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(7) ABSTRACT

The present invention provides a pump for generating an
Electroosmotic Flow (EOF) in a solution in a canal, guide,
pipe or equivalent. Electroosmotic flow is generated by
application of an electric field through a solution in a canal
defined by insulating walls. The phenomenon depends on
ionisation of sites on the surface so that for electroneutrality
there is an excess mobile charge in the solution. The electric
field acts on the excess charge in the solution causing the
fluid to flow. The quantity and distribution of excess charge
in the solution depends on the solution and the surface
materials and is related to a parameter, the zeta (z) potential
characterising material/solution combinations.
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SIEVE ELECTROOOSMOTIC FLOW PUMP

[0001] The present invention provides a pump for gener-
ating an Electroosmotic Flow (EOF) in a solution in a canal,
guide, pipe or equivalent. Electroosmotic flow is generated
by application of an electric field through a solution in a
canal defined by insulating walls. More particular, the inven-
tion provides an EOF pump design based on a perforated
membrane (a sieve) in a canal with electrodes on both sides.
The EOF pump can be readily integrated in small systems
such as microsystems, micromachines, microstructures etc.
and allows for an efficient and easily controllable liquid flow
in such systems.

[0002] According to the present invention, an electroos-
motic flow in an ionic solution in a canal may be generated
using an electrical field. In order to create the electroosmotic
flow, the geometry as well as the materials of the canal has
to be carefully chosen. It is an advantage of the present
invention that it provides a pump for generating and con-
trolling liquid flow in small flow systems. Moreover, the
pump according to the invention may be fabricated using
materials and processing technology typically used to fab-
ricate smallscale systems and devices, such as chips, micro-
systems, micromachines, microstructures, microfluidic sys-
tems, etc. The pump according to the invention may thereby
be integrated in such small-scale systems and devices and
provide an efficient and flexible liquid handling.

[0003] According to a first aspect, the present invention
provides an electroosmotic flow pump for generating a flow
in an ionic solution from an inlet to an outlet in a canal, the
electroosmotic flow pump comprising a housing with the
canal for holding the ionic solution, a membrane separating
the canal in a first part in contact with the inlet and a second
part in contact with the outlet, the membrane comprising a
plurality of perforations each of which perforations com-
prises an inner surface with a zeta potential £>10 mV in an
130-160 mM aqueous salt solution with pH value in the
interval 7-7.5, one or more first electrodes in electrical
contact with ionic solution held in the first part of the canal
and one or more second electrodes in electrical contact with
ionic solution held in the second part of the canal, means for
impressing an electric potential difference between the first
and second electrodes.

[0004] Preferably, a thickness of the membrane is in the
interval 0.1-2 um. Also, the number of perforations in the
membrane is preferably in the interval 5-500. In order to
ensure a good pumping efficiency, inner radii of the perfo-
rations are preferably in the interval 0.1-5 um. Further, an
average distance between any perforation and its closest
neighbour is in the interval 2-100 um

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG. 1 is an illustration of the principle of elec-
troosmotic flow in a canal.

[0006] FIGS. 2A and B shows a cross sectional and a top
view of an embodiment of the sieve EOF pump according to
the present invention. The shown embodiment is applied to
an electrophysiological measuring system for generating a
flow for positioning of cells.

[0007] FIG. 3 is a graph showing the flow conductance
versus hole diameter for the passage between the upper and
lower part of the passage. This exemplifies the needed
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performance of electroosmotic pumps used in the electro-
physiological measuring system of FIGS. 2A and B.

DETAILED DESCRIPTION

[0008] 1If an ionic liquid in a canal is set in motion using
electric fields the phenomenon is called electroosmosis.
Electroosmotic flow is generated by application of an elec-
tric field through a solution in a canal defined by insulating
walls, a schematic illustration of a canal 1 is shown in FIG.
1. The canal 1 is formed by walls 2 with electrodes 4 and 6
in each end. A liquid held in the canal 1 is an ionic solution
having positive ions 7 and negative ions 8.

[0009] The phenomenon depends on ionisation of elec-
tronegative sites 9 on surfaces of the walls 2 so that for
electroneutrality there is an excess mobile charge in the
solution, predominantly located close to the walls within a
thin screening layer given by the Debye length A,=1-10 nm
for the interface. An electric field applied to the solution acts
on the excess charge in the screening layer causing the fluid
to flow. The quantity and distribution of excess charge in the
solution depends on the surface material (density of ionis-
able sites) and on the solution composition, especially pH
and ionic concentration. The charge and distribution is
related to a parameter, the zeta (T) potential, which can be
related to electroosmotic flow. However, although values for
the zeta potential are measured and published for material/
solution combinations it is not really a readily controllable
parameter, and as it arises from the ionisation of surface
sites, C and EOF are very susceptible to changes in surface
condition and contamination. A value of 75 mV for C is
given in the literature for a silica surface. For glass the
values may be twice those for silica but for both the effects
of pH and adsorbing species can in practice very signifi-
cantly reduce the values. Such a value for T may be used in
design calculations but it is wise to ensure that adequate
performance is not dependant on it being achieved in
practice. The direction of EOF is determined by the excess
mobile charge in the solution generated by ionisation of the
surface sites. As pKa for the ionisable groups on silica or
silicate glass is ~2, then at neutral pH values the surface is
negatively charged and EOF follows the mobile positive
ions towards a negatively polarised electrode. The volume
flow rate I, associated with electroosmotic flow for a
flow canal of length L, and constant cross sectional area A
is given by

A 1
Ieof_ié/U’ 68

vol — L?]

[0010] where € is the permittivity and T is the viscosity of
the liquid, while is the zeta potential of the interface between
the liquid and the canal boundaries. U is the driving voltage
applied across the ends of the canal with length L. and
constant cross sectional area A. Eq.1 defines the maximum
possible flow rate an EOF pump can deliver with no load
connected. The average velocity of the fluid particles in the
canal is in general given by u=I__,/A, and the electric field
strength by E=U/L, allowing the definition of the electroos-
motic mobility u..~=u/E=eC/Mm to be independent of any
particular geometry of the flow canal containing the EOF
pump, and solely to characterise the interface between the
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liquid and the walls. With a load connected to the pump, the
EOF driving force will be accompanied with a pressure
driven flow (Poiseuille flow). The volume flow rate associ-
ated with laminar Poiseuille flow is given by I Fotseile=
K panneiAl , Where Ap is the pressure difference across each

end of the flow canal, and K, ., the flow conductance of the
canal. The total flow rate is then given by

Abteor U @)
Lot = Kehannet AP + E—Z

[0011] The pressure compliance of the pump is found by
putting I, =0, and solving for Ap:

1o 3)

vol

A = .
Pmax Kenamet

[0012] The overall performance of any particular EOF
pump can be quantified by the performance power given by
the product Ap,,, I,.,°°f, which is a quantity expressed in the
unit Watt. The higher power, the better is the overall
performance of the pump. If the pump is loaded with flow
conductance K, at one end, and a reference pressure at the
other end, the pressure difference across the load relatively
to the reference pressure is given by:

—Imax @

Apped = ——F—
Kiaod + Kechannet

[0013] while the volume flow through the load is given by

Lo '=KioagP1oae ®

[0014] A specific choice of pump configuration will give
rise to an electrical conductance of the pump canal G_,,,;. In
response to the EOF driving voltage, the electrolyte inside
the pump canal will carry the electrical current 1. Design
considerations associated with EOF pumps should comprise
heat sinking due to the power dissipation in the pumps.
Moreover, the location and design of electrodes should be
considered. In an electrophysiology device, the natural
choice of electrode material is AgCl, and hence the con-
sumption of such electrodes when operating the pump
should be considered. The rate of consumption of electrode
material expressed in volume per time unit is given by:

MagCt ©

[0015] where m,,  =143.321 g/mol and p , ,5.589 g/cm3
is the molar mass and the mass density of AgCl, while
e=1.602x10  C and N ,=6.02x10** mol™' is the elementary
unit of charge and the Avogadro constant.

[0016] An alternative to the use of consumable electrodes
is suggested which involves providing an external electrode
linked to the chamber by an electrolyte bridge with high
resistance to hydrodynamic flow. This might be a thin canal,
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similar to that providing the EOF pumping, but with a
surface having low density of charged sites (low zeta poten-
tial) or where the surface has opposite polarity charge to the
EOF pumping canal. In the latter case the low flow conduc-
tance canal to the counter electrode contributes towards the
EOF pumping. Most wall materials tend, like glass or silica,
to be negatively charged in contact with solutions at neutral
pH. However it is possible to identify materials which bear
positive charge. Alumina based ceramics may be suitable,
especially if solutions are on the low pH side of neutral.
Alternatively polymer or gel material, such as Agarose,
polyacrylamide, Nafion, cellulose acetate, or other dialysis
membrane-type materials may produce the bridge with high
resistance to hydrodynamic flow. Preferably these should
have low surface charge density or an opposite polarity to
that of the EOF pumping canal.

[0017] FIGS. 2A and B show a preferred embodiment of
the sieve EOF pump according to the present invention. The
shown embodiment is applied to an electrophysiological
measuring system for generating a flow for positioning of
cells. FIG. 2A shows a side view of the device while FIG.
2B shows a top view. A housing 10 contains a microstruc-
tured unit 14, having a thin membrane 15 on its top surface.
The microstructure is fastened in the housing using a sealing
adhesive 19. The membrane has a surface consisting of silica
or glass. An array of holes 16 with diameters less than one
micrometer penetrates the free standing membrane in the
centre of the microstructure. When an electrical ion current
is drawn between the electrodes 4 and 6, the pumping action
takes place in the immediate vicinity of the holes. The
arrows indicate the liquid flow path.

[0018] In the EOF pump design according to the present
invention, the flow canal of the pump is defined as an array
of N of small holes in a membrane. Similar operation may
be achieved by flow through a porous material forming a g
potential with the liquid. This pump may be manufactured
by etching a number of parallel holes in a silicon nitride
membrane. To compute the key parameters for this pump
configuration one has to rely on an experimentally deter-
mined flow conductance for a single passage K, .z, and a
geometrical factor F ... accounting for the effective
canal length. In the case for the hole diameter d being
comparable with the membrane thickness t, the effective
canal should be asserted somewhat longer than the actual
membrane thickness. The sieve geometry is in particular
feasible if a spatially very small and compact pump is
needed. Below are listed the key parameters.

Canal flow
conductance Max flow Electrical conductance
Kehaner = NKogifice N dy2 N dy2
max = tm Fagomenry Heof channel = o

[0019] Below are given the key parameters for actual
choices of pump dimensions. Feasible pump dimensions for
applications related to microfluidics in an electrophysiology
device would be: t,,=1 um, d=1 um, N=10, and F,c,y=2-
The calculations are based on conditions relevant for an
electrophysiology device, where the liquid used is a physi-
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ological buffer solution. However, for most purposes the
data corresponding to 150 mM NaCl solution are represen-
tative. The asserted electrical conductivity is 0=0.014 S
cm  and the viscosity 118.94x107* kg m™'s™*. The calcula-
tions are based on a voltage drive of U=100 V, and a
conservative choice for the zeta potential =15 mV. The flow
conductance of the cell receptor passage, which is assumed
to be the most significant load to the EOF pump was
determined experimentally for a number of hole diameters
(see FIG. 3).

[0020] In the calculations a flow conductance K ... 3 pl
s~' mbar™ corresponding approximately to a 1 um diameter
hole is assumed.

Parameter Value
Flow conductance of pump canal 30.0
Kanat [pl 87" mbar™]

Maximum volume flow rate 4.58
Lpx [0 577]

Maximum pressure 152.7
Ap iy [mbar]

Performance power 70.0
APiax Lax [1W]

Pressure difference across load 1389
Appssage [mbar]

Volume flow rate in load 0.42
Lpassage [0 577

Electrical conductance of pump canal 11.0
Geanat [#5]

Electrical current through pump canal 1100
I, L]

Power dissipation in pump U - I 110
[mW]

Maximum thermal resistance of required heat 181.9
sink to keep temperature rise below 20 C. °

[C.°wW™]

Rate of consumption of AgCl electrodes 292400

AV, [um® s71]

[0021] The EOF pump design according to the invention
can be fabricated by forming an etched Si membrane con-
taining an array of perforations. The membrane may be
mounted in a laminated polymer holder. The holder would
define sections for connection the membrane to the canal
and a fluid reservoir, all of which can be formed using well
known etching and photolithography techniques in a number
of materials such as silicon or SU-8 photoepoxy. The
configuration is suitable for integration into a pipette well
for adding fluid.

[0022] The preferred embodiment illustrated in FIGS. 2A
and B may be applied in an electrophysiological measuring
system for the generation and control of liquid flow. The
liquid flow is used to position cells in a desired measuring
configuration. In the following, a number of issues relevant
for the present and many other applications of the EOF
pump according to the invention will be described.

[0023] Priming is the process required to fill the device
under consideration by liquid for the first time before
operation. The electroosmotic driving force requires, that
both electrodes are immersed in liquid before flow can be
achieved. The different EOF pump configurations proposed
may to some extent prime spontanecously by means of
capillary forces in the narrow flow canals. However, it may
not be possible to prime the whole pump chamber contain-
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ing both electrodes solely by means of capillary forces.
Considering the rate of consumption of the AgCl electrodes,
thin film electrodes deposited between the glass plates are
not likely to endure the whole operational cycle of the
device. For the sieve configuration the situation may be even
worse. Despite the device under consideration is considered
to be disposable, bulk electrodes are preferable. A feasible
solution to this problem could be the use of adequately
located thin film electrodes only for priming of the pump
chamber containing the bulk electrodes. The bulk electrodes
can take over after the priming procedure. Another possible
solution would be to prime the whole device by means of gas
pressure drive applied to the pump and pipetting ports before
proper operation. Even for devices with many parallel
measure sites, the priming could readily be done for all sites
in parallel, by pipetting liquid onto all sites and priming by
gas pressure applied to all sites simultaneously.

[0024] In one possible cell positioning procedure, flow
canals on a front side and a rear side of a membrane with a
passage are incorporated into the device. The front side
refers to the side where cells are loaded and where the extra
cellular reference electrode for the electrophysiology mea-
surement is placed, while the rear side refers to the side
where suction is applied to drag the cells onto the opening
of the passage, and where the intra cellular electrode is
placed. The front side flow canal passes over the passage and
is connected to a pump (EOF pump or any other pump with
similar performance) at one end, and a pipetting well at the
other end. The volume of the front side flow canal should be
adequately low to ensure that once a cell has entered the
canal, a flow maintained by the rear side pump to the passage
is capable, within a short time, of dragging the cell to the
position of the passage to establish the giga seal. A narrow
front side flow canal enables the detection of cells passing
the canal using the same principle as in a Coulter counter.
The detection may be realised by an electrical measurement
of the canal electrical resistance with two electrodes, one at
each end of the canal. When a cell enters the flow canal it
expels a volume of buffer solution, which consequently
cannot contribute to the conductance. The relative change in
electrical resistance is therefore given by the ratio of cell
volume to canal volume. In addition a spreading resistance
contribution is expected. This is however small if the cross
sectional area of the cell is small compared to the cross
sectional area of the flow canal. The change in canal
resistance is calculated by:

Veeu M
AR =R,
[0025] where V), and V_ are the volumes of the cell and

the canal respectively. R_ is the electrical resistance of the
canal and F, is the geometrical factor accounting for the
spreading resistance associated with a cell being inside the
canal. F, is a number slightly larger than 1, and depends on
the relative cross sectional areas of the cell and the flow
canal. If canal width becomes comparable to cell size, the
geometrical factor may however be quite large, correspond-
ing to the situation where the spreading resistance dominates
over the buffer volume exchange effect. The rear side flow
canal need not be very narrow, and should be equipped with
either one pump port at one end and connected directly to the
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passage at the other end, or alternatively equipped with two
pump ports, one at each end with the passage placed in the
middle of the canal. The two pump ports version should be
chosen if exchange of the intra cellular buffer is desired
during operation of the device. A statistical approach may be
employed in order to estimate the required waiting time
before a cell loaded into the pipetting well connected to the
front side flow canal has passed the canal with a certain
probability. This probability will mainly depend on the
concentration of cells in the suspension C_, the average flow
velocity u_ in the front side flow canal and the cross sectional
area A, of the flow canal. The average number of cells
passing the canal during the time t can be found from:

BO)=CcAgect. (8)

[0026] The probability p(t) that at least one cell has passed
the canal during the time t is then given by the Poisson
distribution:

o n 9
=Y B exp(B) ©

n!
=l

[0027] To demonstrate this positioning scheme one may
for simplicity of calculation assume a front side flow canal
of circular cross section of radius r.=25 um and length
L.=0.25 mm. The volume and flow conductance of this flow
canal is respectively given by V_=0.5 nl and

7”’? ~1 -1
=69nl s mbar .

K. =
7 8nL,

[0028] The average flow velocity of pressure driven Poi-
seuille flow will be 35 mm s~ per mbar of driving pressure
difference. For a typical cell radius r_;,=6 um, the resistance
change given by Eq.7 will be approximately 177 Q out of the
total canal resistance of 90.9 kQ, i.e. a relative change of
0.19%. Here a geometrical factor of 1.06, accounting for the
spreading resistance, has been assumed. With a front side
drive pressure difference of only 1 mbar, within 2 seconds
4.1 cells will on average have passed the canal, and at least
one cell will have passed with probability 98.4%. This
positioning scheme relies on the ability to stop the front side
flow as soon as a cell has entered the canal. This requires fast
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electronics, and a method to avoid this is to consecutively
apply small pressure pulses to the front side flow canal, until
the presence of a cell inside the canal is detected by means
of the Coulter counter principle. Considering the tiny vol-
ume of the front side flow canal any of the proposed EOF
pump types mounted on the rear side flow canal would be
able to suck the cell into position at the passage within a
fraction of a second. The cell detection electronics of the
Coulter counter can be made of the same type as needed in
the electrophysiology measurements of ion channel
response.

[0029] The sieve EOF pump according to the invention is
based on a versatile design and can be applied in numerous
small-scale systems and devices, such as chips, Microsys-
tems, micromachines, microstructures, microfluidic sys-
tems, etc. The electrophysiological measuring system
described in the above, being a specific illustrative example,
does not limit the scope of the invention or the range of
possible applications.

1. An electroosmotic flow pump for generating a flow in
an ionic solution from an inlet to an outlet in a canal, the
electroosmotic flow pump comprising a housing with the
canal for holding the ionic solution, a membrane separating
the canal in a first part in contact with the inlet and a second
part in contact with the outlet, the membrane comprising a
plurality of perforations each of which perforations com-
prises an inner surface with a zeta potential £10 mV in an
130-160 mM aqueous salt solution with pH value in the
interval 7-7.5, one or more first electrodes in electrical
contact with ionic solution held in the first part of the canal
and one or more second electrodes in electrical contact with
ionic solution held in the second part of the canal, means for
impressing an electric potential difference between the first
and second electrodes.

2. An electroosmotic flow pump according to claim 1,
wherein a thickness of the membrane is in the interval 0.1-2
um.

3. An electroosmotic flow pump according to claim 1,
wherein the number of performations in the membrane is in
the range of 5-500.

4. An electroosmotic flow pump according to claim 1,
wherein the inner radii of the perforations are in the interval
0.1-5 pm.

5. An electroosmotic flow pump according to claim 1,
wherein an average distance between any perforation and its
closest neighbor is in the interval 2-100 ym.
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