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Co je nanotechnolégia?

Nanotechnoloégia zahrnuje studium, manipulaciu, upravu a
pouzitie materialov, zariadeni a systémov s rozmerom /

rozmermi typicky mensimi nez 100 nm.
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Preco nanotechnologia?




Unikatne fyzikalne a chemickeé C€rty nanomaterialov
spOsobuje:

« efekt velkosti kvanta (the quantum size effect)

 efekt mini velkosti (mini size effect)

 povrchovy efekt (surface effect)

* tunelovy makrokvantovy efekt (macro-quantum tunnel effect).

V pripade senzorov su vysledkom pouzitia nanomaterialov:

* nove techniky prenosu signalu,

» Zlepsenie imobilizacie biologickej zlozky,

 zjednoduchsenie a zrychlenie analyzy s vysokou citlivostou a
selektivitou,

* In VIVvo analyzy.

Ref.: C. Jianrong et al., Biotechnol. Advances 22, 505 (2004)
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Electrochemical sensors based on
unidimensional nanostructures

A. C. Pereira, A. Kisner and L. T. Kubota

Instituto de Quimica, Universidade Estadual de Campinas,
Campinas,SP, Brazil

Sensors based on low-dimensional materials are not a novelty in
the current days. In fact, the miniaturization of chemical and
biochemical sensors has a long history, since the works of
Wise et al. [IEEE Trans. Bio-Medical Eng. 1970, 17, 238] in the
end of sixties and Bergveld [ibid. 1970, 17, 70, 1972, 19,
342] in the beginning of seventies that could be denominated
as pioneers.

Ref.. Eftekhari (Ed.): Nanostructured Materials in Electrochemistry, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim, 2007.



However, over the last few years a new wave of highly
sensitive materials has reached scientific and industrial
Interests. These nanostructured materials, as they are now
widely recognized, are interesting due to their promising new
applications, added to the novel dimension-dependent
properties exhibited by them.

In this way, unidimensional (1D) structures such as nanowires
and nanotubes are expected to be excellent primary
transducers in systems like biosensors.

Moreover, the relative facility to integrate these 1D materials
with microelectronic techniques, these wires or tubes In
nanoscale can act as active devices providing a set of new
nanobiotechnology, such as the biochips.



,Carbon nanotubes"”

Wire-like nanostructures

ljima, r. 1993

Jednovrstvove (single walled nanotubes, SWNT)
priemer 0.2-2 nm, diZka 0.6-4 nm



ljima, r. 1991

Viacvrstvové (multiwalled nanotubes, MWNT)

vonkajsi priemer 2-100 nm, vnutorny priemer 1-10 nm,
dizka 5-500 nm
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Chirality of carbon nanotubes

Z1g-zag and chiral are semiconductors, armchair have metallic properties



Viastnosti CNT:

- jedinecné elektrochemické, chemicke, optické, mechanické a
Strukturne vlastnosti

- zlepsenie elektrochemickej reaktivity biomolekul (GOD,
NADH)

- zlepsenie akumulacie biomolekul

- sU hydroféobne, mozno ich dispergovat:
v nepolarnych rozpustadlach
v polymeéroch (Nafion), sol-gel
Vo vode



Solubilizacia SWNT vo vode

Functional SWNT equivalent solubility References
group in water (mg/m])
Oxidative treatments
98% H,S04/70% HNO; (3:1) 1.77 (pH 3) [6]
98% H,S04/30% H,0, (9:1) >0.15 3<pH<12) (7]
98% H»S04/(NH4),S,04/P;,05-KMn04-H,80, > 0.66 (pH 3) [8]
Non-covalent stabilization
Sodium dodecylbenzene sulfonate (SDBS) 20 [9]
Sodium dodecy! sulfate (SDS) <0.1 9]
Triton X-100 < 0.5 [9]
v-Cyclodextrin <0.2 [10]
Covalent stabilization
Glucose 0.1 [11]
DNA - [12, 13]
Enzymes - [14]

Ref.: M. Valcarcel et al.: Anal. Bioanal. Chem. 382, 1783 (2005)
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SH(CH,),NH HN(CH,),SH

Functionalization of carbon nanotubes
(DCC - dicyclohexylcarbodiimide)



Current Opinion in Chemical Biology

Ref.: A.Bianco et al., Current Topics in Chem. Biol. 9, 674, 2005



Ref.: A. Merkoci: Microchim. Acta 152, 157 (2006)

Fig. 2. Schematic of typical CNT so-
lubilization alternatives:; (A) CNT-
Lit conducting polyelectrolyte; (B)
with amino group of 2-amino-
methyl-18-crown-6  ether, (C) by
amide bonds with glucosamine; (D)
by diamine-terminated oligomeric
poly(ethylene glycol); (E) octadecy-
lamine (ODA) functionalized CNTs
and {F) poly(m-aminobenzene sulfo-
nic acid) (PABS) functionalized
SWNTs. (G), left: supramolecular
wrapping with polymer; right: nonco-
valent scheme that involves m-stack-
ing of I|-pyrenebutanoic  acid
succinimidyl ester onto the sidewalls
of SWCNTSs. For details, see text



Charakterizacia a analyza CNT pomocou kapilarnej elektroforézy

CARBON
NANOTUBES SOLUBILIZATION

ELECTROPHORETIC
SEPARATION

Ref.: M. Valcarcel et al.: Anal. Bioanal. Chem. 382, 1783 (2005)



Sucasné a potencialne analytické vyuzitie CNT

Nanostruciures for
Reagent reservoir precancentration

Nanotubing Detector

component

ESSENTIAL COMPONENT OF NANO-DEVICES

FILTERS ANE SEPARATION
MEMBRANES Y SCIENCES
k - * SORBENT COMPONENT OF
- CHEMICAL SENSORS ¢ &
Stationary phase Pseudostationary
inGQe phase in CE

Ref.: M. Valcarcel et al.: Anal. Bioanal. Chem. 382, 1783 (2005)



Micelarna elektrokineticka chromatografia s CNT

® SOLUTE Y & SOLUTE 2 aw SOLUTE 3

Latka 1 interaguje ako ko-surfaktant, latka 2 interaguje na povrchu,
latka 3 interaguje na povrchu CNT

Ref.: M. Valcarcel et al.: Anal. Bioanal. Chem. 382, 1783 (2005)



Elektrochemické senzory na baze CNT

l AglhgCl

' PAMA
—|:|- ‘SWCNT [Si0Ox

Figure 3. Three configurations of CMNT integration in electro-
chemical sensors. (A} Use of individual CWNT: for AFM tips {left)
or individual SWOCMT omto a 5§ wafer substrate (right]. Si0x and
PrARAA are used as insulating lavers in which windows are opened
o expose the SWONT: (Bl elecirode surface modifiers: non-
ariented (leftl and oriented (rightl CWT configuration; and, [C)
composites with non-oriented  (lefll and  oriented {rightl CNT
configuration.

Ref.: A. Merkoci et al.: TRAC 24, 826 (2006)
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Highly ordered self-assembled carbon nanotubes



SWCNT SWCNT

O O DCC O O
e
So— F—c#  + NHCH)SH —— So—] p—cZ
HO OH NH(CH,),HN NH(CH,),SH
(b)
SWCNT

SWCNT

Au(111) Au(111)

Fabrication of aligned nanotube electrode arrays by self-assembly

Ref.: Z. Liu et al: Langmuir16 (2000) 3569.



note:«" ssDNA1
1o SSDNA 2
4 dsDNA

Schematic representation of the formation process
of self-assembling of dAsDNA-SWNTs



Schematic representation of DNA-mediated deposition of
SWNT between two gold electrodes
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CVs for 1.0 x 1073 M ascorbic acid (A), uric acid (B), dopamine (C) and

dopac (D) at different electrodes: (- - -) CPE; (...) CPE with 10% CNT;

(—) CNTPE.

Supporting electrolyte: 0.050 M phosphate buffer solution pH 7.40. Scan
rate: 0.100 V s,

Ref.: M. D. Rubianes, G. A. Rivas, Electrochem. Commun. 5, 689 (2003).



(A) CP electrodes (B) CNTP electrodes
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[c) E/fmV (c)

CVs for 1x1073 M potassium ferricyanide (a), 0.1x1073 M dopamine (b),
0.1x1073 M NADH (c) at CPE (A) and CNTPE (B), the CNT/oil ratio
60/40 (w/w). 0.2 M phopshate buffer (pH 7.0); scan rate, 100 mV/s.

Ref.: F. Valentini et al., Sensors Actuators B: Chem. 100, 2004, 117 (2004).
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EN vs AglAgCl

CVs of quercetin (a), rutin (b)
and quercetin plus rutin (c)

at GCE (A)

and CNTPE (B)

B—R buffer (pH 7.0),
concentration of each analyte:
1uM; E_,=0.0V;t  =300s;
scan rate = 50 mV/s.

Ref.: Xiang-Qin Lin, Sensors Actuators B:
Chem., in press.



Modifikatory elektrochemickych biosenzorov na baze CNT

Nanotube Combined/immobilized Determination References
MWNT-COOH DNA Specific hybridization [42]
MWNT B-cyclodextrin Uric acid [43]
MWNt 3-(mercaptopropyl)trimethoxilane Fluphenazine [44]
CNT Mineral oil Sulfide [45]
CNT Nafion/glucose oxidase Glucose [46]
CNT Teflon/alcohol dehydrogenase/NAD * Ethanol [47]

Ref.: M. Valcarcel et al.: Anal. Bioanal. Chem. 382, 1783 (2005)



Quantum dot

VA
<’Q’ Enzyme

Ref.: A. Merkoci: Microchim. Acta 152, 157 (2006)

Glucose

GIL_lconic
acid

Intercalator

Fig. 6. Schematics of various strat-
egies used to integrate CNTs in
electrochemical sensors. (a) Direct
electron transfer through the transdu-
cer and the redox centre (FAD) of
GOx via CNT. (Adapted from refer-
ences [90, 91]); (b) DNA detection
via labelling with CNT loaded with
enzymes. {c) DNA detection via la-
belling with CNT loaded with quan-
tum dots. (d) DNA detection via
labelling with CNT loaded with en-
zymes. (e) Immunosensing via anti-
body labelling with CNT loaded with
enzymes



Glukézovy biosenzor na baze CNT

g 4 . T
%ﬁ GOx Glucose solution

16 -
2
D
§._ = S
= @ = o
> =] E
= 8- o = —]
= = S 1 =
(5 o o
=] (1
=
4 L
=1 j 200 s
| 100 S a
} °
(1] - R
Time b Time c

(b) grafitovy kompozit, E = +0,90 V,
(c) CNT kompozit: 18 % MWNT, 2 % GOX, 80 % epoxyd, E =+ 0,55 V.

Ref.: A. Merkoci: Microchim. Acta 152, 157 (2006)
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Assembly of the SWCNT electrically-contacted glucose oxidase electrode

Ref.: F. Patolsky et al., Angew. Chem. Int. Edit. 2004, 43, 2113.



CNT-derived amplification of the recognition and transduction events

ALP g cNT e
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E (V)
A B C
A) Capture of the alkaline-phosphatase (ALP)-loaded CNT tags to the

streptavidin-modified magnetic beads by the DNA or antibody recognition
events; B) addition of the substrate and enzymatic reaction;

C) electrochemical detection of the product of the enzymatic reaction at CNT-
modified glassy carbon electrode.

Ref.: J. Wang, J. Am. Chem. Soc. 2004, 126, 3010.



Detekcia hybridizacie DNA

ution

> 1
NO3 4

. -0.5
Potential (V)

microplate

(c)

(a) dualna hybridizacia s vyuzitim CNT nabitymi s 500 Casticami
CdS, (b) rozpustenie CdS, (c) detekcia Cd na MFE/GCE.
P, —sonda 1, T — cielova DNA, P, — sonda 2.

Ref.: P. He et al., Microchim. Acta 152, 175 (2006)
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MWNTs-COOH modification

Enhanced electrochemical detection of DNA hybridization
based on the MWNTs—COOH constructed DNA biosensor

e \s

ssDNA

\/\_) E daunumvcm
—

hybridization mtercaﬁatmg

Ref.: H. Cai et al., Anal. Bioanal. Chem. (2003) 375, 287-293



Detekcia hybridizacie DNA s redoxnym mediatorom

TARGET DNA

HYBRIDIZATION

PROBE DNA

CPEN
CARBON
NANOTUBE

AS -
MOLECULAR
WIRES

Ref.: J. Li et al.: Nano Lett 3, 597 (2003)



Elektrochemicky ,,screen-printed* senzor (SPE)
a detekcia degradacie DNA

Aux

Work

Work - pracovna uhlikova elektroda (25 mm?) modifikovana
s 5yl 0,1 mg.cm=DNA

Ref - referencna elektroda (Ag/AgCI/SPE s potencialom
0,284 V vs konvenéna Ag/AgCl/3 mol.dm-3 KClI)

Aux - pomocna elektroda

Opakovatelnostt signalu [Co(phen);]** : RSD 12 % (n = 15).



Chemicka modifikacia SPE povrchu

Carbon nanotubes (MWNT) o.d. 40-60 nm, . 0.5-500 pum
1 mg MWNT / 2 ml DMF — slaba disperzia!
1 mg MWNT /2 ml 1% SDS
1 mg MWNT /2 ml 0.5 % CHIT in acetic acid

1 mg MWNT /2 ml 1 mM PPY in DMF



Layer-to-layer coverage (DNA /CNT / SPE

MWNT or (MWNT-SDS) CaA ‘ i ‘

Clerce oFE) MWNT/SPE or + | DNAIMWNT/SPE or
+ GNP (MWNT-SDS)/SPE DNA/(MWNT-SDS)/SPE
{} dsDNA
GNP/SPE DNA/GNP/SPE
(GNP-MWNT-SDS) %}{F%} o i +i i%}
(GNP-MWNT-SDS)/SPE —{%—{‘ DNA/(GNP-MWNT-SDS)/SPE

Ref.: R. Ovadekova et al., Anal. Bioanal. Chem., 2006.



Mixed coverage (DNA - CNT / SPE

Electrode (SPE)

MWNT or MWNT-SDS

ifim i

» | DNA-MWNT/SPE or

(GNP-MWNT-SDS)

DNA-(MWNT-SDS)/SPE

£4

DNA-GNP/SPE

1)

DNA-(GNP-MWNT-SDS)/SPE

Ref.: R. Ovadekova et al., Anal. Bioanal. Chem., 2006.
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SEM images of DNA/SPE (a), MWNT/SPE (b),
DNA/MWNT/SPE (c) and DNA-MWNT/SPE (d).



Multi-walled nanotubes (MWNIT)
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S £ Signal DNA markera
[Co(phen),J**

DNA/MWNIT/SPE 5,42 -132
DNA-MWNT/SPE 7,80 -140

Conditions: DPV,

5x10-7 mol/l [Co(phen),]**

in 5 mmol/l phosphate buffer pH 7.0,
120 s accumulation

Multi-walled nanotubes in sodium dodecyl sulphate (MWNT-SDS)

? I(uA) EmV)

0,38 -100

DNA/(MWNT-SDS)/SPE 3,20 -94
DNA-(MWNT-SDS)/SPE 7,42 -132
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Rychlostna konstanta disociacie dsDNA-[Co(phen),]**

DNA-GNP/SPE

DNA/SPE
' 200 300 400 & ., .
Time (s)

DNA-(MWNT-SDS)SPE

DNA/SPE

" 200 300 400 500

Time (s)

Disociacia merana v 5 mmol/l fosfore€nanovom timivom roztoku pH 7.0 po 60 s



Multi-walled carbon nanotubes (MWNT)

Signaly indikatora

20. Ek Ea AEp
- SPE -250 390 640 \V/ roztoku:
10, oA e e 1 mmol/l K;[Fe(CN)g]

Conditions: CV,

Multi-walled carbon nanotubes in sodium dodecyl sulphate (MWNT-SDS)

0.1 mol/l PBS pH 7.0,
scan rate 50 mV/s.

Ek Ea AEp

SPE -250 390 640

(MWNT-SDS)/SPE 60 175 115
DNA-(MWNT-SDS)/SPE -75 320 395
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450 - Concentration of berberine (ug mL™)
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Concentration of berberine (ug mL'l)

The berberine concentration dependence of the K;[Fe(CN)]; CV
peak potential separation (a) and cathodic peak current measured
at 57 mV (b) obtained at DNA-(MWNT-SDS)/SPE.

Sensors with DNA from U937 cells (---) and keratinocytes (__ )
were firstly incubated in berberine solution in 5 mM PBS for 10
min. under stirring. C is control without berberine. Condition: 1 M
Ks[Fe(CN)]; in 0.1 M PBS, pH 7.0, scan rate 50 mV/s.

Ref.: R. Ovadekova et al., Anal. Bioanal. Chem., 2006.
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Antioxidant effect of rutin on DNA damage evaluated by using
CV and EIS.

5 min incubation of calf thymus DNA/MWNT/SPE in a mixture of
1.0x10° M Fe?*, 2.5x10* M H,O,, 1.0x10-° M ascorbic acid and
rutin under with stirring



“Carbon nanofibers”

Prvykrat uvedene v r. 1889 (Hughes a Chambers).

Priemer 2 aZ 100 nm, diZka 5 aZ 100 pym.

Vysoka mechanicka pevnost, volitelné povrchove viastnosti,
velky povrch a dostupnost, nepritomnost mikroporov,
vynikajuca elektricka vodivost a absorbCna schopnost.

Typy CNF: platni¢kovy (a), ,Carbon nanofibers*
rybej kosti (b) a pasikovy (c). s priemerom 100 nm



Vyuzitie:

Aromatické molekuly ako hydrochinon, benzochinon a fenol
sa silne adsorbuju na material z uhlikovych vilakien s
dramatickym ucinkom na ich elektrochemické chovanie.

Kompozitné elektrody z uhlikovych nanovlakien maju
potencialny vyznam v elektroanalyze.

Ref: M.L. Pedano and G.A. Rivas, Electrochem. Commun. 6, 10 (2004)..



,Fullerenes*
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Proposed mechanism of cytochrome ¢ immobilization and
electrochemical reduction by C60-Pd polymer film modified electrode

Ref.: F. D’Souza et al.: Bioelectrochem. 66, 2005, 35-40.



,Nanoparticles"

Koloidné zlaté nanocastice: 3-20 nm
pripravené redukciou Au(lll)

Quantum dots — krystalické klastre
niekolko sto az tisic atobmov,

polovodivé materialy s 3 rozmermi v skale cca 10 nm
pripravene:
,pattern formation® (micelaciou surfaktantov),
termolyzou organokovovych zlucenin v horucom

rozpustadle,
cestou reverznych miciel (zmesi vody v oleji),
elektrochemickym vyluCenim.

Koloidna stabilita a bioanalytické skusanie vo vodnom
prostredi vyzaduju:
rozpustnost vo vode
zachytenie do micely



Metallic Nanoparticles: Applications in
Electroanalysis

N. S. Lawrence, H.-P. Liang

The field of nanoparticles has recently come to the forefront of
analytical research. The combination of nanoscale structures
coupled to the high electrocatalytic activity observed at a host
of metals makes them desirable sensing materials, to counter
problems of poor sensitivity and selectivity.

Ref.. Eftekhari (Ed.): Nanostructured Materials in Electrochemistry, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim, 2007.



A Metal nanoparticles

%5/ Nanoparticle modified
3 electrode and SEM
& image

Conductive substrate

Nanoparticle based M/\
mediator biosensor  __ vvww

along with the \—/
corresponding - G Qﬂ,

detection mechanism ﬁ

Ref.: N. S. Lawrence, H.-P. Liang, in press.



{a) Quantitation tags {b) Encoded substrates
L L] L]
ST S S L S e cect
E Pt Fluorescence PPy
Au -—w tagged
S g | @7 coce @@=
& 2 o O 2 8 33 - )
sFss 3 g s | A A
{c) Signal transducers {d) Functional tags
= T At e
& RF
. :”%ggg %Au?/ e energy - %@
§/ Se vy gy g %&
o _
L
g A
s Au—Au
— Au‘Au"ALI 23 — Al ey
e T
Au AU — - AU Ay
Cell Cell
Four formats in which nanoparticles can be divided in the field of Legend k
bioanalysis. (a) A hybridization assay in which a gold nanoparticle is % Flcrephersiqueantialicaiag)
used as a tag in a DNA sandwich assay. (b) A multiplexed assay, in | &+ Farticle
. . Encoded
which only one sequence is complementary to the sample and hence ® .-’A nanoparticles

fluorescent. (c) An assay in which gold nanoparticles undergo RS HE B CHstea Biels s
aggregation due to cDNA sequences bringing the nanoparticles into

close proximity. (d) The upper cartoon depicts localized heating of a Ref.: S. G. Penn, L. Hey, M. J.
single DNA sequence tagged with a gold nanoparticle, leading to Natan, Current Opinion in
selective dehybridization. The lower cartoon depicts a cellular assay in  Chemical Biology 2003, 7,
which only gold nanoparticles of a particular size can enter a cell. 609—-615
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Construction of multilayer Au-nanoparticle structures based on electrostatic interactions. The
first layer of Au-nanoparticles is attached to the glass-siloxane surface. The various layers are
then constructed using a positively charged cross-linker (step (i) in the upper figure). Cross-
linkers may be anything from a small molecule (e.g. C60) to other nanoparticles, but they must
bear multiple charges.

Ref.: A.N. Shipway, E. Katz, I. Willner, Chem. Phys. Chem. 1, 2000, 18-52
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Schematic diagram of the preparation of DNA modified electrode

Ref.: B. Jin,X. Ji, T. Nakamura, Electrochim. Acta 50 (2004) 1049-1055
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E/V vs. AgCl/Ag E/Vvs.Ag'/Ag

Cyclic voltammograms of Co(phen);3* adsorbed on DNA modified (6 nm
nanogold) electrode in aqueous and AN solutions.

Left: aqueous system with 50 mM NaCl + 20 mM Tris—HCI (pH 7.0), potential
scan rates v = 10, 20, 40 mV/s, reference electrode; Ag/AgClI.

Right: AN system with 50 mM TEAP, potential scan rates v = 10, 20, 40
mV/s, ref. electrode; 0.01 M Ag+/Ag. Dashed lines were obtained by using
gold nanoparticle electrode (without ds-DNA) instead of DNA modified
electrode under the same experimental conditions (v = 10 mV/s).

Ref.: B. Jin,X. Ji, T. Nakamura, Electrochimica Acta 50 (2004) 1049-1055
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Schematic representation of the electrochemical detection of DNA
hybridization based on platinum nanoparticles combined with MWCNT

Ref.: N. Zhu, Z. Chang, P. He,Y. Fang, Analytica Chimica Acta 545 (2005) 21-26
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Particle-based protocols for electrochemical detection of DNA. These assays involve the
introduction of the probe-coated magnetic beads, addition of the target/hybridization event,
magnetic removal of unwanted materials, binding of the metal and amplified electrochemical
detection of the dissolved gold (A), silver (B) and cadmium sulfide (D) nanoparticles. Me:
metal tag. Also shown are solid-state stripping (C) and multi-target (E) detection protocols

Ref.: J. Wang, Anal. Chim. Acta 500 (2003) 247-257



DNA-LINKED PARTICLE NETWORK

(Assembly of magnetic spheres / DNA hybridization
gold nanoparticles)

DNA-linked particle nanostructure assembly associated with the hybridization
of probe-coated magnetic bead and gold nanoparticle-conjugated target

Ref.: J. Wang / Analytica Chimica Acta 500 (2003) 247-257
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Schematic of the magnetically-induced solid-state electrochemical detection
of DNA hybridization. The assay involves introduction of the probe-coated
magnetic beads, the hybridization event (with the biotinylated target), capture
of the streptavidin-coated gold particles, catalytic silver deposition on the gold
nanoparticle tags, and positioning of an external magnet (M) under the
electrode to attract the particle—DNA assembly and solid-state
chronopotentiometric detection

Ref.: J. Wang, D. Xu, R. Polsky, J. Am. Chem. Soc. 124 (2002) 4208.
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Electrical detection of DNA hybridization using Au nanoparticle labels.
(a) Immobilization of capture probes in the gap between two electrodes.
(b) Hybridization with target DNA and Au nanoparticle-labeled detection

probe.
(c) Reductive deposition of Ag, creating a bridge that decreases resistance.

Ref.: Park, S. J., et al., Science(2002) 295, 1503
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Ref.: Kerman, K. et al., Anal.

Electrode Electrode Chem.(2004) 76, 1877
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Schematic representation of the
protocol used for electrical
detection of silver clusters
produced along the DNA
backbone.

From top: formation of a self-
assembled cystamine monolayer;
immobilization of ssDNA ‘probe’
through the 5’-phosphate groups of
ssDNA by the formation of
phosphoramidate bond with the
amino groups of the electrode
surface; hybridization of the
complementary target; ‘loading’ of
the silver ion onto the DNA;
hydroquinone-catalyzed reduction
of silver ions to form silver
aggregates on the DNA backbone;
dissolution of the silver aggregates
in a acid solution and transfer to
detection cell; stripping
potentiometric detection

Ref.: J. Wang et al., Electrochem.
Commun. 5 (2003) 83
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Electrochemical stripping detection of antigen using magnetic beads and Au
nanoparticle labels. (a) Immobilization of capture antibody on a magnetic
bead. (b) Binding with target antigen. (c) Recognition by detection antibody.
(d) Nanoparticle-catalyzed enlargement by Ag deposition. (e) Collection of
magnetic beads and the antibody-Ag complex using an external magnet. (f)
Stripping voltammetric detection of the collected Au/Ag nanoparticle label.

Ref.: Liu, G.-D., and Lin, Y.-H., J. Nanosci. Nanotech. (2005) 5, 1060



Quantum dots

Quantum dots (QD) are also nanostructured materials known
as zero-dimensional material.

A quantum dot is a location that can contain a single electrical
charge, single electron. The presence or absence of electron
changes the properties of QD and they can be then used for
several purposes, such as information storage or transducers
IN sensors.

They are semiconductor nanocrystals roughly spherical in
shape with the diameter of 1-12 nm.
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Figure 2. Growth of CdS QD nanoparticles in reverse micelles.
This technique exploits natural geometrical structures created by
water-in-oil mixtures upon adding an amphilic surfactant, such as
sodium diocty! sulfosuccinate (AOT). By varying the water content
of the mixture, it was shown that the size of the water droplets
suspended in the oil phase could be varied systematically.

Ref.: A. Merkoci et al., TRAC 24, 341 (2005)
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Figure 3. (a) Encapsulation of QDs in micelles; and, (b) QD-
micelle conjugation with single-stranded DNA (ssDNA). Cds QDs
can be encapsulated in the hydrophobic core of a micelle com-
posed of a mixture of n-poly(ethyleneglycol) phosphatidyl-
ethanolamine (PEG—PE) and phosphatidylcholine (PC).

Ref.: A. Merkoci et al., TRAC 24, 341 (2005)



Modifikacia CdS QD

(a)

Polymer coating

(b)

Figure 4. (a) A QD coated with a polymer modified with strep-
tavidin. A biotin-functionalized DNA is attached onto the surface.
(b) Schematic of a CdS QD that is covalently coupled to a protein
through mercaptoacetic acid by using ethyl-3-(dimethyl-amino-
propyl)carbodiimide) as a bifunctional reagent.

Ref.: A. Merkoci et al., TRAC 24, 341 (2005)



Table 1. Reported nanoparticle labels and analytical parameters of the assays developed

Nanoparticle Label connection Detection technique Hybridization DNA detection RSD Reference
fabel with DNA separate from  limits
detection
Au Au-SH-DNA DPV at pencil-graphite No 0.78 fmol/mL ~8% 371
electrode
Au Au-SH-DNA PSA and silver catalytic  Yes 150 pg/mL 7% [39,40]
enhancement at screen-
printed electrodes
Au Au-SH-DNA Conductivity at micro- No 500 ™M - [41)
electrodes
Au carried into PVC (Au) strep- PSA and silver catalytic  Yes 40 pg/ml 13% [45]
PVC beads tavidin-biotin-DNA  enhancement at screen-
printed electrodes
CdS QDs CdS NH-DNA EIS with gold electrode No 1.43 x 10710 M - [44]
CNTs loaded with CNT-CdS-strep- DPV at Hg-film electrode  Yes 40 pg/mL 6.4% [25]
CdS QDs tavidin-biotin-DNA
Au-Fe Fe-Au-SH-DNA DPV at Hg-film electrode  Yes 50 ng/mL 6.3% (43]
(core/shell)
CdS QDs CdS-SH-DNA PSA and catalytic Yes 20 ng/mL 6% [42]
enhancement with Cd at
screen-printed electrodes
CdS QDs CdS-SH-DNA Simultaneous detection  Yes 5 ng/mL 9.4% [46]
PbS QDs PbS-SH-DNA with SWV at Hg-fitm
ZnS QDs ZnS-SH-DNA electrode

spectroscopy.

PSA, Potentiometric stripping analysis; DPV, Differential pulse voltammetry; SWV, Square wave voltammetry; EIS, Electrochemical impedance

Ref.: A. Merkoci et al., TRAC 24, 341 (2005)
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Interfacial
charge transfer

Mechanism underlying the sensor response.
(Top) Formation of a layer of CdS—ODN nanoparticles on the PPY—ODN film

after hybridization.
(Bottom) Binding of unlabeled ODN probes to the PPY—ODN film.

Ref.: H. Peng et al., Biosens. Bioelectron 21 (2006) 1727-1736
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Multitarget electrochemical detection of DNA using QD labels.
(a) Introduction of probe-modified magnetic beads.

(b) Hybridization with DNA targets.

(c) Second hybridization with QD-labeled probes.

(d) Dissolution of QDs and electrochemical detection.

Ref.: J. Wang et al., J. Am. Chem. Soc.(2003) 125, 3214
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Biologické makromolekuly (NA, proteiny) nesu vo vodnych roztokoch naboj a
ich mozno detegovat pomocou kremikoveho "nanowire field effect device” s
vhodnymi receptormi na povrchu. Vyhodou je priamy prenos elektrického
signalu v realnom Case, vysoka citlivost a selektivita.

Princip merania s ,nanowire” senzorom spociva v merani elektrickej vodivosti.
Je] zmena zavisi od mnozstva DNA.



Nanowire Sensor

Electrodes
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Nanowires detect
biomarkers of cancer




"Nanopores”

Pri pohybe molekuly cez kanaly v membrane dochadza k charakteristickym
zmenam elektrickej vodivosti. Pomocou ,nanopoérov® v membrane sme
schopni detegovat zmeny v sekvencii jednovlaknovej (ss) DNA.



"Nanoshells™

Nanoshells

Nadoroveé
bunky

Zdraveé bunky

Vypnut Zapnut Infracervené svetlo
svetlo svetlo

Mftve nadorové bunky

NeporuSené zdravé bunky

Nanoshells

Zlaté ,nanoshells” (nanoobaly) okolo dielektrického jadra vykazuju opticku

rezonanciu, ktoru moézno kontrolovat pomerom hrubky obalu a priemeru
nanocastic.

Ag/Au (jadro/obal) nanocastice po tiolacii sa pouzili ako sondy pri hybridizacii
DNA.



"Cantilevers"

Proteiny

Protilatky

Ohnutie
"cantilevers"

"Cantilevers" (konzoly) su zodpovedné za difuziu analytu na vrstve senzora a
chemicku reakciu s vrstvou senzora. Ak je vrstva senzora vystavena analytu,
,cantilevers® odpovedaju mechanicky ohnutim sa.

Vlastna detekcia spocCiva v merani rezonancnej frekvencie. "Cantilevers"
zrychluju a zvysuju citlivost nadorovych testowv.



Nanoscale Cantilevers

Cantilevers detect
biomarkers of cancer




Optical detection
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Au nanoparticles as fluorescent quenchers. (a, b) Owing to the
conformation, the fluorescence labels are in close proximity to
the Au nanoparticles and their signals are quenched. (c) Upon
hybridization, the rigid double-helical DNA molecules ‘open up’
their conformation and fluorescence is restored.

Ref.: Maxwell, D. J., J. Am. Chem. Soc.(2004) 124, 9606
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Wavelength-and-intensity multiplexed detection of DNA sequence using QD-
loaded beads. The unique probe identification (ID) signal is used to identify
individual sequences, while the analyte signal is generated by an attached
fluorophore.

Ref.: Han, M. et al., Nat. Biotechnol.(2001) 19, 631



Au nanoparticles target cancer

P. K. Jain, |. H. El-Sayed, and M. A. El-Sayed

: Nanoparticles are generating great enthusiasm in
g medicine. Au nanoparticles, in particular, have

g immense potential for cancer diagnosis and

: therapy on account of their surface plasmon
resonance (SPR) enhanced light scattering and
absorption.

Conjugation of Au nanoparticles to ligands
specifically targeted to biomarkers on cancer cells
allows molecular-specific imaging and detection
of cancer.

Ref.. Nanotoday 2, 18 (2007)



SWNT-based multi-analyte

biosensors.

Nanotubes of a given (n,m) type

are surrounded by a specific

enzyme designed to interact with a

specific analyte. These enzymes

modulate the transfer of electrons

in and out of the nanotube,

- Analytes A and B thereby affecting the fluorescence

© © Enzymes 1 and 2 intensity. Each (n,m) type will give
a characteristic nIR fluorescence
with narrow band emission that
can be collected with a
multichannel detector.

(b) Deconvolution of the emission
spectrum by (n,m) type will then

83 enable simultaneous

measurement of the concentration

of each analyte.

(b)

Intensity

006" 80005000 10000 17000 Ref.: Kirk J. Ziegler, Trends in
Emission frequency (cm-") Biotechnology 23 (9) 2005
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Ref.: J. M. Costa-Fernandez et al., Trends Anal. Chem. 25, 2006, 207.
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Schematic illustration of a typical synthesis process and surface-modification of

a luminescent QD based on the use of CdS as precursor.
TOP: trioctylphosphine; TOPOQ: trioctylphosphine oxide; HPA: hexylphosphonic acid.

Ref.: J. M. Costa-Fernandez et al., Trends Anal. Chem., 25, 2006, 207.



e, . FRET Quenching Schematic diagram of the
quantum-dot based FRET
maltose sensor.

QDs conjugated to around 10
maltose-binding proteins
(MBP) function as the FRET
donors. Non-fluorescent dyes
bound to a cyclodextrin serve
as the acceptors and in the

i HSI:E;E absence of maltose are filling
the protein binding sites
24- % - resulting in a quenching of the
6‘0,,5,, = - luminescence. When maltose

IS present, it removes the

K cyclodextrin (CD)-dye

@ complex and the fluorescence
IS recovered.

1,

Ref.: J. M. Costa-Fernandez et al., Trends Anal. Chem., 25, 2006, 207




Mikro/nano elektrody

Vyhody:

Ustaleny difuzny tok vysokej hustoty
*Mala kapacita elektrickej dvojvrstvy
*Malé mnozstvo indiferentného elektrolytu
*VVysoky pomer signalu a Sumu

Nevyhoda:
*Mala hodnota prudu

— Zoskupenie do suboru IDA (interdigitated array)

o/berna ucinnost’
*Redoxnée cyklovanie



Fabrication of Nanopatterned Electrodes
Y. H. Lanyon and D. W. M. Arrigan,

Tyndall National Institute, Lee Maltings, University College,
Cork, Ireland

The development of ultrasmall electrodes for various
applications, including sensing and electroanalysis, is of
interest because of the enhanced sensitivity which is obtained
(enhanced mass transport) together with the opportunity to
place more nanoscale devices within a sensor array footprint.

Furthermore, the drive to emulate the biological nanopores
used in nature for transmembrane ion transport provides
challenges in device construction.

Ref.: Eftekhari (Ed.): Nanostructured Materials in Electrochemistry, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim, 2007.



Lithographic methods such as electron-beam, focused ion
beam and nanoimprint lithography for the preparation of
individual nanoelectrodes or nanopores as well as arrays of
these are reviewed.

The fabrication of nanoelectrodes below the 10 nm scale is
increasingly more difficult to prepare reproducibly, hence the
fabrication of nanogap electrodes has become a promising
alternative in approaching the dimensions of the single
molecules they are designed to detect.
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Use of negative nanoimprint
lithography (N-NIL) for preparation
of nanoelectrodes

(a) silicon substrate precoated with a
metal film and a thin poly-
methylmethacrylate (PMMA) film
IS spin-coated on the metal;

(b) after imprinting, the stamp pattern
is replicated in the PMMA film;

(c) residual PMMA in the trenches is
removed by reactive ion etching;

(d) the exposed metal film is
dissolved with wet etchant;

(e) metallic nanostructures after lift-
off of residual PMMA;

(f) a second metal is deposited using
a PMMA pattern as a mask;

(g) the bimetallic nanostructures
which result, after removing
PMMA.

Ref.: L. Jiao et al., Nanotechnology, 2005, 16,
2779-2784.
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Figure 7. Voltammmetric characterisation of selected nanopore celectrode arrayvs using

1 m™N FeCOOH in PBS. The imnmfluence of increasing nanocelectrode numbers on the CW
response at 5 mV s ! based on arrays with pore radii of 225 nm. Reprinted with permission
trom Arafviical Chermistry, 2007 12001 10.1021/acO61878x. Copyright 2007 American
Chemical Society .
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Nanoelectrode-based approach to functional lipid vesicles
(FLV) immunosensing.

(1) N-(10,12-pentacoasdiynoic) acetylferrocene (Fc-PDA); (2)
1,2-dioleoylphosphatidyl-ethanolamine-N-caproly-amine (Cap-
PE); (3) streptavidin;

(4) biotinylated capture antibody; (5) target protein.

Ref.: Langmuir 2005, 21, 6025-6029.



Nanotechnology: Assessing the Risk

Nanotechnology is seen as a transformative technology,
which has the potential to stimulate scientific innovation while

greatly benefiting society.

However, the enthusiasm with which the scientific and
technical communities are embracing the technology is being
tempered by concerns over possible downsides, including
risks to human health.

“Are these concerns valid?” is a question being asked by
many, but frequently from differing perspectives. Given the
iIncreasingly complex interface between nanotechnology and
society, relevant answers will be built on solid science and
framed within a societal context.

Ref.: Andrew D. Maynard, Nanotoday 1, 2006



Available online at www.sciencedirect.com
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Toxicology of carbon nanomaterials: Status,
trends, and perspectives on the special issue

This lead article draws from the ten contributed articles to
discuss overall status, trends, and research needs in this new
fleld. Common themes in the contributed articles are
highlighted and a special appeal is made for collaboration
between toxicologists and materials scientists in the joint
development of “green” nanomaterial formulations - those
cooptimized for function and minimal health impact.

Ref.: Robert H. Hurt, Marc Monthioux, Agnes Kane, Carbon 44 (2006) 1028—-1033
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Uéinok SWNT (single wall nanotubes) na respiraény
systém

Warheit D.B.: Nanoparticles: Health impacts? Materialstoday 2 (2004)
32-35
e Suspenzia nanocastic bola vpravena do pluc mySi a potkanov cez
tracheu. Davka 5 mg/kg spdsobila smrt’ zvierat.
« SWNT vytvorili agregaty, ktoré blokovali respiracny trakt.

Renwick L.C., Brown A., Clouter A., Donaldson K.: Increased
Inflfammation and altered macrophage chemotactic responses
caused by two ultrafine particle types. Occup. Environ. Med. 61
(2004) 442-447
« SWNT spbsobili zapal pluc potkanov.

« Zaviselo vsak od velkosti samotnych nanocCastic ako aj od sp6sobu
podavania. U potkanov, ktoré inhalovali SWNT samovolne nebolo
vyrazne dokazané zhorsenie zdravotného stavu.



Uéinok SWNT na pokozku

Shvedova A.A., Castranova V., Kisin E., et al.: Exposure to carbon
nanotube material: Assessment of nanotube cytotoxicity using

human keratynocyte cells, J. Toxicol. Environ. Health Part A 66
(2003) 1909-1926

SWNT vyvolali zapal koznych buniek v kulture in vitro.
Tieto zavery vSak nie je mozné aplikovat in vivo, pretoze SWNT sa
nedostanu ku koznym bunkam (keratinocytom). Nie su schopné

prekonat bariéru, ktora je tvorena odumretymi bunkami na povrchu
koze.

Smart S.K., Cassady A.l.,, LU G.Q., Martin D.J.: The biocompatibility of
carbon nanotubes, Carbon 44 (2006) 1034-1047

Nepurifikované CNT spobsobovali urCity stupen toxicity in vivo aj in
Vitro.

CNT v pritomnosti kovov tak isto indukovali urCity stupen poSkodenia.
Purifikované CNT aj pri vySSej koncentracii nespdsobovali
poskodenie in vivo ani in vitro.



Available online at www.sciencedirect.com
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Carbon nanotubes as nanomedicines:
From toxicology to pharmacology

L. Lacerda, A. Bianco, M. Prato, K. Kostarelos

Most of these applications will involve the administration or
implantation of carbon nanotubes and their matrices into
patients. The toxicological and pharmacological profile of such
carbon nanotube systems developed as nanomedicines will
have to be determined prior to any clinical studies undertaken.

Ref.: Advanced Drug Delivery Reviews 58(2006)1460— 1470
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Applications of carbon nanotubes in drug delivery

A. Bianco, K. Kostarelos and M. Prato

Carbon nanotubes (CNT) have emerged as a new alternative
and efficient tool for transporting and translocating therapeutic
molecules. CNT can be functionalised with bioactive peptides,
proteins, nucleic acids and drugs, and used to deliver their
cargostocells and organs. Because functionalised CNT display
low toxicity and are not immunogenic, such systems hold great
potential in the field of nanobiotechnology and nanomedicine.

Ref.: Current Opinion in Chemical Biology 9 (2005) 674 — 679



Targeted nanoparticles for
cancer therapy

Omid C. Farokhzad et al.

The increasing interest in using nanoparticles for
cancer therapy has led to the development of
smart targeted nanoparticles. These can deliver
drugs at a sustained rate directly to cancer cells
and may provide improved efficacy and lower
toxicity.

Ref.: Nanotoday 2, 14 (2007)



Magnetic nanoparticles for
drug delivery

Jesus Santamaria et al.

Magnetic nanoparticles show potential for drug
delivery by combining a magnetic core and a
suitable coating for drug loading. This review looks
at the problems and recent advances in their
development.

Ref.: Nanotoday 2, 22 (2007)



Zaver: Trendy vyvoja

Nanomaterialy / nanostruktury

 CNT: zavislosti struktura - topologia - vlastnost

» fyzikalna a chemicka modifikacia CNT

e samo-organizacia CNT s molekulami DNA

* nové uhlikové materialy

e nové anorganické nanorurky (Au, MoS2, WS2, ZnO, ZrOz2,
WO3, Fe7Ss, etc.) a nanodroty (Ga203, SisN4, atd’.)

* nanocastice (Au, kovove clustery, magneticke Fe oxidy)

 porezny silikagel - porous silicon (schopny emisie svetla)



Nanopripravy
(fotolitografia, vyluCenie tenkych filmov, tvorba nanodrétov, atd.)

e interdigitované elektrodove subory (arrays) v nano-skale
» cantilewers, subory cantilewers
* intergracia v ramci bioCipov
* DNA subory zalozené na nanocasticiach,
* DNA ako templat pre spontanne subory (nanodroty)
- klastre kovovych Castic
- vodive polymery (polyanilin)
- polovodiveé nanokrystaly
Aplikacie
* bezreagentove (bio)senzory s ultranizkym DL (hybridizacia DNA)

* merania v individualnych bunkach, “drug delivery”
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Nanogénova prestupova vrstva je
rozhranie medzi povrchom mikrocCipu

Nanogénovy polovodic testujuci DNA a biologickym prostredim

Miniaturizacia objemneho l|aboratorneho zariadenia a jeho integracia do
jednotliveho mikroCipu.

Nanogen zahrna elektronicku separaciu buniek, elektronicky transport
vzorky, elektronicky urychlenu hybridizaciu DNA a elektronicku denaturaciu
DNA.

Vyuziva sa na urCenie mnozstva oligonukleotidovych hybridov s réznymi
vazbovymi silami (vratane uplného porovnavania a zistenia jednobazovych
nezhod) a na vylucCenie nehybridizovanej DNA.



DNA-based nanodevices

Tim Liedl, Thomas L. Sobey, and Friedrich C. Simmel

DNA plays an increasingly important role as a
building block for nanoscale materials and
devices. Possible applications of DNA-based
nanodevices include nanoscale motors and
actuators, and novel biosensors.

Ref.: Nanotoday 2, 36 (2007)



Functional devices from DNA and proteins

Christof M. Niemeyer

Natural proteins and synthetic nucleic acid building
blocks can be combined to produce nanoscale
functional devices. These semisynthetic DNA-
protein conjugates can be used in the
biofunctionalization of planar surfaces for micro-
and nanoarray technologies.

Ref.: Nanotoday 2, 42 (2007)



