Nano-Bio-Sensing Summer School Lausanne, July 1st, 2009
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What is Nanotechnology?

“Biology is not simply writing
information; it is doing something
about it. A biological system can

be exceedingly small. Many of

the cells are very tiny, but they
are very active’

Blo-msplred §Q; RP-Feynman

Plenty of Room at the bottom, MIT lesson, Dec. 1959

S.Carrara, EPFL Lausanne
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The Motlvatlon
1()0 000 $ (machinery)
(O 11,000 $ the single p-array

50 $ (machinery)
0.05 $ the single strip

EEH Bayer HealthCare S.Carrara, EPFL Lausanne

(Switzerland) >




The Motivation

0.08 $/mm-2the single on-board CMOS biio;chip

S.Carrara, EPFL Lausanne
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Point-of-Care in Personalized Therapy

New systems for Drugs Monitoring in personalized thetapies
are an important frontier challenge
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Which are the building blocks?

“the science of objects with
smallest dimensions ranging
from a few nanometers to less
than 100 nanometers”

G.M.Withesides

Small 1(2005) 172-179

S.Carrara, EPFL Lausanne
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Building blocks under 100 nm size

OJBECT

TYPICAL SIZE

Cell

10 micron

Bacteria

2 micron

Chromatid

Proteins

Virus

Nanotubes

Length =micron, Thickness=10-50 nm

Nanoparticles

3-15 nm

DNA

L =2m, Thickness =2 nm

Simple molecules

2nm

S.Carrara, EPFL Lausanne
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The proteins size
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How nano?

1D: Quantum wells
/ Molecular Mono-
Z—nm

Multi-layers

y—nm ‘
17 2D: Quantum wires
1 25nm Carbon Nanotubss

l y—nm

X—nm /’T 3D: Quantum dots
z—nm Vletallic and semiconcucting

Nanoparticles

The dimension drives the phenomena

S.Carrara, EPFL Lausanne
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How nano?

1D nano regions: Quantum well

A—

3D nano regions: Quantum ¢

2D nano region: Quantum wire
polyrmer’'s layers + Caroon Nanotuoes
Protein’s layers + rmetallic nanoparticles

Aracniclate layers + semi-conducting nanoparticle:

The dimension drives the phenomena

S.Carrara, EPFL Lausanne
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Examples of Nano-Bio-sensing?

DNA biosensors enhanced by 1D
nanostructures.

Enzymes biosensors enhanced by 2D
nanostructures.

Enzymes biosensors enhanced by 3D
nanostructures.
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1-D Nanostructures for DNA
detection

Surface Wettability

Surface Electrical Properties

S.Carrara, EPFL Lausanne
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Electrochemical Interface

POSITIO

Ion planes are formed at the interface when
electrodes immersed in solution are polarized

S.Carrara, EPFL Lausanne
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Electrochemical Interface

@@ ®°'SPLAcg§w.@m@N

Ion planes are formed at the interface when
electrodes immersed in solution are polarized
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The DNA Detection Principle

DNA molecules
Applied

voltage
(e.g. V<0)

ELECTRODE

'lons
displacement

Unlabeled ssDNA may be detected with capacitance

measurements as due to charge displacement

S.Carrara, EPFL Lausanne
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Current Based Capacitance

Measurement (CBCM)
e i(t)y=1, +i.()
1

ic(f)

I 1 TJ/}
[,,.="%+ i.(t)dt
2T | _I

Method for a precise Capacitance measurement
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Liquid Measurement set-up

AE P i

Chip.is glued on a PCB

gies

SR152158 5815213

Intineon

Issnnoly

D el el et

4108|5331 20

Fluidic cell

Output PCB pads Bonding wires

Two different
Chambers
ImmX1lmm
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The problem of time instability

= Avarage of funchonalzed poid elecirodes
B rimutes of = Average of gold electrodes
méaasuramenis
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Tune [mm]

al et 8. Carrara, [FEF J Solid Stare Circur 41 (2006) 2956-2964

Capacitance variation during DNA hybridization
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The problem of time instability

40
Tirne {min)
(closed circle), and 1.0V for hybridization (open circle), as a function of
lime,

A. Macanovic / Nucleic Acids Research, 2004, Vol. 32, No. 2

Detection of DNA sequences by using peptide nucleic acid as
probe molecules immobilized on Silicon with silane linkers

S.Carrara, EPFL Lausanne
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The problem of
largely scattered data points
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Fig. 5. A twpical mesponse signal for an electrode with self-assembled
CMV-5H upon mjection of a CMV sample al a concentration of
- | ; _ s s .
10 " maolecules ful. The carrier was an aquecus solution conlaining
0.9 /L sodivme-azide, 0.5 g/L Tween 20 at a Oow rate of 0.5mL /min

C. Berggren et al. Electroanalysis 1999 11, No. 3

Capacitance variation during DNA hybridization
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The problem of large errors in detection

@ gald sleciredefunclianalized slecrode
W gold elecirode-funclionalized elecirode afler a-3pecilic reaction

5 Ogold alecirede-functionalized slecirode aftar specific reaction

al, et 8 Carrara, [FEF JSolid State Crirewe 41 (2006) 29562964

The Average Capacitance Drift in time

Results 1n a too large standard deviations on the DNA deteciion

S.Carrara, EPFL Lausanne
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How to understand the reason

of the time instability?

Targets anc
hybridized ¢

e

1 10 —
Z CPE —
Frequency [KHz]

CPE parameters | Bare electrode | DNA Probes | DNA Target
R(GQ) 45 177 177
X(GO) 123 837 970

8. Carrara er al, Sensors and Transducer Jowrnal 76 (2007) 969-977
T}ﬁmvgeénan@tﬁraaathwwmmp ﬁ&@h@ﬂ@)@ﬁfﬁ?ﬁ%mﬂw@e@
Capacitance bellaﬁguﬁNtAhﬁllLa e 1a_y gfaﬁ lwél&h 6he solution sample

S.Carrara, EPFL Lausanne
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Charge transfer pathways
through the probe layer

sport through nanometer size layer ag

The frequency and time dependence of the Average Capacitance
are similar to those observed on| clean electrodes

S.Carrara, EPFL Lausanne
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Co-immobilized Thiols as Pathway Blockers

r apertures of direct access of the bar

ol

[~ OH OH OH _

BH GRSH 6o 6B G GH GHSEGH 6o GH BB G 65 SHEH 6B

I

Repelling molecules may be used to improve the mterface
behavior of Hybridized DNA mono-layers
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Improved insulating behavior

Current / pA

. Berogren et al. Electroanalysis 1999 11, No. 3
Redox reaction of K3Fe(CN)6 on gold electrode (a),
ss-DNA onto gold (b) and ss-DNA + 1-dodecanethiol onto gold (€)

S.Carrara, EPFL Lausanne 75
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Further Thiols as Pathway Blockers

r apertures of direct access of the bar

ol

[~ OH OH OH _

H sH3H i GH GG GESESH Gi G BF 6o Gi) SHEH 6

I

Other repelling molecules may be used to improve the interface
Behavior of Hybridized DN A mono-layers
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Lipa-DEA blockers

N,N-bis(2-hydroxyethyl)-o-lipoamide (Lipa-DEA) may be uised
as more efficient blocking agents

S.Carrara, EPFL Lausanne
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ssDNA Mono-layers with
o) [o] e

Mercapto-Hexanol
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Monolayer of ssDNA with blocking agents st111
present deep groves crossing the film
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Improved Capacitance Stability
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Capacitance [nF]
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Increased stability by using Lipa-DEA as blocking agent
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Improved surface for capacitance detection

o ways of direct access of the bare gc¢

NH, NH, NH, NH., NH, NH, NH., NH, NH, NH,
COOH COOH COOH COOH COOH COOH COOH COOH COOH COOH

—
S HEBHEEEE

Highly packed thiols monolayer may be used
to improve the DNA detection capability

S.Carrara, EPFL Lausanne
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Ethylene-Glycol Blockers

9 9 gevelgped 0V VL VA

Just entered the market in 2008

1) EDC, NHS
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Covalently linked by using Ethylene-Glycol
carboxyl lerminated alkyl Thiols
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Ethylene glycol Mono-layers

5 Carrara et al. / Surface Science aoc (2009) aoe=xoo

AFM corrugation [nm]
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Monolayer of alkanethiols with ethylene-glycol chains
does not present deep groves crossing the film
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Improved Capacitance Stability

Thiols without glycole segment

e e

Thiols with glycol segment

capacitance[nF]

(o2}
o

a
o

N
o

Capacitance [nF]
w
o

\S]
o

Increased stability by using Ethylene-Glycol thiols
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Improved insulating behavior

90

65 (b)
40
15 (©)

-10 .
0250 0 0.250 0.750 ()
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5. Carrara et al. / Sensors and Actuators B 136 (2009) 163-172

Redox reaction of K3Fe(CN)6 on gold electrode (a),
non-EG-thiols film (b) and EG-thiols film (¢)

S.Carrara, EPFL Lausanne
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Improved DNA array
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S.Carrara et al. / Sensors & Transducers Jowrnal 88 (2008) 31-3¢

Capacitance vs frequency of NHz-terminated ss-DNA
immobilized onto EG-Thiols precursor layer
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Why the EG-Thiols improve the

e H5.ssDONA-probes NH-55DNA probes iy
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5. Carrara et al. / Biosensors and Bioelectronics xxx (2008 ) xoo—xxx
DNA detection based on ss-DNA-SH terminated directly immobilized
onto gold and ss-DNA-NH2 terminated immobilized onto EG-Thiols
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Space filling of the EG thiols
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Chapman et al./ Langmuir, Vol. 16, No. 17, 2000
Space filling molecular model illustration of EG-thiols film presenting
a 1:1 mixture of -CON(CH2CH2O)nH (n ) 1, 3, or 6)
and O2H/CO2- groups.
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Water Adsorption in thin films

A

Average corrugation]
N
M W

organic molecule scan
o velocity

mesured comugation

Relative environmental humidity
Carrara et al. / Langmuir, Vol. 16, No. 16, 2000 (%]

shell
L7 water mo ecures

90 T
80 -
70
60 ; |
0% 50%, 100%,
Relative Humidity [%]

Film Water adsorption on alkyl thiol film chains
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Water Adsorption in thin films

OH-terminated

Helix ‘ zig-zag

Cross- [ g Cross-
section —“h section
21.3 A= o Ox 17.1 A°

Harder et al. /J. Phys. Chem. B, Vol. 102, No. 2, 1998

Molecular conformations driven by terminal groups in EG-thiol$

S.Carrara, EPFL Lausanne

(Switzerland) Sk




Water Adsorption in thin films

Figure 7. 20 water molecules form three adsorption layers on a
hexago cluster of a helical OEG film with lattice constant 5 A

water, e stabilify of the water mferfac )
prevents proteins and other molecules from adsorbing irrevers-
ibly on the OEG surface.

Water adsorption and Molecular conformation
in EG-thiols Film

S.Carrara, EPFL Lausanne
(Switzerland)




Water Adsorption in thin films

for probes binding

1) EDC, NHS

OH-terminated
—

“:‘E 'l l

] u
HO, & _.-* i i 2 ..'_:|1 oM
LH S oM ”‘“ 'ﬂ“ o

hellcal gonformat’lon helrg:al eonformatlon

J
¥ ] r~-" ) 1
- - ]

—

Covalently linked by using three-glycol
carboxyl terminated alkyl\Thiols

S.Carrara, EPFL Lausanne
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Water Adsorption in thin films

Mass change | # of water molecules/EG-molecules

- , 2
0.14 ng/mm=

The estimated mass changing correspond to 16 water molecules each ethvlene-glveol alkanethiol.
Up to 7 water molecules for each organic molecules mav be fund in dried alkv] chains film (Carram
et al. 2000). The other water molecules are stronelv coordimated bv ethvlene-clveol chains in our
film

5. Carrara et al. / Biosensors and Bioelectronics xxx (2008) a0

QCM measurements on dried EG-thiols film
conditioned with water buffer

S.Carrara, EPFL Lausanne
(Switzerland)




Examples of Nano-Bio-sensing?

Antibodies and DNA biosensors enhanced
by 1D nanostructures.

Enzymes biosensors enhanced by 2D
nanostructures.

Enzymes biosensors enhanced by 3D
nanostructures.

S.Carrara, EPFL Lausanne
(Switzerland)




2-D Nanostructures for
Enzymes bio-sensing

Surface Polarization
Surface charging

Electron Transfer Efficiency

S.Carrara, EPFL Lausanne
(Switzerland)




Graphene Single-Walled Multi-Walled

(sp? hybridized) Nanotube Nanotube
(SWCNT) (MWCNT)

Courtesy: K. Banerjee/California Univ. Ca SWCNT MWCNT

>1x10°
Max current density (A/cm?) <1x10/ Radosavljevic, et al.,

Phys. Rev. B, 2001

3000
Thermal conductivity (W/mK) 385 Higue?m_; Kim, et al.,

Phys. Rev. Let.,
Phys. Rev. B, 1999 2001

25,000
Mean free path (nm) >1,000 Li, et al.,

@ room temp n?ﬁg”ﬁgbgt ‘1,1{';” o Phys. Rev. Let, 15
; st 2005




Electron Transfer Mediated by
2D nanostructures

Redox Mealecule

_ = 'r T Y P, q & » .:' * " -
r =i 2 i = 2 :
= "””] SO0 OO0 Carbon Nanotubes

Carbon Nanotubes may be used 1n
Electrochemical Interfaces

S.Carrara, EPFL Lausanne
(Switzerland)




Redox reactions from Voltammetry

Oxidation Potential

FvD
i(0.1) o< nFAD| "2

Randles-Sevcik equation -/,
C(0,¢
0 cas

Oxidation peak

Peak current

% — ' r

Standard Potential

Reduction peak Reduction Potential

E-p XL ll{ Cr (U’I)]
Nernst equation nF | C,(0,¢)

S.Carrara, EPFL Lausanne
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Redox reactions from Amperometry

[3C1] Linear diffusion equation
J AICCLD) _ , 9Cnn)

ot ox”

Boundary conditions

C(x,0)=C,
limC(x,t) = CO

X—>00

C(0,1)=0,1 — oo

Cottrell equation

— 171D

, nFAD ' (C(x,t
1(x,1) 3= (51)

> C(x,t) 72.1/2t1/'4

S.Carrara, EPFL - Lausanne
(Switzerland)




Carbon Nanotubes contribute
to Redox Reactions Efficiency

Nernst equation

=g - R CR(O’t)\y
nk CO(O,I)/

I mm  Randles-Spvcik equation

FvD
i(O,t)oanAD(n v
RT

j C(0,1)

Cottrell equa‘icn

nFAD"{C(x,1)

1121/
T 1

i(x,1) =

S.Carrara, EPFL - Lausanne
(Switzerland)




Nernst Effect on Electrochemical H,O,
detection with Nano-structured Electrodes

Cyclic Voltammetry of Hy O

—without MWCNT
—With MWCNT

__—\-.___

0.2 0.4 0.6 0.

:/

<
==
b
c
o
L
=
O

-100 -
Potential (V)

The peak potential 1s shifted toward lower potentials in case
of electrons-transfer is mediated by carbon nanotubes

S.Carrara, EPFL Lausanne
(Switzerland)




Carbon nanotubes contributions to
Surface Concentration and Layering

Nernst equation

s

nkF

S.Carrara, EPFL - Lausanne
(Switzerland)




Poly-(ortho)-anisidine (POAS)

polyaniline derivatives have not
organized films, as it was shoy

Ram M.K., et al., Synthetic Metals 100(1999) 249-259

2000 4000
Z'(ohm)

Nyquist impedance diagram of a POAS film. Experimental data
are showed by boxes. Data are acquired in the frequency range
from 100 mHz up to IKHz. The solid line shows the best fitting

S.Carrara, EPFL Lausanne

(Switzerland) =




Conducting Polymer + Carbon Particles

4000

POAS |POASHCE

3500 R1 [$2] 46 6
R2 [52] 3165 269
3000 - Cd [uF] 327 23.3
¢ [$2Hz"] 353 252

—~ 2500 Cpe [I0Hz%] 0.57 043
E o[n.p.] 0.207
S 2000 -
N 1500
1000 .
. ° Charge transfer resistance
500 - o .
coherently decreases with
0 | | | the Lundberg Theory of
0 1000 2000 3000 4000 . R
conducting mixtures
Z'(ohm) B.Lundberg, B.Sundgvist /J Appl. Phys 60 (1986) 1074-1079

Nyquist impedance diagram of a POAS film. Experimental data are showed by
boxes. Data are acquired in the frequency range from 1KHz down to 100mHz.
The solid line shows the best fitting

S.Carrara, EPFL Lausanne
(Switzerland)



Conducting Polymer + Multi Walled CNTs

POAS+HNT

R1 [£2] 173
R2 [£2] 50
Cd [uF] 117.1
o [2Hz"] 215
Cpe [10~°Hz"/52] 1168
o [n.p.] 575

Pure electrostatie attraction
in the double layer and
faradic reaction are
responsible for the super-
capacitance phenomena in
Carbon Nanotube

structures
FPan et al., Chem. Mater., Vol. 19, No. 25, 2007

& Carrara et al, Sensors and Actuators B: Chemucals 109 (2005) 221-226

Nyquist impedance diagrams of a POAS film synthesized with Carbon Nangtubes.
Experimental data are showed by boxes. Data are acquired in the frequency range

from 1KHz down to 100 mHz. The solid line shows the best fitting

S.Carrara, EPFL Lausanne

(Switzerland) o




Cottrel Effects on H,O, detection with Nano-
structured Electrodes

+ Bare electrode
= Nanostructured electrode

—
(&)
!

sensitivity = 51.9 uA/mM cm?

A

—
o
!

~
<
=
~
=
<
B
P
=]
o

~ 75 times more!!!!

sensitivity = 0.7 uA/mM cm?2

é 3 4
[H202] (mM)

S.Carrara, EPFL Lausanne
(Switzerland)




Peroxide Detection

TABLE 1
SENSITIVITY VALUES FROM LITERATURE

Methods Sensitivity
Au-Nafion®)- TNTs [11]
Polypyrrole - polyanion/PEG [12]
MWCNT-chitosan [13]

chitosan/PVI-Os/CNT [9]
2 order of magnitude!!!

9] X. Cui, Biosensors and Bioelectronics, vol. 22, pages 3288-3292, 2007

‘ang, Nanotechnology, vol. 19, page 075502, 2008

The peroxide detection 1s highly improved
by using carbon nanotubes

S.Carrara, EPFL Lausanne
(Switzerland)




P450 tor Drugs Monitoring

From electrode N
NADPHER* )

Drugs detection ! \

Cytochrome
P450 2B4

NADP

H-O-H

more soluble
R-OH  Oxidized form then

faster secreted



An improved P450/Electrode coupling
by Ballistic Nanotubes

¢

‘ LUMO

S.Carrara, EPFL - Lausanne
(Switzerland)




Nernst Effect

<
e
-
=
@
—
—
=
Q

— P450 2B4
s S CINT
—?WCNT + P450 2B4

-200 -400 -600 -800
Potential (mV vs Ag/AgCl)

A shift in the Peak Potential 1s observed when the P450
Activity 1s mediated by Single Walled Carbon Nanotubes

S.Carrara, EPFL Lausanne
(Switzerland)




Layering affects total Charging
/ Effects of CNT on total current of screen printed electrodes \

O SW CNT + P450 2B4

-
(=]
1

B MW CNT + P450 2B4

o m
(=]
1

O Mo CNT + P450 2B4

SR I
l

[ I
=]
1

3)
3
o
g
[
E
S 4
£
E
-
K]
=

=]
1

L]

Tenth World Congress on hinsensn
Shanghai - May 14,16 2008
Different Total Charges as calculated from Cyclic

Voltammetry with electrodes not structured and structured
by using SW or MW Carbon Nanotubes

S.Carrara, EPFL Lausanne
(Switzerland)




Randles Effect

Figure 1

250
200 - (3)
A

rfent enhancement |

= 100 | (

20

0 -

50 4
S.Carrara, et al., Biosensors and Bioelectronics 24 (2008) 148-150
|

0 02 04 0.6 0.8
E vs Ag/AgCIHIV

The Peak Current 1s larger when the P450 Activity 18 mediated
by Multi Walled Carbon Nanotubes

S.Carrara, EPFL Lausanne
(Switzerland)




a
_ - - -7
BIOSENSOR CHIP ARRAY

al. et 5. Carrara / Biosensors and B s J (o]

Concentration of Cholesterol/uM

S.Carrara, et al., Biosensors and Bioelectronics 24 (2008) 148-150

The Sensitivity 1s enhanced when the P450 Activity 1s mediated
by Multi Walled Carbon Nanotubes

S.Carrara, EPFL Lausanne
(Switzerland)




Oxidases based detectlon
Ne WOIK _l o IDl€

Q ] ]

utararte, or .

Product
e ®

Oxygen peroxide . Oxidase
@ Amperometric

S.Carrara, EPFL Lausanne
(Switzerland)




Glucose detection by Oxidase and CNT

I’H
le WW%

0.5 mM

I

-
-
=
=
o
=
-~
O

g
5 -
4
2
0

@itivity = 18.6 PA/MM cm?

Current [uA]

1000 1500 2000 2500

=

Tune [sec]

2 2
Glucoze [mM)]

Sensitivity Enhancement in Glucose detection by using GOD
immobilized onto Multi Walled Carbon Nanotubes

S.Carrara, EPFL Lausanne
(Switzerland)




Lactate detection by Oxidase and CNT
> lactate Sepsitivity enhanﬁment

LOD + lactate

MWOCNT + lactate § /
o MWCNT + LOD + lactate
/ .
|

0.25 0.35
[lactate] (mM)

Micro & Nanoscale Technologies for
Montreux — November 17-19, 2008

Sensitivity Enhancement in Lactate detection by using LOD
immobilized onto Multi Walled Carbon Nanotubes

S.Carrara, EPFL Lausanne
(Switzerland)




Examples of Nano-Bio-sensing?

Antibodies and DNA biosensors enhanced
by 1D nanostructures.

Enzymes biosensors enhanced by 2D
nanostructures.

Enzymes biosensors enhanced by 3D
nanostructures.

S.Carrara, EPFL Lausanne
(Switzerland)




3-D Nanostructures for
Enzymes bio-sensing

Single Electron Trapping

Electron Transfer Efficiency
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Semiconducting particles fabrication in

Arachidic Acid S Ql‘he CdS nanoparticle formatio

The final particle is surrounded by a insulating barrier
also in case of other formation techniques!

S.Carrara, EPFL Lausanne
(Switzerland)




Sulfide based Nano-particles

(CH,(CH,),,C00),Cd + H,S—2(CH;(CH,),sCOOH) +°
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Mass variation during the grown of CdS

nanoparticles in H2S atmosphere
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The Two Barriers Systems

o
JL_ Potential hole for the

Trapped electron charge carriers

They act as electron-traps
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Single-electron conductivity

mediated bv a nanoparticle

[ CdS particle
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A semi-classical theory

8. Carrare, ef ol in
J. H. Fendler and I. Dékdny (eds. ), Nanoparticles in Solids and Solutions, 497-503.
© 1996 Kluwer Academic Publishers. Printed in the Netherlands.
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Single-electron conductivity on

Z
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Likharev Theory
Limit (1983)
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Bias Voltage [V] . o
The size drives the phenomena !!!
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Metallic particles fabrication in solution
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Metallic particles fabrication in solution
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The thiols shell prevents further aggregations

and this allows mono-disperse nanoparticles!
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Transmission Electron Microscopy
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TEM provides the metallic core size

while SAXS provides the organic coating size
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Gold Nanoparticles Size

1.2 nm
or

2.6 nm

Guinier Plot
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Gold nanoparticles as Quantum Dots

Potential hole for

charge carriers Tunneling barrier

This nano-system 1s ‘very useful

for quantum effects !!!
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An improved P450/Electrode
coupling by Quantum Dots
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Cottrell Effect

al. et 5.Carrava / Biosensors and Bioelectronics It
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The Sensitivity 1s enhanced when the P450 Activity 18 mediated
by gold nano-particles
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Nano affects Detection
Sensitivity and Limit

Sensitivity

Detection Limit
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Sensitivity vs Detection limit

Glucose Detection
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The case of Glucose
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Sensitivity vs Detection limit

Lactate Detection
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The case of lactate
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Sensitivity vs Detection limit

Hydrogen Peroxide Detection
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The case of Hydrogen Peroxide
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Sensitivity vs Detection limit

Cholesterol Detection
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The case of Cholesterol

S.Carrara, EPFL Lausanne
(Switzerland)




Conclusions (1)
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“Nano” Improves Bio-Sensing
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Conclusions (2)

1D-nanostructures made by ethylene-glycol layers highly
improve insulating property of electrochemical interfaces

1D-nanostructures made by ethylene-glycol mono-layers
highly improve DNA label-free detection

2D-nanostructures by carbon nanotubes improve charging
effect and electron-transfer in electrochemical interfaces

2D-nanostructures by carbon nanotubes improve
sensitivity and detection limit in enzymes based bio-sensing

3D-nanostructures by metallic or semiconducting particles
assure single-electron trapping

3D-nanostructures by metallic particles improve sensitivity
and detection limit in enzymes based blo sensmg

Nanotechnology is useful

not only for Nanobama
fabrication!!!
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