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Abstract:

The invention relates to a method and a device which serves for moving and
dosing amounts of liquid on a microscopic scale with a volume of especially 10"
to 10°® liters by means of an inhomogeneous electric field using a support having

an ultraphobic surface.




METHOD AND DEVICE FOR MOVING AND PLACING LIQUID DROPS
IN A CONTROLLED MANNER

The present invention relates to a method and a device for moving and dosing
amounts of liquid on a microscopic scale with a volume of especially 10* to 107

iters by means of an electric field using a support with an ultraphobic surface,

optionally in association with an ultraphobic dosing tip.

Manipulating and, in particular, dosing of extremely small drops of liquid having a
volume in the order of 10" - 10° liters or a diameter in the order of about
0.01 - 1 mm represents a problem even today, because even an extremely small
loss of liquid during this process, also referred to as microdosing, will give rise to
substantial deviations from the desired dosage quantity. Such loss of liquid
arises if e.g. the drop of liquid is shifted along a conventional surface, because
part of the liquid drop will adhere to the surface even in the event of a highly
smooth surface.

The object is therefore to provide a method of moving and dosing liquid drops

having a volume of especially less than 10° liters without significant loss of lig-
uid.

According to the invention, said object is accomplished by providing a method of
microdosing liquid drops, wherein the liquid drops are moved free of loss by
means of an inhomogeneous electric field on a support having an ultraphobic

surface.

The invention is directed to a method of moving or dosing liquid drops on a mi-
croscopic scale, which method is characterized in that the liquid drops are
moved on a support having an ultraphobic surface, using an inhomogeneous
electric field, preferably an inhomogeneous field between said support and a

manipulator.
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Preferably, an electrically charged tip or wire, particularly a tip or wire having an

ultraphobic surface is used as manipulator.

In a preferred embodiment, a voltage of from 100 to 1000 volts, preferably from
400 to 600 volts, is applied between manipulator and support in order to gener-
ate the electric field. Depending on the geometry of the array, the voitage may

vary within a wide range.

The invention is also directed to a device for the microdosage of liquid drops,

which device has at least one support having an ultraphobic surface, optionally

at least one liquid reservoir, an electrically chargeable manipulator, and a means
for generating an inhomogeneous electric field. Optionally, said manipulator can

also be an ultraphobic tip/wire or the like.

A liquid drop in the meaning of the invention may consist of any liquid and pref-
erably has a volume of from 102 to 10° liters, more preferably from 10 to 10°
liters. According to the invention, such a drop is shifted without loss on an ultra-

phobic surface, using a shiftable electric field.

It is also preferred to separate a liquid drop from a liquid reservoir by means of
the electric field. Using the electric field, it is possible to combine and thereby
mix a plurality of liquid drops on an ultraphobic surface. All of these process

steps can also be performed in any combination of each other.

In a preferred embodiment, the electric field is present between a tip, which tip
oreferably has a diameter of from 0.01 to 1 mm, any desired length and an ultra-
phobic surface, and a preferably metallic support. Using said tip, liquid drops are
shifted on the ultraphobic surface. The tip has an ultraphobic surface, which is

why there is no adhering of liquid particles to the tip.
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The liquid drops assume a nearly spherical shape both at the tip and on the
ultraphobic surface and therefore, the volumes thereof can be calculated

easily from the diameter determined e.g. under a microscope.

In another preferred embodiment, the liquid reservoir of the device has an

electrostatic charging means.

Ultraphobic surfaces in the meaning of the invention involve the feature that
the contact angle of a water drop resting on the surface is more than 150° and

the roll-off angle is not more than 10°.

The roll-off angle is understood to be the angle of inclination of a basically
planar, yet structured surface relative to the horizontal line, at which angle a
resting drop of water 10 ul in volume is moved due to gravity when tilting the

surface.

For example, such ultraphobic surfaces have been disclosed in the laid-open
documents WO 98/23549, WO 96/04123, WO 96/21523, and WO 96/34697.

In a preferred embodiment, the ultraphobic surface has a surface topography
where the spatial frequency f of the individual Fourier components and their
amplitudes a(f) expressed by the integral of the function S(log f) = a(f) x f
calculated between the integration limits log(f/um™) = -3 and log(f/pm™) = 3
Is at least 0.5 and consists of a hydrophobic or, in particular, oleophobic
material, or of a durably hydrophobized or, in particular, durably oleophobized
material. Such an ultraphobic surface has been described in the International
Patent Application WO 99/10322.
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In the meaning of the invention, a hydrophobic material is a material which ex-

hibits a contact angle, related to water, of more than 90° on a planar, non-struc-

tured surface.

In the meaning of the invention, an oleophobic material is a material which ex-
hibits a contact angle, related to long-chain n-alkanes such as n-decane, of more

than 90° on a planar, non-structured surface.

The ultraphobic surface preferably is an aluminum surface which is provided with
microstructures, anodized, optionally sealed, calcined, optionally coated with an
adhesion-promoting layer, and subsequently provided with a hydrophobic and/or

oleophobic coating as described in the International Patent Application WO
99/10323.

The manipulator and/or support can be made entirely of aluminum or preferably

has an aluminum coating, the aluminum being treated as stated above.

It is also preferred that the ultraphobic surface be an aluminum surface which
optionally is anodically oxidized, sealed with hot water or steam, optionally
coated with an adhesion-promoting layer, and subsequently provided with a hy-
drophobic and/or oleophobic coating as described in the International Patent Ap-
plication 99/10324. The dosing tip can be made entirely of aluminum or prefera-

bly has an aluminum coating, the aluminum being treated as stated above.

Furthermore, the ultraphobic surface preferably is a surface which is coated with
Ni(OH), particles, optionally coated with an adhesion promoter, and subse-

quently provided with a hydrophobic and/or oleophobic coating as described In
the International Patent Application WO 99/10111. The Ni(OH), particles pref-

erably have a diameter d., of from 0.5 to 20 um.
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In another advantageous embodiment, the ultraphobic surface is made of tung-
sten carbide which is structured with a laser, optionally coated with an adhesion

promoter, and subsequently provided with a hydrophobic and/or oleophobic
coating as described in the International Patent Application WO 99/10113. Pref-
erably, the dosing tip is coated with tungsten carbide only, which then is treated

as stated above. The tungsten carbide preferably has a layer thickness of from

10 to 500 um.

Furthermore, the surface preferably is sandblasted using a blasting means, op-
tionally coated with an adhesion-promoting layer, and subsequently provided
with a hydrophobic and/or oleophobic coating as described in the International

Patent Application WO 99/10112.

Any surface-active phobizing aid of any molar mass is suitable as hydrophobic
and/or oleophobic coating of the above-mentioned surfaces. These compounds
are cationic, anionic, amphoteric and/or non-ionic surface-active compounds as
listed in the index "Surfactants Europe, A Dictionary of Surface-Active Agents
Available in Europe, Edited by Gordon L. Hollis, Royal Society of Chemistry,

Cambridge, 1995.

For example, the following may be mentioned as anionic phobizing aids: alkyl
sulfates, ether sulfates, ether carboxylates, phosphate esters, sulfosuccinates,

sulfosuccinate amides, paraffin sulfonates, olefin sulfonates, sarcosinates, iso-

thionates, taurates, and lignin compounds.

For example, quaternary alkylammonium compounds and imidazoles may be

mentioned as cationic phobizing aids.

Amphoteric phobizing aids are betaines, glycinates, propionates, and imidazoles,

for example.
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Non-ionic phobizing aids are e.g. alkoxylates, alkylamides, esters, amine oxides,
and alkylpolyglycosides. Furthermore, reaction products of alkylene oxides with
alkylatable compounds such as fatty alcohols, fatty amines, fatty acids, phenols,
alkylphenols, arylalkylphenols such as styrene-phenol condensation products,
carboxylic acid amides, and rosin acids are possible.

Those phobizing aids are particularly preferred wherein from 1 to 100%, more
preferably from 60 to 95% of the hydrogen atoms are substituted by fluorine at-
oms. Perfluorinated alkyl sulfates, perfluorinated alkyl sulfonates, perfluorinated
alkyl phosphonates, perfluorinated alkyl phosphinates, and perfluorinated car-
boxylic acids may be mentioned as examples.

Preferably, compounds having a molar mass m.w. > 500 - 1,000,000, preferably
1,000 - 500,000, and more preferably 1,500 - 20,000 are employed as polymeric
phobizing aids in hydrophobic coating, or as polymeric hydrophobic material for
the surface. These polymer phobizing aids can be non-ionic, anionic, cationic, or
amphoteric compounds. Furthermore, these polymer phobizing aids can be
homo- and copolymers, graft polymers and graft copolymers, as well as random

block polymers.

Particularly preferred polymer phobizing aids are AB, BAB and ABC type block
polymers. In AB or BAB block polymers, the A segment is a hydrophilic homo-
polymer or copolymer, and the B block is a hydrophobic homopolymer or co-
polymer or a salt thereof.

Also, anionic polymeric phobizing aids, especially condensation products of
aromatic sulfonic acids with formaldehyde and alkylnaphthalenesulfonic acids, or

of formaldehyde, naphthalenesulfonic acids and/or benzenesulfonic acids, and
condensation products of optionally substituted phenol with formaldehyde and

sodium bisulfite are particularly preferred.
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Also preferred are those condensation products which can be obtained by reac-
tion of naphthols with alkanols, addition of alkylene oxide and at least partial
conversion of the terminal hydroxy groups to sulfo groups or semi-esters of
maleic acid and phthalic acid or succinic acid.

In another preferred embodiment, the phobizing aid is from the group of sulfo-
succinic esters and alkylbenzenesulfonates. Sulfated, alkoxylated fatty acids or
salts thereof are also preferred. Alkoxylated fatty alcohols are understood to be

Cs-C,, fatty alcohols, saturated or unsaturated, particularly stearyl alcohol, pro-

vided with 5 to 120, 6 to 60, and in a particularly preferred fashion, with 7 to 30
ethylene oxide units. The sulfated alkoxylated fatty alcohols preferably are pres-

ent as salts, particularly as alkali or amine salts, preferably as diethylamine salt.

Preferred fields of use for the method and device according to the invention are
biochemical or chemical methods wherein microscopic volumes of liquid have to
be moved, mixed or dosed. The following may be mentioned as examples: the
PCR (polymerase chain reaction), ELISA (enzyme-linked immunosorbent as-

say), or the determination of enzyme activity.

The method according to the invention is easier to perform compared to conven-
tional microdosing using pressure. As a result of the minimal adhesion of liquid
drops to the ultraphobic surfaces, manipulation of extremely small drops of liquid

IS possible without loss, thereby avoiding dosage errors.

The invention is also directed to the use of the device of the invention in the dos-
age of liquids on a microscopic scale, especially in a range of from 10 to 107

liters.

With reference to the Figures 1 to 4, the device according to the invention will be

exemplified in more detail below.
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Fig. 1 shows a plastic plate 2 for shifting liquid drops 4, 5 using a plurality of
electrodes 3.

Fig. 2 shows as an aluminum plate 7 having an electrically charged tip 10 as
manipulator.
Fig. 3 shows a round tip 12 with an annular electrode 13 for discharging

small volumes of liquid 15 from a reservoir 14 (cross-sectional draw-

INg).

Fig. 4 shows an array of three tips 16 forming a nearly triangular gap M
which can be used instead of annular electrode 13 in Fig. 3 to dis-

charge small amounts of liquid from a reservoirr.

Examples

Example 1

Figure 1 shows a device 1 of the invention for shifting liquid drops (in this event:

agueous solutions) on solid surfaces without leaving a residue.

The device consists of a substrate 2 (in this event: plexiglass), the surface of
which is provided with round, electrically conductive electrodes 3 (diameter
1 mm, spacing 5 mm) aligned with the surface of the substrate. Varying voltages

can be applied at the individual electrodes 3.

The surface of substrate 2 is provided with an electrically insulating ultraphobic

coating about 5 um in thickness. To this end, a layer of aluminum about 5 um In
thickness is vapor-deposited on the substrate. The Al layer is subjected to ano-
dic oxidation, treated with hot steam, and provided with a hydrophobic coating.

To produce the hydrophobic coating, the substrate is immersed in a 1 wt.-% so-
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lution of Fluowet PL80 from Clariant Company for 5 hours at pH 7, rinsed with
water, and dried at 60°C.

Producing the ultrahydrophobic coating:

a. Metallizing:

An aluminum layer about 5 um in thickness is thermally vapor-deposited on the
substrate. The surface is subsequently degreased for 3 minutes in distilled chio-
roform (CHCI,).

b.  Anodic oxidation:
Anodic oxidation of the aluminum surface is performed in 1N sulfuric acid with
continuous electrolyte agitation under laminar flow conditions. The electrolyte

temperature of 20°C is controlled by a thermostat. The spacing between the
substrate material and the counterelectrode made of AIMg;, semi-rigid, is 5 cm.

The current density during the anodic oxidation is controlled to be a constant

10 mA/cm?. The oxidation is continued until an oxide layer about 2-3 um in thick-

ness Is formed.

c. Treatment with water:

Following anodic oxidation, the sample is rinsed in distilled water for 5 minutes
and subsequently in methanol for 1 minute. Following drying (air, room tem-
perature), the sample is treated in distilled water at 100°C for 15 minutes In a

beaker which previously has been boiled with distilled water several times. This

treatment is followed by rinsing in methanol (1 min) and drying at 80°C in a dry-
iIng oven for 1 hour.

As a result of this treatment, the Al layer is converted completely to an aluminum

oxide layer.
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Handling of the device:

Initially, all of the electrodes 3 are supplied with the same electric potential. A
drop S5 can be shifted towards a directly adjacent electrode by switching this
electrode to a potential of 800 V versus the other electrodes. Thereafter, the

drop comes to rest above the respective electrode.

By repeated switching of the electrodes 3, the movement of the drop 5 on the
surface can be controlled at will within the electrode screen. In this way, different

drops 4, 5 can be shifted to the same position and made to combine.

The movement of the drops 4, 5 on the ultraphobic surface proceeds without
leaving a residue, i.e., without adherence of liquid residues along the path of
movement. This can be established as follows: A drop 4 (about 1 mm in diame-
ter) of a solution of 4-(6-diethylamino-3-diethylimino-3H-xanth-9-yl)-1,3-benzene-
disulfonic acid (Kiton Red, concentration: 1 x 10 mol/l in water) rests on the ul-
traphobic surface. The drop 4 is shifted along a closed path via 8 electrodes
(length of path: 40 mm). This process is repeated 10 times, so that the overall
path is 400 mm. Subsequently, the drop is removed, and a drop of pure water Is

likewise shifted 10 times along the closed path previously used.

This water drop is subjected to a spectrophotometric investigation. No dye can
be detected down to the detection limit of 10™"° mol/l (based on drop volume).

Hence, losses as a result of shifting the drop are less than 10 ppb.

Correspondingly, the example illustrated above can also be used for liquid drops
surrounded by solid walls on all sides, e.g. in gaps or tubes. Consequently, these
embodiments permit conveyance of liquids without loss merely by varying elec-

tric fields, i.e., without mechanically moving parts.
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Example 2

Figure 2 shows a device 6 of the invention for complete transfer of liquid drops
(in this event: aqueous solutions) using a movable tip 10.

The device has a support plate 7 of aluminum with an ultraphobic coating and a

tip 10. The tip also has an ultraphobic surface. The ultraphobic coating is pro-
duced In accordance with Example 1.

Handling of the device:

A drop 8 of a solution of 4-(6-diethylamino-3-diethylimino-3H-xanth-9-yl)-1,3-ben-
zenedisulfonic acid (Kiton Red, concentration: 1 x 10° mol/l in water) rests on

the ultraphobic surface. The volume V = (3.00 + 0.05) x 10? liters. The volume

has been determined via the diameter of the spherical drop, using a measuring
miCroscope.

The drop 8 can be picked up by means of tip 10. To this end, the tip is ap-
proached to a distance of about 5 mm, a voltage of 800 V being applied between
tip 10 and substrate plate 7. The radius of the tip is about 0.5 mm. By switching

off the voltage, the drop adhering to the tip is transferred into a vessel including

65 ul of water.

Using spectrophotometry, the dye concentration in the water is subsequently

determined to be 4.54 x 10" mol/l, corresponding to a volume V = 2.95 nl trans-

ferred by the tip. The transfer is conducted 5 times in the same way, with no loss

of transferred volume resulting within the relative dosing error of 1.5%.
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Example 3

A further example illustrates dosing and complete transfer of liquid drops, using
the device of Figure 2.

A drop 8 of a solution of 4-(6-diethylamino-3-diethylimino-3H-xanth-9-yl)-1,3-ben-
zenedisulfonic acid (Kiton Red, concentration: 1 x 10? mol/l in water) rests on
the ultraphobic surface. The volume V, = (3.00 + 0.05) x 10° liters.

Another drop 9 of a solution of 1,1'-diethyl4,4'-dicarbocyanine iodide (concen-

tration: 1 x 10 mol/l in water) rests on the ultraphobic surface. The volume V, =

(3.00 £ 0.05) x 10° liters.

Using the tip 10, the drop 8 is picked up as in Example 2. By switching off the
voltage, the drop adhering to the tip is deposited in a well 11 of the device. The
other drop 9 is picked up with the tip and combined with drop 8 in the well. Sub-

sequently, both drops are picked up with the tip and transferred in accordance

with Example 2 into a vessel including 65 ul of water.

The concentrations of the dyes in the water are subsequently determined using
spectrophotometry. The transfer is conducted 5 times in the same way, with no

loss of the transferred volumes V, and V, resulting within the relative dosing er-

ror of 1.5%.

Example 4

Fig. 3 shows an arrangement for discharging small defined volumes of liquid
from a reservoir (cross-sectional drawing). The arrangement consists of an elec-
trode 12 with a round tip (1 mm in diameter) and an annular electrode 13 (inner

diameter: 0.5 mm). Both electrodes are provided with an ultrahydrophobic coat-
ing, the production of which has been described in Example 1. The arrangement
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is immersed in an aqueous solution of 4-(6-diethylamino-3-diethylimino-3H-
xanth-9-yl)-1,3-benzenedisulfonic acid (Kiton Red, concentration: 1 x 10 mol/l in
water) as shown in Fig. 3. When applying a voltage of 900 V between the annu-
lus 13 and the electrode 12, a liquid drop 15 is discharged from the reservoir 14
and remains adhered to the electrode 12. The drop can be transferred to another
vessel by lateral tilting and switching off the electric field. The volume of drop 15

is determined by measuring the fluorescence intensity of the dye in a known vol-

ume of water. After 30 discharge repetitions, a volume of (65.0 + 0.2) x 107 liters
IS obtained.

Example 5

An arrangement as in Fig. 4 can be used instead of the annular electrode 13 of
the device in Fig. 3. Therein, three round electrodes 16 (1 mm in diameter) are
provided with an ultrahydrophobic coating, the production of which has been de-
scribed in Example 1. As described in Fig. 4, the electrodes 16 are arranged to
form a nearly triangular gap M which assumes the same function as the annular
electrode 13 in Fig. 3. Using this arrangement, a liquid drop is discharged from a
reservoir as in Example 1. With 30 discharge repetitions, a volume of

(50.0 + 0.3) x 107"¢ liters is obtained.

Similarly, other structures (round, square gaps or gaps of any shape In cross-
sectional or top view) can be used for dosing instead of the annulus 13 in Fig. 3.
Structures which can be generated using familiar microstructuring techniques
(e.g. light, X-ray or electron lithographic techniques) are particularly suited to this
end. because small volumes to be dosed require correspondingly small struc-

tures.
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Claims

We claim:

A substrate into which two or more electrodes are introduced, wherein the substrate
comprises an ultraphobic surface, and wherein various voltages can be applied to each
of the electrodes such that when a voltage is applied to at least one of the electrodes, a
difference in an electric field 1s created between two of the electrodes sufficient to

move a liquid drop.

The substrate according to Claim 1, characterized in that the electrodes are flush with

the ultraphobic surface.

The substrate according to Claim 2, characterized in that the electrodes are arranged in

a uniform gnd.

The substrate according to any one of Claims 1, 2, or 3, wherein the ultraphobic
surface has a surface topography in which the spatial frequency of the individual
Fourier components and their amplitudes a(f) expressed by the integral S(log (1)) =
a(f)-f calculated between the integration limits log (f;/um™) = -3 and log (f;/um™) = 3 is

at least 0.3, and consists of ultraphobic polymers or durably ultraphobic materials.

The substrate according to any one of Claims 1 to 4, wherein the ultraphobic surface is
an aluminum surface which is structured and coated with a hydrophobic and/or

oleophobic material.

The substrate according to any one of Claims 1 to 4, wherein the ultraphobic surface is
an aluminum surface treated with steam and 1s a hydrophobic and/or oleophobic

material.
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The substrate according to any one of Claims 1 to 4, wherein the ultraphobic surface is
coated with Ni(OH), particles and further coated with a hydrophobic and/or oleophobic

matenal.

The substrate according to any one of Claims 1 to 4, wherein the ultraphobic surface is

one which is sandblasted and coated with a hydrophobic and/or oleophobic material.

The substrate according to any one of Claims 1 to 4, characterized in that the
ultraphobic surface is a tungsten carbide surface which has been laser-structured and

coated with a hydrophobic and/or oleophobic material.

A device comprising the substrate of any one of Claims 1 to 9 and a means of applying

voltage, individually, to each of the electrodes.

A method of moving or dosing a first liquid drop on a microscopic scale using the
device of Claim 10, characterized in that the liquid drop is moved or dosed using the

application of a voltage to at lcast one of the electrodes.

The method according to Claim 11, wherein the application of a voltage results in a

difference in an electnc field between two of the electrodes.

The method according to Claim 11 or 12, characterized in that the first liquid drop is

moved as desired within an electrode grid.

The method according to Claim 13, characterized in that a second liquid drop 1s moved
within the electrode grid so as to permit the first and second liquid drop to be

combined.

Use of the device of Claim 10 in combination with the method according to any one of

Claims 11 to 13 for dosing liquids on a microscopic scale, wherein the liquid drop(s)
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have a volume of between 10°— 10" litres.

Use of the device of Claim 10 in combination with the method according to any one of
Claims 11 to 13 for dosing liquids on a microscopic scale, wherein the liquid drop(s)

have a volume of between 10°- 10 litres.

Use of the device of Claim 10 in combination with the method according to any one of
Claims 11 to 13 for carrying out chemical or biochemical processes selected from the

group of PCR, ELISA and the determination of enzyme activity.

A method for the preparation of a substrate according to any one of Claims 1 to 9,
characterized in that the electrodes are introduced into the substrate and the surface of

the substrate 1s provided with an ultraphobic coating.

The method according to Claim 18, characterized in that the electrodes are introduced

such that they are flush with the surface of the substrate.

The method according to any one of Claims 18 or 19, wherein the electrodes are

introduced into the substrate in the pattern of a uniform grid.
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Figure 1
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Figure 2
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Figure 4
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