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Abstract: The two articles in this series are dedicated to bioaffinity electrodes with in situ detection of the
product of the enzyme label after recognition by its conjugate immobilized on the electrode. Part 1 was
devoted to direct electrochemical detection, whereas the present contribution deals with homogeneous
chemical and enzymatic amplification of the primary electrochemical signal. The theoretical relationships
that are established for these modes of amplification are applied to the avidin—biotin recognition in a system
that involves alkaline phosphatase as enzyme label and 4-amino-2,6-dichloro-phenyl phosphate as substrate,
generating 2,6-dichloro-4-aminophenol as electrochemically active product. Chemical amplification then
results from the addition of NADH, which reduces the 2,6-dichloro-quinonimine resulting from the
electrochemical oxidation of 2,6-dichloro-4-aminophenol. An increased amplification is obtained when the
reduction of 2,6-dichloro-quinonimine involves diaphorase in solution with NADH as substrate. The excellent
agreement between theoretical predictions and experimental data required a detailed theoretical analysis
and the independent determination of the key kinetic parameters of the system. The theoretical analysis
was extended to monolayer and multilayered films of auxiliary enzyme as well as to electrochemical
amplification by means of closely spaced dual electrodes so as to offer a rational comparative panorama
of the amplification capabilities of the various possible strategies. Confinement of the profile of the product,
and/or its oxidized form, in the vicinity the electrode surface appears as a key parameter of amplification.

Introduction

As discussed in details in the introduction of Part 1! of this series,
enzyme-amplified binding assays associated with electrochemical
detection have progressively emerged over the last fifteen years
as a viable and attractive alternative to optical methods. There are
two main ways of transducing the activity of the enzyme label
immobilized on the electrode into an electrochemical signal. One
in which the current is the electrocatalytic response of a redox
couple serving as cosubstrate to a redox enzyme label and the other
where transduction consists in the electrochemical detection of the
enzyme label product.

Concerning the latter approach, the theoretical relationships
characterizing the direct electrochemical detection of the enzyme
label product in conventional high volume-to-surface cells have
been established and tested experimentally in Part 1. It has also
been shown, on theoretical and experimental grounds, that the
sensitivity can be significantly improved by use of electrochemi-
cal cells with small volume-to-surface ratios. Another possibility
consists in increasing the response of the enzyme label product
by redox cycling.” This is feasible when the enzyme-generated
product is a redox compound that can be reversibly oxidized
or reduced. Among the numerous approaches that have been
proposed, one-step in situ strategies are particularly attractive

(1) Limoges, B.; Mavré, F.; Marchal, D.; Savéant,J.-M.; Schollhorn, B.
J. Am. Chem. Soc. 2008, 130, 7259-7275.

(2) Scheller, F. W.; Bauer, C. G.; Makower, A.; Wollenberger, U.;
Warsinke, A.; Bier, F. F. Anal. Lett. 2001, 34, 1233-12.
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in terms of simplicity and efficiency when applied to bioaffinity
electrodes. The bioaffinity electrode serves both as an im-
mobilization platform of the binding recognition, allowing to
specifically attaching the enzyme label onto the electrode
surface, and as an electrochemical detector. These one-step in
situ strategies consist in a continuous regeneration of the enzyme
label product as production goes along in the close vicinity of
the bioaffinity electrode. The electrochemical redox cycling
between two working electrodes held at different potentials to
cause alternative oxidation and reduction of the redox product
generated by the enzyme label has been the most widely
investigated in this respect.*™'® The electrochemical cycling is
efficient if the two electrodes are very close to each other as in

(3) Niwa, O.; Xu, Y.; Halsall, H. B.; Heineman, W. R. Anal. Chem. 1993,
65, 1559-63.

(4) Thomas, J. H.; Kim, S. K.; Hesketh, P. J.; Halsall, H. B.; Heineman,
W. R. Anal. Biochem. 2004, 328, 113-22.

(5) Thomas, J. H.; Kim, S. K.; Hesketh, P. J.; Halsall, H. B.; Heineman,
W. R. Anal. Chem. 2004, 76, 2700-7.

(6) Kim, S. K.; Hesketh, P. J.; Li, C.; Thomas, J. H.; Halsall, H. B.;
Heineman, W. R. Biosens. Bioelectron. 2004, 20, 887-94.

(7) Nebling, E.; Grunwald, T.; Albers, J.; Schéfer, P.; Hintsche, R. Anal.
Chem. 2004, 76, 689-96.

(8) Gabig-Ciminska, M.; Holmgren, A.; Andresen, H.; Bundvig Barken,
K.; Wumpelmann, M.; Albers, J.; Hintsche, R.; Breitenstein, A.;
Neubauer, P.; Los, M.; Czyz, A.; Wegrzyn, G.; Silfversparre, G.;
Jurgen, B.; Schweder, T.; Enfors, S.-O. Biosens. Bioelectron. 2004,
19, 537-46.
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Scheme 1. Various Modes of Redox Cycling Amplification
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interdigitated electrode arrays.®~'® However, these microdevices
are difficult to fabricate and fragile. It should also be noted that
the lack of theoretical analysis of these systems has so far
prevented a rational evaluation of their performances.

Enzymatic amplification of the electrochemical signal of the
enzyme label product seems a promising strategy in terms of
simplicity and sensitivity. Although multienzymatic systems
have attracted active attention,''™"” it is only recently that
enzymatic catalytic amplification has been specifically applied
to one-step in situ amplification of the signal of enzyme
bioaffinity electrodes.'® Amplification factors higher than 3000
could thus be reached by co-immobilization with the first
enzyme of a monolayer of an appropriate enzyme amplifier.

In the same vein, signal amplification by means of chemical
regeneration has been recently proposed.'® The method consists
in the electrochemical oxidation of the reduced form of the
enzyme label product and its regeneration by means of a
chemical reagent added to the solution (Scheme 1).

Although the high amplification rates achieved with the
immobilized bienzymatic system are quite attractive for devel-
oping highly sensitive biological assays,'® co-immobilization
of the two enzymes on the electrode surface complicates the
procedure. The approach that consists in adding the enzymatic
amplifier in the solution (Scheme 1) is more practicable. It has

(10) Honda, N.; Inaba, M.; Katagiri, T.; Shoji, S.; Sato, H.; Homma, T.;
Osaka, T.; Saito, M.; Mizuno, J.; Wada, Y. Biosens. Bioelectron. 2005,
20, 2306-9.

(11) Yamaguchi, S.; Ozawa, S.; Ikeda, T.; Senda, M. Anal. Sci. 1992, 8,
87-8.

(12) Della Ciana, L.; Bernacca, G.; Bordin, F.; Fenu, S.; Garetto, F. J.
Electroanal. Chem. 1995, 381, 129-35.

(13) Ito, S.; Yamazaki, S.; Kano, K.; Ikeda, T. Anal. Chim. Acta 2000,
424, 57-63.

(14) Rose, A.; Nistor, C.; Emnéus, J.; Pfeiffer, D.; Wollenberger, U.
Biosens. Bioelectron. 2002, 17, 1033-43.

(15) Nistor, C.; Rose, A.; Wollenberger, U.; Pfeiffer, D.; Emneus, J. Analyst
2002, 7127, 1076-81.

(16) Cardosi, M. E.; Birch, S. W.; Stanley, C. J.; Johannsson, A.; Turner,
A. P. F. Am. Biotech. Lab. 1989, 7, 50-8.

(17) Bauer, C. G.; Eremenko, A. V.; Ehrentreich-Forster, E.; Bier, F. F.;
Makower, A.; Halsall, H. B.; Heineman, W. R.; Scheller, F. W. Anal.
Chem. 1996, 68, 2453-8.

(18) Limoges, B.; Marchal, D.; Mavré, F.; Savéant, J.-M. J. Am. Chem.
Soc. 2006, 128, 6014-5.

(19) Das, I.; Jo, K.; Lee, J. L.; Yang, H, Anal. Chem. 2007, 79, 2790-6.
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however never been investigated to the best of our knowledge.
The main objective of the present work was thus to examine
the potentiality of this approach and to compare it with the
alternative strategy of chemical regeneration. As in Part 1 of
the series, attainment of this goal requires the establishment of
the theoretical relationships that link the electrochemical current
response to the amount of primary enzyme label specifically
attached to the electrode surface and therefore determine the
key parameters that govern signal amplification in the enzymatic
and in the chemical case. To complete the comparison, we have
also derived the relationships pertaining to electrochemical
amplification in conditions that mimic those where oppositely
polarized close-spaced electrodes are used (Scheme 1).

To illustrate the applicability of the theoretical relationships
thus derived to an experimental system and evaluate the
amplification achievements of the various approaches, we have
selected alkaline phosphatase (AP) as primary enzyme label. It
is able to rapidly hydrolyze the substrate 4-amino-2,6-dichlo-
rophenyl phosphate (2,6-DCPAPP) into an electroactive redox
compound, the 4-amino-2,6-dichlorophenol (2,6-DCPAP), by
a reversible two-electrons/two-proton exchange at the electrode.'
The substrate/product couple 2,6-DCPAPP/2,6-DCPAP was
preferred to the classical p-aminophenylphosphate/p-aminophe-
nol couple because 2,6-DCPAP has a faster apparent hetero-
geneous electron transfer rate at an electrode coated with
proteins than p-aminophenol.' This better-defined reversibility
indeed improves the redox regeneration efficiency. As enzyme
amplifier, we have chosen the diaphorase (DI) from Bacillus
stearothermophilus, a redox enzyme that we previously char-
acterized kinetically.?® Assembling AP-based bioaffinity elec-
trode with DI regeneration was as depicted in Scheme 2,
showing the specific binding of alkaline phosphatase-conjugated
neutravidin (N-AP) to a monolayer of biotinylated immuno-
globulin (b-IgG) irreversibly adsorbed on the surface of a glassy
carbon electrode, followed by the amplified electrochemical

(20) Limoges, B.; Marchal, D.; Mavré, F.; Savéant, J.-M. J. Am. Chem.
Soc. 2006, 128, 2084-92.
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detection of the activity of the AP label in the presence of DI
Once the 2,6-DCPAP is generated by AP it is immediately
oxidized at the electrode into 2,6-dichloro-quinonimine (2,6-
DCQI) according to a —2e —2H™ reaction. In the presence of
the auxiliary enzyme DI, the 2,6-DCQI is reduced back to 2,6-
DCPAP and the oxidized form of DI is finally regenerated in
its reduced native state by its natural substrate, NADH.

Selection of this bienzymatic system was guided by the fact
that DI has a very high reactivity toward quinonimine deriva-
tives, with a bimolecular rate constant close to diffusion control
(i.e., higher than 10* M~' s™"), and also because both enzymes
have their optimal activity within the same pH range (~8.5 for
DI and ~9.5 for AP).

As a chemical amplification example, we chose the same system
with no DI present. 2,6-DCPAP is then chemically regenerated
by direct reduction of 2,6-DCQI by NADH in the solution.

Results and Discussion

1. Theoretical Relationships for Steady-State Chronoam-
perometry and Cyclic Voltammetry. 1.1. General. The primary
enzyme E; is assumed to follow a simple Michaelis—Menten
kinetics (involving two forms, E; and E;S), while the secondary
enzyme, serving as amplifier, is considered to operate according
to a classical ping-pong mechanism (involving the three forms
E,, E»,R and Es). For the chemical regeneration a simple
irreversible bimolecular reaction is considered. Scheme 3 shows
the various layers that are met successively when going toward
the solution perpendicularly to the electrode surface (assumed
to be planar). The familiar enzyme label film and the diffusion-
natural convection layer," are enfolding the “reaction layer” in
which the chemical or enzymatic regenerating reaction takes

7278 J. AM. CHEM. SOC. = VOL. 130, NO. 23, 2008

place. Since the chemical or enzymatic reactions of interest are
fast, the reaction layer is thin, much thinner than the diffusion-
convection layer (unlike what is represented in Scheme 3). As
soon as the enzyme bioaffinity electrode is immersed in a
solution containing the substrate S, P is produced at the electrode
surface, diffuses in the solution, and is oxidized into Q if the
electrode potential is set at an appropriate value (we consider
oxidations, but what follows is easily transposed to reductions).
Taking into account that the primary enzyme film is much
thinner than the diffusion and diffusion-reaction layers in the
solution, the resulting flux balance writes

where / is the current density. Here and below, D is the diffusion
coefficient of P and Q and is assumed to be approximately the
same, the square brackets represent the corresponding concen-
trations, and I is the surface concentrations of the subscript
forms of enzyme. The subscript x = 0, indicates that the fluxes
and concentrations are taken at the electrode or at the enzyme
layer surfaces in the framework of linear diffusion. The two
corresponding average planes may be confounded since the
thickness of the enzyme film is small as compared to the dif-
fusion layer (the thicknesses in Scheme 3 are arbitrary). The
factor 2 in the first member of the above equation is a
stoichiometric factor expressing the fact that the electrochemical
oxidation of the product consumes two electrons per molecule
as in the illustrating example below and as in a number of other
cases. In the framework of Michaelis—Menten Kkinetics, the
steady-state enzymatic production of P, to be introduced in eq
1, may be expressed as

[Sli=o
— 0 X
k],ZFEIS - kl,ZrE]KM . + [S]x=()

where l"%] is the surface concentration of the enzyme labeled
recognized analyte. In the general case, when both the enzyme
kinetics and substrate diffusion jointly govern the production
of P (see Part 1):

DyCy
ki Ty s= S x
Ky kl,ZF%,(S K v kl,zrglé ? k1,2F216
1+—+ - I1+—+ —4
Cs DGy Cs DGy DyCs

3 (@)
(Dy is the diffusion coefficient of S and C%, its bulk concentra-
tion, 0 is the diffusion-natural convection layer thickness). This
expression simplifies to

ki Tgs= kl,zrgl 3)

when the bulk substrate concentration is increased so as to reach
a situation where the production of P is solely governed by a
saturated Michaelis—Menten kinetics with no interference of
substrate diffusion.

1.2. Chemical Amplification. P linearly diffuses in the portion
of space adjacent to the electrode and to the enzyme label
surface, while being regenerated by solution reduction of Q that
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Figure 1. Chemical amplification. Concentration profiles.

has been produced by the oxidation of P at the electrode. These
combined events are governed by the following equations.

2

p™Pl 44 ArQ1=0 )
2

D% ~kCQI=0 5)

The neglect of the variations of [P] and [Q] with time follows
from the fact that regenerating reactions of interest are fast, so
fast that a steady state is reached resulting from the mutual
compensation of diffusion and chemical reaction. These “pure
kinetic conditions™?" also entail the confinement of the Q profile
within a thin layer, the “reaction layer”, adjacent to the electrode
surface. Moreover, in writing eqs 4 and 5, we have considered
the case where the concentration of the substrate R is large
enough for being constant throughout the reaction layer and
equal to its bulk concentration, C%. Under these conditions, the
current response in cyclic voltammetry and chronoamperometry
can be obtained as follows. Addition of eqs 4 and 5, followed
by integration leads to (see Figure 1):

ki Tg s

[P]1+[Q]= (5 X) (6)

after having taken into account eq 1 and [P]=s + [Ql,=9 = 0
as boundary conditions at x=0 and x = 0, respectively.

Integration of eq 5 alone taking into account the “pure kinetic
conditions” leads to

I _ @ _ _
D% ) -, = VPkeCRIQ

From eq 6:
kl ZFE Sé
[Pli=o T [Ql,== T

If the electrode potential is positive enough for the condition
to be fulfilled [P],=9 = 0, then

kl,erlsé

[Qli—= —D (N

and therefore

This steady state current is the one observed in chronoamper-
ometry when the electrode potential is poised at a sufficiently
positive potential. It would be reached along an S-shaped curve
in cyclic voltammetry at the end of the scan. The final expression
of the current is obtained from eq 8 after replacement of I'g,S
by its expression in eq 2:

I _ kCCDR Dng
- = é X
2F D 0
14 K halsd \/(1 FEIET klvzrglé)2 A,kl'ZFOEI(S
Cs DGy Cs DGy DyCs

5 ©)

or, more simply by its expression in eq 3, when the substrate
concentration is large enough for reaching saturated Michaelis—
Menten kinetics. In the latter case,

I ko CY
3F=A "5 Okt (10)

The P and Q concentration profiles in the reaction and
diffusion layers, shown in Figure 1 are given by the following
equation and by eq 7.

kl,zrla,s‘5 ( kCCOR)
D eXp|—X D

1.3. Enzymatic Amplification. The analysis is similar to the
preceding case. The only change is the replacement of eqs 5
and 6 by the equations that describe the kinetics of the
amplifying enzyme in the reaction layer:

[Ql=

2 Cp
pIRL,
ox 1 _|_L + 1
kIQl -k  kyCh
> Cy
pT - =0 (11
ox 1 + 1

with kz = kz,z/Kz’M and KZ,M = (kz,_l + kz’z)/kz’y
Integration of eq 11 under “pure kinetic conditions” leads to

c
_(%)FO =10l,_, k3DPE2

111 1+ ky[0].— (klz ﬁ)
. HCr
1
k
[Qx_(zz kCO)

by analogy with the derivations in ref 22. Maximizing the
enzymatic amplification by using large concentrations of the
substrate R pushes the enzymatic kinetics in the saturated
Michaelis—Menten limit:

(21) Savéant, J.-M. Elements of Molecular and Biomolecular Electrochem-
istry; Wiley-Interscience: New York, 2006; Chapter 2.

(22) Limoges, B.; Moiroux, J.; Savéant, J.-M. J. Electroanal. Chem. 2002,
521, 1-7.
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Taking the still valid eqs 1 and 7 into account, the cychc
voltammetric plateau current or chronoamperometric steady-
state current may be expressed as

L:
2F
i+ ksk, oIy 50
kT k3C%2 | n koD
L3S D ksk oIy 50 ksk, oIy 5O
ky 2D ky,D
(12

The final expression of the limiting current density is obtained
from eq 12 after replacement of I'g s by its expression in eq 2
or, more simply, by its expression in eq 3, when the substrate
concentration is large enough for reaching saturated Michaelis—
Menten kinetics. In the latter case, I'g;s is simply replaced by
Fgl ineq 12.

The main objective of amplification is the detection of small
amount of the enzyme label on the electrode surface, that is,
small values of T’ g]. Under these conditions eq 13 becomes
simply

kCr,

1
= kl,zrﬁls(3 D

3F (13)

reflecting the fact that the production of P by the first enzyme
being slow, the rate-determining constant in the kinetics of the
second enzyme becomes k3. Here again, I'g,s may be replaced

by FO when the substrate concentration is large enough for
reachlng saturated Michaelis—Menten kinetics. Then

1 ke,
CRERTYE (14)

1.4. Electrochemical Amplification. In the electrode config-
uration sketched in the bottom figure of Scheme 1 that mimics
an electrochemical redox cycling at parallel electrodes, ampli-
fication results from opposite polarization of the two electrodes.
Amplification will be maximized if, for example, the left
electrode is polarized at a potential sufficiently positive to
enforce the condition [P] = O at its surface and the right
electrode polarized at a potential sufficiently negative to enforce
the condition [Q] = O at its surface. Then the Q generated at
the left electrode diffuses in the interelectrode gap to the right
electrode where it is reduced into P that diffuses back to the
left electrode where it is oxidized and so on. A symmetrical
succession of events takes place at the right electrode. In addition
to these back-and-forth diffusions from one electrode to the
other, P and Q tend to diffuse out of the interelectrode gap
toward the bulk of the electrochemical cell. Since we do not
need a very precise estimate of the mutual collection efficiency
of the dual electrodes, we can transform the actual system into
the equivalent simplified arrangement sketched in Scheme 4,

7280 J. AM. CHEM. SOC. = VOL. 130, NO. 23, 2008

oo

]
o+d/2 x

R 412 0 d12
where formal holes are pierced through each electrode and its
immobilized enzyme layer, so as to allow the diffusion of P
and Q not only to the other electrode but also within an external
steady-state diffusion layer of thickness ¢. Under these condi-
tions the balance of fluxes of P writes

I, Pl | [Plow
s thales=D—5 = +D—

at the right electrode (cathode) and

a [P]x=d/2
TR kg s=D d

at the left electrode (anode). At steady-state, [, = — I, = I, and
therefore

1 0 0

P kl,erls(l + 25) = 2k1,2r5153
(in practical applications d < ), in which I'gs should be
replaced by its expression in eq 2 or, more simply, by Fgl
when the substrate concentration is large enough for reaching
saturated Michaelis—Menten kinetics.

1.5. Comparison of Amplification Rates. Confinement. We
may define the amplification rate by reference to the steady-
state chronoamperometric current, I/2F = k; 2I'g;s. In all three
cases ampl = &/ u, where u is a distance characterizing each
mode of amplification:

chemical: ampl = Ok Co/D, u=1D/k.CY  (15)
enzymatic: ampl = 6\/k /D, u= \/D/k3 E, (16)
electrochemical: ampl = 26/d, u=d/2 17)

In the electrochemical case, the smallest value of d/2 is of
the order of micrometers. Equivalent or smaller values of u can
be reached in the case of chemical and enzymatic amplification
thanks to an appropriate choice of the amplifier and of its
concentration as exemplified in the next section.

We thus see that amplification increases as a function of the
increased confinement of the concentration profile of the oxidized
substrate. The same notion also applies to the cyclic voltammetric
sampling procedures detailed in Part 1. The confinement length is
then the cyclic voltammetric diffusion layer (RT/DFv)"?/A, a
decreasing function of the scan rate (A is the stoichiometric factor
of the order of 0.7 defined in Part 1).
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Figure 3. Enzymatic amplification with a multilayered immobilized enzyme
film. Variation of the amplification rate with the film thickness.

It is also interesting to recall the equation giving the rate of
enzymatic amplification when a monolayer of auxiliary enzyme
is co-immobilized with the enzyme label on the electrode surface
as described in a recent preliminary note,'®

ampl = k;I'y /D (18)

in conditions where k3 is the rate-determining constant in the
kinetics of the auxiliary enzyme. The corresponding “confine-
ment length”, u = D/ksI g , has no obvious physical meaning
in this case. This notion gets back its relevance when examining
the use of thicker, multilayered, auxiliary enzyme films. Their
potential interest lies in an increase of the amplification rate as
I‘OE2 (intended as the total amount of enzyme per unit surface
area) increases according to eq 18. However, the question arises
of the validity of eq 18 as the film gets thicker and thicker.
Indeed, as the thickness increases, a competition between the
enzymatic reaction and diffusion of P and Q takes place inside
the film. Figure 2 shows the various successive layers that
are met upon going from the electrode to the solution. The
enzymatic catalytic cycle that is running inside the light red
zone designated as “auxiliary enzyme film” is the same as the
one in the light red zone designated as “reaction layer” in
Scheme 3.
Inside the film, that is, for 0 < x < L:

dz[P]

Dy +kC0[Q]=O (19)

d’[Q]

~ Ik} [QI=0 (20)

in conditions where k3 is the rate-determining constant in the
kinetics of the auxiliary enzyme, valid for low coverages of
the enzyme label. Dg is the common value of the P and Q
diffusion coefficients inside the film as opposed to D, their value
in the solution. CO F E, /L is the volume concentration of the
auxiliary enzyme 1n the film and FE is the total amount of
auxiliary enzyme per unit surface area. The boundary conditions
at the electrode surface are embodied in the following expres-
sions of the current density that derive from the flux balances
for P and Q.

diPly _ d[Q]

=Kol D ( dx )x_o__DF( dx )
[Pli=0=0

At the film/diffusion-convection layer interface:

2

ol

). -

_ D(@) _plQh=r
dx dx

x=L, 5
Introducing the reaction layer thickness,

LD,
kT,

2

integration of eqs 19 and 20, taking the above boundary
conditions into account, leads to

exp(x — L) + exp(—x — L)
o) Ug Ur

O ) el 2]
exp /l_ +exp|——
F

HUp

Typical concentration profiles are shown in Figure 2 (for L =
ur). The current is given by

1 Dry L
°F =kiole sy D tanh(ﬂF)
and thus:
Dy L Dy ksI'g
ampl = E—F tanh(—F) 36 1D, tanh

(22)

The variation of the amplification rate with the film thickness
of auxiliary enzyme is represented in Figure 3. After an initial
linear variation:

u/L— o )

ampl k FO o 3C%2 XL

where amplification increases proportionally to the thickness,
or equivalently, to the total amount of enzyme per unit surface
area; it tends asymptotically toward a limit:

u/L—0 DF ks FO DF ks E2
ampl ——— — D
F

After L = yu, = (Dlﬂc3cgz)”2 , it is of no longer practical use
to increase the film thickness. A typical example will be
discussed in section 2.4.

J. AM. CHEM. SOC. = VOL. 130, NO. 23, 2008 7281
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Figure 4. Cyclic voltammetric analysis of N-AP/b-IgG electrodes in a Tris
buffer (pH = 9) at two coverages of b-IgG-N-AP prepared from a 10~'>
M (left) and 10~ '° M (right) N-AP solution, respectively: (black) Tris buffer
alone; (red) 1 mM 2,6-DCPAPP; (green and brown)l mM 2,6-DCPAPP +
4 mM NADH; (blue) 1 mM 2,6-DCPAPP + 4 mM NADH + 2 uM DI
Scan rate = 10 mV s~ ! except for the brown and blue curves on the right
where it is 200 mV s~ . Insert shows magnified black and red curves.

2. Ilustrating Example: Alkaline Phosphatase Amplified
Avidin-Biotin Recognition Electrode with 4-Amino-2,6-
dichloro-phenyl Phosphate as Substrate. 2.1. Chronoampero-
metric and Cyclic Voltammetric Responses with NADH as
Chemical Amplifier and Diaphorase (with NADH as Substrate)
as Enzymatic Amplifier. We investigated chemical amplification
by taking advantage of the fact that NADH is known to be easily
oxidized by a large variety of two-electrons-proton acceptors
such as quinones and quinonimines.?> NADH was also used as
a substrate for diaphorase in our investigation of enzymatic
amplification. The procedure was as follows. Once the b-IgG-
coated electrode is loaded with the primary enzyme, N-AP
(Scheme 2), and rinsed, it is immersed in an electrochemical
cell containing 2,6-DCPAPP, the substrate of AP. Immediately
after immersion, the N-AP specifically immobilized onto the
electrode surface starts to convert the 2,6-DCPAPP into 2,6-
DCPAP which diffuses in the solution. A steady-state diffusion-
convection situation is established after a few seconds, giving
rise to a reversible cyclic voltammogram, shown in red in Figure
4, located at 0.05 V versus SCE, which is characteristic of the
reversible oxidation of the enzyme-generated 2,6-DCPAP.

The addition of NADH to the solution results in plateau-
shaped cyclic voltammetric responses (green and brown curves
in Figure 4) with a plateau current higher than the red curve
peak as expected from a chemical amplification resulting from
the regeneration of 2,6-DCPAP by reaction of NADH with 2,6-
DCPQI. For highest N-AP surface concentration (right diagram)
the voltammogram recorded at the lowest scan rate (0.01 V/s)
is slightly peak-shaped as a result of partial consumption of
the substrate (green curve). This phenomenon disappears upon
raising the scan rate leading to a plateau-shaped curve (brown
curve recorded at 0.2 V/s).

A plateau-shaped response with a significantly higher plateau
current is observed (blue curves in Figure 4) upon further
addition of DI to the preceding solution. The higher steady-
state current demonstrates that regeneration of 2,6-DCPAP from
2,6-DCPQI in the presence of NADH is more efficient when
the reaction is catalyzed by the enzyme diaphorase than by direct
chemical reduction with NADH.

The same succession of events can be observed in steady-
state chronoamperometry at a sufficiently positive potential to

(23) Gorton, L., Dominguez, E. Electrochemistry of NAD(P)*/NAD(P)H.
In Encyclopedia of Electrochemistry, Wiley Interscience: Weinheim,
Germany, 2002; Vol. 9, pp 67-144.
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Figure 5. Chronoamperometric analysis of a N-AP/b-IgG electrode in a
Tris buffer (pH = 9) prepared from a 5 x 10~"" M N-AP solution. Effect
of the successive addition of 2,6-DCPAP, NADH, and DI is symbolized
by the vertical arrows.
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Figure 6. Calibration curves showing the variation of the voltammetric
peak or plateau current density at a N-AP/b-IgG-modified electrode as a
function of the N-AP concentration in which the bioaffinity electrode was
initially incubated. The measurements were carried out in Tris buffer (pH
= 9) containing 1 mM of 2,6-DCPAPP (red dots), | mM 2,6-DCPAPP +
4 mM NADH (green dots), or 1 mM 2,6-DCPAPP + 4 mM NADH + 2
uM DI (blue dots). v =10 mV s~ ",

enforce the condition [P],=9p = 0 as shown in Figure 5. The
current decrease observed after the rise triggered by the addition
of DI is the result of an excessive consumption of NADH in
the reaction layer. This is confirmed by the fact that the decrease
is much less after a further addition of NADH. The same
phenomenon can be observed in cyclic voltammetry where it
can be fought against by increasing the scan rate (Figure 4).

Systematic experiments of the type shown in Figure 4 were
carried out for a range of concentrations of enzyme label in
solution, CX._ap, allowing one to obtain a series of b-IgG-N-AP
electrodes with various enzyme label coverages. The resulting
calibration curves relating the peak or plateau currents to
CR-ap are shown in Figure 6.

Comparison between the theoretical predictions and these
experimental results is carried out in section 2.3. It requires the
prior determination of the rate parameters of the chemical and
enzymatic amplifiers, which is the object of the next section.

2.2. Determination of the Rate Parameters of the Chemi-
cal and Enzymatic Amplifiers. Application of the relationships
developed in section 1 to the above results requires the
independent determination of the kinetic constants characterizing
the chemical and enzymatic catalysis on which these two modes
of amplification are based. These constants were derived from
cyclic voltammetric experiments in which the reversible re-
sponse of 2,6-DCPAPP is converted into a plateau-shaped curve
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Figure 7. (Left) Cyclic voltammograms recorded at a glassy carbon
electrode in a 0.1 M Tris buffer (pH = 9.0) containing 1 mM MgCl,, 4
mM NADH and, from bottom to top, 0, 1, 2, 3, 6, 10, 30, 60, 100 uM
2,6-DCPAP. Scan rate = 0.03 V s~ '. (Right) Variation of the catalytic
plateau current with the concentration of 2,6-DCPAP: (red solid line) fitting
of data with eq 23 with kc = 900 M~ s™!, Dygpcpap = 4 x 107° cm?
57]
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Figure 8. (Left) Cyclic voltammograms recorded at a GC electrode in a
Tris buffer solution in presence of 4 mM NADH, 100 nM DI, and, from
bottom to top, [2,6-DCPAP] = 0.8, 2.8, 9.8, 29.8, 100, 300 uM. (Right)
Variation with 2,6-DCPAP concentration of the catalytic plateau current:
(red line) best fit considering a bimolecular rate constant toward cosubstrate
k3 = 3 x 108 M~ ! s7! and a turnover ke, = 1000 s~ '. Scan rate = 0.1 V
S

upon addition of NADH (Figure 7) and NADH + DI (Figure
8), respectively.

As expected, the plateau current is proportional to the
concentration of 2,6-DCPAP, Cg,é,DCpAp (Figure 7), and the
square root of NADH concentration, C{apn (not shown)
according to?'*

I,=2F Cg,e—DCPAP\/Dz,s—DCPAP\/chﬁIADH (23)

thus leading from fitting of the experimental data with eq 23 to
ke = 900 M~ ' s~'. Significantly higher plateau currents are
obtained upon addition of a modest amount of DI (Figure 8).
From the analysis of the variation of the plateau currents with
the cosubstrate concentration, under saturated Michaelis—Menten
conditions, one obtains k3 = 3 x 105 M ™' s~ and k,, = 1000
s~ " according to the procedure described in ref 20.

2.3. Application of the Theoretical Relationships. Two ad-
ditional pieces of information were required to analyze, accord-
ing to the theoretical relationships developed in section 1, the
results displayed in Figure 6 which summarizes all the data we
have gathered using direct detection as well as chemical and
enzymatic amplification. The first piece of information was the
rate constants of N-AP attached to the b-IgG-coated electrode.

(24) Savéant, J-M.; Vianello, E. in Advances in Polarography; Longmuir,
1., Ed.; Pergamon Press: New York, 1960; p 367.

Table 1. Parameters for the Analysis of the Experimental Data

0 (cm) 0.019

Dp ~ Ds (cm? s 1) 4 %x107°
ko (s7h 1500
Kim (M) 5x 107°
l"(él,max (mol ecm™?) 15 x 107"
Ky M) 7 x 107
ke M7 s™h) 900

ks M 's7h 3 x 108
k2,2 (Sil) 1000

Ccg (M) 1073

CcR (M) 4 %1073
Cp, (M) 2 x 1076

It was found to be approximately the same as in homogeneous
solution (i.e., k12 = 1500 s L Kim = 50 /,tM).l The second
piece of information relates to the recognition isotherm assumed
to be of the Langmuir type (see the first companion paper):

0
KbCN-AP
1+ KbC(Izl»AP
21

with Ky =7 x 10'M 'and T =15 x 102 mol cm 2.

For convenience, the various constants required for the
analysis of the experimental data are all gathered in Table 1.

The cyclic voltammetric data in Figure 6 (red dots) shows a
linear variation at low values of CR.ap, which corresponds to
the linear (Henry) part of the Langmuir isotherm, while the
leveling off observed upon increasing does not correspond to
the saturated part of the Langmuir isotherm but rather to the
fact that diffusion of the substrate, here 2,6-DCPAPP, becomes
rate-limiting. Such behaviors have been analyzed in details in
Part 1. We focus here on the variations exhibited under chemical
and enzymatic amplification (Figure 9).

Considering first chemical amplification, we observe that at
low values of C.ap, the plateau current adheres to the linear
(Henry) part of the Langmuir isotherm. The leveling off at high
values of CR.ap does not embody reaching saturation of the
Langmuir isotherm (represented by the theoretical green dotted
line in Figure 9). It rather indicates that the kinetic control of
the enzyme label is passing from the enzymatic reaction to the

Tp =TE e (24)
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Figure 9. Calibration curves showing the variation of the voltammetric
plateau current density at a N-AP/b-IgG-modified electrode with the N-AP
concentration in the solution where the bioaffinity electrode was initially
incubated for chemical (green dots) and enzymatic (blue dots) amplification
under the same conditions as in Figure 6. Full and dotted green lines show
the simulation according to 9 and 10, respectively. Full and dotted blue
lines show the simulation according to eqs 12 and 2 and eq 14, respectively,
taking additionally into account the chemical catalysis by NADH.
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Figure 10. Calibration curves of the N-AP/b-IgG bioaffinity electrode in
the same conditions as in Figures 6 and 9 obtained or expected for the
following strategies: (black) nonamplified steady-state chronoamperometry;
(red and brown) cyclic voltammetry at 0.01 and 0.5 V/s, respectively; (green)
chemical amplification by NADH; (blue) enzymatic amplification by 2 uM
DI in solution (and NADH as substrate); (magenta) dual electrode separated
by 4 um; (cyan) co-immobilized monolayer containing 1.5 pmol/cm? of
auxiliary enzyme; (purple) co-immobilized four-monolayer containing each
1.5 pmol/cm? of auxiliary enzyme.

Table 2. Amplification Rates (ampl) and Confinement Lengths (u)

amplification method ampl u (um)
steady-state chronoamperometry 1 190
cyclic voltammetry v =0.01 V/s 3 70

v=205V/s 21 10

chemical 20 11
electrochemical 96 2
enzymatic (solution) 240 0.8
enzymatic (immobilized monolayer) 1500 “0.13”
enzymatic (immobilized multilayer) 5200 0.04

optimized number of monolayers: 4

diffusion of the 2,6-DCPAPP substrate. Indeed, the fitting of
the experimental data with eq 9, in which a mixed kinetic control
is taken into account, is excellent.

As for enzymatic amplification, (blue dots and curves in
Figure 9), the adherence to the Langmuir isotherm is even
more restricted that in the preceding case. Limitation by 2,6-
DCPAPP diffusion again occurs in the leveling off of the
current but this is not the only factor that interferes in this
concentration range. One has to take also into account that
the Michaelis—Menten kinetics tends to reach saturation. All
these factors had to be taken into account through the most
complete eqs (12 and 2) to generate the excellent agreement
observed in Figure 9. An additional factor had in fact to be
considered, namely, the fact that, in the large concentration
range, enzymatic amplification and direct chemical amplifica-
tion by NADH are of the same order of magnitude because
of Michaelis—Menten saturation of the auxiliary enzyme. The
solid blue curve in Figure 9 was thus obtained by the addition
of the two catalytic current densities.

2.4. Comparing the Amplification Rates, Confinement
Lengths. We may now compare the different amplification
strategies starting from the data gathered in Figure 10 that pertain
to the system that we have taken as example. In this comparison,
we focus attention on the linear response obtained, or predicted,
for low values of CY_ap, since it is the domain of major analytical
interest.

Table 2 summarizes the amplification rates and also the
confinement lengths characteristic of each method, defined
as u = o/ampl (see section 1.5). A substantial amplification
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is obtained with the chemical method in our conditions (green
line in Figure 10). Improvements may be sought by changing
the chemical amplifier and/or its concentration. However,
these changes are limited by the direct oxidation of the
amplifier at the electrode surface, which rate usually parallels
the rate of its reaction with the oxidized product. This is the
reason that other chemical amplifiers, such as sodium
borohydride, do not produce a significantly better amplifica-
tion.'® The enzymatic method, with the enzyme in solution
(blue line in Figure 10), gives rise to a larger amplification.
The direct oxidation of the substrate is still a limitation. The
response can be improved by raising the enzyme amplifier
concentration in the solution. However, the concentration of
2 uM of DI that we used in our experiments seems already
a reasonable maximum. It is interesting to predict what would
be the amplification rate for an immobilized monolayer of
the same enzyme, using eq 18 with the parameters in Table
1 for this purpose. Amplification should then reach 1500
(cyan calibration curve in Figure 10) as in the system
investigated in the preliminary note 18 where 3-galactosidase
was used as primary enzyme instead of alkaline phosphatase.
If a thicker film could be co-immobilized with the enzyme
label, we might expect an even better amplification. However
as discussed in section 1.5, amplification rapidly reaches a
limit (see Figure 3). In the present case, considering a surface
concentration per layer of 1.5 pmol/cm? and a layer thickness
about 0.015 um, ng ~ 1 mM, which corresponds to a
reaction layer thickness of up = 0.04 um (from eq 21).
Therefore, it follows that the limit is reached after the
deposition of only four monolayers, leading to a predicted
amplification by a factor of ca. 5000 (purple calibration curve
in Figure 10).

Electrochemical amplification by means of a dual electrode
system (magenta calibration curve in Figure 10) is expected to
be more efficient than chemical amplification provided the gap
between the two electrodes is as small as 4 ym.

As discussed in section 1.5, the confinement length for
cyclic voltammetric detection is equal to the thickness of
the diffusion layer, which is inversely proportional to the
square root of the scan rate. At a very low scan rate, 0.01
V/s, amplification is only by a factor of 3 (red calibration
curve in Figure 10) but raising the scan rate up to 0.5 V/s
brings amplification (brown calibration curve in Figure 10)
to a value similar to that of the chemical system. The use of
higher scan rates should bring about further improvements.
However a limiting factor is the fact that the definition of
the peak current deteriorates simultaneously.

Concluding Remarks

In this series, dedicated to bioaffinity electrodes with in situ
detection of the immobilized enzyme label product, the first part
was devoted to various modes of direct electrochemical detec-
tion. In this second part, the theoretical relationships character-
izing homogeneous chemical and enzymatic amplification of
the primary electrochemical signal have been established. Their
application to the avidin-biotin recognition in a system that
involves alkaline phosphatase as enzyme label and 4-amino-
2,6-dichlorophenyl phosphate as substrate, generating 4-amino-
2,6-dichlorophenol as electrochemically active product, has
shown an excellent agreement between theoretical predictions
and experimental data. This was the case with the chemical
amplification resulting from the reduction by NADH of the 2,6-
dichloro-quinonimine resulting from the electrochemical oxida-
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tion of 4-amino-2,6-dichlorophenol. The same is true with the
more efficient amplification obtained when the reduction of 2,6-
dichloro-quinonimine involves diaphorase in solution with
NADH as substrate. In both cases, a detailed theoretical analysis
and an independent determination of the key kinetic parameters
of the system were required. This approach also allowed
evidencing and optimizing the parameters that govern the
amplification performances. Extension of the theoretical analysis
to monolayer and multilayered films of auxiliary enzyme and
to electrochemical amplification by means of closely spaced dual
electrodes offered a rationale for comparing the amplification
capabilities of the various possible strategies. In this connection,
confinement of the profile of the product, and/or its oxidized
form in the close vicinity the electrode surface appears as a
key parameter of amplification.

Experimental Section

Reagents and procedures were the same as described in Part 1.'
Lyophilised diaphorase from Bacillus stearothermophilus (E.C. 1.6.99.-)
was purchased from Unitika (Japan) and NADH from Sigma.

An AUTOLAB potentiostat (Ecochemie) interfaced to a PC
computer (GPES software) was used for cyclic voltammetry and
chronoamperometry. A glassy carbon electrode (3-mm diameter)
was used as working electrode. A classical water-jacketed electro-
chemical cell (maintained at 20 = 0.5 °C) equipped with a saturated
calomel reference electrode (SCE) and a platinum counter electrode
was used. The voltammetric curves presented in this work were
systematically referred to SCE.

JAT7102873
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