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bstract

End-channel indirect amperometry is based on the principle of Kohlrausch regulating function (KRF). A dilute electroactive ionic species is
dded to the background electrolyte as a continuously eluting electrophore, which is used as probe. The probe concentration variation with the ω

alue of KRF in the sampling zone was described schematically in this report. Either cathodic or anodic electroosmotic flow (EOF) rates were
onitored in microchip. There was no significant difference between the values of EOF rates measured by present method and current-monitoring

ethod. Detection of electroactive and nonelectroactive analytes can also be accomplished by indirect amperometric method. Hence, the effective
obility of analytes can be accurately calculated. And the response mechanism of nonelectroactive analytes K+, Na+ and Li+ in the indirect method
as speculated.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Electroosmotic flow (EOF) is a convenient mechanism for
ransporting fluid in microchip capillary electrophoresis (CE).
he migration times and quantitation of analytes are greatly
ffected by changes in EOF [1–6]. As microfluidic technologies
ature, increasingly diverse materials and complex solutions are

mployed, accurate measurement of electroosmotic flow rates is
ecoming increasingly important. Clearly, for the operation of
icrofluidic devices, it is highly desirable to characterize and

etermine the EOF rates during the course of the experiment.
Several methods have been developed to measure EOF rates

n CE. The common frequently used methods are neutral molec-
lar markers [7] and current-monitoring measurement [8,9].
he use of uncharged molecules is not as versatile as the lat-

er, since it requires molecules that are truly neutral and at the

ame time detectable, the condition is not entirely met. The
ethods described in literature to measure the EOF based on

urrent monitoring assume a constant wall surface potential and

∗ Corresponding author. Tel.: +86 25 83594976; fax: +86 25 83594976.
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lectrical double layer thickness when an electrolyte solution
s replaced with another solution of the same electrolyte with
lightly different ionic concentration. In fact, it is not always the
ase [1,2,10,11]. Several groups investigated alternative EOF
ates determination methods [12–18].

In our previous report, we described a simple method for
OF measurement with detection of sampling zone in microchip
apillary electrophoresis [19]. This method is based on the prin-
iple of Kohlrausch regulating function (KRF) [20]. A dilute
etectable ionic species is added to the background electrolyte
BGE) as a continuously eluting electrophore, which is used
s probe. When BGE-like sample at a different concentration
s injected, a peak of sampling zone appears and the migration
ime is corresponding to EOF. No neutral marker was required
nd a single concentration running buffer was employed.

In this report, either cathodic or anodic EOF rates were mon-
tored in microchip by detecting sampling zone with indirect
mperometric method, the RSD was less than 2.8%. There was
o significant difference between the values of EOF rates mea-

ured by present method and current-monitoring method [8].
etection of electroactive and nonelectroactive analytes was

lso accomplished by indirect amperometric method. Hence,
he effective mobilities of analytes were accurately calculated.

mailto:jjzhu@netra.nju.edu.cn
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nd the response mechanism of nonelectroactive analytes K+,
a+ and Li+ in the indirect method was speculated.

. Experimental

.1. Reagents and solutions

All reagents were of analytical grade. Sylgard 184,
oly(dimethylsiloxane) (PDMS) was from Dow Corning (Mid-
and, MI, USA). 2-(N-morpholino)ethanesulfonic acid (MES),
,4-dihydroxybenzylamine (DHBA) and 4-aminophenol (AP)
ere purchased from Sigma (St. Louis, MO, USA). Histidine

His), NaCl, LiCl, KCl, Na2B4O7, Na2HPO4 and KH2PO4
ere purchased from Nanjing Chemical Reagents Factory

Nanjing, China). Cetyltrimethylammonium bromide (CTAB)
as purchased from Shanghai Lingfeng Chemical Reagents

Shanghai, China). Phosphate buffer saline (PBS) solution was
repared with Na2HPO4 and KH2PO4, MES/His was with
ES and His. All solutions were prepared with doubly distilled
ater and passed through a 0.22 �m cellulose acetate filter

Shanghai Bandao Factory, Shanghai, China). The pH values
nd the composition of the BGEs used in the indirect method
re described in Table 1.

.2. Apparatus

The cross-type channel of PDMS/PDMS and hybrid
DMS/glass chips for CE with a 3.62 cm long separation channel
effective separation length, 3.30 cm) and 1.0 cm long injection
hannel were made from PDMS by using a master. Details were
escribed previously in reference [19]. Briefly, a mixture of elas-
omer precursor and its curing agent (ratio of 10:1) (Sylgard
84) were degassed, poured over the GaAs master and cured
or 150 min at 70 ◦C. After curing, a soft elastomer copy is
eeled from the master and sealed to the planar surface of a
onstructured PDMS plate or glass wafer (microscope slides
101, Sheyang Huida Medical Products, China) after rigorous
leaning and drying. The sampling channel was 30 �m width
nd 18 �m depth and the separation channel was 50 �m width
nd 18 �m depth.

The glass chip was from Zhejiang University. The sampling
hannel had the size 60 �m width and 20 �m depth and the

eparation channel was 60 �m width and 20 �m depth. The
otal length of the separation channel and injection channel
as 4.60 cm (effective separation length, 4.20 cm) and 1.0 cm,

espectively.

able 1
verview of the running buffer used in indirect amperometric method

unning buffer Composition pH

irect PBS 20 mM Na2HPO4, 20 mM KH2PO4 6.95
ndirect PBS 20 mM Na2HPO4, 20 mM KH2PO4,

0.1 mM DHBA
6.95

irect borate 15 mM Na2B4O7, 0.3 mM CTAB 9.19
ndirect borate 15 mM Na2B4O7, 0.3 mM CTAB, 0.1 mM

DHBA
9.19

ndirect MES/His 20 mM MES, 20 mM His, 0.1 mM DHBA 6.00
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The fabrication of equipment setup was described in ref-
rence [21]. The microchip was fixed on a Plexiglass holder
hat integrated a precisely three-dimensional system (Shanghai
ianyi Instrument Factory of Optical Fiber and Laser, Shang-
ai, China) with the precision of 1 �m in each direction. A clip
f optical fiber that can be fastened in the three-dimensional
ystem was used to clip the working electrode. The ampero-
etric detector was located in the detection reservoir (at the

hannel outlet side) and consisted of an Ag/AgCl wire reference
lectrode, a Pt wire counter electrode and a laboratory-made
arbon disk working electrode (I.D. 300 �m). The working elec-
rode was placed at the channel outlet, the distance between
ts surface and the channel outlet (10 �m) was controlled by
stereoscopic microscope with micro-ruler (XTB-1; Jiangnan
ptical Instrument Factory, Nanjing, China). Electrical contact
ith the solutions was achieved by placing platinum wires into

ach of the reservoirs.
The laboratory-made power supply had a voltage ranging

rom 0 to 5000 and 0 to −5000 V. Parameters, such as sampling
oltage, sampling time, separation voltage and separation time
an be set up and automatically switched by personal computer.
he separation current can be monitored graphically in real time.

End-channel amperometric detection was performed with a
HI 832b electrochemical workstation (CHI, Shanghai, China).

.3. Electrophoresis procedures

Measurements were performed with the following proce-
ures. In all cases, degassed buffer was introduced into the
eservoirs and flushed through the channel via vacuum. The cir-
ulation conditions of the microchannel can be judged by the
eparation or sampling current displayed on the computer screen.

laboratory-made computer program for the power supply was
sed to control the voltage switching from sampling to separa-
ion. Sampling mode was simple crossing without pinch. Before
he analysis of analytes, the sampling and wasting buffer cells
ere filled with running buffer solution. During the separation
rocedure, the sampling and wasting buffer cells were kept float-
ng. In a routine CE procedure, separation voltage was 1000 V,
ampling voltage was 800 V and sampling time was 2 s, detection
oltage +1.2 V (versus Ag/AgCl wire). All experiments were
erformed at room temperature.

Prior to measurement of EOF rates, the current at different
oltages was measured to determine whether the relationship
etween the current and voltage was linear (to identify signifi-
ant Joule heating). For all the solutions in the assay, the current
as proportional to the voltage in the range of 600–2000 V.
herefore, all the experiments were performed at 1000 V.

. Results and discussion

.1. System peaks in indirect method
The KRF [20] prescribes that its numerical value ω is locally
nvariant in time and is defined as:

=
∑

i

ci

|mi| (1)
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Fig. 1. Schematic diagram of distribution of detector-active species ions in
the channel. X, separation channel; Y, injection channel. Symbol “+” repre-
sents cation of detector-active species, chroma of the colour represents different
concentration of electrolyte. (A) prior to separation voltage applied, a higher con-
centration buffer filled in the sample channel, detector-active species and lower
concentration buffer filled in the separation channel. (B) After a short time of sep-
aration voltage applied, assuming that EOF = 0, cationic ions of detector-active
species migrate in electrophoretic way, a blank zone denotes that detector-active
species is absent. The deviating ω value remains valid at the spot of injection,
c
A
s

3

d
C
and a reversed EOF was measured (Fig. 3). Peak c represents
vacancy zone, peak d represents sampling zone and peaks a and
b represent the negative coions in the sample.
W. Wang et al. / J. Chrom

here ci and mi refer to the concentrations and actual mobilities
f all ionic species, assuming only the presence of fully ionized
onovalent ionic constituents. The formulation of the KRF as in
q. (1) has a restricted use: (1) all constituents must be univalent
nd (2) the concentration of H+ ions and OH− ions must be
egligible compared to the concentration of the constituents.
he attractive aspect of the KRF lies in that it is a conservation

aw. The value ω, states the existence of a certain function of the
onstituent’s concentrations that is conserved—not dependent
n time. It means that electrophoretic processes are regulated
y the initial conditions. The KRF has a certain value at a given
oint along the migration path (along the capillary tube) prior to
pplying of electric field, the information of the initial conditions
s kept in the form of theω value during the whole electrophoretic
rocess.

If a sample solution is introduced with a ω value different
rom that of the BGE, this deviating ω value remains valid at the
pot of injection. Provided that there is no EOF, this sampling
one is stationary and the migrating sample ions are replaced
y those of the BGE at a concentration adjusted to the KRF of
he sample. In the presence of electroosmosis, the above zone is
riven by EOF, and may be detected and serve as a marker for
easuring the EOF.
Amperometric detection of sampling zone involves the addi-

ion of a detectable ionic species DHBA to BGE. Provided that
higher concentration BGE-like solution without DHBA was

njected as sample, the probe DHBA will be at different concen-
rations in different zones by adapting the initial ω value during
he electrophoretic process. A schematic diagram outlining this
rocess is shown in Fig. 1.

Although the process has been simplified and it is likely that
any processes are occurring simultaneously, the detectability

s based on the properties of detector-active component which
esults in a universal detection scheme. Indirect amperometric
etection has been accomplished by the addition of a cationic
lectrophore, DHBA, to the electrophoretic buffer. When the
orking electrode is held at a constant potential of +1.2 V versus

he Ag/AgCl wire, DHBA is oxidized, continuous oxidization of
he species, as it passes through the detector region, produces a
onstant background current. The zone in which DHBA is absent
r diluted appears to be reverse peak. If the cationic DHBA is
oncentrated in a zone, an enhanced peak will appear.

.2. EOF measurements

.2.1. Cathodic EOF measurement
Fig. 2 displays a typical indirect detection plot, two peaks are

bserved, the first peak represents a zone in which the DHBA is
irtually absent (assuming diffusion is neglectable) and there-
ore is positive. This vacancy peak is present because the sample
as the BGE-like solution with higher concentration PBS with-
ut DHBA. The second peak represents the sampling zone that
igrates with the EOF and the migration time corresponds to
he electroosmotic flow. Since the concentration of PBS in the
ample solution is higher than that in running buffer. In this
one, DHBA is concentrated by adapting the ω value of KRF, a
egative peak appears.

F
s
t
P
s

ationic ions of detector-active species were concentrated in this region. (C)
fter a short time of separation voltage applied, when EOF > 0, the injection

pot migrates with the velocity of the EOF through the capillary.

.2.2. Anodic EOF measurement
A reversed EOF was also measured by this sampling zone

etection amperometric method in glass microchip. 0.3 mM of
TAB was added to BGE as modifier to change EOF direction
ig. 2. Electrophoregram in hybrid PDMS/glass channel for cathodic EOF mea-
urement. Peak a, vacancy zone of DHBA; peak b, sampling zone corresponding
o EOF. Experimental parameters: sample 30 mM PBS; running buffer 20 mM
BS + 0.1 mM DHBA pH 6.95; sampling voltage 800 V; sampling time 2 s;
eparation voltage 1000 V; detection potential +1.2 V.
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Fig. 3. Electrophoregram for anodic EOF measurement in glass channel.
Peaks a and b, coions in the sample; peak c, vacancy zone of DHBA; peak
d, sampling zone corresponding to EOF. Experimental parameters: sample
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Fig. 4. Electrophoregram in glass channel for effective mobilities determina-
tion of electroactive analytes. Peak a, vacancy zone of DHBA; peak b, AP zone;
peak c, sampling zone corresponding to EOF. Experimental parameters: sam-
ple 30 mM MES/His + 0.7 mM AP; running buffer 20 mM MES/His + 0.1 mM
DHBA pH 6.00; sampling voltage 800 V; sampling time 2 s; separation voltage
1000 V; detection potential +1.2 V.

Fig. 5. Electrophoregram in glass channel of 200 �M K+, Na+ and Li+. Peak a,
vacancy zone of DHBA; peak b, sampling zone corresponding to EOF. Experi-
mental parameters: running buffer 20 mM MES/His + 0.1 mM DHBA pH 6.00;
s
p

3

T
I

C
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S

2 mM borate + 0.2 mM CTAB pH 9.19; running buffer 15 mM borate + 0.3 mM
TAB + 0.1 mM DHBA pH 9.19; sampling voltage −800 V; sampling time 2 s;

eparation voltage −1000 V; detection potential +1.2 V.

Cathodic and anodic EOF rates were measured by present
ndirect amperometry and current-monitoring method [8]. In
ndirect amperometric method, the BGE with 0.1 mM of DHBA
as used as running buffer, dilute BGE-like solution at the con-

entration c′ = 0.75c (c: concentration of BGE) was injected as
ample. In current-monitoring method, the BGE at the con-
entration c in the capillary, BGE-like solution at a different
oncentration c′ = 19/20c was used to displace previous solution.
able 2 shows the mEOF values measured by indirect amperom-
try and current-monitoring method.

The present method provides precise values for EOF. The
tandard deviation of six flow measurements in different chan-
els was less than 2.8%. The accuracy of present method was
ssessed by current-monitoring method. The average relative
eviation of EOF rates with regard to the conventional method
as 2.1%.

.3. Effective mobilities determination

.3.1. Effective mobilities of electroactive analytes
Fig. 4 displays an electrpherogram in indirect CE for a sample
f detector-active species AP. There are three peaks in the plot,
eaks a and c represent vacancy signal of DHBA and sampling
one, respectively, just like that in Fig. 2. The peak b is the signal
f AP oxidation.

a
o

t

able 2
ndirect amperometric method for EOF measurement

Indirect method (10−4 cm2/V s) Curre

athodic EOFb 1.42 ± 0.04 1.45
nodic EOFc −3.07 ± 0.08 −3.11

ix parallel measurements.
a With respect to current-monitoring method.
b Cathodic EOF: PDMS channel, 20 mM PBS pH 6.95 as running buffer.
c Anodic EOF: glass channel, 15 mM borate + 0.3 mM CTAB pH 9.19 as running b
ampling voltage 800 V; sampling time 2 s; separation voltage 1000 V; detection
otential +1.2 V.

.3.2. Effective mobilities of nonelectroactive analytes
In addition, K+, Na+ and Li+ were successfully separated in

PDMS microchip and detected by the present indirect amper-

metric method as shown in Fig. 5.

According to the migration times of analytes and EOF, effec-
ive mobilities of analytes were accurately calculated in Table 3.

nt-monitoring method (10−4 cm2/V s) Relative deviationa (%)

± 0.08 2.1
± 0.09 1.3

uffer.
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Table 3
Effective mobilities of analytes

Analyte Effective mobility, mi (10−4 cm2/V s)

AP 0.81 ± 0.04
K+ 6.95 ± 0.13
Na+ 4.83 ± 0.09
Li+ 3.51 ± 0.07
DHBA 2.47 ± 0.11

Six parallel measurements.

Fig. 6. Schematic diagram of K+ zone migration in the channel. X, separation
channel; Y, injection channel. Symbol “+” represents cation of detector-active
species DHBA, “⊕” represents K+. Chroma of the colour represents different
concentration of electrolyte. (A) Prior to separation voltage applied, a lower con-
centration BGE-like solution containing K+ filled in the sampling channel, and
higher concentration buffer containing DHBA filled in the separation channel.
(B) After a short time of separation voltage applied, when EOF > 0, in K+ zone,
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ationic ions of DHBA was concentrated and a blank zone denotes that DHBA
s absent. The deviating ω value remains valid in the sampling zone, cationic
ons of DHBA were diluted in this region.

An uncommonly understood phenomenon in Fig. 5 is that
he sign (positive or negative) of the peaks corresponding to K+,
a+ and Li+ is negative. According to the response mechanism
f analytes in indirect method, the sign and the magnitude of the
eaks of nonelectroactive analytes correspond to the adjustment
f the BGE concentration to the KRF of the sample. The sign of
he peaks of K+, Na+ and Li+ in the measurement represents that
he concentration of DHBA in these zones is increased, but not
he expectant result of being diluted according to the principle of
oions displacement [22]. The phenomenon was also reported
n CE by Desiderio et al. before [23].

The response mode was proposed with K+ as model analyte.
e speculated that K+ migration velocity was faster than the

oions in the electrolyte, then the ability of electronic transfer in
he zone that K+ penetrated was enhanced. Because the electric

urrent in the channel was constant, the pressure distributed in
he K+ zone was decreased. The cations in the electrolyte in K+

one migrated slower than that in other zones. The concentration
f coions in K+ zone was increased as a result due to migrating

[

[
[
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lowly. In indirect amperometry, the concentration of DHBA in
+ zone was increased deservedly. Schematic state was shown

n Fig. 6.

. Conclusions

The mechanism of EOF measurement with detection of sam-
ling zone was schematically described. Either cathodic or
nionic EOF could be measured accurately. The KRF differ-
nce between sampling zone and BGE can also be used in other
etection methods for measuring EOF. Electroactive and non-
lectroactive analytes were detected in the indirect method, and
ccurate effective mobilities could be calculated, system error
s eliminated because the migration times of analytes and EOF
s obtained in the same assay. The response mechanism of non-
lectroactive analytes was speculated.
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