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10 manipulation comprising using the microneedle (10). Micropumps, and
likewise microneedles, are devices that can control and manipulate small
fluid volumes, with functional dimensions in the micrometer range, and
hence volumes in or above the picolitre range.
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Precise fluid manipulation in the femtolitre range
FIELD OF THE INVENTION

The present invention relates to a microneedle for precise fluid manipulation in the

femtolitre range, and a method for fluid manipulation comprising using the microneedle.
Micropumps, and likewise microneedles, are devices that can control and manipulate small
fluid volumes, with functional dimensions in the micrometer range, and hence volumes in or
above the picolitre range.

BACKGROUND OF THE INVENTION

The present invention is in the field of microfluidic devices, such as micropumps and

microneedles, for precise fluid manipulation, and methods for fluid manipulation. Micro-
pumps, and likewise microneedles, are devices that can control and manipulate small fluid
volumes, with functional dimensions in the micrometer range, and hence volumes in or
above the picolitre range. Micropumps are devices that can control and manipulate small
fluid volumes. Although any kind of small pump may be referred to as micropump, typically
pumps with functional dimensions in the micrometer range are considered. Such pumps may
be of special interest in microfluidic research, and are available for industrial product inte-
gration in recent years.

One of the challenges when performing experiments with single cells in vitro is the
precise manipulation of liquids in the sub-picolitre range of volumes. Particularly, there is a
need to inject or extract very small amounts of fluids from the cell in a controlled manner.
Examples of existing micro-tools for this purpose rely on microneedles attached to a micro-
fluidic channel, where the extraction (injection) of fluid is enabled by applying short pulses
of underpressure (overpressure) in the microfluidic channel. Although this method has
demonstrated the manipulation of very small volumes, the exact dose of extracted/injected
liquid is not easily controllable, and the reproducibility is poor. The other major challenge of
the existing method is the dilution of the extracted sub-volume with the liquid in the micro-
needle channel due to diffusion. Similarly, the liquid in the micro-needle will be diluted near
the tip due to diffusion during injection.

US 5,759,014 (A) provides an example of a micropump, comprising two glass wafers
with a machined silicon wafer sealingly inserted therebetween. An inlet valve, a pump
chamber and an outlet valve are arranged between an inlet channel and an outlet channel. A
pump diaphragm forming one wall of the pump chamber comprises a thicker central portion
operating like a piston. A piezoelectric element acts on the diaphragm via an intermediate
part to provide the pumping movement. The pump chamber and the spaces linking the pump
chamber to the inlet and outlet valves are shaped so that the reduction in the inner volume of
the micropump caused by a reduction in the volume of the pump chamber during the pump-
ing movement is such that the air in the micropump is compressed to a pressure high enough

to open the outlet valve, whereby the micropump is self-priming.
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US 6,280,148 B1 recites a microdosing device comprising a pressure chamber which
is at least partly delimited by a displacer, an actuating device for actuating the displacer, the
volume of the pressure chamber being adapted to be changed by actuating the displacer, a
media reservoir which is in fluid communication with the pressure chamber via a first fluid
line, and an outlet opening which is in fluid communication with the pressure chamber via a
second fluid line. The microdosing device additionally comprises a means for detecting the
respective position of the displacer and a control means which is connected to the actuating
device and to the means for detecting the position of the displacer, said control means con-
trolling the actuating device on the basis of the detected position of the displacer or on the
basis of displacer positions detected during at least one preceding dosing cycle so as to cause
the discharge of a defined volume of fluid from the outlet opening.

The prior art devices do not provide very precise dosing and control of very small
volumes, such as femtolitre dosing. The devices are also typically dedicated to either dis-
pensing or aspirating. The above devices are also rather complex. Combination with these
prior art devices and a further device, such as an electron or atomic force microscope, is dif-
ficult if not impossible. The latter is in particular the case when dealing with cells, such as
with single cells.

Some prior art devices relate to relatively complex structures. For instance, US
2011/172639 (A1) recites a device for delivering a drug into the skin of a subject is provid-
ed. The device includes a drug reservoir and a microneedle having a tip, a length, and a tip
sharpness. The microneedle is coupled to the reservoir. The device includes a microneedle
actuator coupled to the microneedle configured to drive the microneedle into the skin of the
subject upon activation. The tip sharpness and the actuator allow the microneedle to pass
through an outer layer of the skin upon activation, and the length is limited such that the tip
does not extend past a desired depth below the surface of the skin of the subject, wherein the
desired depth is located in the papillary dermis or the reticular dermis. US 2014/377091 (A1)
recites a pump devoid of mobile mechanical parts and including a tank with a sleeve for dis-
pensing fluid that remains fully open, but of which an inside capillary is too thin to allow for
dispensing of fluid when idle. Recourse is therefore made to a resonator device with a piezo-
electric exciter, that produces vibrations, in particular bending, of the sleeve to oblige the
fluid to flow through it at a determined flow rate that depends on characteristics of the pump
and of excitation. The assembly can be miniaturized and used as an implantable device, for
example for treatment of hearing pathologies, to deliver a drug, or, in certain embodiments,
also take samples of ambient fluid. A remote energy supply is possible.

The present invention therefore relates to a device for precise fluid manipulation in
the femtolitre range and further aspects thereof, which overcomes one or more of the above
disadvantages, without compromising functionality and advantages.

SUMMARY OF THE INVENTION

It is an object of the invention to overcome one or more limitations of the micronee-
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dles of the prior art and at the very least to provide an alternative thereto. The present inven-
tion relates to a new type of microneedle that incorporates a membrane in the path between
the needle tip and the microfluidic channel (see e.g. Fig. 1). This membrane prevents the free
flow of the liquid into the microfluidic channel. At the same time, the membrane is able to
deform as a result of the pressure applied in the microfluidic channel, changing the volume
of the needle cavity to allow liquid in or out. A fine control of the exact volume of liquid
manipulated is achieved by the elastic deformation of the membrane, that for instance may
follow a linear relation with the applied pressure. The deformation of the membrane is typi-
cally limited by the upper boundaries of the present chamber, and therewith an exact volume
is defined. In addition any underpressure, being sufficient to deform the membrane accord-
ingly, may then be applied, and not much control of the pressure is required, if any. The ri-
gidity of the membrane and its maximum linear deformation are tailored by selection of ma-
terial and dimensions. In experiments involving extracting biological material from living
cells or other biological entities, the needle cavity is typically prefilled with a buffer solution
to ensure the viability of the material. An air hole may be incorporated in the membrane to
allow the evacuation of the air in the needle cavity and its replacement with buffer solution
(see Fig. 4b). The surface tension of the buffer/air interface is considered to prevent the flow
of the buffer solution through the air hole. The small volume of buffer contained in the nee-
dle cavity limits the diffusion of the extracted material, as opposed to existing devices in
which the large-volume microchannel has to be completely filled with buffer. In a first as-
pect the present invention relates to a microneedle 10 comprising a chamber 2 for providing
a fluid, a fluid channel 1, the fluid channel in fluid connection with an upper part of the
chamber, and a needle tip 3 in fluid connection with a lower part of the chamber, wherein the
chamber comprises a membrane 4, wherein the membrane extends fully over the fluid con-
nection of the chamber and prevents liquid flow from a lower part of the chamber to the up-
per part of the chamber, and vice versa. With this simple set-up precise dosing and control
thereof is achieved. The chamber may be considered a central part of the microneedle, which
is in fluidic contact with the fluid channel at a first side thereof and with the needle tip at
another side thereof, typically opposite sides, such as bottom/to or left/right, wherein these
sides are of course relative to an orientation of the microneedle itself. In the chamber a
membrane is provided. The membrane is used to create an over-pressure or under-pressure,
respectively, for dispensing or aspiring a fluid out of or into the microneedle. The membrane
is typically a free-standing membrane, or a suspended membrane, that is the sides of the
membrane are connected to the (side) wall(s) of the chamber, and typically no further sup-
port/attachment/contact or the like is provided to the membrane. A reason thereto is that the
present membrane should be allowed to freely flex or bend under application of the pressure.
The chamber, and likewise the microneedle, is typically substantially cylindrical, wherein
the needle tip may be cone-shaped. It may be of any shape however, such as ellipsoidal, hex-

agonal, rectangular, multigonal, square, or a combination thereof. For instance, when applied
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in a microscope a shape fitting an microneedle uptake element in the microscope may be
preferred, such as in order to firmly confine the microneedle.

In a second aspect the present invention relates to a method for fluid manipulation
comprising providing a microneedle according to the invention, providing a fluid, moving
the microneedle tip into the fluid, providing an under-pressure in the channel, such as an
under-pressure of 1-90 kPa, typically of 10-80 kPa, aspiring the fluid in de needle tip and
lower part of the microchamber, transferring the microneedle, providing an over-pressure in
the channel, such as an over-pressure of 1-500 kPa, typically of 10-400 kPa, and dispensing
the fluid.

The present invention provides a solution to one or more of the above mentioned
problems and overcomes drawbacks of the prior art.

Advantages of the present description are detailed throughout the description.

DETAILED DESCRIPTION OF THE INVENTION

In an exemplary embodiment of the present microneedle the membrane has a stiff-
ness of < 150 N/m, preferably < 100 N/m, more preferably from 10-50 N/m, such as 20-35
N/m.

In an exemplary embodiment of the present microneedle the membrane is flexible,

such as with a Youngs modulus (specific modulus) of <2000GPa, preferably < 2GPa, prefer-
ably <1 GPa, such as <0.1 GPa, and preferably > 50 kPa, such as > 100 kPa.

Such a stiffness and elasticity provide sufficient strength to the membrane, and yet al-
low the membrane to deform under pressure, such that a liquid can be aspired or dispensed,
respectively. For instance a deformation of about 10 um per under a pressure of about 10
Pa.

In an exemplary embodiment of the present microneedle a cross-sectional area of the
fluid connection between the fluid channel and the upper part of the chamber the membrane
is 5-90% of a surface area of the membrane, preferably 10-50% thereof, such as 15-25%
thereof. Said fluid connection is thus smaller than the membrane, and therewith inherently
controls and limits the deformation of the membrane when an under pressure is applied.

In an exemplary embodiment of the present microneedle the chamber 2 may comprise
a membrane deformation restriction extension 8, typically an extension over a part or over a
full circumference of the fluid connection of the upper part of the chamber to the channel.

In an exemplary embodiment of the present microneedle the membrane comprises a
material selected from dielectric materials, such as oxides, nitrides, carbides, preferably
wherein with Si, from semiconducting materials, such as Si, from polymers, from graphene,
and from resins.

In an exemplary embodiment of the present microneedle in use the membrane pre-
vents liquids to pass the mem-brane from the needle tip to the channel.

In an exemplary embodiment of the present microneedle the membrane comprises at

least one opening (5) for releasing air, such as at least one opening with an area of 10*-10?
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um?, preferably an area of 102-10' um?, such as an area of 5*¥102-5 um?.

In an exemplary embodiment of the present microneedle the membrane comprises 1-
10* openings (5)/mm? for releasing air, preferably 5-10° openings (5)/mm?, such as 10-10?
openings (5)/mm?.

With said openings possible entrainment of air or in general a gas underneath the
membrane is prevented, as it is released through the openings to the channel.

In an exemplary embodiment of the present microneedle the at least one opening is
located in a centre of the membrane, such as in a central area of the membrane comprising
<20% of the surface area of the membrane.

In an exemplary embodiment of the present microneedle an ex-ternal circumference
of the needle tip is cylindrical or tapered, such as tapered under an angle o of 1-60 degrees
relative to a longitudinal axis of the needle, preferably 2-45 degrees, such as 5-30 degrees.

In an exemplary embodiment of the present microneedle at least part of an internal
circumference of the needle tip is tapered, such as tapered under an angle of 1-45 degrees
relative to a longitudinal axis of the needle, preferably 2-35 degrees, such as 5-25 degrees.

In an exemplary embodiment of the present microneedle the membrane is provided
centrally in said chamber, such as at a height of 40-60% of said chamber, e.g. a height of 45-
55%.

In an exemplary embodiment the present microneedle may comprise a pump for
providing over pressure or under pressure, respectively.

In an exemplary embodiment of the present microneedle the membrane has a thick-
ness of 0.5-5 pm, in particular 0.8-3 um, such as 1-2 um.

In an exemplary embodiment of the present microneedle the tip has an outer cross-
sectional dimension of 500 nm-20 pum, preferably of 1-15 um.

In an exemplary embodiment of the present microneedle the tip has a height of 2-200
um, in particular 5-100 um, such as 20-50 um.

In an exemplary embodiment of the present microneedle the fluid channel has an
outer cross-sectional dimension of 5-50 pm.

In an exemplary embodiment of the present microneedle the fluid channel has a
height of 2-20 um.

In an exemplary embodiment of the present microneedle the microneedle has an in-
ternal volume of 1-10° um?, in particular 5-10* um®, such as 10-10° pm?.

In an exemplary embodiment of the present microneedle the membrane is hydropho-
bic, or hydrophilic, or lipophilic, or lipophobic, or polar, or non-polar, or a combination
thereof (comprising different materials).

In an exemplary embodiment the present microneedle may be obtained by semicon-
ductor processing, such as MEMS technology.

In an exemplary embodiment of the present microneedle the microneedle is 3D-

printed, such as using methods such as 2-photon polymerisation or stereolithography among
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others.

In an exemplary embodiment of the present microneedle the microneedle is a mono-
lithic needle and preferably formed from a single material.

In an exemplary embodiment of the present microneedle the microneedle is integral
(i.e. composed of integral parts, integrated).

In an exemplary embodiment of the present microneedle the microneedle is a single
needle.

In an exemplary embodiment of the present microneedle the microneedle comprises an
actuator, such as a pressure actuator, for controlling a pressure in the channel and/or cham-
ber, such as for providing an under pressure 1-90,000 Pa or an over pressure of 100-500,000
Pa.

In an exemplary embodiment of the present microneedle the microneedle is calibrat-
ed. Possibly some minor production flaws may occur, and then calibration is preferred. Typ-
ically only a small fraction (e.g. ppms) may need to be calibrated and/or tested in this re-
spect.

In an exemplary embodiment of the present microneedle the microneedle comprises a
volume of 0.1-10* femtoliter (10" L is 1 um?), such as 0.1 femtoliter, 1 femtoliter, 2 femto-
liter, 5 femtoliter, 10 femtoliter, 20 femtoliter, 50 femtoliter, 100 femtoliter, 1000 femtoliter,
and 10000 femtoliter,

wherein the internal volume of the needle tip is from 0.1-0.5*10* femtoliter,

wherein the volume of the chamber accessible from the needle tip is from 0.1-
0.5%10" femtoliter.

In an exemplary embodiment of the present method the under-pressure and/or over-
pressure are provided by a pressure actuator. For example, the needle can also be used to
pick and place objects by applying under-pressure and over-pressure on the membrane re-
spectively, and/or to study adhesion strength of cells (or objects) with a surface.

In an exemplary embodiment of the present method the fluid is dispensed in a biologi-
cal cell. In example thereof is gene editing in single cells, such as by injecting CRISPR-Cas
9,

In an exemplary embodiment of the present method the fluid is aspired from a biologi-
cal cell, such as by extraction, or by biopsy. Such may be used for removing constituents
from a single-cell, such as organelles.

In an exemplary embodiment of the present method the microneedle is applied in a
microscope, such as in an atomic force microscope, or in an electron microscope. For exam-
ple, by placing the aperture on the side (instead of apex) of the pyramidal fluid reservoir, the
needle tip can be kept sharp and used in atomic force microscopy, while being used for ma-
nipulating liquids.

In an exemplary embodiment of the present method the fluid comprises at least one

biologically or chemically active compound, such as a medicament, or a drug, or a label, or a
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marker, such as a fluorescent or a phosphorescent.

In an exemplary embodiment of the present method a response of said cell is meas-
ured.

In an exemplary embodiment of the present method deflection of the membrane is
monitored.

The invention will hereafter be further elucidated through the following examples
which are exemplary and explanatory of nature and are not intended to be considered limit-
ing of the invention. To the person skilled in the art it may be clear that many variants, being
obvious or not, may be conceivable falling within the scope of protection, defined by the
present claims.

FIGURES

Figure 1 shows a schematic cross-section of the present device.

Figures 2a-2¢ show function of the present microneedle.

Figure 3 shows a cross-section of the microneedle with a hole.

Figures 4a-b 3 show a cross-section of the microneedle without and with a hole, re-
spectively, as well as some dimensions thereof.

Figure 5 shows a pressure response diagram.

DETAILED DESCRIPTION OF FIGURES

In the figures:

10 microneedles
fluid channel
chamber
needle tip
membrane

opening

o0 WL AW N

membrane deformation restriction extension
Figure 1 shows a schematic cross-section of the present device, as detailed through-
out the description..

Figures 2a-2¢ show function of the present microneedle. In fig. 2a a “neutral” pres-
sure of 100 kPa is provided in the channel, in fig. 2b an under pressure is provided causing
the membrane to deform and to flex, therewith causing aspiration of a liquid, of which a drop
is released when the pressure applied is again 100 kPa (fig. 2c¢).

Figure 3 shows a cross-section of the microneedle with a hole.

Figures 4a-b 3 show a cross-section of the microneedle without and with a hole, re-
spectively, as well as some dimensions thereof.

Figure 5 shows a pressure response diagram.

Examples of fabrication processes are 3D printing using e.g. 2-photon polymeriza-
tion. Liquid photo-resist formulations that are use are for instance IP-L and IP-L 780 from

Nanoscribe, in combination with a laser lithographic system. An acrylic photoresist, such as
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IP-G and IP-G 780 may also be used.
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CLAIMS
1. Microneedle (10) for precise fluid manipulation, in particular for aspiring and dispensing,
comprising

a chamber (2) for providing a fluid,

a fluid channel (1), the fluid channel in fluid connection with an upper part of the
chamber, and a

needle tip (3) in fluid connection with a lower part of the chamber,

wherein the chamber comprises a membrane (4), wherein the membrane extends fully
over the fluid connection of the chamber and prevents liquid flow from a lower part of the
chamber to the upper part of the chamber, and vice versa.
2. Microneedle according to claim 1, wherein the membrane has a stiffness of <150 N/m,
preferably < 100 N/m, and/or
wherein the membrane is flexible, such as with a Youngs modulus of <2000GPa, preferably
< 2GPa, preferably <1 GPa, such as <0.1 GPa.
3. Microneedle according to claim 1 or 2, wherein a cross-sectional area of the fluid connec-
tion between the fluid channel and the upper part of the chamber the membrane is 5-90% of
a surface area of the membrane, preferably 10-50% thereof, such as 15-25% thereof, and/or
wherein the chamber (2) comprises a membrane deformation restriction extension (8), in
particular an extension over a part or over a full circumference of the fluid connection of the
upper part of the chamber to the channel.
4. Microneedle according to any of claims 1-3, wherein the membrane comprises a material
selected from dielectric materials, such as oxides, nitrides, carbides, preferably wherein with
Si, from semiconducting materials, such as Si, from polymers, from graphene, and from res-
ins, and/or
wherein in use the membrane prevents liquids to pass the membrane from the needle tip to
the channel.
5. Microneedle according to any of claims 1-4, wherein the membrane comprises at least one
opening (5) for releasing air, such as at least one opening with an area of 10*-10? um?, pref-
erably an area of 102-10' um?, such as an area of 5¥102-5 um?, and/or
wherein the membrane comprises 1-10* openings (5)/mm? for releasing air, preferably 5-10°
openings (5)/mm?, such as 10-10% openings (5)/mm?.
6. Microneedle according to claim 5, wherein the at least one opening is located in a centre
of the membrane, such as in a central area of the membrane comprising <20% of the surface
area of the membrane.
7. Microneedle according to any of claims 1-6, wherein an external circumference of the
needle tip is tapered, such as tapered under an angle a of 1-60 degrees relative to a longitu-
dinal axis of the needle, and/or
wherein at least part of an internal circumference of the needle tip is tapered, such as tapered

under an angle of 1-45 degrees relative to a longitudinal axis of the needle.
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8. Microneedle according to any of claims 1-7, wherein the membrane is provided centrally
in said chamber, such as at a height of 40-60% of said chamber.

9. Microneedle according to any of claims 1-8, comprising a pump.

10. Microneedle according to any of claims 1-9,

wherein the membrane has a thickness of 0.5-5 um, and/or

wherein the tip has an outer cross-sectional dimension of 500 nm-20 um, and/or

wherein the tip has a height of 2-200 um, and/or

wherein the fluid channel has an outer cross-sectional dimension of 5-50 pm, and/or
wherein the fluid channel has a height of 2-20 um, and/or

wherein the microneedle has an internal volume of 1-10° um®.

11. Microneedle according to any of claims 1-10, wherein the membrane is hydrophobic, or
hydrophilic, or lipophilic, or lipophobic, or polar, or non-polar, or a combination thereof.

12. Microneedle according to any of claims 1-11, obtained by semiconductor processing,
such as MEMS technology.

13. Microneedle according to any of claims 1-12, wherein the microneedle is 3D-printed.

14. Microneedle according to any of claims 1-13, wherein the microneedle is a monolithic
needle and preferably formed from a single material.

15. Microneedle according to any of claims 1-14, wherein the microneedle is integral, and/or
wherein the microneedle is a single needle.

16. Microneedle according to any of claims 1-15, wherein the microneedle comprises an
actuator, such as a pressure actuator, for providing a pressure in the channel and/or chamber,
such as for providing an under pressure 1-90,000 Pa or an over pressure of 100-500,000 Pa.
17. Microneedle according to any of claims 1-16, wherein the microneedle is calibrated.

18. Microneedle according to any of claims 1-17, wherein the microneedle comprises a vol-
ume of 0.1-10* femtoliter, such as 0.1 femtoliter, 1 femtoliter, 2 femtoliter, 5 femtoliter, 10
femtoliter, 20 femtoliter, 50 femtoliter, 100 femtoliter, 1000 femtoliter, and 10000 femtoli-
ter,
wherein the internal volume of the needle tip is from 0.1-0.5*10* femtoliter,

wherein the volume of the chamber accessible from the needle tip is from 0.1-0.5%10* femto-
liter.

19. Method for fluid manipulation comprising

providing a microneedle according to any of claims 1-18,

providing a fluid,

moving the microneedle tip into the fluid,

providing an under-pressure in the channel, such as an under-pressure of 1-90 kPa,

aspiring the fluid in de needle tip and lower part of the microchamber,

transferring the microneedle,

providing an over-pressure in the channel, such as an over-pressure of 1-500 kPa, and

dispensing the fluid.
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20. Method for fluid manipulation according to claim 19, wherein the under-pressure and/or
over-pressure are provided by a pressure actuator.

21. Method for fluid manipulation according to claim 19 or 20, wherein the fluid is dis-
pensed in a biological cell, or

wherein the fluid is aspired from a biological cell, such as by extraction, or by biopsy.

22. Method for fluid manipulation according to any of claims 19-21, wherein the micronee-
dle is applied in a microscope, such as in an atomic force microscope, or in an electron mi-
croscope.

23. Method for fluid manipulation according to any of claims 19-22, wherein the fluid com-
prises at least one biologically or chemically active compound, such as a medicament, or a
drug, or a label, or a marker, such as a fluorescent or a phosphorescent.

24. Method for fluid manipulation according to any of claims 21-23, wherein a response of
said cell is measured.

25. Method for fluid manipulation according to any of claims 21-24, wherein deflection of

the membrane is monitored.
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