaces Tum Z scale=20nm
[A.V.Kransnoslobodtsev, Nanomedicine 1 (2005) 300]
[C. Popov, Diam.Relat.Mater. 16 (2007) 735]

A istogram
// of heights

100 200 300
—

’ 3 )
Force spectroscopy:

2- AFM tip cantilever tip pressed to ol e
Z pulling force the surface and pulled S
C
Q 1 % back, force monitored.
S |

0 statistics: 10%

-1 measured in liquid

0 100 200 300
z-travel distance [nm] .
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FBS protein layers on diamond - AFM

PHASE
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RMS=0.6nm, Lx=12nm

RMS=1.4°, Lx=10nm

measured using same tip, same AFM parameters, on various spots

O-diamond

200 nm Z scale=3nm
RMS=1.7nm, Lx=18nm
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200 nm Z scale=10°
RMS=1.0°, Lx=22nm

in McCoy’s
Different: cell medium
thickness (2 - 4 nm)

topography feature
shape and size
(Lx-autocorrelation)

surface roughness
AFM phase features

=» diamond surface
atoms control protein
conformations via
wetting properties

[Rezek et al., Sensors 9 (2009) 3549]

[Rezek et al., DRM 18 (2009) 918]

22

<

FZU



Model: FBS on diamond in solution
—_—

globular (native)

) © @ ¢

polar

x I I group

hydrophobic hydrophilic

= model in agreement with general effect of hydrophobic/-philic
surfaces on proteins [Browne et al., Surf.Sci. 5563 (2004) 155]

= independent of conductivity (good for electronic sensors)
= but wetting range of polymers 85°-125° vs. diamond 15°-85° ?77?

[Rezek et al., Sensors 9 (2009) 3549]
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Proteins on diamond driving cell selectivity

=> the cell selectivity is driven by different conformation
of proteins on H/O-diamond in the cell medium
recall: not by a direct effect of H/O dipoles on cells

Yet other factors to be considered:
different adhesion of proteins and cells to H/O diamond?
role of FBS inter-layer? cell movements (passive, active)?
adhesion of cells reduced by FBS on H-diamond (not on O-diamond)
different FBS layer composition on H/O diamond?
what protein from FBS is responsible for the selective growth?
selective cell growth induced by Fn!

mm Not shaken

mm Shaken shaking experiment

1000 -
F<To 70 A AN O SRR S
600 - B .

400 -

Number of nuclei

200+

0
H+FBS H-FBS O+FBS O-FBS
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Bio-electronicka funkce diamantu
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Diamond in-plane SG-FET scheme

: : setup and sample view contact
side view scheme

uonensdeaus

uni pg

B0BJINS PazZIPIXO

?l [auuey? ad£j-d

diamond

solution-gated field-effect transistor (SG-FET)
based on surface conductivity of H-diamond
gate electrode: Ag/AgCl reference electrode

=>» to characterize (and amplify) electronic effects at diamond interfaces
=>» no gate oxide, direct contact between molecules and channel surface

[Rezek et al., Sens.Act. B 122 (2007) 596]
[Rezek et al, Biosens. Bioelectron. 26 (2010) 1307]
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Effects of protein layer on diamond SG-FET
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Specific effects on H-diamond

protein adsorption: transfer characteristics shift negative (not a field effect!)
decreased slope, i.e. lowered transconductance (~30 nS, gain ~ 0.9)
remains persistent after washing/rinsing =
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Model of diamond-protein-cell interface

SPECIFIC MODEL FOR H-DIAMOND recall AFM data

proteins modify original equilibrium of the surface conductivity system
(they replace ions in the very vicinity of the diamond surface)
=>» negative shift of transfer char. and change of transconductance

21.10.2013

cell medium

wa@

gate
current

electric field

Debye screening length
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p-type surface channel e =
gV
intrinsic (non-conducting) diamond S

[Rezek et al., Biosens.Bioelectr.26 (2010) 1307]
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Role of grain boundaries in diamond function

Time| Temper. |Grain size |Thickness|Roughness
(h]| [°Cl [nm] [nm] [nm]

4.3 550 -600 | 250 £50 | 445 27
1 [550-600 | 80+ 50 108 19

21.10.2013

100-450 nm

various grain sizes investigated (50-500 nm)
even 100 nm thin transistor fully operational
function controlled by C-H surface of grains,
not by grain boundaries (they limit mobility)

= nanocrystals like monocrystal

leakage
current o

: S
g I T ST T T T A
- p-type channel g _tg
c c IDS
2 =
H-terminated| 8 3
NCD =y A=
80-250
S B ©

[Kratka et al., Sens. Actuators B 20 (2012) 239]
[Hubik et al., Diam. Relat. Mater. 24 (2012) 63]
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Funkcni vzorek - prenosny senzor

zarizeni pro vyzkum v nasi laboratori ~ 10 MKcC
znalosti a zkusenosti transformovany do funkéniho vzorku:
“DEMONSTRATOR SENZORU NA BAZI NANO-DIAMANTU”

(naklady ~10 tis.KC, vCetné diamantového senzoru)

®

13 Sensor

Gate Voltage

Id

P ugs (1 ++1v) Range Drain Current Offset  Uds (-1+0V)

® O

® ©

30@
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Shrnuti a prinosy
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/ / - CABIOM http://cabiom.fzu.cz
Shrnutl VYSle dkﬁ Carbon-based Biomaterials and Biointerfaces

Virtual Research Center of the Institute of Physics ASCR, v. v. i.

Dosahli jsme usporadaného ristu bunék pomoci
povrchovych atomu na nanokrystalickém diamantu

rozdil ve smacivost vede k riizné konformaci proteinu,
nezavisle na elektrické vodivosti a hrubosti diamantu

obecny jev pro rlzné typy bunék (osteoblasty, karcinom, neurony)

Usporadavani bunék muzeme ridit:
mikro-strukturovanim H/O atomu (30-200um vs. uniformni)
ne/pritomnosti proteinti béhem nanaseni bunék (FBS, Fn)
pocateéni koncentraci bunék pfi nanaseni

Ukazali jsme, ze diamantové tranzistory jsou vysoce
citlivé na biologické prostredi (proteiny, bunky)
diky AFM v roztoku byl objasnén mechanismus citlivosti,
ktery je specificky pro diamant (zména rovnovahy rozhrani)

hranice zrn a mala zrna (< 100 nm) nevadi, funkce
nanokrystalickych senzoru je stejna jako u monokrystalu

-
| % HHHHHHHHHH

<— p-type channel +—
diamond

= tkanové inzenyrstvi, bio-senzory a bio-elektronika
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Navazny vyzkum

podarilo se vyvinout plazmatickou technologii pro jemné
odstranéni proteinu a tim obnoveni citlivosti Cell-FET na
proteiny [Int. J. Electrochem. Sci. 2013]

podarilo se objasnit spinani proudu bunkami na hradle z
diamantu (K* ionty) a navrhnout senzor bunécnych kultur

[Appl. Phys. Lett., v recenzi]
a mnoho dalsiho resime...
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Vyznamné vystupy a pfinos CR

Vyznamné vystupy k tomuto tématu
EU patent (a dalsi), funk¢ni vzorky

publikace v renomovanych €asopisech: Biosensors and
Bioelectronics, Sensors and Actuators, Langmuir, etc.

dil¢i ocenéni: L’'Oreal for Woman in Science 2010,
Ceska hlava Doktorandus 2012

180
w

1 + 5 patents (2 EU)

1 5 patent applications
140 -

120 1
1001

Pfinos pro ekonomiku CR
zvysSeny obrat firmy ~20 MKc/rok
pracovni mista, kvalifikovana (~10)
prodané licence prumyslu

investice primyslu do VaV,
tento a nové spolecCné projekty

mezinarodni prestiz 2007 2008 2009 2010 2011 2012 2013
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Vice na: www.fzu.cz/~rezek

studenti vitani

conductivity map of Si nanocrystal array multidimensional microscopic
prepared by AFM electrical crystallization map of polymer blend for PV
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bulk intrinsic diamaond

|AY

polypyrrole-diamond nanosystems

local electrostatic charging

of nanocrystalline diamond films
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