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Abstract Electroosmotic pumping is receiving increasing
attention in recent years owing to the rapid development
in micro total analytical systems. Compared with other
micropumps, electroosmotic pumps (EOPs) offer a number
of advantages such as creation of constant pulse-free flows
and elimination of moving parts. The flow rates and
pumping pressures of EOPs matches well with micro
analysis systems. The common materials and fabrication
technologies make it readily integrateable with lab-on-a-
chip devices. This paper reviews the recent progress on
EOP fabrications and applications in order to promote the
awareness of EOPs to researchers interested in using
micro- and nano-fluidic devices. The pros and cons of
EOPs are also discussed, which helps these researchers in
designing and constructing their micro platforms.

Keywords Electroosmosis - Micropump -
Electroosmotic pump - Micro flow analysis

1 Introduction

Fluid pumping is an essential function of a microfluidic
system and electroosmotic pumps (EOPs) are frequently
utilized to perform this function. EOPs are developed based
on electroosmosis, which is the movement of uncharged
liquid relative to a stationary charged surface due to an
externally applied electric field (Bockris and Reddy 1970).
Electroosmosis is a phenomenon inherent to a solid-liquid
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interface (Hunter 1980). In 1809, Reuss (1809) discovered
this phenomenon of electroosmosis, wherein the applica-
tion of an electric field across a porous dielectric material
caused liquid to flow. The interpretation of this phenome-
non was accomplished by von Helmholtz (1879) using an
electric double layer (EDL) model. Smoluchowski (1917)
improved the Helmholtz theory after taking into account
the actual distribution of ions in a capillary. The EDL
theory has since served as the basis for interpretations of
electrokinetic behaviors at liquid—solid interfaces. Elec-
troosmosis has been used in capillary electrophoresis (CE)
to drive buffer solution, often from anode to cathode,
carrying both cations and anions to the detector for mea-
surement. However, people usually do not consider this
capillary (or the capillary system) to be an EOP. Therefore,
EOPs in this format will not be discussed in this paper.

Electroosmotic pumps possess several outstanding fea-
tures: EOPs are capable of generating constant and pulse-
free flows, the flow magnitude and direction of an EOP are
convenient to control, the pump can be fabricated using
standard microfabrication technologies and thus is readily
integrateable with lab-on-chip (LOC) devices, and EOPs
have no moving parts. EOPs have so far been used in
various areas including high performance liquid chroma-
tography (HPLC) separations (Pretorius et al. 1974; Chen
et al. 2003a, 2004), LOC assays (Kutter et al. 1997; Li and
Harrison 1997; Hadd et al. 1997), microelectronic equip-
ment cooling (Jiang et al. 2002), drug delivery (Paul and
Rakestraw 2000; Pikal 2001; Chen et al. 2007), device
actuation (Paul and Rakestraw 2000), etc.

The majority of EOPs have been operated under a direct
current (DC) voltage. These pumps are normally referred to
as EOPs or DCEQOPs. Due to electrolysis, bubbles will be
produced at the electrodes, leading to serious problems
if the electrodes are located inside a microfluidic channel.
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In order to eliminate bubbles formation, alternating current
(AC) EOPs (or ACEOPs) are developed. This paper will
cover both DCEOPs and ACEOPs. For those who are
interested in other micropumps, they may check the ref-
erences by Laser and Santiago (2004), Iverson and
Garimella (2008) and Chen et al. (2008a) for more detailed
information.

2 Theoretical aspect of electroosmotic pumping
2.1 DC electroosmotic pumping models

Electroosmosis requires charged solid surfaces to generate
electroosmotic flow (EOF). Most surfaces spontaneously
acquire a finite charge density when in contact with an
aqueous solution. For example, a silica surface contacted
with an aqueous solution becomes charged due to the
deprotonation of the silanol groups on the surface. The
charged surface attracts counterions and repels coions,
resulting in the formation of an EDL. When an electric field
is applied in parallel with the surface, cations in the EDL
region are forced to move in the direction of the electric
field. These mobile ions will drag the liquid, causing a net
motion of the bulk fluid, as illustrated schematically in
Fig. 1. The flow of the bulk fluid is the well-known EOF.
Fluid propulsion devices based on EOF are generally called
EOPs. EOPs are normally operated under a DC electric
field. The materials utilized to create EOF are primarily
open-channels or porous substances.

2.1.1 A model for open-channel electroosmotic pumps
In an open channel, the linear velocity (v.,) of EOF can be

evaluated by

Fig. 1 Schematic illustration of
electric double layer and
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where ¢ is the dielectric constant of the buffer solution,
{ is the zeta potential, V is the voltage applied across the
channel, n is the viscosity constant of the pump solution,
and L is the length of the pump channel (Liu et al.
2003).

In an EOP system, a number of parallel pump channels
may be used to increase flow rate. In the absence of
external pressure, the EOF rate (Q.,) can be expressed by
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where w and d are the width and depth of the pump
channel, and » is the number of the parallel channels. In
this work we will use microfabricated pump channels as an
example to describe the working principle of EOPs.

As an EOP is used to move the liquid in a fluidic net-
work, a backpressure will be created. The fluidic network
can often be replaced by an equivalent capillary with a
diameter of d’ and a length of L. The magnitude of the
backpressure can then be calculated using the Hagen—
Poiseuille equation,
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where Q. is the flow rate in the equivalent capillary. The
negative sign indicates that a pressure-driven flow is
always from higher to lower pressure.

The backpressure also makes the solution in the pump
channels flow backwards. Because the width of the pump
channel is usually much greater than its depth, flow in such
channels can be treated as flow in two parallel plates. The
backward flow rate (Qy) of n parallel pump channels can be
described as (Bird et al. 2002):
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Because both Q. and Q,, originate from Q.,, and based
on the incompressibility and continuity hypothesis of liquid
fluids,

Qeo = Qc + Qb- (6)
Combination of Egs. 2, 5 and 6 gives,
3nel Vwdd'*

Qe = 4n(3nLld* + 32nL'wd3) ™)
Equation 7 allows for the evaluation of flow rate in the
fluidic network. It also provides valuable information guide
in designing EOPs. For example, Q. will always be directly
proportional to ¢, { and V. Q. will increase with n, w and d
directly proportionally when d' > d. If d ~ d, Q. will
increase with n and w, but not at direct proportion.

In an EOP, the EOF is the only input flow, and it is split
into a forward flow, Q., and a backward flow, Q. The
efficiency of the pump, f, can be assessed by the ratio of Q.
(used to move the solutions in the fluidic network) to the
total input flow Q.,,

O 3nLld*

b= O 30Ld* + 320L'wd®

(3)

From this equation, we see that the efficiency decreases
as n, w or d increases, although the forward flow Q.
increases.

A similar model has been developed using round cap-
illaries as pumping element. One may check the literature
(Lazar and Karger 2002) for the related information.

2.1.2 A model for porous substance electroosmotic pumps

Porous substances have been utilized as pumping elements
in EOPs. The interstitial spaces in the porous materials
work like multiple flow passages in parallel with very small
diameters. Zeng et al. (2001) have modeled the structure of
a porous medium as an array of N capillaries with an
effective radius of a, and a length of L.—the tortuous flow
path through the medium. For each of these capillaries,
Rice and Whitehead’s model (1965) can be used to eval-
uate the EOF in it.

v, (7) :f—;(a2 —r2) —SCTE (1 -
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where v,(r) is the velocity profile, r is a variable repre-
senting the distance to the central axis of the capillary, P, is

the pressure gradient (P, = AP/L., where AP is the pres-
sure drop across the capillary), E is the electric field
strength (E = V/L., where V is the voltage applied), ¢ is
the potential in the capillary, 4 is the double layer thick-
ness, and { is the zeta potential.

Zeng et al. (2001) extended the analysis for an open
capillary to that for a porous medium and obtained the flow
rate of the entire porous medium
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where W is the porosity defined as the ratio of the void
volume to the total volume of the porous medium, A is the
cross-sectional area of the porous medium, t stands for
tortuosity [t = (L/L")?, where L” is the physical length of
the porous medium], I, is the zero-order modified Bessel
function of the first kind, and I; is the first-order modified
Bessel function of the first kind. By defining the maximum
pressure AP, as the AP at Q = 0 and the maximum flow
rate Q,, as the Q at AP = 0, we have
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Combining Eqgs. 11, 12 and 10, a linear relationship
between the flow rate and the pressure of an EOP is

obtained
AP
= 1——). 13
0=0a(1- 37 ) (13)
The efficiency of an EOP can be estimated by
(0] AP
=—=1-— 14

AP, should be large in order to achieve a high EOP
efficiency.

2.2 Working principle of AC electroosmotic pumps

DCEOPs are commonly operated under high electric fields.
Potential issues associated with these pumps are bubble
formation and reservoir pH variation due to electrolysis.
ACEOPs are developed to address these issues, because
application of an AC voltage does not result in any net
electrolysis. In the last few years, it has been demonstrated
that ACEOPs are capable of producing steady fluid flows
(Ramos et al. 1999; Ajdari 2000; Brown et al. 2001),
although the pumping power is low when compared with
DCEOPs.

The working principle of ACEOPs was developed in the
late 1990s and early 2000s. In 1999, Ramos et al. (1999)
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Fig. 2 Schematic diagram of AC electroosmotic flow in a symmetric
electrode array. Surface slip at electrodes, and resulting fluid
streamlines are represented with solid and broken lines, respectively.
Reprinted with permission from Urbanski et al. 2006

reported their observation of nonlinear electroosmotic flow
resulting from the action of an AC field on a fluid. As an
alternate voltage was applied to a pair of flat electrodes
deposited on a glass slide, a steady electroosmotic flow,
consisting of counter-rotating currents as shown in Fig. 2,
was produced. Ramos et al. termed this phenomenon as AC
electroosmosis (ACEO). However, these symmetrical
electrodes produce only local flow circulation which are
good for micro-mixers but cannot generate a net flow in the
channel. In 2000, Ajdari (2000) theoretically predicted that
a net ACEO flow can be created by using asymmetric
electrodes. In 2001, Brown et al. (2001) experimentally
validated this prediction and built the first ACEOP to pump
water across an array of electrodes. Figure 3 presents a
schematic diagram illustrating how a net ACEO flow is
generated. As an AC voltage is applied between two
asymmetric electrodes, a nonuniform electric field is cre-
ated, leading to differential polarizations of ions near the
electrodes. The movement of the net charges (excess ions)
under the tangential component of the electric field induces
a flow of the bulk solution, with a flow direction from the
small electrode to the large electrode.

“7=. Net bulk flow

29 \) o

+
Fast, small Slow, small
fluid roll fluid roll
over edge over edge

Fig. 3 Schematic diagram of AC electroosmotic flow in an asym-
metric electrode array. The asymmetry leads to fluid rolls of different
sizes over each electrode resulting in a net fluid flow. Reprinted with
permission from Ramos et al. 2003
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Fig. 4 Schematic diagram of AC electroosmotic flow in a 3D stepped
electrode array. Surface slip at electrodes, and resulting fluid
streamlines are represented with solid and broken lines, respectively.
Reprinted with permission from Urbanski et al. 2006

Net ACEO flows can be created using symmetric elec-
trodes by applying a traveling-wave voltage to these
electrodes (Cahill et al. 2004; Ramos et al. 2005; Garcia-
Sanchez et al. 2006) or an AC voltage with a DC voltage offset
(Wu 2008). The latter approach brings back the issues of
DCEOPs due to the presence of the DC voltage which causes
electrolysis. ACEO can also be produced by applying an AC
voltage on electrodes with uneven thicknesses (a 3-dimen-
sional structure) (see Fig. 4). Electroosmosis created in
this fashion is called induced-charge electroosmosis (ICEO;
Bazant and Ben 2006).

3 Electroosmotic pump fabrications techniques

In the above discussion, we have categorized EOPs into
DCEOPs and ACEOPs. Based on the pumping elements used
to generate EOP, DCEOPs can be further divided into open-
channel, packed-column, porous-membrane and monolith
EOPs. In the following sections, we will summarize the fab-
rication techniques according to these pump categories.

3.1 Fabrication of open-channel electroosmotic pumps

In open-channel EOPs, both narrow capillaries and micro-
channels have been used as the pumping elements.
Figure 5a presents a configuration of an open-capillary EOP
(Dasgupta and Liu 1994). The pumping element of this EOP
was a segment of a bare fused silica capillary (C1). A and B
were two reservoirs holding a buffer (e.g. sodium tetrabo-
rate) solution. The reagent holding coil (HC) was a piece of
capillary tubing filled with the reagent solution to be
delivered. V1 was a selection valve. When the valve was set
at the position as shown in Fig. 5a, the two syringes (S1 and
S2) were isolated from the pump system. As the valve was
switched to another position, S1 connected to C1 and S2
connected to HC. C1 could be rinsed with the solution in S1,
and HC could be replenished with the reagent in S2. HV
was a high-voltage power supply. A key component of this
EOP is the grounding joint which separates the pumping
element (C1) from the chemical reaction system (HC and
the fluidic network after HC). It was constructed using
a piece of Nafion ion exchange membrane tubing (M).
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Fig. 5 Schematic diagram of an stand-alone EOP: a schematic
configuration of an stand-alone EOP; b detailed structure of a
membrane joint. A Pump electrolyte container; B vial housing M and
containing the same solution as A; HV high-voltage power supply; C!/
pumping capillary; M membrane; VI four-way valve; S/ and S2
syringes respectively holding pump buffer solution and reagent
solutions; HC reagent holding coil. Reprinted with permission from
Dasgupta and Liu 1994

Figure 5b presents a detailed construction of this joint.
When C1 and connection capillary were joined, a small gap
was left between them. Two PVC tubing sleeves were used
to secure and seal M to C1 and the connection capillary.
This membrane joint allowed electrical connectivity
through ion conduction between the solutions inside and
outside the membrane tubing, but solutions could not flow
across the membrane. V1 was normally set to join the
connection capillary and HC as exhibited in Fig. 5a. When
a negative high voltage was applied, pump solution flows
backwards, which allowed the free end capillary to aspirate
solutions. When a positive high voltage was applied, pump
solution flowed forward to propel the solutions in HC to the
rest of the fluidic network.

The pump rate can be controlled by adjusting the elec-
tric field strength applied to C1. Alternatively, the pump
rate can be boosted by employing parallel pumping capil-
laries. To construct a multiplexed-capillary EOP, an union
is required to combine all the outlets of the capillaries into
one outlet. Making such an union with small dead volumes
was an issue for open-capillary EOPs (Liu and Dasgupta

1993, 1994, 1995). This issue can be easily addressed using
microfabrication technologies.

Figure 6 presents an example of an open-channel EOP
(Lazar and Karger 2002). The pumping element was a
group of shallow microfabricated channels (1). All pump-
ing channels had a common inlet (2) and outlet (3)
reservoir. The pumping channels were exposed only to
buffer solutions and did not come in contact with the
sample solution. A porous glass disk (5 mm in diameter,
0.8—1 mm in width, and 4-5 nm pore size) was utilized to
facilitate the electric field application between reservoirs 2
and 3, and also to prevent EOF leakage to reservoir 3.
Reservoir 3 was fabricated from a PEEK external nut, and
the porous glass disk was secured at the bottom of reservoir
3 with a corresponding internal nut. As a positive electric
field was applied between reservoirs 2 and 3, EOF was
generated to propel the downstream solution(s).

It is worth pointing out that the use of the porous glass
disk in reservoir 3 had caused the electric current to drop
within the first 10—15 min after the pump was turned on.
This presents an issue for microfluidic applications if one
cannot afford to wait for 10-15 min for the pump to
“warm”. The current drop was likely caused by the “ion-
enrichment and ion-depletion” effect as ionic species pass

reservoir porous glass joint

A\

/’ channel

Fig. 6 Open-channel EOP. / Open-channel EOP, 2 micropump inlet
reservoir, and 3 micropump outlet reservoir. The bottom figure shows
an expanded view of reservoir 3 containing the porous glass disk.
Reprinted with permission from Lazar and Karger 2002
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through nanometer-scale channels (Pu et al. 2004). This
problem was alleviated when a low electric field was
applied on the pumping channels (Lazar and Karger 2002).
The above problem was solved by Takamura et al. (2001;
2003) and Byun et al. (2007) who utilized polyacrylamide
gels to make the electric connection and avoid EOF
leakage.

Figure 7 illustrates the working principle of a cascade
open-channel EOP (Takamura et al. 2001, 2003). A cas-
cade open-channel EOP uses low voltages to generate large
EOFs. The pump shown in Fig. 8 is a three-stage cascade
pump in which three groups of narrow pump channels
(5 pm wide and 20 um deep) were connected by two broad
channels (50 pym wide and 20 pm deep). As an external
voltage power supply was turned on, the same voltage was
applied to each of the channel groups through a pair of gel
electrodes, and EOF in all channels was moving down-
ward. The EO flows in the two broad channels were
“moving” against, but overpowered by those from the
pump channels. The broad channels were wide so that little
flow resistance was created against the EO flows of the
pump channels. Since the pumping power was additive
owing to the serial connection, the pumping pressure was
tripled without increasing the voltage.

The pumping elements in open-channel EOPs were
usually produced using standard photolithographic tech-
nologies (Chen and Santiago 2002; Pu and Liu 2004).
Briefly, a glass wafer with a sacrificial layer of Cr and Au
was spin-coated with a layer of photoresist and soft-baked.
The photoresist was exposed to UV light under a mask
aligner using the photomask containing the pump-channel
pattern. Following the photoresist development, the
exposed Au and Cr were etched off. The pump-channel
pattern was etched into the glass water with HF. After the
residual photoresist and Au and Cr layers were stripped off

+ electrodes

All depth=20pm

Gelsk_ - electrodes

Fig. 7 Photograph of fabricated cascade-type EOP. Reprinted with
permission from Takamura et al. 2003
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Fig. 8 Schematic diagram of two-line FIA system with EOF
pumping: B, pump electrolyte solution container; T1, T2, capillary
unions; Vla and VIb, four-way valve stacks a and b; S1 and S3,
syringes holding pump buffer solution; S2 and S4, syringes respec-
tively holding carrier and reagent solutions; HC, reagent holding coil;
T3, low-volume tee union. Reprinted with permission from Dasgupta
and Liu 1994

and access holes were drilled, the wafer was thermally
bonded with a blank wafer to form an EOP device.

Using a photolithographic process, Morf et al. (2001)
and Guenat et al. (2001) developed an EOP consisting of
six parallel channels (each with a length of 83 mm, a width
of 300 pum and a depth of 50 um). Chen and Santiago
(2002) constructed an EOP consisting of a short, wide and
extremely shallow channel (with a length of 38 mm a
width of 1 mm and a depth of 0.9 um) incorporating eight
equally distributed 0.25-mm wide ribs to improve the
structural rigidity. Edwards et al. (2007) produced open-
channel EOPs on chip consisting of multiple small chan-
nels (with 5-pm wide and 4-mm long channels) feeding
into a larger flow channel (with 50 um wide and 5 mm
long). Typically, microfabricated EOPs can generate
pressures of up to several atmospheres and flow rates of up
to tens of pL per min.

Chemical derivatization has been used to modify the
inner surface properties of the pumping channels for EOF
generation, although virgin surfaces were used to create EO
flows in most open-channel EOPs. In fact, surface modi-
fication creates another dimension for EOP designs. For
example, a rapid field-free electroosmotic micropump
(RFEP) was assembled with a Y-shaped pumping channel
configuration (Joo et al. 2007). The surface of one Y arm
was coated with a layer of an anionic polymer, and that of
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another was coated with a cationic polymer. Due to the
opposite charges on the interior surfaces of these two arm
channels, the EOFs flowed in opposite directions when an
electric field was applied across these channels. A positive
hydrodynamic pressure was developed at the common
junction if both EOFs flowed into this joining point, while a
negative pressure was induced when both EOFs flowed
away from this point. The flow in the third channel
responded rapidly and reversibly to the electric field on the
other two channels.

3.2 Production of packed-column electroosmotic
pumps

Packed-column EOPs have produced very high pressures
(Paul et al. 1998). The basic methods for fabricating a
packed EOP are similar to those for packed columns used in
capillary electrochromatography. The pumping power will
depend on the size of the particles packed. A pump pressure
of more than 8,000 psi has been obtained using micron-size
silica beads (Paul et al. 1998). Often, an increased pump
pressure is obtained at a reduced flow rate, and vice versa.
High flow rates are usually achieved using large particles
(Paul and Rakestraw 2000). Zeng et al. (2001, 2002)
prepared similar EO pumps by packing 3.5 um diameter
non-porous silica particles in fused silica capillaries with
inner diameters ranging from 500 to 700 pm.

In order to generate high pressures while maintaining
high flow rates, an EOP was constructed with parallel
packed columns, three 20 cm x 530 pm i.d. fused silica
capillaries packed with 20 £ 5 nm silica beads (Chen et al.
2003a, b, 2004, 2005a). A flow rate of several pL/min and
a pressure of over 20 MPa were achieved with an external
voltage of 10 kV. Lately, Chen et al. (2008b) used nano-
silica particles packed capillary to construct EOPs. They
studied the pressure-flow rate characteristics of pump,
the electric properties of the pump, and the influence of
phosphate concentration on the pump.

Porous particles have also been packed into microfab-
ricated channels. Borowsky et al. (2008a) constructed an
EOP using a straight channel (3 cm x 160 pm x 62 pm)
packed with 3.38 pm silica beads. The beads were held in
place by a microfabricated weir structure. To reduce the
effect of the pH change of a pump solution on the rate of an
EOP, Razunguzwa and Timperman (2004) built an EOP
consisting of two 500 pm channels with one packed with
anion and the other packed with cation exchange beads. As
the EOF rate from one channel increase due to the pH
variations of the pump solution, the EOF rate from the
other channel will decrease, and vice versa. Therefore, the
overall EOF rate changes are thus (at least partially) offset.
The pump built by Razunguzwa and Timperman (2004)
could operate over a wide pH range (from 2 to 12).

3.3 Construction of porous-membrane electroosmotic
pumps

A porous membrane contains many tortuous channels
going from one side of the membrane to the other, and this
material has been utilized to construct EOPs. Because the
channels are relatively short, a high electric field strength is
achieved when a low voltage is applied. Porous mem-
branes, such as porous glass frit (Yao et al. 2003; Kim et al.
2008), ion exchange membrane (Brask et al. 2005), silica
membrane and alumina membrane (Prakash et al. 2006;
Chen et al. 2008c) are commercially available. These
materials can also be prepared in labs.

Using a porous core material produced from boric glass
powder by high temperature sintering, Gan et al. (2000)
built a porous-membrane EOP. The core had a diameter of
35 mm and a thickness of 13 mm. The average pore size
ranged from 2 to 5 um. The pump used low voltages (less
than 500 V) and was capable of providing a wide flow rate
range (10 pL/min-5.0 mL/min) under a moderate pressure
(>0.15 MPa). Similar EOPs were also developed by Yao
et al. (2001) using porous disc membranes. Other mem-
brane materials made from silicon (Yao et al. 2003, 2006;
Wallner et al. 2007), ion exchange membranes (Brask et al.
2005), porous aluminum oxide (Miao et al. 2007; Prakash
et al. 2006) and grafted porous polymer monolith (Tripp
et al. 2004) have also been employed for EOP fabrications.

A porous-membrane EOP has the same configuration as
one assembles a packed-column EOP. One can assemble a
porous-membrane EOP the same way as does for a packed-
column EOP. Because the membrane material is thin, it is
advisable to use a supporting frame to secure the mem-
brane and facilitate the fluidic and electric connections
(Yao et al. 2003; Brask et al. 2005; Prakash et al. 2000;
Yao et al. 2006).

3.4 Preparation of porous monolith electroosmotic
pumps

Porous monolith EOPs utilize monolith columns as
pumping elements. A porous monolith column is prepared
by a polymerization process after the column is filled with
a monomer, a crosslinker, a free radical initiator and a
porogenic solvent. The monolith obtained is a single con-
tinuous piece of highly crosslinked porous polymer. An
excellent feature of monolith columns is the elimination of
frits which is usually used for packed-column EOPs. The
monolithic materials used for EOP development can be
either an organic polymer- or an inorganic silica-monolith
(Zou et al. 2002; Tanaka et al. 2002).

Chen et al. (2005a, b) prepared an EOP utilizing a sol-
gel column with a length of 6 cm and an inner diameter of
100 pm. A piece of Nafion membrane was used to facilitate
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the electric connection. Similar EOPs were also produced
by Wang et al. (2006). Using parallel, encased, monolithic
silica capillary columns, Nie et al. (2007a) built EOPs on
microchips, and implemented a two-line microchip flow
injection analysis (Nie et al. 2007b). A problem with silica
monoliths is that silica can be dissolved slowly in alkaline
solutions. This dissolution will change the structure of the
monolith and hence the EO pump rate. An organic polymer
monolith can overcome this problem.

Detailed methods for making polymer monolith have
been described in the literature (Peters et al. 1997; Lam-
merhofer et al. 2001). The following is a general protocol
for making monoliths in a capillary. The inner wall of a
capillary was first derivatized with 3-(trimethoxysilyl)pro-
pyl methacrylate. A polymerizing solution containing
monomer, cross-linking reagent, progens and azo(bisi-
sobutyronitrile) was then introduced into the capillary. This
capillary, with both ends sealed by silicone septa, was
submerged in a water bath at 55-60°C for polymerization
for ~24 h. After the monolith was flushed with methanol
to remove all unreacted components, a monolithic column
was produced. The characteristic pore dimension of a
monolith can be controlled over a broad range from 0.01 to
10 um by altering the composition of the polymerization
solution and the reaction temperature (Wang et al. 2006;
Tripp et al. 2004; Xie et al. 2005; Aoki et al. 2006). The
same protocol can be used to fabricate a monolith EOP in a
microchip device. Attention should be paid to avoid void
formation owing to the shrinking during polymerization.
Too many of these voids could lead to variations of EO
flow rates.

3.5 Manufacturing of AC electroosmotic pumps

Asymmetric electrodes are often utilized to generate
ACEO flows in ACEOPs. The most common electrode
design is an interdigitated asymmetric electrode assembly,
although a number of other layouts have been tested.
Usually, metal electrodes are deposited onto a substrate by
sputtering or chemical vapor deposition. The electrode
materials include gold—Nichrome (Brown et al. 2001),
platinum—titanium (Studer et al. 2004), gold—chromium
(Debesset et al. 2004), titanium—gold-titanium (Garcia-
Sanchez et al. 2006), indium tin oxide (ITO) (Mpholo et al.
2003), etc. These electrodes are normally fabricated in a
planar format (with the same thickness).

Electrodes of alternating thicknesses have recently
been examined by Bazant’s group (Bazant and Ben 2006;
Urbanski et al. 2006, 2007) to promote the pump rates of
ACEOPs. The fabrication process includes a deposition of
an array of interdigitated electrodes on a substrate followed
by electroplating a subset of the electrodes to increase their
thickness.

@ Springer

Table 1 summarizes the performance metrics reported
for the various EOPs.

4 Electroosmotic pump applications

ACEORP is a developing area of research. Although it has
received much attention in recent years, papers of ACEOPs
for real applications have not been found. Almost all
studies have focused on the theoretical models, numerical
analysis, and experimental demonstration. So, in this sec-
tion we only focus on the application of DCEOPs.

4.1 Micro flow injection analysis (u-FIA)

One of the earliest applications of EOP was in FI analysis
by Liu and Dasgupta (1992). The EOP system employed
for FIA resembled a capillary electrophoresis setup, and
consisted of a capillary, an on-capillary absorbance
detector and a high-voltage power supply. The capillary
was pre-filled with a reagent (1,10-phenanthroline) solu-
tion, and its ends were immersed in two vials containing
the reagent solution. Samples (Fe’") were introduced by
moving the sampling end of the capillary into a sample
valve via a hydrodynamic injection scheme (identical to
that in capillary electrophoresis). After sample injection,
the sampling end of the capillary was moved back to the
reagent vial and a voltage was applied across the capillary
to carry out the analysis. The chemical reaction was pre-
ceded as Fe?" electrophoretically migrated into the reagent
zone, and the product was brought to the detector by both
electrophoretic migration and electroosmotic flow. Fe®™
samples within 5-200 mg/L were analyzed using this
method, and a relative standard deviation of 2.9% was
obtained. The major contribution of the standard deviation
was from the sampling errors.

To decrease the sampling errors, the same authors
incorporated a 100-nL volumetric injection valve near the
sampling end of the capillary in their system (Liu and
Dasgupta 1993), and demonstrated a combination of elec-
trophoretic separation and flow analysis in a single-line FI
setup for multi-analyte determinations. The carrier stream
contained 2-pyridyl(azoresorcinol) as the chromogenic
reagent and 10 mM NBu,ClO,4 as the background elec-
trolyte. A mixture of five metal ions (Co*", Ni**, Zn*™,
Cd** and Sm>") was injected into a fused silica capillary
via the electrically nonconducting injection valve. When an
electric field was applied, the metal ions migrated forward
to react with the chelating reagent, forming chelated metal
ion complexes. As the complexes were electrophoretically
and electroosmotically driven to the detector, they were
separated. The large cation, NBuj in the background
electrolyte solution was used to match the mobility of the
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- é‘ © chelated metal ion complexes so as to minimize the dis-
g a S persion of the product bands.
= g = It is well known that a single-line FI system will distort
2 B = 5 the product peak (Ruzicka and Hansen 1981), especially
5 = g . -
E 2 5 é when the sample plug is long, and a multi-line FI system
S . . .
< -§ Z £ is often selected to eliminate this problem. To demon-
. A - = strate EOPs for multi-line FI applications, Dasgupta and
Liu (1994) constructed a two-line FI system for chloride
g determination. Referring to Fig. 8, there were two EOPs
i similar to that described in Fig. 5, but each pump con-
B sisted of four single open capillary (40 cm x 75 pm
< i.d. x 375 um o.d.) pumps in order to increase the flow
rate. The pump electrolyte (2 mM sodium tetraborate) was
S directly used as the carrier stream in which the sample
X was injected via V2 (100 nL injection volume) and,
(2} . . . . .
£ & therefore, a holding coil was not necessary in this line. A
holding coil, HC, was used in the reagent [0.8 mM
" Hg(SCN), and 0.2 M Fe(NO;);] line. The chemistry
Q 2] x . . . . .
&l £ E E behind this method involved a reaction between chloride
S = = ; and mercuric thiocyanate, forming mercuric chloride and
) =) - Q . . .
= e A = releasing thiocyanate. The released thiocyanate reacted
with ferric ion in the same solution, forming a blood-red
< < complex which could be detected by an absorbance
= Z detector. In this system, the flow rate of each pump was
2 g ~ 1.7 pL/min. Good linear relationship was obtained for
Ty vé g vé Cl™ determination [R2 = 0.996 for 50-600 ppm (Cl17)],
&% > Z > with a relative standard deviation of <0.8% (n = 13).
<z - o o A similar EOP has also been used for SI analysis of
nitrite-nitrogen and ammonia-nitrogen (Liu and Dasgupta
g g gup
1994). Figure 9 presents the configuration of the SI sys-
o tem. The HC is a capillary holding coil with a length of
o b . .
= S o - 40 cm and an inner diameter of 250 um. The EOP was
s |z $ =
2 |2 2 E
£ = @ g l.aux
E |2 g £ s1 \
£ | < z a 4 s2 l:Sample
JE+23 Fog.cz2 fes
EETET BEEZET SEEZE
50 o g 9 Tw=o 2B 3 B R~}
=23 ° 39 w 2 2 o S -9 = 8
O < o, © o) cng %D % 13 o~ '8 o =
EegE Y8z Es£28 wB8EES
SEZ~"2 5 EZ52E7 SRR
Jezgz9 BZ25°0E B55E8
Ro82EF 2828 5s, 3L38%
58588555378 5555 .
e | 222552 22588908 25823 Ii:R1 :G.-S.reagent
2 |Eg628cs2 ESg 288 EECEE I1:R3
£ c0 83 tha o0 —~<I0T o<l 3.5 I:Sample
17} < < < 1:R2
5 :
Q
E " Fig. 9 Schematic diagram of capillary format SIA system. HV High-
g % voltage power supply; A, B pumping electrolyte solution containers;
° /M M membrane joint; C/ pumping capillary; 74 x 1 union; HC holding
: B coil; VI four-way valve; SI, S2 syringes; V2 6 x 1 selector valve;
% § RI, R2, R3 reagents; aux, unused auxiliary solution port. Reprinted
=l with permission from Liu and Dasgupta 1994
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connected to the common port of a selection valve (V2)
which was pneumatically operated. The Griess—Saltzman
reactions (Griess 1879) were employed for nitrite-nitrogen
analysis and the nitroprusside-catalyzed Berthelot reaction
(Berthelot 1859) was utilized for ammonia-nitrogen
determinations. This application took advantage of an
EOP capable of instant flow direction switching. Excellent
linear relationships (R2 = 1.000) were obtained for both
nitrite-nitrogen (20400 pM) and ammonia-nitrogen (50—
600 puM). The same system was further incorporated with
a miniaturized diffusion scrubber (Liu and Dasgupta
1995) or a droplet sampler (Yang et al. 2001) for gaseous
ammonia monitoring.

Gan et al. (2000) developed an EO pump SI system to
determine Cr(VI) in waste water. The pump rate increased
linearly with the applied voltage from 100 to 500 V. At
500 V, the pump rate was ~3 mL/min. Two EOPs and an
8-way selection valve were employed to build the SI sys-
tem. Up to 7.0 mg/L. Cr(VI) was analyzed with a relative
standard deviation of 0.4%. Yang et al. (2001) introduced
an electrokinetic flow analytical system using an EOP and
a bi-directional electrostacking unit for determination of
Cr(VI) and Pb(Il) in drinking water. Graphite furnace
atomic absorption spectrometry was used as the detector.
Good linear relationships were obtained for both of Cr(VI)
and Pb(Il) from 0.2 to 40 pg/L. The detection limit was
10 ng/L for Cr(VI) and 13 ng/L for Pb(II). The recovery
was 103-105% for Cr(VI) and 95.9-96.9% for Pb(Il). Zhao
et al. (2002) reported an EO pumped SI method for nitrite-
nitrogen determination. The system consisted of an EOP,
two solenoid valves and an absorbance detector. The
method was based on the Griess—Saltzman reactions
(Griess 1879; Saltzman 1954) to form a colored product
which was measured at 540 nm. A linear calibration curve
was obtained for nitrite-nitrogen from 10-800 pg/L, with a
detection limit of 1 pg/L. Chen et al. (2005c) constructed a
u-FI system that integrated a monolithic EOP, a micro
injector and a microchip electrochemical detector on a
single microchip for dopamine measurement.

Pu and Liu (2004) manufactured an EOP on a microchip
and demonstrated its application for an enzyme inhibition
assay. Figure 10a shows the photomask design of the pump
chip and Fig. 10b exhibits the schematic arrangement of
the SI system. The microchip EOP contained a pumping
element of 32 parallel channels, each with a depth of
20 pm and a total length of ~27 cm. An isolation channel
was also fabricated on the chip to separate the sample/
reagent solutions from the pumping solution. The isolation
channel served as a sample/reagent holding coil as well for
the SI analysis. The experimental setup was identical to a
conventional SI system except for the microchip EOP. The
system was applied to f-Galactosidase-catalyzed hydroly-
sis of fluorescein di(f-p-galactoside) and inhibition of this

A e ‘ |I .

Isolation channel 32 parallel pumping

channels

Selection
Valve

Decoupler

Buffer
bottle pymp chip I
Multi-channel

Isolation channel

Fig. 10 a The photomask design of the pump chip. b Schematic
arrangement of the micro-EOP-SIA system. Reprinted with permis-
sion from Pu and Liu 2004

hydrolysis reaction by diethylenetriaminepentaacetic acid.
There were three basic steps to accomplish the assay. Step
1, a negative high voltage was applied to the EOP to
aspirate sample and reagents into the isolation channel.
Step 2, after the sample and reagents were reacted ade-
quately, a positive high voltage was applied to the pump to
propel the product to the detector for measurement. Step 3,
the system was reset (this included washing the sampling
capillary attached to the selection valve and loading this
capillary with the next sample solution).

4.2 Microfluidic liquid chromatography systems
(u-LC)

Electroosmotic pumps offer a simple and cost-effective
means to produce adequate pressures and flow rates for
capillary chromatographic separation. Paul et al. (2000)
constructed a capillary HPLC using packed-column EOPs
for separations of polycyclic aromatic hydrocarbons. Chen
et al. (2003a, 2004) built an EOP capable of generating
pressures in excess of 3 MPa and flow rates in the range of
pL/min. The pump consisted of three parallel fused silica
capillary columns (25 cm x 530 um i.d.) packed with

@ Springer
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Fig. 11 Schematic diagram of the one-stage EOP and the u-HPLC
system. a The EOP system: / solvent reservoir, covered with an
insulating sheath; 2 high-voltage direct current source module; 3 Pt
wire; 4 hollow electrode (grounded); 5 capillary conduit; 6 packed
columns, three packed columns connected in parallel; 7 gas releasing
device (8 representation of gas leaving direction); 9 liquid pressure

2 pm silica beads. Hollow metal tubings were used as
grounding electrodes. To characterize the EOP, a pressure
transducer was utilized to measure the pumping pressures.
Figure 11 presents a schematic diagram of the one-stage
EOP and the pu-HPLC system (Chen et al. 2004). The
u-HPLC system consisted of a four-port injection valve
with a internal loop of 200 nL, 15 cm x 320 pmi.d. 5 pm
Spherigel C;g stainless steel analytical column and a
on-column UV-Vis detector. To evaluate the performance
of the system, a mixture of thiourea, benzene, toluene,
naphthalene, phenanthrene, biphenyl and anthracene were
separated. Acetonitrile/water was used as their mobile
phase. The number of theoretical plates of the column was
2.3-3.2 x 10%m using the EOP, and 1.4-2.3 x 10%/m
using a mechanical pump. The error of retention time (f.)
expressed in RSD% was within 0.8% with the EOP for all
compounds tested, while the error of #, was 3.6% with the
mechanical pump.

Electroosmotic pumps were also used by Reichmuth and
Kirby (2003) for reversed phase HPLC separations. With
this system, the authors investigated the effects of ammo-
nioalkyl sulfonate additives on electrokinetic pumping and
separation. A gradient solvent delivery system was devel-
oped by Figeys and Aebersold (1998) using two open-
channel EOPs. One pump was used to pump an aqueous
solvent and the other for organic solvent, and a gradient
solvent was produced by varying the pump rates. The
solvent delivery system was integrated with a reverse phase
microcolumn and an electrospray ionization ion trap mass
spectrometer for peptide analysis. A concentration limit of
detection of 100 amol/puL. was achieved.

Lazar et al. (2006) developed a microchip HPLC system
(Fig. 12) for proteomic investigations. The microchip
integrated all the necessary functional components (e.g.

@ Springer

sensor; /0 open/close valve; /1 measurement point of flow rate. b The
u-HPLC system: /2 a four-port injection valve; /3 analytical capillary
HPLC column; /4 an on-column UV-Vis detector; /5 chromato-
graphic data station; /6 waste liquid bottle. Reprinted with permission
from Chen et al. 2004

-
11

Fig. 12 Schematic representation of a microfluidic LC system.
1 Pumping channels; 2A, 2B eluent inlet reservoirs; 3 eluent outlet
reservoir; 4 double-T injector that contains the sample plug;
5 separation channel; 6 sample reservoir; 7 sample waste reservoir;
8 sample inlet channels; 9 sample outlet channels; /0 ESI capillary
emitter; // LC waste reservoir. a Sample loading; b sample analysis.
Arrows indicate the main flow pattern through the system. Reprinted
with permission from Lazar et al. 2006

pump, valve, separation column, and electrospray interface)
for LC-MS analysis. The overall size of the microfluidic
network was so small that two fully functional HPLC sys-
tems can be incorporated on a 7.62 cm x 2.54 cm glass
chip. The device was tested for analysis of protein digests
obtained from the MCF7 breast cancer cell line. The analysis
enabled confident identifications of 77 proteins, demon-
strated that these chips can be used for high-throughput
biomarker discovery.

Very recently, a microchip LC system integrated with
EOP was reported to separate six nitroaromatic and nitr-
amine explosives and their degradation products
(Borowsky et al. 2008b). The pump and LC channels were
fabricated on a single quartz substrate. The pump was a
channel (3.0 cm x 230 pm x 100 pm) packed with 5-pm
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porous silica particles, and the separation column was a
channel (2.6 cm x 230 pm x 100 um) with phenethyl
sol-gel monolith stationary phase.

4.3 Microreactors

Jin et al. (2003) reported a microchamber reactor on
microchip used as proteolytic digestion system driven by
electroosmotic pumping. Digestions of proteins in the EOF-
driven microchamber were subsequently carried out for
12 min, and the tryptic peptides were analyzed indepen-
dently using capillary electrophoresis (CE) and MALDI-
TOF mass spectrometry (MS). The results from CE analysis
of the tryptic peptides from the EOF-driven proteolytic
system and a conventional water bath digestion (18 h water
bath digestion at 37°C) were comparable.

4.4 Micro energy systems

Electroosmotic pumps have been used in micro energy
systems, as well. Santiago’s group has proposed a number
of applications of EOPs for miniature cells: active water
management in proton exchange membrane (PEM) fuel
cells, methanol/water mixture delivery in direct methanol
fuel cells (DMFCs) and air delivery/displacement in PEM
fuel cells via liquid EO pumping.

Water management is a significant challenge in portable
fuel cells and particularly in fuel cells with air-breathing
cathodes. Water flooding at the cathode of a fuel cell is a
common problem in fuel cells. Excessive flooding of the
open cathode can lead to a dramatic reduction of fuel cell
power. Buie et al. (2006a) developed proton exchange
membrane fuel cells with integrated planar electroosmotic
pumping structures that actively removed liquid water from
cathode flow channels. EOPs have no moving parts, scale
appropriately with fuel cells, operate across a wide range of
conditions, and consume a small fraction of fuel cell
power. EOPs can relieve cathode design barriers and sim-
plify water management in fuel cells. In their system, two
1.1-mm thick porous glass EOPs, spaced 2 mm apart, made
up the walls of the cathode channel. The results showed
that removing water from the cathode using integrated EO
pumping structures improved fuel cell performance and
stability.

Fabian et al. (2006) designed a water management
system in which the water was driven by an EOP. A
hydrophilic conductive wick was in direct contact with
cathode gas diffusion layer and served as a water collector
layer that hydraulically linked the entire cathode surface
with the EOP located outside of the fuel cell assembly. The
prototype air-breathing fuel cell with this water manage-
ment design successfully functioned under severe flooding
conditions, including ambient temperature 10°C and

relative humidity 80%, for up to 6 h without any obser-
vable cathode flooding or loss of performance.

Litster et al. (2007) incorporated an EOP into a larger
25 cm® PEM fuel cell as an active water management
system. The pumping element of the EOP was a 2 cm?
borosilicate frit with a thickness of 1 mm, a mean pore
diameter of 2 um and a porosity of 40%. The EOP pre-
vented flooding and provided rapid recovery from severe
flooding. With this EOP, a 25 cm? fuel cell was able to
operate at an air stoichiometry of 1.3 while maintaining a
power density of 0.42 W/cm?. It was 60% greater than the
maximum power density achievable with a nonporous flow
field under the same conditions.

Except for water removal from cathodes of fuel cells,
EOPs have also been used as a driving force for fuel
delivery. Kim et al. (2006) reported the utilization of a
porous-membrane EOP to pump methanol/water. The
power consumption of the EOP was about 2% of the direct
methanol fuel cell power generation, assuming that the unit
cell operates at 0.4 V to produce 200 mA/cm?, the fuel cell
area was the same as the pump area, and fuel utilization
was 100% with 1 mol/L methanol feed. Buie et al. (2006b)
developed a miniature-free convection DMFC that utilized
an EOP for methanol delivery.

4.5 Microelectronic cooling systems

Electroosmotic pumps have been used for electronic device
cooling, as well. The rapid increase in power density and
total power of microelectronics has spurred interest in
miniaturized cooling systems that can achieve high heat
dissipation rates. A compact micropump is therefore a vital
component for the high efficiency cooling of integrated
Microsystems. EOPs, having no moving structural ele-
ments, have received much recent attention because of the
potential of achieving both high pressure and large flowrate.

Yao et al. (2001) developed high flowrate EOP designed
for microcooling applications. The EOPs were fabricated
using modified commercially available sintered-glass frits.
The frits were porous cylinders 30 mm in diameter and
1.5-3 thick and provided the high wetted-surface-to-vol-
ume ratio required to generate pressures exceeding 2 atm.
Both deionized water and buffered aqueous solutions have
been used as working fluids. The prototype pumps dem-
onstrated a flowrate of 7 mL/min for 200 V applied
potential that is suitable for two-phase heat exchangers
with a capacity approaching 100 W.

Jiang et al. (2002) built a closed-loop cooling system
using two-phase microchannel heat sink and electroos-
motic pumping for applications in VLSI chips cooling. The
silicon heat exchanger attached to the test chip (1 cm?)
achieved junction-fluid resistance near 0.1 K/W using 40
plasma-etched channels with hydraulic diameter of
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100 pm. The EOP, made of an ultrafine porous glass frit
with working volume of 1.4 cm’ , achieved maximum
backpressure and flowrate of 160 KPa and 7 mL/min,
respectively, using 1 mM buffered de-ionized water as
working fluid. The closed-loop system removed 38 W with
pump power of 2 W and junction-ambient thermal resis-
tance near 2.5 K/W.

5 Conclusions

Electroosmotic pumps have been demonstrated to be effi-
cient for fluid propulsion in microfluidic systems. EOPs are
capable of producing flows at high pump rates and against
high backpressures. Often, high pump rates are obtained at
low pump pressures, and vice versa. This should not be an
issue, because typically a high flow rate FI/SI system has
relatively low flow resistance, unless a packed bed reactor
or a filtration system is used. The most important features
of an EOP are that it has no moving parts, generates pulse-
free and stable flows, and are readily integratable with
microfluidic and MEMS devices. EOF pumps happen to be
ideally suited for microfluidic systems in which pulse-free
and stable flow is desired.

The robustness and reliability of EOPs have been a
concern in some applications. When different solutions
pass through an EOP, its pump rate may change because of
the adsorption of compounds from the samples/sample
matrix onto the surfaces of the pumping elements. This
problem can be eliminated by isolating the pump fluid from
the sample/reagent solutions in the analytical system.
When properly designed, EOPs can be used as a stand-
alone pump or integrated into a microchip device to gen-
erate adequate flow rates and pressures for miniaturized
HPLC development.
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