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Thermodynamic and Kinetic Enhancement of
Electrochemical Sensitivity by Chemical Coupling
in Microfluidic Systems**
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Herein, we report the enhancement of electrochemical
sensitivity by chemical coupling of two independent reactions
in a microfluidic channel. Scheme 1 illustrates the general
concept of this approach: an upstream electrode (E1) drives a
reaction that produces protons while a downstream electrode
(E2) conducts a second reaction that consumes protons. The
reactions are chemically coupled by the electrogenerated
protons, which are used to harness thermodynamically or
kinetically the reaction at E2. Herein, we show two examples
of a positive shift in the redox potential (E8’) of an analyte in
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response to electrogeneration of protons at E1. As a result of
this shift, two effects with analytical value arise: first, the
analyte is now fully detectable at potentials more positive
than E8’, where the analyte is undetectable; and second, two
redox analytes with overlapping E8’ values can be discrimi-
nated if one of them is not sensitive to protonation. The most
significant aspect of this approach is that the effects reported
herein are observable as a result of using a microfluidic cell
instead of a traditional electrochemical cell. Prior work in the
area of hydrodynamic voltammetry[1–7] and the generation of
chemical gradients in flow systems is directly related to the
present work.[8–12]

The advantage of chemically coupled reactions as
depicted in Scheme 1 can be realized by considering a
biochemical process such as the conversion of phospho-
(enol)pyruvate (PEP) into pyruvate in the glycolisis cycle.[13]

The phosphorylation of adenosine diphosphate (ADP) to
form adenosine triphosphate (ATP) is an energetically
unfavorable process. However, when this reaction is coupled
to the exergonic hydrolysis of PEP that produces pyruvate
and inorganic phosphate, the net reaction becomes energeti-
cally favorable with an overall negative DG8.[13] We used this
principle to enhance the current response for the reduction of
model analytes [Eq. (1)] by using the oxidation of ascorbic

DMBQþ 2Hþ þ 2 e� !H2DMBQ

DG�0 ¼ þ42:8 kJmol�1 ðpH 7:0Þ
ð1Þ

acid (AA) that produces dehydroascorbic acid (DAA) and
protons [Eq. (2)].[14] The only requirement to observe the

AA! DAAþ 2Hþ þ 2 e� DG�0 ¼ �57:1 kJmol�1 ðpH 7:0Þ ð2Þ

effect is that the analyte reaction must involve the consump-
tion of protons so that the overall DG8’ value [Eq. (3)] can be
made more negative than that of the analyte reaction alone.

AAþDMBQ! H2DMBQþDAA
Total DG�0 ¼ �14:3 kJmol�1

ð3Þ

Figure 1 shows the reduction of dimethyl benzoquinone
(DMBQ) at two different pH values under buffer conditions.
An overall decrease of 4.4 units in pH produced a positive
shift in E8’ from �0.310 to �0.089 V,[15] which translates into
an average of around 50.3 mV/pH unit, which is similar to the
shift observed for other quinones.[16] Figure 2 shows a series of
data points obtained for coupling experiments in nonbuffered
solution mixtures of AA and DMBQ with the initial pH
adjusted to 7.0. The reduction of DMBQ was monitored at E2

while the potential of E1 (and hence rate of oxidation of AA)

was increased; no oxidation of AAwas observed at 0.00 Vand
a maximum rate was observed at 0.75 V (see the Supporting
Information). As the oxidation of AA is a two-electron
process that generates two protons and the electroinactive
species DAA,[14] AA can not be redox recycled at E2.

The production of protons at E1 induces an increase of the
current at E2 in a potential window in which quinone is not
reduced at neutral pH (Figure 1). At the maximum rate of
proton production on E1 (0.75 V), the finalE8’ value observed
for the quinone was 0.016 V with an overall positive shift of
0.422 V. A similar trend with somewhat diminished shift was
observed when the experiment was conducted under buffered
conditions at pH 7.0 (see the Supporting Information).
Table 1 summarizes the E8’ and limiting current ilim values at
different buffer concentrations. The E8’ value obtained for
DMBQ under coupling conditions was always less positive as
the ionic strength of the buffer increased. Likewise, the ilim
values for the reduction of DMBQ in 1.0m buffer was about
50% lower than that obtained in 0.05m buffer.

To verify the local pH decrease upon AA oxidation, we
monitored this reaction in the presence of a pH indicator with
a fluorescence microscope.[17,18] The fluorescence of the dye

Figure 1. Voltammetry of 5.0 mm DMBQ in a microfluidic channel with
0.1m phosphate buffer and 0.1m KCl.

Figure 2. Voltammetry under coupling conditions of 5.0 mm DMBQ,
10 mm AA, and 0.1m KCl; initial pH=7.0 (no buffer).

Table 1: Effect of buffer strength on E8’ DMBQ at E2.

Buffer concentration [M][a] E8’ [V][b] ilim [mA]

0.05 �0.087 4.24
0.10 �0.106 4.06
0.50 �0.158 3.10
1.0 �0.172 2.31

[a] pH 7.0. [b] E1 kept at 0.75 V.

Scheme 1. Chemical coupling of electrochemical reactions.

Zuschriften

5962 www.angewandte.de � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2006, 118, 5961 –5964



was negligible at the initial pH 7.0 (see the Supporting
Information), but there was a local increase in fluorescence
around the transparent electrode after the electrode potential
was stepped to 0.900 V for 3s (Figure 3).

The effect of the protons on DMBQ can be understood by
considering Equation (1) and the coupling principle described
above. We detected a redox wave about 0.3 V more positive
than the quinone reduction wave when HCl was added to
pure DMBQ (see the Supporting Information). The same
wave was observed for mixtures of AA and DMBQ when the
voltammetric scan included the oxidation of AA. These
results are consistent with previous reports[15] and support the
presence of an intermediate that is stabilized by protonation
and is responsible for the positive thermodynamic shifts
observed above.

To illustrate how the proton coupling enhances the
detection sensitivity for DMBQ in a microfluidic cell, we
performed calibration curves with mixtures of AA and
DMBQ at different concentrations of DMBQ. Figure 4
shows a series of data points obtained under three different
conditions: a mixture AA and DMBQ with proton coupling
(A); the same mixture measured without proton coupling
(B); and a pure DMBQ solution under the conditions of
proton coupling (C). The slope of the fitted line for data set A

is about 10 times higher than that for the control experiment
B and approximately 30 times that for C.

The reduction of [Ru(NH3)6]
3+ [Eq. (4)] at E2 was inves-

tigated because the ammonia ligand is basic. However, the

½RuðNH3Þ6
3þ þ e� ! ½RuðNH3Þ6
2þ ðE2Þ ð4Þ

ligand exchange kinetics of [Ru(NH3)6]
3+ is so slow[19] relative

to the time scale of conventional voltammetric experiments
that in neutral or weakly acidic conditions the voltammetry of
[Ru(NH3)6]

3+ appears relatively insensitive to pH. Taube and
co-workers[19] found that the slow aquation rate for [Ru-
(NH3)6]

2+ [Eq. (5), k� 1.24 D 10�3m�1 s�1] can be accelerated
significantly in acidic conditions.[19]

H2Oþ ½RuðNH3Þ6
2þ þHþ ! ½RuðNH3Þ5H2O
2þ þNH4
þ ð5Þ

Since Equation (5) involves the product of Equation (4),
the addition of protons promotes Equation (4) with a
concomitant positive shift in E8’. Figure 5 shows the effect

of changing the potential of E1 from 0.00 to 0.75 V while
reducing [Ru(NH3)6]

3+ at E2 in a solution mixture with AA
initially at pH 3.1. A positive shift from �0.293 to �0.137 V
was observed when E1 was set to obtain the maximum rate of
proton generation. Although the overall effect is thermody-
namic, we consider it kinetically induced because under
neutral and weakly acidic conditions the ligand exchange is so
slow that the pH dependence disappears.

In summary, by taking advantage of the flow control and
the presence of multiple electrodes in a microfluidic channel,
we have implemented a principle of chemical coupling that
biological systems extensively utilize to overcome the severe
thermodynamic constraints in life-sustaining processes.[13] As
a proof of concept, we used this principle to enhance the
electrochemical sensitivity of a pH-dependent reaction and
showed that is not necessary to change the pH of the whole
solution to attain advantageous effects in detection. This
could be beneficial in integrated bioanalysis in which the pH
prior to the detection stage needs to be restricted. Further-
more, since this approach can be applied to any pair of
reactions sharing a common reactant or product (including
electrochemical, photonic, and chemical reactions), we are
currently investigating coupling schemes that could lead to

Figure 3. Fluorescence monitoring of proton release upon electrooxida-
tion of 36 mm AA and 0.1m NaCl with an initial pH of 7.0 and 10 mm

Lyzosensor DND-160; excitation wavelength=365 nm, emission wave-
length>515 nm.

Figure 4. Calibration curve for a 1:4 mixture of DMBQ and AA in 0.1m
KCl; initial pH=7.3, E1 was kept at 0.750 V while E2 was pulsed at
�0.225 V vs. Ag. A) DMBQ coupled signal; B, C) controls (see text).

Figure 5. Voltammetry under coupling conditions for 5.0 mm [Ru-
(NH3)6]

3+, 4.0 mm AA, and 0.1m KCl; initial pH 3.1 (no buffer).
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signal amplification. Finally, the coupling can be modulated
easily by simply changing the flow rate or interelectrode gap.

Experimental Section
The microfluidic cells made of poly(dimethylsiloxane) (PDMS) and
gold- or indium-tin-oxide-coated glass were fabricated following
photolithographic procedures.[20,21] A typical microelectrochemical
cell consisted of a rectangular PDMS channel (500 mm wide and
25 mm high) glued onto the glass surface (see the Supporting
Information). The patterned electrodes (200 mm wide and 150 mm
apart) were located close to a big circular reservoir in which a Pt and
an Ag wire were used as counter and quasi-reference electrodes,
respectively. All experiments were conducted with a bipotentiostat
(CH Instruments, Austin, TX) by pulsing the potential of E2 (0.1 s)
while keeping the potential of E1 at the desired value. The
uncompensated resistance was always about 20 kW and E1/2�E8’
when Dox=Dred is assumed.[22] The flow rate (1 mLmin�1) was
controlled with a precision syringe pump (Harvard Apparatus,
Holliston, MA).
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