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PROTEINS:
“DOPABLE”
SOLID-STATE ELECTRONIC

TRANSPORT MATERIALS
TOWARDS REAL BIOELECTRONICS?
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FROM ELECTRON TRANSFER (ET) TO
“SOLID-STATE” ELECTRON TRANSPORT (ETP)
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FROM ELECTRON TRANSFER (ET) TO
“SOLID-STATE” ELECTRON TRANSPORT (ETP)

1E-8
Proteins survive partial .
Dehydration = Suitable... e A N
S o,

Ultimate scientific goal: .
Control & predict :
electron transport “a acro proteins

. a ° acro Conjugate
across prOtelnS A A  Macro Saturated
(& peptldes) N 2(I)Vlol3eocuI4:;)r LseonthP:) [A7nogs’f)room?0 I

Functional and dopable - %*%%

© Cahen-Sheves-Pecht “bio-group”, Weizmann Institute of Science



PROTEINS ON TODAY'S MENU

Natural electron Not an electron
transfer proteins transfer protein

Azurin Cytochrome C Serum Albumin
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OUR MAIN EXPERIMENTAL APPROACH

Cartoon!

Conductive substrate

Substrate — Smooth! t‘h$ , f

Protein layer — Dense, usually linked by a short hnker
Top electrode — Suitable to contact soft matter
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SUBSTRATE MPTMS

Highly doped Si, Al(ox), Au, HOPG =~ '/ /
APTMS

For Si1: Grow thin oxide

layer of controlled width Propyl-silane linker 6-8A
Si0, 9-10A
For Si1 and Al(ox): <100> p**-Si (< 0.001 Q.cm)

add linker layer (“glue”)

© Cahen-Sheves-Pecht “bio-group”, Weizmann Institute of Science



TOP ELECTRODE (FOR SOFT MATTER)

Back

- Hg electrode
Contact N

Si substrate

Hanging Hg drop Lift off float on (LOFO) - Au

\ )
f

0.2 mm? > ~107-10° proteins/contact
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TOP ELECTRODE (FOR SOFT MATTER)
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TOP ELECTRODE (FOR SOFT MATTER)

CONDUCTIVE PROBE AFM
o Less defects

[ . NN 2 .
o Force variation 104 proteins/contact

o Much lower sensitivity

Tip Force=6,9, 12 nN _=

%W\w ?

Thiolate

Stub
T=250-370K
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WHAT DOES A NANOSCALE EXPERIMENT
LLOOK LIKE?

Protein modified conductive
AFM Probe R

Idealized
Cartoons!

' SKN Probe

Anti -mouse Antigen

Mouse Antibody

Thiol
Gold Substrate
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WHAT DOES A NANOSCALE EXPERIMENT
LLOOK LIKE?
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Current density (uA/cmZ)

CURRENT-VOLTAGE CHARACTERISTICS OF
THE DIFFERENT PROTEINS
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1* Same configuration

1* Same temperature

SAM propyl-silane

S10
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WHAT IS THE ETP MECHANISM?

Log conductance

Joachim & Ratner,
PNAS, 2005

| | | | | | | |
1 2 3 4 5 6 7 8

Length (nm)
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WHAT 1S THE ETP MECHANISM?

kET & eXp(_ﬁl)
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WHAT IS THE ETP MECHANISM?

Hopping .................. Thermally activated
E 4
exp(——==-)
kT
Super-exchange ........ Temperature-independent
2-step tunneling ? exp(-pl)

but ... lower B values than
for “natural ET” 1n solution
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HOW CAN WE STUDY THE ETP MECHANISM ?

1. Vary temperature

2. Modify protein:

Remove the cofactor (redox)
Replace the cofactor
Add the cofactor

Change binding (to electrode)
Change orientation of protein
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TEMPERATURE DEPENDENCE [-V - AZURIN

Azurin covalently bound to the surface
(via linker)
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CU ION REMOVAL
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CU ION REPLACEMENT

In J [+50 mV]
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CONNECT TO LITERATURE DATA:
CONDUCTING PROBE AFM STUDIES ON AZ

3.0x10™
All metal
(platinu Our setup > 010 -
VVVDVVVYYY 1.00107 F
Au —

Current/ A

OiO | 0.5 | 1.0
1A Tip Bias/ V
o J. Davis (Oxford)

setup

g0 —
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CONDUCTIVE PROBE AFM
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TEMPERATURE DEPENDENT I-V WiTH CYT C
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WHAT IS THE ETP MEDIATOR?
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TEMPERATURE DEPENDENT I-V WiTH CYT C
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WHAT IS THE ETP MEDIATOR?
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IN(J@0.05V)

WHAT IS THE ETP MEDIATOR?

USE ‘DOPING’ TO FIND OUT
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Normalized PL

‘DOPING’ SERUM ALBUMIN WITH HEMIN

—— HSA 15uM

—— HSA-hemin 1-1
—— HSA-hemin 1-2
—— HSA-hemin 1-3
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‘DOPING’ SERUM ALBUMIN WITH HEMIN
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‘DOPING’ SERUM ALBUMIN WITH HEMIN
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§47/DOPING’ SERUM ALBUMIN WITH HEMIN£§, (g
%8 WHAT IS THE ETP MEDIATOR? 3
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‘DOPING’ SERUM ALBUMIN WITH HEMIN
WHAT IS THE ETP MEDIATOR?

/In ETp the conjugated porphyrin\
ring, rather than the Fe ion
is the main mediator,
while ET 1s controlled by the
\_ Fe2*3* redox process! )
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‘DOPING’ SERUM ALBUMIN WITH RETINOATE
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THE POWER OF PROTEIN ‘DOPING’

\ HSA with 3 retinoates
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CONCLUSIONS

Proteins can serve as solid-state Electron transport
media, from macro to nano scales

Mechanisms of electron transport are similar to hopping
and tunneling, as seen from
Temperature- dependent conduction

Proteins can be viewed as electronic conducting material
with the possibility of doping, as seen from
Comparing conduction through modified proteins

Both the type of protein-electrode contact, and its
orientation relative to the electrodes, are important

ETp can teach about ET and vice versa,

but ... only ETp is relevant for solid-state bioelectronics

© Cahen-Sheves-Pecht “bio-group”, Weizmann Institute of Science



CONCLUSIONS

Molecule Room Temp. R (Q*nm?) for
~4 nm length

Conjugated ~107 - 10°

DNA ~107 - 1010

Proteins ~10° - 1011
Saturated ~1018 - 1022 (extrapolated!)
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