
Improved Current-Monitoring Method
for Low Electroosmotic Flow Measurement
in Modified Microchip

Wei Wang1,2, Wenya Wu1, Fang Zhou1, Jian-Rong Zhang1, Qiang Miao3, Jun-Jie Zhu1,&

1 Key Laboratory of Analytical Chemistry for Life Science, School of Chemistry and Chemical Engineering, Nanjing University,
210093 Nanjing, People’s Republic of China; E-Mail: jjzhu@nju.edu.cn

2 School of Chemical and Biological Engineering, Yancheng Institute of Technology, 224003 Yancheng, People’s Republic of China
3 Department of Chemical Engineering, School of Chemistry and Chemical Engineering, Nanjing University, 210093 Nanjing,

People’s Republic of China

Received: 7 September 2008 / Revised: 30 November 2008 / Accepted: 6 January 2009
Online publication: 11 February 2009

Abstract

Current-monitoring method is a widely used approach to measure electroosmotic flow (EOF)
in microchip, but low and zero EOF is difficult to be measured. In this report, the mechanism
of current-monitoring method was explained with Kohlraush regulation function principle,
and an improved current-monitoring method was developed for low EOF measurement with
tilting microchip. Fluid flow in the channel was accelerated with the help of hydrostatic
pressure generated by tilting microchip, the time of dilute solution displacing the concentrated
one in channel was shortened. EOF could be calculated according to the time difference
between twice experiments under two different applied voltages by tilting microchip. Low
even zero EOF could be measured by this improved current-monitoring method. Three
modified microchips were characterized to verify the method. EOF in microchannels modi-
fied with poly(vinyl alcohol), bovine serum albumin and myoglobin were 0.27 ± 0.05,
0.16 ± 0.05 and -0.45 ± 0.04 9 10-4 cm2 V-1 s-1, respectively.
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Introduction

Manipulation of fluids in channels with

dimensions of tens of micrometers,

microfluidics, has emerged as a distinct

new field [1]. The first applications of

microfluidic technologies have been in

analysis, for which they offer a number

of useful capabilities: the ability to use

very small quantities of samples and re-

agents and to carry out separations and

detections with high resolution and sen-

sitivity; low cost; short times for analy-

sis; and small footprints for the

analytical devices [2]. Microfluidics ex-

ploits its important characteristics of

fluids in microchannels, such as small

size, laminar flow and electroosmotic

flow (EOF).

Electroosmotic flow is a particularly

useful characteristic in microsystems [3].

When an ion-containing fluid (for

example, water) is placed in a micro-

channel that has fixed charges on its

surface (such as silicon dioxide or sur-

face-oxidized PDMS) and an electrical

potential is applied along the channel,

the fluid moves as a plug, rather than

with the parabolic-flow profile observed

when pumping is accomplished by

applying pressure to the fluid. EOF

minimizes the broadening of plugs of

sample that occurs with many pressure-

driven systems, and allows very high

resolution separations of ionic species. It

is a key contributor to electrophoretic

separations in microchannels [4].

Many microchips have been fabri-

cated such as silicon, fused silica, boro-

silicate glass, elastomers, resins, and an
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increasing number of thermoplastics. To

meet the requirements of microfluidic

applications, chemical or physical mod-

ification of microchannels is a common

approach to minimize unwanted solute

interactions with the walls and reduce

electroosmosis. Since electroosmosis of-

ten has a strong impact on microfluidic

systems, its measurement is important

for a thorough characterization of a

microchannel.

Many approaches have been pro-

posed to determine EOF rates. The

average EOF rate could be measured by

weighing the effluent from a capillary

with an analytical balance [5–7], as a

result, the method was called weighing

measurement. The neutral marker

method is the earliest reported method

for measuring EOF in CE [8, 9]. A neu-

tral compound is injected as sample, and

its migration time to the detector is used

to calculate EOF rate. Sampling zone

method [10, 11] was reported to measure

EOF rate in microchip capillary elec-

trophoresis. The sampling zone is driven

by EOF, and may be detected and serve

as a marker for measuring the EOF.

Conductivity measurements have been

used to measure average EOF and to

continuously monitor EOF in capillaries

[12, 13]. Zare and co-workers [12] mea-

sured average EOF using a conductivity

detector at the detection end of a CE

capillary. Current-monitoring method

was the most widely employed approach

for EOF measurement. The method was

reported by Huang et al. [12]. For this

method, the solution reservoir at the

injection end of the capillary has a dif-

ferent ionic strength from the solution

filling the capillary. Consequently, the

electric current changes when the solu-

tion at the injection end of the capillary

fills the capillary and changes the total

conductivity in the capillary. Average

EOF is measured by determining the

time it takes for the current to stop

changing when the entire capillary has

been filled with the solution from the

injection reservoir.

Practical difficulties arise when very

slow or zero EOF is determined because

the bands may take a long time to mi-

grate past the detector in the methods

mentioned above. In neutral marker and

detection of sampling zone methods, the

signal is unconspicuous for a long

migration time. In the current-monitor-

ing method, no good reproducible gra-

dient plots could be obtained, because

the composition of the BGE in the res-

ervoirs varied under high electric field

for a long time due to the limited volume

BGE employed in microchip CE.

Researchers always speculated the EOF

values according to indirect phenomena

without obtained data [14, 15].

For very low EOF measurement in

CE, there are two methods developed in

virtue of pressure-driven with pump [16,

17]. In current microchip devices, the

driven force is always high electric field

only without pump. We also reported a

method for low EOF rates measurement

based on constant effective mobility in

microchip capillary electrophoresis [18],

but a reference microchip was employed.

Sampling zone method with titling

microchip [19] developed in our group is

a good approach for low EOF mea-

surement, but an ionic marker was em-

ployed and additional detector was

needed.

Current-monitoring method was the

most widely employed approach for

EOF measurement because of its sim-

pleness and convenience. The method

was reported by Huang et al. [12]. But

the limitation was obvious that low

EOF could not be measured due to long

time needed to achieve a current plat-

form, as a result, the mutation of cur-

rent as a function of time was not

obvious. We developed an improved

method by tilting microchip to measure

low EOF. The principle of the method is

that the fluid flow in the channel is

accelerated by hydrostatic pressure

force. The interface between two solu-

tions passes the channel quickly with the

drive of hydrostatic pressure no matter

what EOF is. Under the same tilted

angle, EOF could be calculated accord-

ing to the time difference between twice

experiments with two different applied

voltages. The advantages of current-

monitoring method were retained and

disadvantages were overcome in the

improved method.

Experimental

Chemicals

All reagents were of analytical grade.

Sylgard 184 (PDMS) was from Dow

Corning (Midland, MI, USA). Poly

(vinyl alcohol) (PVA), average Mr

85,000–124,000 powder 87–89% hydro-

lyzed, bovine serum albumin (BSA) and

myoglobin (from horse heart, minimum

90%, pI 7.0) were purchased from Sig-

ma-Aldrich (St. Louis, MO, USA).

Na2HPO4, and KH2PO4 were purchased

from Nanjing Chemical Reagents Fac-

tory (Nanjing, China). All solutions were

prepared with doubly distilled water and

passed through a 0.22 lm cellulose ace-

tate filter (Shanghai Bandao Factory,

Shanghai, China).

Microfluidic Chip System

The microfluidic chip system was de-

signed as our previous report [11]. The

laboratory-made power supply had a

voltage ranging from 0 to 5,000 V and 0

to -5,000 V. The current can be moni-

tored graphically in real time. Electrical

contact with the solutions was achieved

by placing platinum wires into each of

the reservoirs. Microchips performed in

the research are simple cross-type and

the parameters are shown in Table 1.

EOF Measurement Procedures

Schematic of microchip status in the

process of measurement is shown in

Table 1. Microchips performed in the experiments

Microchips Length
(cm)

Depth
(lm)

Width
(lm)

Fabrication and treatment

BSA channel 3.50 20 50 PDMS channel fabricated using GaAs
master [11] and treated with BSA [15]

Myoglobin channel 3.50 20 50 Treated with myoglobin [15]
PVA channel 3.50 20 50 Treated with PVA [15]
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Fig. 1. The procedure is to fill the

channels and reservoir W with electro-

lyte at a concentration C and to fill res-

ervoir S with the same electrolyte but at

a different concentration C0. When an

electric field V is applied, while the

microchip is tilted at the same time, the

current change is recorded. It is not

necessary for great difference between

concentrations C and C’, 5% is sufficient

for observing current changing.

In our studies we used an electrolyte

consisting of 20 mM sodium phosphate

buffer with a pH of about 7.0. This

solution is said to have the concentration

C. The same electrolyte mixture at con-

centration C0 is prepared by diluting the

electrolyte at concentration C with water

(19:l) so that C0 = 0.95 �C. Schematic

plots of current versus time are shown in

Fig. 2.

Results and Discussion

Mechanism of Current-
Monitoring Method

Current-monitoring method is based on

Kohlraush regulation function (KRF)

[20]. KRF prescribes that its numerical

value x is locally invariant in time and is

defined as

x ¼
X

i

ci

mij j
ð1Þ

where ci and mi refer to the concentra-

tions and actual mobilities of all ionic

species, assuming only the presence of

fully ionized monovalent ionic constitu-

ents. The attractive aspect of the KRF

lies in that it is a conservation law. The

value x, states the existence of a certain

function of the constituent’s concentra-

tions that is conserved—not dependent

on time. It means that electrophoretic

processes are regulated by the initial

conditions. The KRF has a certain value

at a given point along the migration path

(along the capillary tube) prior to

applying of electric field, the information

of the initial conditions is kept in the

form of the x value during the whole

electrophoretic process.

When an electrolyte at a different

concentration C0 with deviating x value

is filled in the solution reservoir S, if

there is no EOF, the flux of ions out of

the concentration boundary will be ex-

actly equal to the flux toward it. Con-

sequently, this concentration boundary

will be stationary, neglecting the effect of

diffusion. In other words, the apparent

movement of the concentration bound-

ary in channel comes solely from the

EOF of the whole bulk solution. In the

presence of electroosmosis, the above

concentration boundary is moving at

EOF velocity.

In current-monitoring method, the

electrolyte at concentration C in channel

is displaced gradually by the electrolyte

with concentration C0. Along with the

resistance in channel, the current varies

with time.

Principle of Improved
Current-Monitoring Method

The principle of the method is that the

fluid flow in the channel is accelerated by

hydrostatic pressure force. Under dif-

ferent applied electric field with the same

microchip tilted angle, the difference of

fluid flow velocity in two modes is due to

EOF difference under different electric

fields.

Fluid flow is contributed jointly by

EOF and hydrostatic pressure-driven.

V ¼ VEOF þ Vhydrostatic ð2Þ

where V is the fluid flow velocity in mi-

crochannel, VEOF is EOF velocity, and

Vhydrostatic is the solution flow velocity

only under the drive of hydrostatic

pressure. Thus the velocities of fluid flow

in the channels under different electric

field E1 and E2 could be expressed as

follows:

VE1 ¼ VEOF1 þ Vhydrostatic ð3Þ
VE2 ¼ VEOF2 þ Vhydrostatic ð4Þ

where VE1, VE2, VEOF1 and VEOF2 are

the fluid flow velocity and EOF velocity

under electric field E1 and E2, respec-

tively. Flow velocity VE1 and VE2 are

calculated with the channel length L and

migration time t1 and t2.

VE1 ¼ L=t1 ð5Þ
VE2 ¼ L=t2 ð6Þ

and VEOF can be obtained by lEOF E/L,

Then

VEOF1 ¼ lEOFE1=L ð7Þ
VEOF2 ¼ lEOFE2=L ð8Þ

Substitution of Eq. (4) into (3) gives

VE1 � VE2 ¼ VEOF1 � VEOF2 ð9Þ

Finally, substitution of Eqs. (5–8)

into (9) yields

L=t1� L=t2 ¼ lEOFE1=L� lEOFE2=L

ð10Þ

after rearrangement

lEOF ¼
L2 1

t1� 1
t2

� �

ðE1� E2Þ ð11Þ

Effect of Tilted Angle
and Electric Field on EOF
Measurement

Limitation of conventional current-

monitoring method was that low EOF

could not be measured due to long time

needed to achieve a current platform, as

a result, the mutation of current trace

was not obvious. The improvement of

the proposed method is accelerating the

fluid flow with help of hydrostatic pres-

sure, consequently, an obvious mutation

in the trace of current as a function of

time could be observed.

Fig. 1. Schematic setup state for EOF mea-
surement with improved current-monitoring
method

Fig. 2. Schematic traces show the current
versus time for C0 buffer replacing C buffer
in channel under the electric field E1/L a and
E2/L b in tilted microchip
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When EOF is low even zero, fluid

flow in the channel is mainly driven by

hydrostatic pressure by tilting micro-

chip. In our previous report [21], effect of

tilted angle on fluid flow in PDMS

channel was detailed. For a 1-cm-long,

30-lm-i.d. PDMS channel, with 30o til-

ted angle, the difference of liquid height

level (4H) is approximately 0.50 cm, as

a result that fluid flow rate is about

170 lm s–1. The data were demonstrated

by the following Eq. (12), known as

Hagen–Poiseuille’s Equation [22, 23].

m ¼ d2

32l
� DP

L
ð12Þ

Here v is the maximum average

velocity on the capillary, L is the length

of the channel. l is the viscosity of the

solution. d is the inner diameter of the

channel.

In the experimental procedure, max-

imum available tilted angle could be

used as long as the setup is stable for

measurement. In our research, 30o tilted

angle was employed. Namely, with PBS

running buffer and 50-lm-i.d. channel,

the mutation could be observed in less

than 200 s even EOF is zero [21]. It is

important to notice that the chip-to-chip

repeatability of flow rate is poor only

with the driven of hydrostatic pressure.

The flow velocity in microfluidic flow

channels is sensitive to surface properties

because of the large surface-to-volume

ratio. In the microfluidic device, the flow

velocity usually varies under the same

pressure. This may be caused by rough-

ness of the PDMS channel walls [24].

In this research, the electric fields

applied in the measurements referred to

electrophoresis experiments. Two as-

pects were related to the electric fields

employed: (1) The current flow through

the channel results from the electric

power applied. If a low electric power is

applied, the mutation of current–time

plot is not obvious when a dilute buffer

solution replaces the concentrated one

in the channel. (2) According to the Eq.

(11), the difference between t1 and t2

results from the difference between E1

and E2. Making enough difference be-

tween t1 and t2 gives an assurance

avoiding measurement errors. In our

research, moderate electric fields of

1,200 and 800 V were applied as E1 and

E2, respectively. EOF measurement

plots in PVA modified microchip were

shown in Fig. 3. A precise EOF could

be calculated based on the data from

the figures.

Applications

The main purpose of the proposed im-

proved current-monitoring method is to

measure low and zero EOF values,

which is difficult to measure by conven-

tional methods. PDMS channels modi-

fied with either proteins or PVA were

employed as model microchips. Con-

stant effective mobility method was em-

ployed for comparison. Data in Table 2

show that average EOF values obtained

by improved current-monitoring method

and constant effective mobility method

agree well with each other.

Conclusions

We have proposed an improved current-

monitoring method for low EOF mea-

surement. Modified microchips with

protein and PVA were applied to verify

the method. The approach has advan-

tages over current-monitoring method

for measuring low EOF.
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Fig. 3. Experimental plots for EOF measurement in a PVA modified PDMS microchannel
under the electric field strength 800 V and 1,200 V with about 30o tilted angle

Table 2. Comparison of EOF measurements by proposed improved current-monitoring
method and constant effective mobility method [21]a

Microchip Running buffer lEOF/(10
-4 cm2 V-1 s-1)

Improved current-
monitoring method

Constant effective
mobility method

BSA channel PBS (pH 6.24 20 mM) 0.16 ± 0.05 0.18 ± 0.04
Myoglobin channel PBS (pH 5.29 20 mM) -0.45 ± 0.04 -0.43 ± 0.03
PVA channel PBS (pH 7.00 20 mM) 0.27 ± 0.05 0.26 ± 0.03

a Six parallel measurements
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