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Description

[0001] The presentinvention relates to the field of mi-
crofluidic devices and provides improved means and
methods for the continuous generation of a concentration
gradient of a soluble out of at least two fluids of different
concentration.

[0002] In chemistry, biochemistry, biology and related
fields the concentration of solubles, for example, electro-
lytes, drug compounds, hormones, neurotransmitters, or
cytokines, is a fundamental property. For example, living
cells may even react to slight variations in concentration
levels of a stimulant. In basic and applied research, pre-
cise control of concentration levels of solubles are re-
quired to assess, for instance, such fine-tuned reactions
of cells, of receptor populations, or of cell populations
and systems to a specific compound or stimulant. The
generation of concentration gradients is of great impor-
tance, for example, for rapid and high throughput screen-
ing: In the presence of a concentration gradient of a sol-
uble, for example, a stimulant, the effective concentration
range of that stimulant can be assessed on many cultured
cells in parallel, whereby each individual cell is exposed
to aparticular concentration along that concentration gra-
dient. Gradients may be also employed to other applica-
tions, such as chemical synthesis, nanoparticle synthe-
sis, electrophoresis, among others.

[0003] For the generation of concentration gradients
microfluidic devices may be provided. Such devices may
generate a continuous flow of a concentration gradient,
for example, by means of a gradient generation network
or so-called "gradient tree". However, the gradient gen-
erated by known microfluidic devices with gradient tree
architecture is greatly dependent of the actual flow rate
of the fluids. That is, the distribution of the discrete con-
centrations at the plurality of outputs of the gradient tree
is greatly influenced by the actual flow rate through the
microfluidic device. Alternative microfluidic devices
which do not rely on gradient trees, such as know T- and
H-mixers for instance, have been developed, but have
other substantial drawbacks.

[0004] A major prerequisite for stimulant studies oncell
cultures is that the gradient produced is invariant in time,
because time-dependent gradients would introduce ad-
ditional complexity to the study design or impair the ob-
tainable results. It is of great importance that turbulence
is absent in the output lines of the microfluidic device.
This requires that in the gradient generating device no
convective mixing is possible, but only diffusive. In known
devices the generation of gradients thus not only is de-
pendent on the flow rate, but also on the diffusion coef-
ficients of the fluids and solubles.

[0005] Itisthus desirable to provide a device in micro-
fluidic scale that generates discrete concentration gradi-
ents on a plurality of output lines out of at least two fluids
with different concentrations of at least one soluble,
wherein gradient generation is substantially independent
of the actual flow rate of theses fluids and of the diffusion
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constants of the fluids and solubles. The technical prob-
lem of the present invention is based on this desire.
[0006] The technical problem is fully solved by the pro-
vision of a microfluidic device which basic principle is
based on a gradient tree comprised of two or more mixing
stages or on at least one mixing stage having a at least
two input lines and a plurality of output lines, which, ac-
cording to the invention, comprises a microfluidic micro-
mixer unit in each of the output lines.

[0007] Thus, in a first aspect of the invention, a micro-
fluidic device according to claim 1 is provided, which is
particularly characterized in comprising at least one mix-
ing stage with at least two, i.e. a plurality of n fluid input
lines that feed into, i.e. are in fluid connection with, a
common gradient rail. These input lines are arranged
along said common rail and are spaced apart from each
other, in particular are atleast positioned at each opposite
end of the common rail. From that common gradient rail
at least on more (n+ 1) fluid output lines are branching off
i.e. are in fluid connection with that common gradient rail.
These output lines are arranged along the rail and are
spaced apart from each other and positioned in between
the input lines. According to the invention, each of these
output lines is comprised of a micromixer unit which is
capable of thorough mixing of the fluids entering this out-
put line from the common rail, more particular by chaotic
advection, and independent of the flow rate.

[0008] It had been surprisingly found that by the use
of such micromixers in each output line of a gradient gen-
erating microfluidic device a chaotic, but not turbulent,
flow can be generated, which substantially decreases
the diffusion distance. Hence, within the output lines mix-
ing times down to milliseconds and even microseconds
are possible. The micromixer units provide homogenous
mixtures of fluids of different concentrations and hence
the stable and flow rate independent generation of dis-
crete gradients on multiple output lines of the device in
a very short period and, be it at ultra-low flow rates of
less than 1 pl/min or at high flow rates, for example as
high as 200 pl/min. Thus, the microfluidic device of the
present invention not only allows for precise, stable and
thus reliable generation of a discrete gradient, but also
allows for high flow rates in the order of 100 to 1000
wl/min as well as for flexible and intra-experiment chang-
es in the flow rate of one or more of the fluids if needed
and thus allows for highly efficient, albeit precise and thus
cost-effective high-throughput experiments on concen-
tration-dependent effects of one or more stimulant to bi-
ological cells or cell systems, or other applicable studies
as indicated above.

[0009] Inthe context of the present invention a "micro-
mixer" or "micromixer unit" is understood as a structure,
commonly a passive micromixer which confers non-tur-
bulent, but chaotic flow of the fluids entering the unit, thus
reducing the diffusion length between the fluids. A par-
ticular technical effect conferred by such a micromixer is
advection. The operating parameters, such as the Rey-
nolds number Re in the flow are preferably below 2300,
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more preferably ranging from 0.2 to 2000, more prefer-
ably ranging from 2 to 200, for example at mixing times
of 50 ps. Micromixers are known as such and in particular
embodiments may also include mixing by lamination
and/or injection.

[0010] In particular variants, the micromixer unit com-
prises afluid channel with mixing obstacles to confer cha-
otic flow and thus mixing. These obstacles are preferably
selected from: slanted ribs, slanted grooves, staggered-
herringbone ribs, staggered-herringbone grooves and
combinations thereof, and two level channel modifica-
tions that confer fluid fractionation and recombination.
[0011] In a particular variant, the micromixer unit com-
prises a twisted fluid channel to confer chaotic flow.
[0012] In further particular variants, the micromixer
may also comprise parts or consist of an active micro-
mixer, for example, for mixing by means of active distur-
bance, including acoustic disturbance, pressure distur-
bance, thermal disturbance, mechanical disturbance, or
hydrodynamic disturbance.

[0013] Further particular embodiments are described
in the following:

In a particular embodiment the device of the inven-
tion further comprises at least one, preferably two,
three or more, further mixing stages, which are lo-
cated downstream the previous or initial mixing
stage, wherein the further mixing stages also com-
prise a plurality of input lines and a plurality of output
lines, wherein the input lines of the downstream mix-
ing stage are in fluid connection with the output lines
of the previous mixing stage. By that, a mixing net-
work or gradient tree can be provided, each mixing
stage adding at least one further output line to the
number of output lines of the previous mixing stage,
thus increasing the number of discrete gradient con-
centrations being generated.

[0014] In a particular embodiment the device compris-
es a gradient tree that is comprised of three or more con-
secutive mixing stages, wherein each output line of the
previous mixing stage is feeding into each individual input
line of the following mixing stage. Particularly each mixing
stage has n input lines and at least n+17 fluid output lines.
In a particular variant each mixing stage has n input lines
and at least 2n-1 fluid output lines. For example, if the
initial mixing stage has two input lines it may comprise
three output lines. The consecutive mixing stage may
thus comprise three input lines and may comprise five
output lines. The consecutive mixing stage may thus
comprise five input lines and nine output lines. The con-
secutive mixing stage may thus comprise nine input lines
and 17 output lines, and so forth.

[0015] Such a device is capable of producing a gradi-
ent of a soluble out of line discrete concentration levels
at the output lines of the third mixing stage, provided that
the soluble is fed into one of the two input lines of the
initial mixing stage at a given concentration.
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[0016] The common rail to which the input lines feet
and from which the output lines are branching of, is pref-
erably arranged substantially perpendicular to the flow
direction of the input lines and output lines. In preferred
variants, input lines feed to the common rail at an angle
of about 90°. In a preferred variant, output lines branch
off from the common rail at an angle of about 90°. Up-
stream the entering point of the input lines and down-
stream the branching point of the output lines, respec-
tively, input lines and output lines may follow other direc-
tions. In a preferred variant, the net flow within input lines
and output lines is co-linear, and is perpendicular to the
extension of the common rail joining these input and out-
put lines.

[0017] Of course, other architectures of gradient net-
works are possible, and the present invention is not lim-
ited to the exemplary architectures disclosed herein. The
present invention also encompasses microfluidic gradi-
ent networks which generate gradients with other distri-
butions than linear, for example, exponential distribution,
logarithmic distribution, Gaussian distribution, or combi-
nations thereof. Such distributions can be accomplished
by variation of flow rate and pressure of the input lines,
but also by the geometrics and design of the input lines,
the common rail of each mixing stage, the output lines,
and the actual positioning of input lines and/or output
lines along the common rails, but in particular by the in-
dividual design of the micromixer in the output lines. That
is, by specific design of each micromixer within the output
lines of the mixing stages a specific concentration gradi-
ent can be obtained. The present invention also foresees
means for specific control of the hydrodynamic properties
of individual mixing stages within the gradient generating
network of the microfluidic device of the present inven-
tion. This allows for dynamic control of the gradient dis-
tribution or gradient profile at the individual output lines
of the network.

[0018] In a further aspect, the invention also provides
a method for the generation of a discrete concentration
gradient of one soluble, comprising the steps of: feeding
a first fluid at a first concentration C, of a soluble into a
common gradient rail at a firstinput line, and concomitant
feeding of a second fluid at a second concentration C,
of said soluble, or a fluid free from that soluble into this
common gradient rail at at least one further input line
along the common gradient rail spaced apart from said
first input line; branching off the flow of the fluids in said
common gradient rail into a plurality of output lines
spaced apart from each other and in between the two
input lines; to obtain a plurality of discrete concentrations
of that soluble at specific ratios at the output lines. The
method is specifically characterized in that the fluids
branching off from the common gradient rail are individ-
ually mixed in each of the output lines by means of mi-
cromixer units, preferably by chaotic advection.

[0019] More generally, a method is provided for the
generation of a discrete concentration gradient of one or
more solubles, comprising the steps of: feeding a first
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fluid at a first concentration C, of a first soluble into a
common gradient rail at a first input line; concomitant
feeding of at least one second or further fluid having at
least one further concentration C, or C,, of said first or of
a further soluble into said common gradient rail having
at least one further input line spaced apart from said first
input line; branching off the flow of said fluids from said
common gradient rail into a plurality of output lines
spaced apart from each other and in between the input
lines; and obtaining a plurality of discrete concentrations
of said first and/or further soluble as a specific ratio of
C,:C,...: C, at the output lines; characterized in that
the fluids branching off from the common gradient rail
are individually mixed by chaotic advection by means of
micromixer units in each of the output lines.

[0020] In a further aspect, the invention also provides
the use of a micromixer unit characterized herein for flow
rate-independent generation of a discrete gradient of at
least one soluble from at least two fluids in a microfluidic
device having different concentrations of said soluble[s].
[0021] In a further aspect, the invention also provides
the use of the microfluidic device characterized herein
for flow rate-independent generation of a discrete gradi-
ent of at least one soluble from at least two fluids having
different concentrations of said soluble[s].

[0022] The presentinvention is further detailed and il-
lustrated by the following specific examples, which are
not considered to be limiting the scope of the invention.

Figure 1 schematically depicts one mixing stage (10)
of the microfluidic device of the invention, having a
common rail (14) and two input lines (12, 13). First
input line (12) and second input line (13) feed into
opposite ends of the common rail (14). Three output
lines (16) are arranged along the common rail (14).
At least one output line (16) is arranged in between
the position of the both inputlines (12, 13). According
to the invention, all three output lines (16) comprise
or consist of a micromixer unit (20), having a plurality
of obstacles (22) to confer chaotic non-turbulent mix-
ing. In the depicted embodiment, also the two input
lines (12, 13) comprise or consist of a micromixer
unit (20), having a plurality of obstacles (22). The
micromixer units in the initial input lines contribute
to a chaotic non-turbulent flow in the common mixing
rail (14) to which they feed.

Figure 2 schematically depicts one embodiment of
a gradient network or gradient tree comprised of
three mixing stages (10) according to figure 1.

Figure 3 schematically depicts an embodiment of fig-
ure 2, specifically designed as a working example
as microfluidic device. The micromixer units are
shown as dark zones (20) within the output lines (16)
and input lines (12, 13) respectively.

Figure 4 is a part of a micro-photograph of an actual
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micromixer unit (20) within the output line (16) of the
microfluidic device according to figure 3. Obstacles
conferring chaotic mixing are depicted as dark zones
and are specifically designed as staggered herring-
bone grooves.

REFERENCE LIST
[0023]

10  mixing stage

12 first fluid input line

13  second fluid input line
14 common gradient rail
16  output line

20  micromixer unit

22  obstacle

Claims

1. A microfluidic device for generation of a gradient on
a plurality of output lines, comprising:

at least one mixing stage (10), comprising

- a plurality of n fluid input lines (12) feeding
into a common gradient rail (14), the input
lines (12) being arranged along said rail and
spaced apart from each other, and

- at least n+1 fluid output lines (16) branch-
ing off the gradient rail (14), the output lines
(16) being arranged along said rail and
spaced apart from each other and posi-
tioned in between the input lines (12,13),

characterized in that each of said output lines
(16) is comprised of a micromixer unit (20) for
chaotic advection of the fluids in said output line
(16).

2. Thedevice of claim 1, further comprising at least one
further mixing stage (10), located downstream the
previous mixing stage (10), the further mixing stage
(10) comprising inputlines (12,13) in fluid connection
with the output line (16) of the previous mixing stage
(10).

3. The device of claim 1 or 2, wherein the micromixer
unit (20) comprises a fluid channel with mixing ob-
stacles (22) to confer chaotic flow.

4. The device of claim 3, wherein the obstacles (22)
are selected from: slanted ribs, slanted grooves,
staggered-herringbone ribs, staggered-herringbone
grooves, two level channel modifications that confer
fluid fractionation and recombination, and combina-
tions thereof.
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The device of any one of the preceding claims,
wherein the micromixer unit (20) comprises a twisted
fluid channel to confer chaotic flow.

The device of any one of the preceding claims,
wherein the the common gradient rail (14) is ar-
ranged substantially perpendicular to the input lines
(12,13) and to the output lines (16)

The device of any one of the preceding claims,
wherein each of the initial fluid input lines (12,13) of
the first mixing stage (10) is comprised of a micro-
mixer unit (20) for chaotic advection of the fluids in
said initial input line (12,13).

The device of any one of the preceding claims,
wherein each mixing stage (10) has n input lines
(12,13) and at least n+1 fluid output lines (16).

The device of any one of the preceding claims, hav-
ing a gradient tree (30) that is comprised of three or
more of said mixing stages (10).

A method for generation of a discrete concentration
gradient of at least one soluble, comprising the steps
of:

- feeding a first fluid at a first concentration C;
of a first soluble into a common gradient rail (14)
at a first input line (12),

- concomitant feeding of at least one second or
further fluid at least one further concentration C,
or C,, of said first or of a further soluble into said
common gradient rail (14) at least one further
input line (13) spaced apart from said first input
line (12),

- branching off the flow of said fluids from said
common gradient rail (14) into a plurality of out-
put lines (16) spaced apart from each other and
in between the input lines (12,13), and

- obtaining a plurality of discrete concentrations
of said first and/or further soluble as a specific
ratio of C; : C, ... : C,, at the output lines (16),

the method characterized in that the fluids branch-
ing off from said common gradient rail (14) in each
of the output lines (16) are individually mixed by cha-
otic advection by means of micromixer units (20).

Use of a micromixer unit (20) characterized in any
one of claims 1 to 7 for flow rate-independent gen-
eration of a discrete gradient of at least one soluble
from at least two fluids in a microfluidic device having
different concentrations of said soluble[s].

Use of the microfluidic device according to any one
of claims 1 to 9 for flow rate-independent generation
of a discrete gradient of at least one soluble from at
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least two fluids having different concentrations of
said soluble[s].
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