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An electrochemical filter-press microreactor has been designed by electroerosion to
perform chiral enzymatic syntheses. Semicylindrical channels are created in the elec-
trodes, only separated by a Nafion membrane. Electrochemical and hydrodynamic
characterization of the microreactor allows operating conditions to be optimized. Con-
tinuous enzymatic regeneration of NADH was achieved using flavin adenine dinucleo-
tide (FAD/FADH2) as redox mediator. The high specific surface area of the cathode
(250 cm21) provides favorable conditions to increase the FADH2/FAD concentration
ratio and shifts the nonspontaneous reaction FADH2/NAD

1 toward regeneration of
NADH. Synthesis of chiral L-lactate from pyruvate, in the presence of L-LDH, is the
model reaction used to check the ability of the microreactor to regenerate NADH; the
optimized device allows quantitative yields to be reached in NAD1 conversion and in
L-lactate production. The simulation (FemLab software) results are in good agreement
with the experimental mass balances for flow in the range 0.1–0.2 cm3/min. � 2008
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Introduction

More than 300 dehydrogenases require the coenzyme
nicotinamide adenine dinucleotide (NAD(P)1/NAD(P)H) as
cosubstrate.1 Using NADH in preparative enzymatic synthesis2

requires its continuous regeneration because of its high cost.
The efficiency of NADH regeneration can be quantified by

TTN the total turnover number and TN the turnover number.
In situ regeneration processes of NADH or NAD(P)H indi-
cate values of TTN in the range 103–105 to be economically
valuables.3-5

Several works deal with the regeneration of this coenzyme
in various ways (chemically, photochemically, enzymatically,
biologically, or electrochemically)2,4–6; it can, for example
be carried out without enzymes, using chemical agents like
sodium dithionite. Turnover number for NADH reaches 10

that is low; in addition, dithionite is a very reactive chemical
against another enzymes.

Electrochemical regeneration of NADH can be performed
directly at the electrode, in aqueous or no aqueous media, at
relatively very cathodic potentials (20.5 to 21.8 V/SCE) but
the reaction leads to enzymatically inactive products.7–11

Electroreduction of NAD1 bonded to the alginic acid is
achieved by Aizawa et al.12 Electrolysis during 20 h at
21.75 V/SCE allows to convert 50% of the initial NAD, and
to limit loss of active NAD1 to 5%.

Some enzymes allow direct electronic transfer without me-
diator. So, hydrogenases from Rhodococcus opacus and Alca-
ligenes eutrophus H16, were successfully used to regenerate
NAD113,14and to transform the a-ketoglutarate to L-glutamate
with TN lower than 450 h21. The overall reduction rate
remains low and inappropriate for practical uses.

Electroregeneration of enzymatically active NADH or
NAD(P)H can also be performed indirectly by using a redox
mediator for electron transfer (Figure 1b). Various redox me-
diator (methyl viologen, flavins, quinonic compounds, and
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some ferrodoxins, rhodium complex),9,15–19 assisted by vari-
ous enzymes (ferrodoxin-NAD(P)1-reductase,20 lipoamide
dehydrogenase,9 formate dehydrogenase,21 2-oxocarboxylate
and enoate reductases,22 diaphorase, and alcohol dehydrogen-
ase,23) have been used. In most cases TTN and TN remain
lower than 1000 and 100, respectively; very often, the rate of
the chemical reduction of NAD1 by the mediator remains
inappropriate to a real production. On the other hand, stabil-
ity of some of these mediators is relatively low, and because
of their toxicity, they are not useful for chiral syntheses.

Flavin adenine dinucleotide (FAD) is the mediator used in
this study; it is a biologically relevant molecule as, physiologi-
cally, it promotes NADH oxidation in the respiration chain and
other metabolic pathways16; it is also a mediator which mini-
mizes side-reactions and has been reported to be biocompatible.
Moreover, this mediator is also stable and reducible (1) for rela-
tively high cathodic potentials, without negative effect on the
enzymatic activity.15 Nevertheless, the reduced form of flavin
(FADH2) can be very rapidly oxidized by dissolved O2.

FADþ 2Hþ þ 2e� ! FADH2 (1)

Thermodynamics favor NADH oxidation by FAD15,16

according to the reaction (2) of which standard Gibbs energy
(DG28 5 220.3 kJ/mol) is negative. On the contrary, DG228
5 20.3 kJ/mol.

NADHþ FADþ Hþ  ��!
ð2Þ

ð�2Þ
NADþ þ FADH2 (2)

By using a thin-layer spectro-electrochemical cell (an ana-
lytical device), Bergel and Comtat 15 showed that it is possi-
ble to shift equilibrium (2) to the left, and hence to form
NADH. Fine control of the working potential and a
small volume (�100 lL) of electrolyzed solution increase
the amount of flavin (FADH2) electrogenerated in the
thin layer cell. Consequently, thermodynamics (equation

DG2 ¼ DG�2 þ RT ln
½FADH2��½NADþ�
½FAD��½NADH��½Hþ�) show that a high ratio

[FADH2]/[FAD] causes the Gibbs energy of the reverse reac-
tion (DG22) to become negative and the equilibrium shifts
toward NADH (Eq. 2). Turnover numbers higher than 1400
were obtained for the reduction of pyruvate to L-lactate, with
this system, so this is the main reason of the choice of FAD

in this work. If a few examples of electrochemical micro-
reactors for synthetic applications, have been reported,24–27

electrochemical microreactors have never been used, to
regenerate NADH coenzyme using flavin adenine dinucleo-
tide.17,18

A microreactor adapted for syntheses could be defined as
a series of interconnecting channels (10–300 l in diameter)
created in a flat surface in which small quantities of reagents
are manipulated. The main feature of these devices,25,26 i.e.,
their surface area to volume ratio (lies between 20 and 1000
cm21), very high in comparison with these of traditional
reactors (�1 cm21), cause the mass transfer and heat transfer
to significantly improve.

There are many methods for micro- and nanofabrication;
even if lithography is the most wide-spread,28 cylindrical
shapes are quite difficult to generate with this technique. In
this work, electroerosion was used to manufacture the micro-
reactor.

The aim of this study was to demonstrate that our electro-
chemical microreactor is able to regenerate continuously
NADH from NAD1, using Flavin as redox mediator and a
formate dehydrogenase enzyme. Synthesis of L-lactate from
pyruvate (Figure 1b) is the enzymatic model reaction (3)
chosen to confirm the feasibility of the NADH regeneration.

NADHþ Pyruvate  ��!
L�LDH

NADþ þ L� Lactate (3)

Theoretical simulation of the electrochemical microreactor
was performed by using commercial software, to compare
experimental results to theoretical ones and to validate the
elaborated tool, requested to the theoretical optimization of
this complex system.

Experimental

Chemicals

The chemicals used were purchased from Acros, Sigma-
Aldrich, Merck, or Prolabo. The enzyme L-lactate dehy-
drogenase (L-LDH) is from rabbit muscle, and the formate
dehydrogenase (FDH) from yeast Candida bodinii.

Apparatus

In a previous work,17 we presented the design and produc-
tion of the filter-press microreactor (Figure 2). Two rec-
tangular plates (5 cm 3 5 cm 3 0.2 cm), made of gold and
platinum, are used as cathode and anode, respectively. One
hundred thirty semicylindrical channels (diameter 160 lm)
were made by electroerosion on one face of each plate, so their
specific area reaches 250 cm21. Two large channels (3 mm
3 0.7 mm 3 40 mm), located at the bottom and at the top
of the metal plate, provide uniform distribution of electrolyte
to all microchannels as well as uniform output of the electro-
lyzed solutions. The anode is separated from the cathode by
a Nafion proton exchange membrane N1135. The hydraulic
connection tubes, made in the same material as the electro-
des, were welded to the backs of the electrode plates. A plat-
inum wire inserted into a Teflon pipe, which opens into the
large electrolyte inlet channel, is used as the comparison
electrode. The assembled reactor was then housed in a water-
tight Teflon casing. Figure 2 provides a representation of the
whole apparatus used for the mass balance experiments.

Figure 1. Schematic representation of chiral synthesis
involving NADH cofactor, electrochemically
regenerated (a) directly or (b) indirectly.
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Theoretical Simulation of the Microreactor

Simulations of various experiments were performed with
FemLab software to propose a theoretical model for the
microreactor by taking in account:

-the electrochemical reaction (1),
-both reactions (1) and (2), i.e., NADH regeneration, and
-the overall reaction scheme described in Figure 1b, reac-

tions (1)–(3).
Expected results are the concentration profiles for various

species as well as the conversion of reagents like NAD1 and
pyruvate. A further objective was to demonstrate the feasibil-
ity within the microreactor of a thermodynamically nonfa-
vored reaction, leading to the formation of a chiral product.

Equations are discretized by the finite element method. As
indicated in Figure 2, electrodes are equipped with two holes
(for inlet and outlet solutions) located in the middle of the
main (top and bottom) channels. The velocity profile is nonuni-
form in the microchannels because of the pressure drop in the
main channels, but to simplify calculations, every microchan-
nel was assumed to have the same velocity profile and same
composition, so simulation was done in one microchannel.

*Navier-Stokes equations (4) are coupled with steady-state
convection-diffusion equation (5) to simulate the microreactor.

q
@~V

@t
þ ð~V � rÞ~V

" #
¼ � ~grad pþ lr2~V þ q~g

r~V ¼ 0

8>><
>>: (4)

�Convection� diffusion equation for species j :
rð�D � rcj þ cj � VÞ ¼ Rj

(5)

where Rj is the overall rate of all homogeneous reactions
occurring in the bulk solution. Expressions of Rj for species
FAD, FADH2, NAD1, NADH, pyruvate, and L-lactate are
R-2, -R-2, R3–R-2, R-2–R3, -R3, and R3, respectively.

Migration terms are neglected because of the presence of a
supporting electrolyte, i.e., phosphate buffer.

Boundary conditions

Because of the semicylindrical shape of the microchannels
(Figure 2c) some additional simplifications were made, and
by this way various boundary conditions can be used.

There are some common boundary conditions (hydrody-
namics) as follows:

*An uniform flow is established at the face i and at any
point of this face, flow will be characterized by the average
velocity, determined by the ratio volumetric flow to channel
cross sectional area. Calculations of the distance (L) from
the entrance necessary to obtain a uniform stream were per-
formed using relationship: L 5 0.06 3 dh 3 Re, where dh
is the hydraulic diameter and Re the Reynolds number
(calculated with the average velocity).29 Results show that
the L value represents 0.02% of the total length of the
microchannel (4 cm).

*Flux for electroactive species on face iii, i.e., the electro-
lyte separator, is zero except for hydrogen ion from the an-
ode to the cathode. In this study, pH remained constant in
both compartments because of the concentrated phosphate
buffered solution.

*On face ii, the electrochemical reaction is assumed to be
finished because the electrode area is interrupted, or because
conversion of electroactive species is complete. In these con-
ditions there is no current, so no consumption and conse-
quently neither diffusion nor migration takes place. In the
case of the microreactor studied here, this is an oversimplifi-
cation, because at the end of each individual microchannel
there is a relatively large channel; it works both as a collec-
tor of various streams, and also as an electroactive surface
on which electrochemical reactions can be pursued. Never-
theless, electrochemical conversion in this relatively large
channel is very low because its volume is large in compari-
son with its small surface area. This assumption is therefore
justified.

*On face iii and iv, shear stress is maximal, or velocity is
null.

Two specific boundary conditions can be used at the elec-
trode surface, face iv, Figure 2c:

*The sum of the flux of oxidized and reduced forms is
zero (Nox 5 Nred) at the electrode.

*Calculations can be performed making two additional
assumptions:

(a) There is no limitation by electron transfer, and only
mass transfer governs the flux at the electrode. In this case,
simulation implies knowing the average value of the mass
transfer coefficient Kav, then the mass flux density at the
electrode is given by Nj ¼ Kav � c�j , where c�j is the inlet con-
centration of electroactive species.

(b) Limitation to the overall process can be provided by
both electron and mass transfer; in this case, to access the
flux density ðNj ¼ i

n�FÞ, the Butler-Volmer equation was used
for the current density expression as follows:

i ¼ i� � celecox

cbulkox

� expð�a � n � F
RT
� gÞ� celecred

cbulkred

� expðð1� aÞ � n � F
RT
� gÞ

� �
(6)

Figure 2. Scheme of the apparatus used for mass bal-
ance experiments.

1: Filter-press microreactor; 2, 2a, 2b, and 2c: cathode (Au)
and enlarged microstructured surfaces; 3: anode (Pt); 4: Pt
wire used as comparison electrode; 5: Nafion membrane; 6:
peristaltic pump (Watson-Marlow 2058); 7 and 8: catholyte
and anolyte feeds; 9 and 10: catholyte and anolyte recovery
after electrolysis. 2c: Schematic representation of a slice of
the microchannel with semi cylindrical shape; (i) inlet face;
(ii) outlet face; (iii) membrane face; (iv) electrode face.
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g is the overpotential, i.e., the difference between applied
potential and the zero current potential.

F is the Faraday constant, R is the gas law constant, i0 is
the exchange current–density, celecox and cblukred are the concen-
tration at the electrode and in the bulk solution, respectively,
for the oxidized or the reduced form. i8, the exchange cur-
rent–density and a, the cathodic transfer coefficient are deter-
mined in the kinetic section.

Theoretical simulations for the overall process described in
Figure 1b were carried out by taking into account convec-
tion-diffusion equation (5) for all species j.

Let us note that, in this theoretical study, inhibition of
FDH by various reagents, particularly by NAD1 can be
ignored30 because of the low concentrations used ([NAD1]
\ 10 mM).

The diffusivity value used for NADH is 2.4 3 10210 m2/s,
and NAD1 is assumed to have the same diffusivity.31 For L-
lactate diffusivity is 1.06 3 1029 m2/s, and pyruvate is
assumed to have the same diffusivity.32

Results

Enzyme assay

The specific activity of enzymes FDH from the yeast Can-
dida bodinii and L-LDH from rabbit muscle were determined
by UV measurements, according to the analytical method
described in the Annex 1a; their values were found to be 0.92
UFDH/mg and 866 ULDH/mg, respectively, for FDH and LDH.

Spectrophotometric and chromatographic measurements

Flavin (FAD) and NADH samples were analyzed by UV
spectrophotometer according to the analytical method
described in the Annex 1b. The determination of the NADH
concentration in the electrolyzed solution needs two coupled
measurements of absorbance at 450 and 340 nm; the combi-
nation of these values allows the NADH concentration to be
determined with an incertitude lower than 4%.

L-Lactate concentration was determined by HPLC accord-
ing to the analytical method described in the Annex 1c. The
incertitude to this measurement led to an error on the L-lac-
tate concentration lower than 5%.

Characterization of the microreactor

The goal is to define the optimum operating conditions, to
study and solve practical questions related to the nature of
the reagents used, and to determine various physical parame-
ters necessary for theoretical simulations.

On the hydrodynamic point of view, in general, for flow in
a channel of diameter greater than 41 lm, there are no spe-
cific contributions of pressure drop to take into account.29,33

This is in agreement with experiment; for all preparative
electrolyses without evolution of hydrogen or oxygen, the
pressure drop remains lower than 105 Pa.

To characterize the microreactor, electrochemical experi-
ments were achieved using the reversible hexacyanoferrate
III/hexacyanoferrate II redox system (7), and kinetic parame-
ters, optimal flow conditions, as well as the mass transfer of
ferricyanide were determined.

FeðCNÞ3�6 þ e�  ��! FeðCNÞ4�6 (7)

The curves obtained by cyclic voltammetry in the transient
state, without flow (not showed), indicate a classical
shape for a quasi-reversible electrochemical system. The
relatively high difference between the peaks potentials
{DEpeak 5 0.031 2 (20.138) 5 169 mV} is caused by the
‘‘comparison electrode" used. Indeed during the scanning,
electrolysis modifies the ferricyanide/ferrocyanide ratio in the
inlet area of the electrode, and consequently the potential of
the comparison electrode. The magnitude of the oxidation
current is about 90% of the corresponding value for the ca-
thodic curve, because of the slight difference of the diffusiv-
ities between reduced and oxidized form.

To determine the average value of the mass transfer coeffi-
cient Kav, current–potential curves were plotted (Figure 3a)
for steady-state conditions with various flow rates. The
curves indicate that reduction of ferricyanide takes place for
potentials lower than 20.1 V; the shape of the curves
strongly depends on the flow rate; indeed, when it is lower
than 3 cm3/min (curves 1–3), the reduction signal has the
shape of a peak; ferricyanide reduction current decreases
with the potential due to the concentration depletion in the
microchannel; the high specific area of this microreactor
allows operation under high conversion rates.

When flow rate becomes higher than 3 cm3/min, classical
shaped curves are obtained indicating a limiting current, con-
stant, over the potential range 20.15 to 20.3 V; in fact, a
small residence time does not allow high conversion of ferri-
cyanide, and a constant concentration in the ‘‘bulk’’ of the
microchannel leads to a constant current.

The cathodic transfer coefficient a, as well as the exchange
current–density of ferricyanide reduction on the gold cathode
(i8) were determined experimentally by logarithmic analysis

Figure 3. Electrochemical measurement carried out
using a filter-press microreactor, with vari-
ous flow rates of a ferricyanide 5 mol/m3

solution.

Cathode 5 Au; anode 5 Pt; 0.01 V/s; SAu 5 SPt 5 1.3 3
1023 m2; 298 K; N2 5 105 Pa. (A) Current potential
curves obtained for various flow rate: 0.95, 1.6, 2.8, and
4.3 cm3/min for curves 1, 2, 3, and 4, respectively. (B)
Chronoamperograms obtained at E5 20.2 V/Pt wire for
various flow rates: 0.26, 1.1, 2.2, and 3.5 cm3/min for
curves i, ii, iii, and iv, respectively.
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of current potential curves 3 and 4 (Figure 3a). Their values
are i8 5 0.3 A/m2 and a 5 0.5.

Unfortunately, the available flow range allowing a ‘‘constant’’
limiting current is small (3–5 cm3/min) because of leakages of
solution for ‘‘high" flow. Consequently, to determine the aver-
age value of the mass transfer coefficient Kav chronoampero-
metric measurements, at a constant potential of 20.2 V applied
to the gold cathode, were performed for various flow rates over
the range 0.2–3.5 cm3/min (Figure 3b). The algebraic current
decreased with time and reached a practically constant value for
all flows examined. Let us note that for higher flows this steady-
state current corresponds to the limiting current.

To determine the average mass transfer coefficient the fol-
lowing assumptions will be made:

– the measured steady-state current density obeys to the
classical relation: i 5 n�F�Kav�c.

– the microreactor can be assimilated to a plug flow
reactor, so under potentiostatique conditions, the con-
centration varies exponentially with the channel length
x: c 5 c8�exp{2p�r�Kav�x/Q}, where r is the radius of the
hemicylindrical microchannel.

– the overall measured current I is given by the integral of

the current density i: I ¼ Rx¼1
x¼0

pr nFKav � c�expð� prKav�x
Q Þdx.

In these conditions, the following relationship describes
the flow rate dependence of the average value of the mass
transfer coefficient:

Kav ¼ �Q

S
ln 1� I

nFc�Q

� �
(8)

The analysis of the experimental chronoamperometric
measurements (Figure 3b) provides the requested Kav 5
f(flow) empiric correlation (9).

Kav ¼ 0:1523Q0:57 (9)

Kav and Q are expressed in (m/s) and (m3/s), respectively.

Electrochemical behavior of various chemicals used for
L-lactate synthesis

Figure 4 presents the cathodic part of the voltammograms,
obtained in the transient state, for the various chemicals used
in L-lactate synthesis. The curves show no reaction before
about 20.7 V/Pt wire for any species except flavin.

The Curves 3 and 4 in the range examined are similar to
those of the residual current (1) except for a slight shift to
cathodic values, probably caused by partial passivation of the
cathode owing to the presence of L-lactate and pyruvate.

Curve (2) shows that FAD can be reduced at the cathode
for potentials lower than 20.4 V, and the cyclic voltammetry
signal has a classical shape. Nevertheless, various results
show that it is not very easy to obtain reproducible voltam-
mograms; indeed phenomena such as adsorption, acid/base
equilibrium shifts, and electrochemical reduction of flavin
can take place affecting the magnitude of the signal and the
number of peaks/shoulders.34

Logarithmic analysis of the experimental current–potential
curve obtained in the steady state with 5 mol/m3 flavin in
phosphate buffer pH 7.0, provided kinetic parameters, useful
for theoretical simulations, like the exchange current density

i0 as well as the electron transfer coefficient a, of flavin on
the gold cathode: i0 5 2.25 3 1022 A/m2, a 5 0.14 assum-
ing two electrons for flavin reduction.

Diffusivity, D, of FAD was determined by various chrono-
potentiometric experiments35: in a phosphate-buffered solu-
tion D[FAD]55.3 mol/m3 5 0.82 3 10210 m2/s; note that this
value is relatively low because of the ‘‘large’’ size of the
FAD molecule, and can vary with its concentration.

Determination of the kinetic parameters for the
chemical reactions

The enzymatic reaction (22) between reduced flavin
FADH2 and nicotinamide adenine dinucleotide NAD1 is an
ordered reaction,36,37 and its kinetics obeys to the relation-
ship (10) as follows:

R�2 ¼ Rmax�2
1þ K�2 þ KmFADH2

½FADH2� þ
KmNADþ
½NADþ�

(10)

Some kinetic parameters of this reaction (NAD1/FADH2)
have been estimated by Bergel and Comtat15 particularly the
Michaelis-Menten constant KmFADH2

5 9 mM. In addition,
for experiments carried out with concentrations of species
lower than 10 mM, it is assumed that the mixed inhibition
constant is null. In this work, all concentrations were lower
than 10 mM, so K22 5 0.

Rmax22 is the maximum velocity 5 kcat22*[FDH]8 5 0.1
mol/(m3 s) for [FDH]8 5 5 U/cm3.

A ratio of 1.3 3 1022 was deduced between the activity of
the enzyme FDH with respect to this process and its normal

Figure 4. Current–potential curves obtained in the
microreactor for various chemicals used in
L-lactate synthesis.

Phosphate buffer pH 5 7.0; cathode 5 Au; anode 5 Pt;
SAu 5 SPt 5 1.3 3 1023 m2; 0.1 V/s; 293 K; N2 5 105 Pa;
No flow in the microreactor. (1) Residual current; (2)
[FAD] 5 3.85 mol/m3; (3) [L-Lactate] 5 4 mol/m3; (4)
[Pyruvate] 5 7 mol/m3.
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activity with respect to formate (Annex 1a). This ratio was
determined in a thin layer electrochemical cell, which is
quite different from the microreactor used here. A numerical
correction of the enzyme concentration was made. In particu-
lar, the FDH concentration was chosen related to formate
reduction (Annex 1a).

The enzymatic reaction between reduced nicotinamide ade-
nine dinucleotide NADH and pyruvate (3) obeys an ordered
Theorell-Chance mechanism; its kinetics can be modeled30

as follows:

R3 ¼ Rmax3

1þ K3 þ KmNADH

½NADH� þ KmPyruvate

½Pyruvate�
(11)

where Rmax3: maximum velocity 5 kcat3*[L-LDH]8 5 0.02
mol/(m3 s) for [L-LDH] 5 0.05 U/cm3,

kcat3 is the catalytic constant30 5 1.7 s21,
K3 5 1.38 3 1023 mixed inhibition constant between

NADH and pyruvate,
Michaelis-Menten constants: Km pyruvate: 1.6 3 1026 mol/L;

Km NADH5 10.73 1026 mol/L.

Mass balance experiments

(a) Study of the Microreactor Performance Using Ferri-
cyanide Solution. Electrolyses, carried out under potentio-
static conditions, and the residual concentration of ferricya-
nide after electrolysis in the microreactor, was determined by
UV spectrophotometry at 420 nm. Applied potential at the
cathode allows operating under the limiting current, so theo-
retically the rate of secondary cathodic reactions is practi-

cally cancelled. Figure 5 indicates the conversion of ferricya-
nide vs. the Re number.

Quantitative conversion of substrate was obtained for Re
number lower than 5 1.5 (flow \ 1 cm3/min). Increasing
flow leads to decreased conversion of ferricyanide because
the residence time and consequently the amount of charge
passed, decrease: 50% of the ferricyanide was converted for
a relatively high flow rate of 5 cm3/min corresponding to a
Re number of 11.3. This is the maximum flow rate tolerated
by the microreactor before leakage. For all electrolyses, the
Faradic yield remains in the range of 94 and 96%, a result
in agreement with the absence of hydrogen bubbles in the
catholyte.

Theoretical simulations were carried out for the ferricya-
nide/ferrocyanide system, to validate the experimental results
obtained for the characterization of the microreactor. In this
case, there was no chemical reaction in the bulk (Rj 5 0).
Simulation provides first the velocity profile in the micro-
channel; a classical parabolic shape was obtained showing
that the laminar flow is well developed in the microchannel
and the inlet effect can be neglected.

The theoretical conversion of ferricyanide, obtained using
the Butler-Volmer equation (6) as a boundary condition, is
plotted vs. Re number in Figure 5, alongside experimental
values (black squares). Agreement between experimental and
theoretical results is satisfactory for Re number lower than 6
(i.e., flow rates \ 3 cm3/min); a small deviation is observed
for higher flows. The Butler-Volmer equation includes
parameters difficult to evaluate precisely for high values of
overpotential (such as the interfacial concentration or an
exponential term which tends to infinite); so using this rela-
tion as a boundary condition could lead to uncertain results,
explaining discrepancies between theory and experience.

(b) NADH electroregeneration

Experimental Results
Influence of the volumetric flow. To study the regenera-

tion of NADH within the microreactor, mass balance experi-
ments were carried out under potentiostatic conditions, for
flow rate lower than 0.5 cm3/min.

Electrolyses reduce FAD to FADH2 (1), then chemical
reaction (22) can take place and produce NADH, the desired
compound. Results indicated in Figure 6 (black squares, 1),
which presents the Re number dependence in the experimen-
tal conversion of NADH. Relative high conversion yields of
NAD1 to NADH ([50%) can be obtained for flow rate of
60 lL/min corresponding to a residence time of 45 s, and a
Re number close to 0.1.

Increasing the flow rate causes a decrease of NAD1 con-
version. Indeed, the low residence time35 of the mixture
(FADH2/NAD

1) does not allow to fully develop the chemi-
cal reaction (22). To demonstrate it three successive elec-
trolyses are carried out with the same solution.

Analysis of electrolyzed solution (Table 1), performed
about 10 min after the end of electrolyses, indicate that:

*Absorbance at 450 nm remain constant, meaning that on
the one hand concentration of oxidized form of Flavin
remain constant (5.14 mmol/L) and on the other hand
reduced form of Flavin (FADH2) is absent to the electrolyzed
solution because of its instability. Consequence of this is that

Figure 5. Ferricyanide conversion vs. Reynolds number.

Mass balance experiments performed in the microreactor
under potentiostatic conditions. Eapplied 5 20.2 V/Pt wire,
[KCl] 5 200 mol/m3; 293 K; N2 5 105 Pa; [ferricyanide]8 5
5 mol/m3; Qcatholyte 5 Qanolyte; no recycling. ^^^^, Experi-
mental conversion; . . . ., Simulated conversion when Butler-
Volmer equation is used to calculate mass flux density.
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the effect of the mass transfer is negligible in comparison
with the effect of the residence time in the progression of
reaction (22) in the direction of NAD1 conversion.

*Recycling three times (discontinuously) the electrolyzed
solution enables 100% conversion of NAD1 to NADH.

*Current efficiency, estimated vs. indirect electroregener-
ated NADH remains close to 20%. Taking account that elec-
trolyses are performed under potentiostatic conditions, faradic
yield for FADH2 has to be close to 90%, because 10% of the
current is attributed to the water reduction (Figure 4). Never-
theless, loss in the reduced form of flavin (FADH2) drasti-
cally decreases the current efficiency of the overall process.

Let us note that for electrolyses under galvanostatic condi-
tions, the correlation ‘‘current against volumetric flow’’ must
be known, to estimate the optimum value of the current to
apply35 and consequently to operate under with the maxi-
mum faradic yield (close to 100%).

Influence of the temperature. The influence of the tem-
perature on the experimental conversion of electroregenerated
NADH was examined and the results of the preparative elec-

trolyses, reported in Figure 7, show that NAD1 conversion
first increases from 20 to 408C, and decreases for higher
temperature.

Various parameters can cause this evolution; theoretically,
diffusivity of FAD (and consequently the magnitude of its
reduction current) increases when the temperature increases
and led to a higher concentration of FADH2; nevertheless, as
previous results shown, the electrolyzed solution does not
contain FADH2 and conversion of NAD1 was not quantita-
tive. In addition, the activation energy of the mass transfer
phenomenon is in general lower than the activation energy of
a chemical reaction.38 In this case, the activation energy of
the overall phenomenon (Reactions 1 and 2) can be estimated
from data of Figure 7, assuming that the overall rate can be
approximated by the ratio d[NADH]outlet/dt 5 X*[NAD1]8/s
5 constant*exp(2Ea/RT).

Results led to the following relationship: ln(X*[NAD1]8/s)
5 26443/T 1 8.954; R2 5 0.98, so an activation energy (Ea

5 53.5 kJ/mol) relatively high, indicating that increasing
temperature mainly acts on the chemical reaction (22) and
shift it toward NADH regeneration. Moreover, influence of
the increase of the current by temperature effect, on the
NAD1 conversion, will be assumed as negligible.

In fact, temperature seems to mainly influence the FDH
enzymatic activity; indeed, according to Slusarczyk,39 the

Figure 6. Conversion X of NAD1 to NADH (1) and pyru-
vate to L-lactate (2) against Reynolds number.

Mass balance performed in the microreactor. Phosphate
buffer pH 5 7.0; applied overpotential g 5 20.5 V; 298 K;
N2 5 105 Pa; Qanolyte 5 Qcatholyte. Curve 1: [FAD]8 5 5
mol/m3; [NAD1]8 5 3 mol/m3; [FDH]8 5 5 U/cm3; dashed
line: simulation results; experimental results. Curve
2: [FAD]8 5 [NAD1]8 5 4 mol/m3; [pyruvate]8 5 3 mol/
m3; Rmax225 0.1 mol/(m3 s1), Rmax3 5 0.02 mol/(m3 s1).
Continuous line: simulation results; : experimental result
(Run 1, Table 2). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Table 1. Mass Balances for Electro-Enzymatic Regeneration of NADH Performed Under Potentiostatic Conditions

Recycling
Stages A340 (3100 diluted) A450 (3100 diluted)

XNAD1

(experimental analysis)

Faradic yield (%):
2F�flow�C�

NAD
�s�XNADþRs

0

I�dt

0 0.1883 0.404 0 0
1 0.2668 30 16
2 0.3611 66 21
3 0.4501 Quantitative 23

[FDH]8 5 0.5 U/cm3; [FAD]8 5 5.14 mmol/L; [NAD1]8 5 5.70 mmol/L; phosphate buffer: 50 mol/m3; pH 5 7; initial volume of the electrolyzed solution: �1
cm3; flow 5 63 lL/min; s 5 50 s; applied overpotential g 5 20.5 V; N2 10

5 Pa; 293 K.

Figure 7. Conversion of NAD1 to NADH vs. tempera-
ture.

[NAD1]8 5 [FAD]8 5 4 mol/m3; [FDH]8 5 0.0945 U/cm3;
electrolysis at 20.55 V/Pt wire; Qanolyte 5 Qcatholyte 5
0.126 cm3/min.
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optimal activity of formate dehydrogenase is reached at tem-
perature close to 458C, and this is in agreement with the
results of this work. Activity of FDH as well as NAD1 con-
version increases until about 408C and decreases to 35% for
temperature that reach 508C.

Simulation results. Theoretical simulations were carried
out for the reaction scheme including both electrochemical
(1) and enzymatic steps (22), i.e., the indirect electroregen-
eration of NADH by mediation of a flavinic cofactor.

As explained previously, the homogeneous reaction (2)
between FAD and NADH is spontaneous. Using microstruc-
tures, created directly in the electrode, decreases the size of
the electrolyte stream practically to the thickness of a ‘‘clas-
sical" value of diffusion layer, i.e., �1023 cm. A uniform
concentration profile is assumed to exist at any point in the
stream, and the concentration ratio [reduced Flavin]/[oxidized
Flavin] can be increased; the consequence of this phenom-
enon is to shift the NAD1/FADH2 equilibrium toward
NADH regeneration, a situation similar to that of the thin
layer cell.15 The main objective of this part of the study was
first to demonstrate that using small microstructures allows
operation with negative free enthalpy; another objective was
to determine the concentration profiles and the conversion
for species within the microreactor to optimize the overall
electrogeneration process of the pyridinic cofactor.

The dimensionless concentration profiles for all species
obtained in the microchannel are presented in Figure 8a. The
results show that conversion rate of FAD to FADH2 exceeds
90%, after one residence time in the microreactor.

The flavin concentration ratio ([FADH2]/[FAD]) is plotted
in the same graph vs. the channel length, graph (b); the curve
has a sigmoidal shape, which means that the reaction (1) pro-
gressed faster in the first part of the channel.

Moreover, Curves 3 and 4 in Figure 8a clearly indicate
that NAD1 is reduced to NADH; theoretical conversion for
one residence time (4 cm of the length) is over 50%.

Figure 9, graph (a) plots the Gibbs energy DG22 against
microchannel length, calculated using the following relation-
ship:

DG�2 ¼ 20; 300þ RT ln
½FAD� � ½NADH� � ½Hþ�
½FADH2� � ½NADþ� (12)

where *DG��2 ¼ 20; 300 J=mol (or DG�2 ¼ �20; 300 J=mol)
is the standard free enthalpy of the homogeneous reactions
(2) or (22), arises from calculation from standard states ther-
modynamic values.

*The concentrations are expressed in mol/L.
Gibbs energy is a function of the flavin concentration ratio
½FAD�
½FADH2�, and the results indicate that at pH 5 7 and for

lengths of over a few micrometers, the Gibbs energy
becomes negative at all points within the microchannel. Let
us note that, in this study relatively low concentrations
(\5 mM) solutions are involved, so we can assume that the
activities are similar to the concentrations.

The curve can be separated into two parts: for lengths
lower than 50 lm Gibbs energy strongly decreases algebrai-
cally down to 240 kJ/mol, because of the electrolytic pro-
duction of the reduced form of flavin, which causes an

increase in the concentration ratios
½FADH2�
½FAD� and

½NADH�
½NADþ�. Com-

parison of this results with the graph (b) of Figure 8 indicate
that the backward reaction (22) is thermodynamically

favored for even low concentration ratios
½FADH2�
½FAD� . Simultane-

ously, graph (b) of Figure 9 shows that the rate of the back-
ward reaction (22) increases because of FADH2 formation.

In the second part of curves (a) and (b) in Figure 9, Gibbs
energy as well as the chemical rate R22 seems to be stabilized,
[at 235 kJ/mol and 0.045 mol/(m3 s), respectively] because a
steady state is reached for the overall process: electrochemical
production/chemical consumption of FADH2. Note that to
attain the highest production it is important to optimize the
flow and the concentrations that allow operation at maximum
rate immediately at the inlet of the microchannel.

Figure 6 (dashed line, Curve 1) plots the theoretical con-
version of NAD1 to NADH vs. the Re number. Comparison
with experimental results (black square) is in good agreement
for Re [ 0.2, but discrepancies appear for lower flows;

Figure 8. Simulated results of electrolyses performed
using a filter press microreactor.

[FAD]8 5 5 mol/m3; [NAD1]8 5 3 mol/m3; [FDH]8 5 5
U/cm3; Rmax22 5 0.1 mol/(m3 s); Qanolyte 5 Qcatholyte 5
0.0945 cm3/min. (a) Dimensionless concentration as a func-
tion of the microchannel length for all species, i.e., 1:
FAD, 2: FADH2; 3: NAD

1, 4: NADH. (b) Evolution of the
simulated ratio [FADH2]/[FAD] within the microreactor.

Figure 9. Theoretical evolution of free enthalpy (a) and
chemical reaction rate R22 (b) against the
microchannel length, during electrolyses
within a microreactor.

[FAD]8 55 mol/m3; [NAD1]8 5 3 mol/m3; Rmax22 5 0.1
mol/(m3 s); Qanolyte 5 Qcatholyte 5 0.0945 cm3/min.
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experimental conversion seems to be stabilized while theoret-
ical conversion increases continuously. Reducing the flow,
increases the residence time and causes a continuous increase
of the theoretical conversion of NAD1. In contrast, the
behavior of experimental conversion can be explained by the
internal structure of the microreactor: the nonoptimized shape
and skew of the main channels (distributing and collecting)
cause the presence of dead areas in the microreactor. The
consequence is a drop of available electrochemical area and
also a decrease of the FADH2 concentration. Another expla-
nation of discrepancies is that the simulation does not take
account the instability of FADH2.

To sum up, the theoretical model of NADH regeneration
gives satisfactory results for Re number higher than 0.2,
which corresponds to flow rates higher than 100 lL/min.

(3) Synthesis of L-lactate using electroregenated NADH

Experimental Results. Mass balance experiments were
performed under potentiostatic conditions using the filter-
press microreactor. FADH2 produced at the gold cathode
(Figure 1b) reacts chemically with NAD1 to lead to NADH;
then L-lactate is synthesized from reaction with the continu-
ously electro-regenerated NADH on pyruvate (3).

The solution used as catholyte contains at least five com-
pounds and constitutes a complex mixture of FAD (or/and
FADH2), NAD

1 (or/and NADH), FDH, L-LDH, pyruvate (or/
and L-lactate). The electrolyzed solution obtained at the outlet
of the microreactor was immediately (5\ Dt\ 10 min) ana-
lyzed by HPLC as described previously, and the results
(Table 2) show that pyruvate was converted into L-lactate.
Experiments without recycling (Run 1) did not yield high con-
version (\25%) of pyruvate; the short residence time was insuf-
ficient to allow chemical reactions (22) and (3) to take place, so
the electrolyzed solution at the outlet of the reactor contained
unreacted FADH2 (which rapidly disappears by reaction with
oxygen) as well as unreacted NADH. The quantities of these
compounds were not determined because of the small volumes
of solution involved (used for L-lactate HPLC analysis).

Quartering the flow, multiplying the LDH content by 2.5,
and recycling the catholyte (ratio 0.25) increased the conver-
sion of pyruvate to L-lactate (Run 2). Overall flow within the
microreactor was decreased in comparison with Run 1. The
consequence on the electrochemical reaction (1), performed
under potentiostatic conditions, is the decrease in the result-

ing current, because flow acts directly on flavin (FAD) mass
transfer. A low concentration of electroregenerated FADH2

could lead to the drop in both NADH and pyruvate conver-
sion. In fact conversion of pyruvate to L-lactate increases
from 23 to 36%, indicating that

– the electrochemical reaction is not the limiting step and
– the increase in the residence time as well as in the LDH

content increase the progression of both chemical reactions
(22) and (3).

Runs 3 and 4, performed without continuous recycling, con-
firm that it is the chemical reactions that are the rate-limiting
steps; electrolyzed solution is collected at the outlet of the re-
actor, and after few minutes it is introduced within the reactor
and electrolyzed again (three times). HPLC indicates quantita-
tive conversion of pyruvate to L-lactate in these conditions.

The overall production rate of L-lactate can reach
0.13 mol/(m2 day), a relatively low value because of the low
concentrations of NAD1 and FAD used. Even though these
preliminary results are satisfactory, concentrations of sub-
strate and enzymes have to be optimized, in order to increase
their overall turnover number and the flux produced, as well
as having an economically viable process (FDH: 100 €/100
U and L-LDH: 0.13 €/100 U). The experimental results
obtained show that in these conditions, the maximum con-
centration of FDH must not exceed 0.005 U/cm3, and for
LDH the optimum value is 0.03 U/cm3.

Simulation Results. Figure 10 reports three graphs giving
the theoretical results obtained for the overall reaction
scheme (Figure 1b) occurring in the microreactor. The same
conditions as those used in the NADH regeneration section
was applied for the synthesis of L-lactate. The pyruvate con-
centration was fixed at 3 mol/m3.

Graph (a) gives the theoretical profiles of the normalised
concentrations of the various compounds contained within
the electrolyzed solution against microchannel length. Curves
1 and 2 represent FAD and FADH2 concentrations, respec-
tively. For one residence time, conversion of FAD to the
reduced form reaches about 95%; the FADH2 produced is
not consumed by chemical reaction (22) but accumulates
within the microreactor. The outlet concentration of FADH2

is about 14 times higher than the concentration of FAD as
confirmed by graph (b).

Behavior similar to that of flavin is observed with the
system NAD1/NADH (Curves 3 and 4, graph a) as well as
with the system puryvate/L-lactate (Curves 5 and 6, graph a).

Table 2. Mass Balances for Electro-Enzymatic Synthesis of L-Lactate from the Pyruvate Performed Under Various Operating
Conditions

Run No. 1 2* 3** 4**

[Sodium pyruvate]0 (mol/m3) 2.89 6 0.05 1.38 6 0.05
[FAD]0 (mol/m3) 3.94 6 0.05 4.11 6 0.05 4.81 6 0.05
[b-NAD1]0 (mol/m3) 3.91 6 0.05 3.84 6 0.05 4.04 6 0.05
[LDH]0 (U/cm

3) 2 5 0.5
Qanolyte 5 Qcatholyte (m

3/s1) 21.7 3 10210 5.3 3 10210 10.7 3 10210

Residence time (s) 23 73 137
Conversion of pyruvate to L-lactate (%) 23 36 �100 �100
Turnover number (H21) 27 13 9 9
Production of L-lactate [mol/(m2 day)] 0.12 0.05 0.13 0.13

Eapplied: 20.6 V/Pt wire; phosphate buffer: 50 mol/m3; pH 5 7; N2 10
5 Pa; 293 K; [FDH]0 5 0.5 U/cm3.

*Catholyte continuously recycled into the microreactor (recycling rate 5 0.25).
**Catholyte recycled three times, as a whole batch each time, into the microreactor.
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Conversions of NAD1 and pyruvate reached �40 and �20%,
respectively, for one residence time, indicating that the electro-
chemical step is faster than chemical reactions (22) and (3)
which are the rate-limiting steps of the overall process. As indi-
cated in the Experimental section, low residence times do not
allow chemical reactions (22) and (3) to make much progress,
so the electrolyzed solution at the outlet of the reactor contains,
theoretically, unreacted FADH2, NADH, and pyruvate. In these
conditions, the flow rate as well as the temperature is the key
parameters to optimize, in order to take account of the overall
size of the filter-press electrochemical microreactor.

Graph (c) indicates the theoretical profile of the rate of R3

vs. the microchannel length. A continuous augmentation of
this rate was observed for microchannel lengths lower than
2 cm. Increasing the length allows R3 to reach a steady state
value [0.015 mol/(m3 s1)], three times lower than the value
of R22 for the NADH regeneration.

Optimally the steady-state value should be reached in the
first part of the microchannel, which will maximize L-lactate
production.

The simulated conversion of pyruvate to L-lactate is pre-
sented in Figure 6 (solid line, Curve 2). Experimental result
obtained for Run 1 (Table 2) is also represented ( ); incerti-
tude on this measurement is mainly due to the HPLC analy-
sis and corresponds to an error on the L-lactate concentration
lower than 5%. Unfortunately, owing to the absence of ex-
perimental results in a large flow range, comparison with
lower flows is not possible.

As observed for reaction (22), conversion of pyruvate
decreased as the flow increased; reduction in the residence
time of the solution in the microreactor lowered both chemical
rates (R22 and R3) which accounts for the behavior noted.

Conclusion

Previous work17 allowed us to design and create, by elec-
troerosion, a filter-press electrochemical microreactor, having
a high specific area (250 cm21), enabling a practically quan-
titative conversion in the case of a single electrochemical
reaction. In addition, this device was used to demonstrate
that lowering the size of the electrolytic compartment

authorized a nonthermodynamically favored reaction to take
place. The electroenzymatic regeneration of NADH using a
flavinic redox mediator is selected because the pyridinic
cofactor NADH can be used for synthesis of several chiral
compounds; reduction of pyruvate to L-lactate catalyzed by
lactate dehydrogenase is chosen as model reaction.

Firstly, the tolerated range of flow-rates of this microreac-
tor was determined; results (0.001 \ flow \ 5 cm3/min)
clearly demonstrate the necessity to improve the shape of the
microreactor, particularly concerning the main input and out-
put channels, in order to have a uniform velocity profile in
all microchannels.

Secondly, mass balance measurements were used to opti-
mize operating conditions, demonstrating that NADH is
regenerated with conversions of 50%. This pyridinic cofactor
is used to convert pyruvate into L-lactate, which was
obtained with yields higher than 20%. Batch recycling of the
treated solution (three times) led to complete transformation
of the pyruvate, even if turnover numbers remain low
(TTN � 1; TN � 80 h21).

Experimental results indicate that the 1-day production of
L-lactate can reach 0.13 mol/m2 of electrode area. It can be
noted that the current microreactor can also be used for
applications involving concentrated solutions, so production
should increase significantly.

Theoretical modeling and simulation of the microreactor
was performed using commercial software (FEMLAB); firstly
ferri/ferrocyanide was used as model redox system to charac-
terize the hydrodynamics as well as the electrochemical per-
formances of the microreactor. Comparison of experimental
and theoretical results validated various assumptions we had
made.

Then, NADH regeneration and the overall chemical pro-
cess described in Figure 1b was studied step by step. The
previous model was modified to take into account both heter-
ogeneous (1) and enzymatic (22, 3) reactions. The theoreti-
cal results show that the Gibbs energy DG22 is negative
practically immediately at the inlet of the microchannel,
demonstrating the high efficiency of the microreactor to cre-
ate the conditions necessary to make a thermodynamically
unfavorable reaction feasible.

Figure 10. Simulated results of electrolyses performed using a filter press microreactor.

[FAD]8 5 [NAD1]8 5 4 mM; [pyruvate]85 3 mM Qanolyte 5 Qcatholyte 5 0.0945 cm3/min; Rmax22 5 0.1 mol/(m3 s), Rmax 3 5 0.02
mol/(m3 s). (a) Dimensionless concentration as a function of the microchannel length for all species, i.e., 1: FAD; 2: FADH2; 3: NAD

1;
4: NADH; 5: Pyruvate; 6: L-Lactate. (b) Evolution of the simulated ratio [FADH2]/[FAD] within the microreactor. (c) Theoretical evolu-
tion of the chemical reaction NADH/pyruvate rate (R3) vs. the microchannel length.
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The experimental operating conditions were not com-
pletely optimized, so the steady-state rates of enzymatic reac-
tions R22 and R3 reached 0.045 and 0.015 mol/(m3 s1),
respectively. Moreover, the concentration of the reduced
forms FADH2 and NADH increased against the length of the
microchannel, and electrolyzed solution left the microreactor
containing unreacted mediator as well as pyridinic cofactor.

Assuming the size of the microchannel to be constant,
then flow, flavin and NAD1 concentrations, as well as tem-
perature are the parameters to be optimized to enable opera-
tion under maximum production conditions. Moreover, for
the process to be economically valid, the enzyme quantities
have to be optimized and reduced; one possibility could be
the immobilization of FDH into a porous polymer support
inside the microchannel; another possibility is to create a im-
mobilized nanolayer using specific binding agents.

Finally, the shape and the size of both top and bottom
channels has to be optimized to reduce velocity heterogene-
ities in the various microchannels.
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Notation

a5 cathodic electron transfer coefficient
A5 absorbance
c5molar concentration (mol/m3)
D5diffusion coefficient (m2/s)
dh5hydraulic diameter (m)
e5molar absorptivity (L/mol cm)
E5potential (V)

DG, DG05Gibbs energy and standard Gibbs energy (kJ/mol)
F5Faraday constant 5 96 487 C/mol

FAD5flavin adenine dinucleotide
FADH25 reduced form of flavin adenine dinucleotide

FDH5 formate dehydrogenase
g5overpotential (V)

HPLC5high-performance liquid chromatography
i05 exchange current density (A/m2)

I and i5 current (A) and current density (A/m2)
kcat5 catalytic constant (s21)
Kav5 average mass transfer coefficient (m/s)
Km5Michaelis-Menten constant (mol/m3)

l and L5 length of UV cell or microchannel (m)
LDH5 lactate dehydrogenase

l5dynamic viscosity (Pa s)
n5 electron number

NAD15nicotinamide adenine dinucleotide
Nj5molar flux density for species j [mol/(m2 s)]
p5pressure (Pa)

Pe5Peclet number
Q5volumetric flow rate (m3/s)
q5density (kg/m3)
r5 radius of the hemicylindrical microchannels
R5gas law constant 5 8.31 J/(mol K)
Re5Reynolds number
Rj5 reaction rate for species or reaction j [mol/(m3 s)]

Rmax j5maximum rate of enzymatic reaction [mol/(m3 s)]
S5 electrode area (m2)
s5 residence time
T5 temperature (K)

TN5 turnover number (s21)

¼ mol of product
initial number of mol of cofactor 3 operating time

TTN5 total turnover number 5
mol of product

initial number of mol of cofactor

U5 enzyme unit (quantity of enzyme able to transform 1 lmol
of the substrate/min at 378C)

V5velocity (m/s)
X5 conversion (%)
x5 channel length
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37. Zewe V, Fromm HJ. Kinetic studies of rabbit muscle lactate dehy-
drogenase. J Biol Chem. 1961;237:1668–1675.

38. Tzedakis T, Savall A. Performance predictions in the scale-up of a
liquid–liquid CSTR for indirect electro-oxidation of aromatic hydro-
carbons. Chem Eng Sci. 1991;46:2269–2279.

39. Slusarczyk H, Felber S, Kula MR, Pohl M. Stabilization of NAD-de-
pendent formate dehydrogenase from Candida bodidinii by site-
directed mutagenesis of cysteine residues. Eur J Biochem. 2000;267:
1280–1289.

Annex: Analytical methods

Annex 1a: Enzyme assay

The activity of FDH from the yeast Candida bodinii, was
determined by UV measurements; absorbance at 340 nm is
correlated with the appearance of NADH during the oxida-
tion of formate ion by NAD1 according to:

HCO�2 þ NADþ ��!
FDH

CO2 þ NADH (a1)

Operating conditions are as follows: 1 mol/m3 of NAD1,
50 mol/m3 of HCO�2 , 0.01 mg of FDH dissolved in 1 cm23

of phosphate buffer at pH 5 7.0. Specific activity of FDH is
expressed in UFDH/mg.

The activity of L-LDH from rabbit muscle was determined
using the same method; the disappearance of NADH in the
reaction with pyruvate (3) was followed at 340 nm. Operat-
ing conditions were the following: 2 mol/m3 pyruvate;
50 mol/m3 NADH and 5 U/cm3

L-LDH. Specific activity of
LDH is expressed in ULDH/mg.

Units UFDH (or ULDH) being defined as the quantity of
enzyme FDH (or L-LDH) enabling the appearance of 1 lmol
of CO2 (or L-lactate) per minute at 378C.

Annex 1b: Spectrophotometric measurements

Flavin (FAD) and NADH samples were analyzed by UV/
visible spectrophotometer in the wavelength range from 300
to 550 nm. The flavin (FAD) spectra contain two absorption
bands with maxima at 450 and 375 nm. In the same range,
the NADH spectrum presents one absorption bands at
340 nm. Calibrations for FAD and NADH were done at 340
and 450 nm using Beer-Lambert’s law A 5 e�l�c: where e is
molar absorptivity [L/(mol cm)]; l is the length of the UV
cell (1 cm); and c is the concentration (mol/L). The molar
absorptivity values at 340 nm are 4593 and 3663 L/(mol
cm), respectively, for NADH and FAD. At 450 nm, NADH
does not absorbs while absorbance is maximum for FAD and
the corresponding molar absorptivity value is 7862 L/(mol
cm), so the FAD concentration was estimated from this
absorbance.

The determination of the NADH concentration in the elec-
trolyzed solution needs another measurements of absorbance
at 340 nm, which corresponds to the sum of absorbance of
both FAD and NADH. The combination of these absorbance
measurements allows the NADH concentration to be deter-
mined with incertitude lower than 4%.

Annex 1c: Chromatographic measurements

L-Lactate concentration was determined by HPLC and
operated with an UV diode bar detector at 210 nm using so-
dium acetate as internal standard.

A nice resolution chromatogram is obtained, after experi-
mental optimization, at 358C, using a PL Hi-Plex H column
from Polymer Laboratories. H2SO4 at 5 mol/m3 used as elu-
ent flows at 0.6 cm3/min. Chromatogram indicates follow
order for elution of various compounds and the correspond-
ing retention time: [NAD1], pyruvate, L-lactate and sodium
acetate, respectively, at 6.5, 10.5, 14.0, and 16.2 min. In the
chosen working conditions, the retention time of flavin and
NADH was about 1 h.

Calibration of L-lactate, using sodium acetate as internal
standard, led to the relationship (a2), and incertitude to this
measurement led to an error on the L-lactate concentration
lower than 5%.

Alactate

Aacetate

¼ 2:12
½Lactate�
½Acetate� (a2)
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