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Advanced Electroanalytical Methods

» Electrochemical methods offer efficient alternatives (to laser-flash
experiments) for the study of electron transfer in
biophotoelectrochemical systems.

 Kinetic measurements using, for example, cyclic voltammetry are

based on the coupling between one heterogeneous " /
electrochemical reaction and the catalytic reaction to be studied. N
."IIII \5
 The resulting “catalytic current” contains the kinetic information. 1 j, ?7/%/
e II."‘J p
» The extraction of rate constants from (light driven) enzymatic 107
electrocatalysis is well established.

More than measuring photocurrents: electroanalytical methods
allow to identify rate limiting steps in bio(photo)electrochemical
systems. 3



C Direct vs Mediated Electron Transfer
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C Direct Electron Transfer

ele . i
- Determination of the
olectron heterogeneous electron
tunneling transfer rates.
distance

- Determination of the kinetics of
reactions with substrate or
charge carrier.

substrate product



J. Electroanal. Chem., 100 (1979) 263—270

o Voltammetry of adsorbed monolayers

Reversible system - adsorbed species

E, ‘
l (nEFefRIT)UAF;

The oxidation and reduction signal are

symmetrical (ideal case).

AE, =0 and E, = EO

Peak current is given by:

P = n*F?2
P 4RT

uArg

Q = nFAT,




Current/uA

» Protein Film Voltammetry
Direct electron transfer

08 06 04 02 0 02 04 -06
E/V(vs. SCE)

Chem. Commun., 2001. 177-178

-08

Deviation from ideal protein film voltammetry:
AE,=55mV >0

Reason for AEIO > 0: kinetic limitation often
because of slow electron transfer between
electrode and redox sites.

The electron transfer is not reversible but
guasireversible: it is defined by the
heterogeneous electron transfer rate (k.) and
the transfer coefficient (o).



J. Electroanal. Chem., 101 (1279) 19—28

C V Electron transfer rate constant

Determination of k; and a based on AE, by varying the scan rate v.

If AE, (Ep c-Ep q) Value larger than 200 mV can be obtained experimentally by
varying the scan rate v, a can easily be obtained by plotting E, vs log v.
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Fig. 6. (Ep — Ei) = f(log v) for henzo(c)cinnoline.
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C V Electron transfer rate constant

Determination of k; and a based on AE, by varying the scan rate u.

K, can be calculated with the help of the equation:

log k = a log(1-0) + (1-a) log a — log(RT/nFu) — a(1-o)nF AE, /2.3RT
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Clz/- Direct electrochemistry of PS1

PS1 immobilized on pyrolytic graphite electrodes
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Clz/- Direct electrochemistry of PS1

-dﬁ 2 9 o
2 x}/FT /%g_cw
! Fﬂe ' 4Fe4S (F,/Fy) o Phylloguinone (Al)
7
200 - | 1 Electron Transfer Pathways for PS 12
| as—
100 _ _: P’H]G*
I, LA i 1 10— A S A, (Chl
0Ff ] S A, (VitK)
[ i —~ FX
: 05 — TS
=100 i o e
=200 _ _ 0.0 Fd
_ ! | , | ] (Cytc) PC
0.5 0 0.5 -1 05— > p,
E, Vvs. NHE E IV

Square Wave Voltammetry



Munge, B., Das, S. K., llagan, R., Pendon, Z., Yang, J., Frank, H. A., Rusling, J.
F. J. Am. Chem. Soc. 2003, 125, 12457-12463.

Direct electrochemistry of PS1
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Clz/- Direct electrochemistry of PS1
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Alcantara, K., Munge, B., Pendon, Z., Frank, H. A., Rusling, J. F. J. Am. Chem.

Soc. 2006, 128, 14930-14937.
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‘Direct electrochemistry of PS2
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~ Direct electrochemistry of PS2
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C Direct Electron Transfer

- Determination of the
heterogeneous electron
transfer rates.

electron
tunneling
distance
-  Determination of the kinetics
of reactions with substrate or

charge carrier.

substrate product
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Kinetics of reactions with  charge
C carrier or substrate

In presence of substrate - Rotating disk electrodes (RDE)

ELECTRODE ENZYME SOLUTION
Electron 1
entry /fexit
sitels)
/
s > @< =z & >
Relay
F 4
Sl.lb!\t[rﬂll‘ I
:rl:l:w ormation i I
| {
| i {
Interfacial Mass transport H'-,I 'l, ."'I
electron transfer Catalysis of substrate I‘|\ I IIII"
iE iCCJT iLev |
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Sucheta, A., Cammack, R., Weiner, J., Armstrong, F. A. Biochemistry 1993, 32, 5455-5465



Kinetics of reactions with  charge
C carrier or substrate

In presence of substrate - Rotating disk electrodes (RDE)

Under steady state conditions:

ELECTRODE ENZYME SOLUTION
1 i | 1 1
=l e e —
L llev LlE lcat
Electron ‘
entry /exit -
Siteg) The 15t term deals with transport of
‘ \ ./ P N ‘ ., Substrate molecules between bulk
| Reay ) - of solution and enzyme, which is
m[/l | described by the levich equation:
ijep = 0.62NFAD?*/3Cv=1/61/?
Interfacial Mass transport - _
electron transfer Catalysis of substrate L 15 ST PR
C: bulk concentration of substrate
i i i D: diffusion coefficient of substrate
E cat Lev v: kinematic viscosity of the solution

w: electrode rotation rate
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, Kinetics of reactions with  charge
carrier or substrate

In presence of substrate - Rotating disk electrodes (RDE)

ELECTRODE ENZYME SOLUTION
Electron ‘
entry /exit
‘ site(s)
/
< S o ——={Y < >
Relay
/
Substrate
transformation |
site
Interfacial Mass transport
electron transfer Catalysis of substrate
Ig iccﬂ ILev

Sucheta, A., Cammack, R., Weiner, J., Armstrong, F.
A. Biochemistry 1993, 32, 5455-5465

The 2"d term is the current
contribution due to interfacial
electron transfer between the
electrode and the primary electron
entry/exit site on the enzyme. The
potential dependence of i; is given by
marcus theory or Butler-Volmer
model:

_ anF(E — E°)
ip = nFAkg[lgexp)— RT

(1 - a)nF(E - E"’)}
RT

— FRexp{

With : I': surface concentration
a: transfer coefficient
n: number of electron 20
E: applied electrode potential
E%: apparent standard potential



, Kinetics of reactions with  charge
carrier or substrate

In presence of substrate - Rotating disk electrodes (RDE)

The 3" term describes the catalytic
ELECTRODE ENZYME SOLUTION ' groperties of the enzyme and is
assumed to be independent of
electrode rotation. It can be

ey <= | expressed as the electrochemical
a form of the Michaelis Menten
< o] Je — >§ < ~> equation:
o
ﬁ'l::):f:::';:l ation | - — nFArkcatC
ste | leat = T CtKy

Ky and k., are the apparent

Interfacial Mass fransport . ) .
electron transfer Catalysis of substrate michaelis-Menten parameters, which
| . | are assumed to be independent of
g lcat ILev

applied potential. For C >> Ky, i,

becomes independantof C. 21
Sucheta, A., Cammack, R., Weiner, J., Armstrong, F.

A. Biochemistry 1993, 32, 5455-5465



, Kinetics of reactions with  charge
carrier or substrate

In presence of substrate - Rotating disk electrodes (RDE)

P RS (P |
Lk bl ol
l llev W leat

1/iz vanishes for ic >> i, and iy, .

ELECTRODE ENZYME SOLUTION

This is the case when :

enty e | ks is large,
|/ \ 1  keatis small,
< ] j= — < 7> Ky is large,
oy Cis large,
Substrate .
Ll;;t:lsfnmmlumj w ls Iow Or

the electrochemical driving force (E-
E%) is sufficiently high.

Interfacial | Mass fransport  |n the resulting i-E profilr the
electron transfer Catalysis of substrate g
current reaches a constant value i,
Ig leat ILev once the electrochemical driving
force ceases to be a controllinzq2
Sucheta, A., Cammack, R., Weiner, J., Armstrong, F. factor

A. Biochemistry 1993, 32, 5455-5465



Kinetics of reactions with  charge
C carrier or substrate

In presence of substrate - Rotating disk electrodes (RDE)

Therefore,
ELECTRODE ENZYME SOLUTION l - 1 n .
L lrev  leat
Electron 1 Or:
entry /exit
sitels)
/ X 4 : 1
< > 0< > < > ==l 62nFAD?/3Cv=1/6@1/2
Relay L
Sm)si'm- nFA chatc
lrlauls.fummlum | _I_
site J C+ KM
i, is measured for various w, and
- - 1[2 -
Interfacial Mass transport  1/iL 1S plo-tted-vs W=, Thfe intercept
electron transfer Catalysis of substrate on the 1/i_ axis yields 1/i.,.
| . . (D can be obtained from the slope).
I lcat ILev
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~ Voltammetry of enzymes
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Sucheta, A., Cammack, R., Weiner, J., Armstrong, F.
A. Biochemistry 1993, 32, 5455-5465

In presence of substrate - Rotating disk electrodes (RDE)

Therefore,
1 1 1
=13
l llev lcat
or:
1 1 L _C+Kuy
FE 2 1 1
L 0.62nFAD3Cv swz "FATKcarC

i, is measured for various w, and 1/i;
is plotted vs w'2, The intercept on the
1/i, axis yields 1/i.4.

(D can be obtained from the slope).
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- Kinetics of reactions with  charge
carrier or substrate

In presence of substrate - Rotating disk electrodes (RDE)

t 1 1 N C+Ky
: PR 2 1 1
g Lo o.62nFAD3Cv Gz T ATKearC
:,3: The measurements are repeated for
3 increasing substrate concentration.
§
5
i
&
g
'E 200 0.10 020 0.30 040 Cs50
\ w™'? / (rad/sec)?
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- Kinetics of reactions with  charge
carrier or substrate

In presence of substrate - Rotating disk electrodes (RDE)

mverse cuwrent density /A 'em?
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The measurements are repeated for
increasing substrate concentration.

And the i.,; values are plotted vs the
corresponding C values.

k... and K, are obtain from this
Michaelis-Menten curve by inserting
numerical values forn, FF Aand I'
(obtained from CV) in:

, nFATk_ 4 C
lcat = C + KM 26




C

Mediated Electron Transfer (MET)

3 common cases:

« Both enzyme and mediator are
freely diffusing in solution.

 Enzyme is adsorbed on electrode
surface and mediator is freely diffusing
In solution.

« Both enzyme and mediator are
adsorbed on electrode surface.

b ]

electrode

< N

mediator .

(red.)

substrate

diffusio

&

n / mediator

product
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" Mediated Bioelectrochemistry

Enzyme and mediator freely diffusing in solution

Nitrate reductase (NaR)

] 4o Heme- Vi = r
/‘ MV XFG(HI)X o(lV) NO3 + 2HY + 2¢
MV** Zieme: Mo(V!I NO3 + H20

Fe(ll)

201

20
o 5| "
o = 5
E -~
© 10 0
< 0 100 200
~ t/ min
5 —
2 =
04 =
T T T T T T 1 '\.l
0.0 0.2 0.4 06 ‘e,
E vs NHE / V °
Plumeré, Henig, Campbell, \ 28

Anal. Chem., 2012, 84, 2141-2146



Bourdillon, C., Demaille, C., Moiroux, J., Saveant, J. M. J. Am. Chem. Soc. 1993, 115, 2-10
Flexer, V., lelmini, M., Calvo, E., Bartlett, P. Bioelectrochemistry 2008, 74, 201-209.

 Mediated Bioelectrochemistry

Enzyme and mediator freely diffusing in solution

* M., and M,4: oxidized and reduced
forms of the mediator

- E,and E,: oxidized and reduced
enzyme.

« S and P: substrate and product of the
enzymatic reaction.

* D and Dy,: diffusion coefficients of
enzyme and mediator.

Determination of k and k., ?

electrode

7 S
k [=+]
cat KMS
Ered DE
k E O;‘_\W
D m M.,
M,
Dl‘u"l
‘f@s\ Mred ‘—JUUUUUD
Mred
0 “ Z
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Bourdillon, C., Demalille, C., Moiroux, J., Saveant, J. M. J. Am. Chem. Soc. 1993, 115, 2-10

Flexer, V., lelmini, M., Calvo, E., Bartlett, P. Bioelectrochemistry 2008, 74, 201-209.

~ Mediated Bioelectrochemistry

Enzyme and mediator freely diffusing in solution

» The reactions occuring in solutions

are:
ky Ko
S+ Eoyos ES—*P 4 Ey k Ea—JUU
f DM M.,
k e M., \&\g/'
Mnx = IErla:l - Mrecl T Eux D

with M,

electrode
_‘|T| o’:.
Xcﬁ

£
)

Knvs = (k-1 + kear) /K1

Y

o
N
IN

» At the electrode surface:

Miea—Mox + €

w
o



Bourdillon, C., Demaille, C., Moiroux, J., Saveant, J. M. J. Am. Chem. Soc. 1993, 115, 2-10
Flexer, V., lelmini, M., Calvo, E., Bartlett, P. Bioelectrochemistry 2008, 74, 201-209.

" Determination of K

Enzyme and mediator freely diffusing in solution

» The reactions occuring in solutions
are:

by R
S+ Eoxs ES =P+ Epeq k EaJUN
DM M.,
e- MOX W
Mnx 8 ErE~:I Mrecl + Eux

with M,

Knvs = (k-1 + kear) /K1

electrode

_‘|T| o’:.

Xcﬁ
£

0 Z
» At the electrode surface:

. Enzyme - Mediator limited kinetics
Mred_’Mox + e

Y

N
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Determination of k

Enzyme and mediator freely diffusing in solution

» The reactions occuring in solutions
are:

S+ Eox,” S~ P+ Epeg

Mux e Erﬁw:l Mrecl + Eux

with
Kuvs = (k-1 + kear) /K1

» At the electrode surface:

Miea—Mox + €

A {

% kcat . I

- KMS I

3 |

E E red DE I
e E—bliR yiE

DM MOX =

e MOX I

D I

D, Ma UV IM

‘ﬂM@\S\ red I redoe

|

|

Mred I

|

|

|

l

0 - Z

Catalytic reaction E,C; Mrea—Mox + €

k
Mox + Ered = ‘Mred + Eox

K Cy << Ky
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" Determination of Kk

Mred—Mox + € Assumptions:
k 1. pseudo-first order conditions,
Mux 1z Ered 3 ‘Mred o Er:m l.e: k Cym << kcat
2. substrate concentration (cg)
Enzyme - Mediator limited kinetics remains constant,
l.e: cg >> Cp
3. long time scale (low scan rates):
1.0 —
0.8
i/ UA 0.6 = 0.01 V.s't
I . . .
H 0.4 |- i, = NFAC,(Dykcg)t2
0.2
0 | I I
400 200 0 -200 -400

E/mV
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~ Determination of k, (and Kj,q)

Enzyme and mediator freely diffusing in solution

P |

8 A

» The reactions occuring in solutions 5 Kus I

: I

are: 2 E,., D. |
v E—U E,.

DM MOX :

¢ | oMo &7 |

D, |
‘2@3\ Mred ‘—Lﬂﬂﬂﬂﬂﬂ} IMl'edm

|

with M,eq {

|

|

k—1 -+ kcal]'."llkl |

0 < b.d

» At the electrode surface:

) Enzyme - Substrate limited kinetics
Mred_’Mox + e 34
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~ Determination of K., (and K,,s)

Enzyme and mediator freely diffusing in solution
Enzyme - Substrate limited kinetics:

At high mediator concentration, the catalytic
current is given by:

1
Dyvik i CrCyvCe \2

i = nFA MR cat“*E*M*ES

CS+KMS

For cg << Ky
1
DyviK et CrCvCe \2
ianA(McatEMS)
Kums

Thus a plot of i against cs/2 should give a

straight line through the origin at low c.

From the slope of this line a value for the 35
ratio k., /Kys can be obtained.
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~ Determination of k. (and K,s)

Enzyme and mediator freely diffusing in solution

100

Enzyme - Substrate limited kinetics:

e
75 d
At high mediator concentration, the catalytic .
current is given by: g ¢
1 e b
. Dykcatcgemcs \2 — a
I =nFA o
Cs + KMS
-25 v T v T -
0 200 400 6(
E/mV (Ag/AgCl)
For cg << Kys
1 80+
Dyik catCECMCs |2 q .
[ = nFA( %7 :
Kus ' '

40 -

j! nA em?

Thus a plot of i against cY? should give a
straight line through the origin at low cg.
From the slope of this line a value for the

ratio k.,/Kys can be obtained. o 1 2 3 4 5
([glucose] / mM)"?

204




Bourdillon, C., Demaille, C., Moiroux, J., Saveant, J. M. J. Am. Chem. Soc. 1993, 115, 2-10
Flexer, V., lelmini, M., Calvo, E., Bartlett, P. Bioelectrochemistry 2008, 74, 201-209.

~ Determination of k_., (and K,e)

Enzyme and mediator freely diffusing in solution

100

1 ] e
= 1 d
: DykcatcecmCs \? “
L =nFA
cs + Kus E ¢
g
< 254 b
4 a
The value of the rate constant k; iS °]
calculated from the current in the saturated p. : - :
i i i 0 200 400 6(
region, imax, i.e. when cg >> Ky;g e Ahath
1

Imax = nFA(DMkcatCECM)E

To verify the assumptions based on K,g,
the value of the latter is then extracted
from the value of k_,/Kys
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~ Determination of Kk, k., (and K,,)

M
Cg >> KMS /@S\
M

Enzyme - substrate limited kinetics
(determination of K,,s via K ,/Kys)

Summary: Enzyme and mediator freely diffusing in solutio n

P |

Enzyme - Mediator limited kinetics g K S, |

(Determination of k) £ e K s :

O

|

K O << ke $ c. ) D ]
Cs << Cy, g Eadlilp lE,..

DM MOX =

Enzyme - substrate limited kinetics e M, &8 l

(determination of k_,,) D, I
D Mred ‘_\fmjm |Mred=°

[

|

[

|

[

|

|

Cs << Kys

Y
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l -/ ¥~ Mediated Bioelectrochemistry — PS1

PS1 and mediators freely diffusing in solution

a

\

7 ; |
% = k 2 |
8 / Q cat KMS |
= |
g o E '
B / [45) red DE I
s % g EallD yE,
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Proux-Delrouyre, V., Demalille, C., Leibl, W., Sétif, P., Bottin, H., Bourdillon, C.
J. Am. Chem. Soc. 2003, 125, 13686-13692.
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V Mediated Bioelectrochemistry — PS1

0, H,0,

electrode
OO

solubilized PhotoSystem |

Proux-Delrouyre, V., Demalille, C., Leibl, W., Sétif, P., Bottin, H., Bourdillon,
J. Am. Chem. Soc. 2003, 125, 13686—13692.




[=/- Mediated Bioelectrochemistry — PS1

PS1 and mediators freely diffusing in solution

a

\

r anodic current

electrode
OO

solubilized PhotoSystem |

100%

0 20 40 60 80 100
Transmittance (%)
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[=/- Mediated Bioelectrochemistry — PS1

PS1 and mediators freely diffusing in solution

electrode
OO

solubilized PhotoSystem |

i = FSVDC £k, [PSI]

i, RTTPSI
= = 2.24\/Lk

app
Idark Fv

Proux-Delrouyre, V., Demalille, C., Leibl, W., Sétif, P., Bottin, H., Bourdillon, C.
J. Am. Chem. Soc. 2003, 125, 13686-13692.
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‘Mediated Bioelectrochemistry — PS1

PS1 and mediators freely diffusing in solution

electrode
OO

2
solubilized PhotoSystem |

kapp P —+

.= FSVDC = /Jk_ [PSI]

app
im RT1PSI
Idalk Fv

Determination of k; ?

ky
121+ 0p — 30T

(o 0y/422) tan*(\/%)}

o=k CY% C%, P =k Cyhk

For 0—0 and p—0, k,,, = k3

app

This is the case for C,—0

(reduction of P700* by C"ed
becomes rate limiting)

Ky =6+0.5106 M1 sl 43

Proux-Delrouyre, V., Demalille, C., Leibl, W., Sétif, P., Bottin, H., Bourdillon, C.

J. Am. Chem. Soc. 2003, 125, 13686-13692.



[=/- Mediated Bioelectrochemistry — PS1

PS1 and mediators freely diffusing in solution

a

\

kapp/k:}

paaneerett — - -
L
o+ -
-'.

0.8 7

061/

electrode
OO

solubilized PhotoSystem |

0.4 7 .‘
icat — FS‘\/I_)C lg‘:d\/kapp[PSI] 0.2 _
0 r r v
; 0 5 10 15 20
-Cat — 24 \/ RHPSI] kapp MYV excess ratio (Cg wv/ c’ 6)
! dark Fv
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‘Mediated Bioelectrochemistry — PS1

A

PS1 and mediators freely diffusing in solution

Determination of k, ?

2k,
T {12+ oo 3001

p—l—o) _1( p—l—a)
[ ((ZO—I— 1) 30— p tan 30— p

}

o=k ( WO/k’) CMV = ks Cg.fffl

electrode
OO

solubilized PhotoSystem |

Decrease viologen concentration:
ncrease o but p—0,

.= FSVDC = /Jk_ [PSI]

app 26,0
,C

i, RITPSI
=2, 24\/ L/{

app
I gork Fuv

2k,C Yy
tan

Ak
1 4 2k,C YkyC ypy
- — 71/6
V3

app 0
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[=/- Mediated Bioelectrochemistry — PS1

PS1 and mediators freely diffusing in solution

electrode
OO

solubilized PhotoSystem |

i = FSVDC £k, [PSI]
et RITPSI]
=2 24\/ —

03 02 -0 0.2 03
26,C V[ 2k, CI?/N[
. tan
o0 | VEre

1 4 2k,C YkyC ypy
V3

-
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~ Mediated Bioelectrochemistry — PS1

PS1 and mediators freely diffusing in solution

— increase concentration of the
quencher (O,) as qualitative test for
charge recombination processes.

electrode
OO

solubilized PhotoSystem | — compare k, values from:
- Laser flash experiments
(single turnover)
Charge recombination ? - Electrochemical experiments
- between MV** and electrode (steady-state conditions)
- between MV* and C6°*
- between MV* and P700*

47
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Mediated Bioelectrochemistry

b ]

electrode

3 common cases: ( ' \

» Both enzyme and mediator are freely mediator‘ ‘
diffusing in solution (red.) diffusion /

mediator

 Enzyme adsorbed on electrode
surface and mediator freely diffusing
in solution

« Both enzyme and mediator are
adsorbed on electrode surface.

substrate product

48



W. H. Campbell, J. Henig, N. Plumere,
Bioelectrochemistry, 2013, 93, 46-50.

C

Enzyme adsorbed on electrode surface and mediator freely d

* M, and M,4: oxidized and reduced
forms of the mediator

« E. and E,: oxidized and reduced
enzyme.

« S and P: substrate and product of the

enzymatic reaction.

D,,: diffusion coefficients of mediator.

Determination of k and k. ?

Balland, V., Hureau, C., Cusano, A., Liu, Y., Tron, T., Limoges,

Chem. Eur. J. 2008, 14, 7186-7192.

Mediated Bioelectrochemistry

2
NTA, Zn" and
NaR functionalized
glassy carbon electrodes

(GCE/NTA/Zn"*INaR)

; IV|0X i Ered'ﬁ“

~

e k

~

; Meq - Eox
Surface

confined

iffusing in solution

cat

49
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Balland, V., Hureau, C., Cusano, A., Liu, Y., Tron, T., Limoges, B.
Chem. Eur. J. 2008, 14, 7186-7192.

Determination of k and k_,,

yme adsorbed on electrode surface and mediator freely d iffusing in solution

The current flowing through the electrode 1
according to the reaction scheme below is
given the following equation: >
< 2
[ =ip+ i =
, dcy nFAT -
I = FADM - + o
ox 1 1
X=0 k + W 200 30 400  -500  -600  -700  -800
cat M E /mV vs Ag/AgCl
n: number of el_ectr.ons involved in the A M, = S
reduction or oxidation of S to P. - re
F: Faraday constant e Kk Kecat
A: electrode surface area. - i _ P
: -~ |vlred on
[=: enzyme surface concentration. -
Surface  gQ

confined



Balland, V., Hureau, C., Cusano, A., Liu, Y., Tron, T., Limoges, B.
Chem. Eur. J. 2008, 14, 7186-7192.

‘Determination of k and Kk,

yme adsorbed on electrode surface and mediator freely d iffusing in solution

.ot IS Obtained by subtracting the diffusion .
current (ip) from the total current (i).

The experiment is repeated for several c,,

values and 1/i, is plotted vs 1/c,, =
| nFAT, _ o
Leat = 1 1 il
k_+W 200 300 400 S0 600 700 800
cat M E / mV vs Ag/AgCI
1 1 N 1
it kaFATy  kcoynFAT 2| —Mox " Erea™ >
~
e K kcat
~
/// |vlred i EOX 7 P
Surface 51

confined



Balland, V., Hureau, C., Cusano, A., Liu, Y., Tron, T., Limoges, B.
Chem. Eur. J. 2008, 14, 7186-7192.

‘Determination of k and k.,

yme adsorbed on electrode surface and mediator freely d iffusing in solution

i.o¢ IS Obtained by subtracting the diffusion oy ;
current (ip) from the total current (i). | @
5 o
The experiment is repeated for several c,, X 7
values and 1/i_, is plotted vs 1/c,, g m,_l‘
M
, nFATy
bat =77 1
[ _|_ [
0.0 : : :
Kear ~ I Cu 0.0 50x10°  1.0x10°
1/Cy I m~!
1 1 N 1
i koFAT, | keynFAT, | Mo - Ered™ S
o k Keat
~
From intercept: k [ ¢ value - Mred - Eox P
From slope: kl'¢ value
Surface g2

confined



Balland, V., Hureau, C., Cusano, A., Liu, Y., Tron, T., Limoges, B.
Chem. Eur. J. 2008, 14, 7186-7192.

‘Determination of k and Kk,

yme adsorbed on electrode surface and mediator freely d iffusing in solution

Alternative methods for k., determination .
based on equation:
_ nFAl'g
beat =7 1 (1) 4.2
T T
kcat k CM Al
If K., << kcy (high ¢, value), equation (1) ol e
simplifies to : T
E / mV vs Ag/AgCl
icat = nFAFEkcat
j IV|0X i Ered'ﬁ“ S
- k Keat
~
/// Meq - Eox P
Surface 53

confined
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/7~ Determination of T

,g;-; =
=

Enzyme adsorbed on electrode surface
and mediator freely diffusing in solution

From intercept: k [ ¢ value
From slope: kl'¢ value

How to determine ¢ value to obtain k and
Ko Values ?

- AFM

- EQCM

- Desorption of the enzyme followed by
guantification.

- SPR

- UV-Vis Absorbance

Manocchi, A. K., Baker, D. R., Pendley, S. S., Nguyen, K.,
Hurley, M. M., Bruce, B. D., Sumner, J. J., Lundgren, C. A.
Langmuir 2013, 29, 2412-2419.
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.- ‘5:min’adsorption’

C Determination of T

Enzyme adsorbed on electrode surface T e R
and mediator freely diffusing in solution o3 S e clggnepoy Loy

From intercept: k [ ¢ value
From slope: kl'¢ value

How to determine ¢ value to obtain k and A e .
ol min electrodeposition

Ko Values ?

- AFM

- EQCM

- Desorption of the enzyme followed by

guantification.
- SPR
- UV-Vis Absorbance

80 min-electrodeposition

Manocchi, A. K., Baker, D. R., Pendley, S. S., Nguyen, K.,
Hurley, M. M., Bruce, B. D., Sumner, J. J., Lundgren, C. A.
Langmuir 2013, 29, 2412-2419.

Color Scale: 0-20 nm



~ Determination of .

Ehzyme adsorbed on electrode surface
and mediator freely diffusing in solution

From intercept: k [ ¢ value
From slope: kl'¢ value

300
How to determine I value to obtain k and N
k.. values ? £ 200
(=]
£ 100-
- AFM T
- EQCM < 0- /Enzyme addition
- Desorption of the enzyme followed by -
quantification. o 2 4 6 8 10
- SPR Time / min
- UV-Vis Absorbance
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/7~ Determination of T

,g;-; =
=

Enzyme adsorbed on electrode surface
and mediator freely diffusing in solution

From intercept: k [ ¢ value
From slope: kl'¢ value

How to determine ¢ value to obtain k and
Ko Values ?

- AFM

- EQCM

- Desorption of the enzyme followed by
guantification.

- SPR

- UV-Vis Absorbance

Balland, V., Hureau, C., Cusano, A., Liu, Y., Tron, T., Limoges, B.
Chem. Eur. J. 2008, 14, 7186-7192.
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E me adsorbed on electrode surface
and mediator freely diffusing in solution

From intercept: k [ ¢ value

From slope: kl'g value 9000+ B :
l: PS2 . l . his-B :l
' i L '
How to determine g value to obtain k and 80001 |
K.y Values ? 1 ‘:
-~ 3000 '
- AFM e ]
- EQCM 2000+ |
- Desorption of the enzyme followed by - : !
quantification. 1000- 5 5 ARU,
- SPR 0‘ .......................... T . ARU.
- UV-Vis Absorbance 1000 2000 3000 4000 5000 6000

Badura, A., Esper, B., Ataka, K., Grunwald, C., Wdall, C.,
Kuhlmann, J., Heberle, J., Régner, M.
Photochem Photobiol 2006, 82, 1385. 58



Determination of I

=
E———

KEnzyme adsorbed on electrode surface
and mediator freely diffusing in solution

From intercept: k .z value ol | s oue] 1
From slope: kg value g o ;;"‘/\J\
0.030- ; 0.03
0.025 5 002
How to determine [ value to obtain k and 045 g 0020} 2 oo
Ko Values ? 5 & E T w e & e
s
- ARM & 0.10-
- EQCM g
- Desorption of the enzyme followed by 8 /\\/‘/\ﬁ
quantification. 2 0051 .
- SPR <
- UV-Vis Absorbance 0.00 N~
350 400 450 500 550 600 650 700
A, nm

Efrati, A., Tel-Vered, R., Michaeli, D., Nechushtai, R., Willner, I.
Energy Environ. Sci. 2013, 6, 2950.

59



C

Mediated Bioelectrochemistry

3 cases:

» Both enzyme and mediator are freely
diffusing in solution.

 Enzyme is adsorbed on electrode
surface and mediator is freely diffusing
In solution.

e Both enzyme and mediator are
adsorbed on electrode surface.

b ]

— *

(red.) e
diffusion mediator

substrate product
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Angew. Chem. Int. Ed. 2004, 43, 3292 —3300

 Mediated Bioelectrochemistry

Enzyme and mediator adsorbed on electrode surface

glucose

* M, and M,4: oxidized and reduced
forms of the mediator

« E and E,: oxidized and reduced

enzyme.
« S and P: substrate and product of the o i
. . u l
enzymatic reaction.
j a8 IleX Ered'ﬁ S
5"{ ¢ k > Keat
~
/// \'Mred on - P
Determination of k and k. ? Surface 61

confined



~ Mediated Bioelectrochemistry

Enzyme and mediator adsorbed on electrode surface

glucose

* M., and M,4: oxidized and reduced
forms of the mediator

« E and E,: oxidized and reduced

enzyme.
« S and P: substrate and product of the - e
enzymatic reaction.
The determination of the individual values of k P M ] S
and k., is difficult since the concentration of M A1 red
cannot be varied to reach pseudo first order /l< 4 DC >@t
conditions. Instead the global rate constant k' - Y E - P
may be determined: - e >
1 1 1 Surface 62
o T x% confined

cat



Determination of k‘

A)

Enzyme and mediator adsorbed on electrode surface

20—_
15__
10—-
5
0
SRR AR N R
-07 -06 -05 —-04 -0.3 —-02 -0.1
E/V —
’
. k'Tgcs
I = nFA
Cs+ KMS

B)

20

15

o
|-

AN

T T T L B e

— T
20 40 60 80 100

[Glucose] /MM — =
Mo, E g™ S
¢ K Keat
" Mreg Eox - P

Surface 63

confined



Determination of k‘

Enzyme and mediator adsorbed on electrode surface

A) 20

15

E/V —

For cg << Kys

k’FECS

Kys

I =nFA

-07 -06 -05 -04 -03 -0

-0

N

B)

20

15

o
|-

AN

T T T L B e

— T
20 40 60 80 100

[Glucose] /MM — =
Mo, E g™ S
¢ K Keat
" Mreg Eox - P

Surface 64
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‘Determination of k-

Enzyme and mediator adsorbed on electrode surface

15

LN N I N N L [N L
-07 -06 -05 -04 -03 -02 -01 0
E/V —

For cg >> Ky

i = nFAK'Tg

(RDE may be used here as well to ensure
substrate mass transport is not limiting)

B) 20-

15

AL [ R R L I
0 20 40 60 80 100

[Glucose] / MM —=

j a8 IV|0X Ered'ﬁ“ S

5"{ ¢ K Keat

~

/// \'Mred on - P
Surface 65
confined



" Mediated Bioelectrochemistry

PS1 and mediator adsorbed on electrode surface

For enzymes, which can be excited by light, the light intensity can be
considered as an equivalent to the substrate concentration and the
Michaelis—Menten equation can be applied to yield K.y,

-35-

] ﬁf”"’f
Light saturation curve of PS1 entrapped 25 f,,/’“"'
within a matrix of redox polymer on an T ool s )
electrode. The inset represents the E 5] /:*-‘- /_,{.“-
reciprocal Lineweaver—Burk plot obtained 3 ]/ B &
from the saturation curve. 0 / = o] /

°1/ w

04" 5 2 s 75 160 s

!.'P [1f{nl1w cm"}:l]

0 1 2 3 4
P [mW cm™]

Badura, A., Guschin, D., Kothe, T., Kopczak, M. J., Schuhmann, W., Régner,
M. Energy Environ. Sci. 2011, 4, 2435-2440.



C Photosynthesis

ATPase

Cytoplasrlnic membrane

.

Thylakoid membrane

16+  Photosynthetic Z-scheme 'P700*
[P700°
121 PS2 13
(P680*
w 0.8 /680’ hv ,:-’-.
» -0.62 ¢ 2, —= -, Fd
¢ 04T 1-0.66 Qi 2l 058 T4
> hv IQ.H, o
S 00T 2 -0.06 .
W 2, Cytb/f “gyte, | P700
04T B +0.30- > 035 (|[P700° |
0.4 ¢ . +0.42 NADPH
+0.81 1 J P680 ~ Synthesis
',0, |/P680° - PS1
+1.21 2+ . . +1.19 ) ATP SyntheSIS
v 2H 4

*Thermosynechococcus elongatus:

* unicellular, Gram-positive
 thermophilic organism (opt. 55C)
» photoautotrophe

» completely sequenced genome

=» modell organism for photosynthesis research
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124 i3
[ P680* \ =
L:}:J i IP680’ N Fo MV?
-0.62 (e /MV*
“). -0.4 4 7 /- 0.66 Qa /Jh -0.58 —‘m
7] = /1Q:H
> oo NN T
> : AE ~|560 mV | P700
=~ +044 /P700"
W \ UL ) Chemical
~
+0.81 MO} pego Energy
1.2 '/202‘ /P680°
' T\ 19 J Electrical Energy
v 2H
Combination of
¢PS2: most oxidative force in nature How to recover the energy from
*PS1: most reductive force in nature the potential difference

between PS2 and PS1?
=» AE of 560 mV 68



Semi-artificial photosynthesis -

C half cells

-6+  Semi-artificial Z-scheme I':f{%%',
I 1.2 PS2 1.3
H P680*
2H,0 \@ g-O.B-- /P680" hv I':: MV
DL ps2 “oat | ow Yo BN B
¢ @ ] 9
+o2 ,l, - hv IQ;H, L
photoanode 200T 3 .06\, "B700
“osl W W8T 1P700°
1 [ : +0'395\_;(?§§5 —¥ +0.42 Chemical
W HES +0.84 H.0 P680 - Energy
112 0. J1P88O PS1
2T + Y4119 ;
v 2H' Electrical Energy
2007 light on | I light off
R R
40.0 50 pA cm2
_ |
7 o] +300 mV |\ J L, J |\ J Os-redox polymer
< vs. Ag/AgCl & 5 S =» diffusion less
S S "'\is-’"*j’) electron mediator
100 | N =>» immobilization matrix
= l cl b
%%t 400 500

t[s]
: ) 69
Badura, Guschin, Esper, Kothe, Neugebauer, Schuhmann, Régner,
Electroanalysis 20, 2008, 10, 1043 — 1047



104

J[pA em?

-25

-30 4

-35

Semi-artificial photosynthesis -
half cells

=154

-20 4

PS1

photocathode

- o
27 pA cm?
0mV
vs. Ag/AgCI
- |
light on I l light off T l
10 20 30 40 50

t[s]

161 Semi-artificial Z-scheme ;?!%%t
-1.2¢+ PS2 -1.3
P680* o

w -0.84+ /P680" hv‘ IFB' Mvz.
%ost [ AN B
g /-0.66 Qg 2 : -0.42
; h\l IQ5H1 S
| = 2 '0-06\ 3 P700

+04+ & — IP700°

:.' +0'395\ﬂ" +0.42 Chemical
+0.81 H:0'\ pggo Energy
is ',0, | IP680° PS1
eT + S(+1.19 ;
v 2H Electrical Energy

Badura, A., Guschin, D., Kothe, T., Kopczak, M. J., Schuhmann, W., Rogner,
M. Energy Environ. Sci. 2011, 4, 2435-2440.

R

Os-redox polymer

=>» diffusion less
electron mediator

=» immobilization matrix
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T. Kothe, N. Plumeré, A. Badura, M. M. Nowaczyk,
D. A. Gushin, M. Rogner, W. Schuhmann,
Angewandte Chemie, 2013, accepted,

Semi-artificial photosynthesis - half cells

& 4 photons
b7t — i ® Os1

il ® Os2

2H,0

lec = 2.0 £0.7 pA cm?2

{} PS2+F ™"
1690.0 i-artificial Z-scheme {P700*
] IP700
‘T';é_-Z PS2 3
1 /peso* .
w 08 S IP680° hv J .
T T 'R IFg
“ A4 062 0.58 ~A/MV"
4 1-066 Q, 0.58 *I0
2=, 418 b X
= 0 20 -o.os\ P700
Y04 % +§§;5 " IPT00°
1 5)- < ' ¥yt;) 235 —¥|+0.42 Chemical
b P680 L ' ) Energy
'0Q) P’ ) | 5@s1
21 + ¥ 19

2H"

Electrical Energy

= Autonomous photocurrent production

Voe = 90 + 20 mV

20 40 60

Ucell [ mV 7 1

P.= 23 £ 10 nW cm-2



