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(57) ABSTRACT

A method and apparatus for generating droplets with a high
level of uniformity in liquid systems that present a low inter-
facial tension. This method and apparatus utilize the breakup
of the dispersed phase in a controlled fashion by periodically
varying the pressure that drives the fluids so as to successfully
generate emulsions with a good control over the size. The
method and apparatus can be used for the formation of simple
emulsion or double emulsion where a larger droplet contains
one or more smaller droplets.
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SYSTEM AND METHOD FOR GENERATION
OF EMULSIONS WITH LOW INTERFACIAL
TENSION AND MEASURING FREQUENCY
VIBRATIONS IN THE SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application claims the benefit of U.S.
Patent Application Ser. No. 61/611,886, filed Mar. 16,2012,
which is hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates generally to a system
and method for producing simple and double emulsions when
the different liquid phases have low interfacial tension and a
method for measuring the frequency vibrations used in the
system. More specifically, the method relies on pressure fluc-
tuation or perturbation from mechanical vibration and/or
electric field modulation to form the single or double emul-
sions.

BACKGROUND OF THE INVENTION

[0003] Emulsions form as a result of many forms of pro-
cessing and are used extensively by the food, cosmetic and
coating industries.

[0004] Recent advances in the generation of emulsion
droplets have led to further applications in drug delivery and
oil extraction. The ability to generate single and multiple
emulsions with controlled morphology has allowed for their
use in fabricating a variety of functional materials, including
microgels and liposomes, which are used for drug delivery;
polymersomes used for encapsulating and protecting sensi-
tive molecules, such as drugs, enzymes, other proteins and
peptides, and DNA and RNA fragments; and colloidosomes,
which are hollow elastic shells whose permeability and elas-
ticity can be precisely controlled. The generality and robust-
ness of colloidosomes makes them a potential candidate for
cellular immunoisolation.

[0005] Double emulsions can provide advantages over
simple emulsions (e.g. oil-in-water, water-in-oil or water-in-
water) for encapsulation, such as the ability to carry both
polar and non-polar cargos, and improved control over the
release of therapeutic molecules. The preparation of double
emulsions typically requires mixtures of surfactants for sta-
bility and the formation of double nanoemulsions, where both
inner and outer droplets are less than 100 nm. However,
double nanoemulsions have not yet been achieved in the prior
art.

[0006] The fluids used in the prior art for the generation of
a simple water-in-water emulsion, are combinations of dext-
ran and polyethylene glycol (PEG), or PEG and sodium cit-
rate, or PEG and potassium phosphate, which are character-
ized by an interfacial tension on the order of (0.1 mN/m. To
generate a simple emulsion, the currently used techniques
employ a method based on a Polydimethylsiloxane (PDMS)
device with a piezoelectric actuator. The piezoelectric actua-
tor is set in a flexible microchannel to bring in the inner fluid
(the encapsulated fluid) and a given voltage amplitude
together with a well-chosen frequency are used to control the
formation of droplets in the outer fluid. An example of this
prior art approach can be found in 1. Ziemecka, V. van Steijn,
G. J. M. Koper, M. Rosso, A. M. Brizard, J. H. van Esch, and
M. T. Kreutzer, Lab Chip, 11, 620 (2011), herein incorporated
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by reference. Additionally, the prior art is directed to amethod
based on multi-level rounded channels which lead to the
generation of simple water-in-water emulsions as described
inD. Lai, J. P. Frampton, H. Sriram, and S. Takayama, Lab on
a Chip, 20, 3551 (2011) herein incorporated by reference.
Furthermore, the prior art has described the application of
ultralow surface tension two-phases flow to generate droplets
of controlled and uniform diameter with a good production
rate. The introduction of a perturbation through a mechanical
vibrator has been suggested to produce droplets in air as in P.
Haas, ind. Eng. Chem. Res., 31, 959-967 (1992) and Ref: 1.
Ziemecka, V. van Steijn, G. I. M. Koper, M. T. Kreutzer, and
J. H. van Esch, Soft Matter, 7, 9878 (2011) both of which are
herein incorporated by reference.

[0007] Currently, most of these emulsions contain organic
compounds as one of the phases, which compounds are often
costly, toxic, flammable and harmful to the environment. The
risks of having these compounds in the final structures have
led to difficulties in getting them approved for biological
applications and internal consumption. Therefore, it is highly
desirable to replace the organic solvents with aqueous-based
two-phase systems (ATPS) solvents. Nowadays ATPS sol-
vents are widely used for the separation and purification of
proteins, antibodies, DNA, cells, cell organelles and even
nanoparticles. An all-aqueous emulsion can be generated
using ATPS, which forms two immiscible aqueous phases
with attractive features, such as their biocompatibility or non-
toxicity.

[0008] Despite the numerous advantages of ATPS, the use
of droplet microfluidic techniques to generate water in water
(W/W) emulsions has been limited. One major reason is the
low interfacial tension, which prevents the formation of drop-
lets by classical methods. Furthermore, it is a challenge to
produce ATPS emulsions in double emulsion form because of
the extremely low interfacial tension, even when using
microfluidic capillary techniques. Most of the emulsions are
made up of two immiscible fluids with an interfacial tension
typically of tens of micro Newtons per meter. When the
interfacial tension becomes extremely low, typically 100-
1000 times lower than the interfacial tension of typical oil-
water interfaces, the generation of the emulsion is prevented.
The low interfacial tension leads to a reduction in the driving
force for liquid jets to break up into droplets by Rayleigh-
Plateau instability.

[0009] Therefore, what is needed is a method and apparatus
that applies perturbation techniques (e.g. mechanical, electri-
cal, etc.) with the formation of simple and double ATPS
emulsions where the interfacial tension of both aqueous
phases is low.

SUMMARY OF THE INVENTION

[0010] The present apparatus and method are directed to
use of microfluidic devices to produce simple and double
emulsion drops, which are liquid drops suspended in another
immiscible liquid. Furthermore, the present invention pro-
vides for the creation of simple and double emulsions
employing prior art microfluidic devices such as co-flow or
flow focusing devices, and generating emulsion droplets
between two immiscible phases having a low interfacial ten-
sion, sporadically and with a non-uniform droplet size distri-
bution. Another aspect of the present invention is the produc-
tion of monodisperse emulsions. In particular, the present
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invention provides for external forcing of the inlet flow at a
given frequency to induce the breakup of the jet into droplets
of a desired size.

[0011] Another object of the present invention is to provide
a method for generation of simple emulsion of two immis-
cible phases with a low interfacial tension when electric fields
cannot be used or when the device material is not flexible.
[0012] The present invention also provides a method based
on pressure perturbation that does not necessitate any alter-
ation of the process of device fabrication. Furthermore, the
present invention provides a method for the generation of
double emulsions where the different phases have a low inter-
facial tension, and without the necessity to generate the inner
drop using a phase-separation process. Therefore, the present
invention allows the direct generation of double emulsions
through classical droplet microfluidic approaches, where the
species to be encapsulated are separated from the continuous
phase by a middle shell phase.

[0013] The method and apparatus of the present invention
can be applied to generate water-in-water-in-water emulsions
(W/W/W). According the present invention, the generation of
simple emulsions using two immiscible phases with a low
interfacial tension can be achieved by the introduction of a
mechanical vibrator connected to the flexible tubing bringing
the dispersed phase into the microfiuidic device. The genera-
tion of double emulsion (W/W/W) using two or more immis-
cible phases with a low interfacial tension can be achieved by
the introduction of a middle phase tubing along with the
mechanical vibrator connected to the flexible tubing func-
tioning as the inner capillary of the microfiuidic device.

BRIEF DESCRIPTION OF THE DRAWING

[0014] The foregoing and other features of the present
invention will be more readily apparent from the following
detailed description and drawings of an illustrative embodi-
ment of the invention in which:

[0015] FIG. 11is a schematic diagram of apparatus forming
an illustrative embodiment of the present invention:

[0016] FIGS.2(a)to 2(g)are a series of images demonstrat-
ing the production of simple emulsions using the apparatus of
FIG. 1 with different frequencies of perturbations;

[0017] FIG. 3 is a schematic diagram of apparatus illustrat-
ing an alternative embodiment of the present invention used
to generate double emulsions;

[0018] FIG. 4 is a series of images illustrating the produc-
tion of double emulsions using the apparatus of FIG. 3;
[0019] FIG. 5 is a schematic diagram of a set up for gen-
eration of a double emulsion in a microfluidic device accord-
ing to the present invention;

[0020] FIG. 6 is a schematic diagram showing the relative
orientations of a square outer capillary to a circular inner
capillary according to the present invention;

[0021] FIG. 7A is a schematic diagram of apparatus for the
formation of a double emulsion by triggering phase separa-
tion inside a single emulsion;

[0022] FIG. 7B is an enlarged schematic of the microfluidic
device in FIG. 7A.

[0023] FIG. 8 is a schematic diagram of apparatus for the
formation of a double emulsion by perturbation and electro-
phoresis;

[0024] FIG. 9 is a schematic diagram of apparatus for car-
rying out a method for determining the vibration frequency
used to create a particular emulsion according to the present
invention; and
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[0025] FIG. 10 is a photograph of a two-phase flow created
by the apparatus of FIG. 9.

DETAILED DESCRIPTION OF THE INVENTION

[0026] By way of overview and introduction, the present
invention provides for the formation of an emulsion consist-
ing of droplets of one inner phase aqueous fluid (dispersed
phase) in a second immiscible outer or continuous phase
fluid. The present invention is also directed at the formation of
emulsions incorporating two or more fluids arranged in a
more complex structure than a typical two-phase single emul-
sion. The current method and apparatus provide for a
mechanical vibrator connected to an external generator con-
figured to allow low cost and simple production of emulsions
by way of mechanical perturbation. Moreover, the present
invention provides for an efficient method and apparatus for
the encapsulation of material as it provides a way to directly
generate water-in-water-in water (W/W/W) double emul-
sions without using a phase separation method.

[0027] The present invention employs two phase fluids to
generate simple water-in-water emulsions such as Polysac-
charide-Protein Systems (Dextran-gelatin; xanthangum-
whey protein; oxidized starch-gelatin; sodium alginate-so-
dium caseinate; gum Arabic-gelatin; pectin-whey protein;
pectin-casein; alginate-caseinate). Alternatively, the present
invention provides two fluids to generate simple water-in-
water emulsion using Polysaccharide-Polysaccharide Sys-
tems (Dextran-dextran sulfate; dextran-hydroxypropyldext-
ran; fiscoll-dextran). In a further alternative arrangement, the
present invention is configured to provide two fluids to gen-
erate simple water-in-water emulsion using Polyethylenegly-
col (PEG)-based Systems (PEG-dextran; PEG-dextran
HEMA; PEG-methyacrylated-dextran; PEG-tripotassium
phosphate). Additionally, the described system and apparatus
is configured to use three-phase fluids to generate water-in-
water-in-water double emulsions using Dextran as an inner
(or dispersed) and outer phases and Polyethylene Glycol
(PEG) as a middle phase.

[0028] With respect the invention so described, the genera-
tion of all-aqueous simple and double emulsion can be
achieved by the use of any aqueous two-phase system (ATPS)
using the present method adapted with the present apparatus.
The present invention and apparatus includes the introduction
of controlled perturbations in the microcapillary devices for
simple emulsion generation without perturbing the entire
flow. This is achieved by connecting a mechanical vibrator to
the flexible tubing that brings the inner fluid into the system.
[0029] Additionally, the present apparatus and method are
configured to provide the introduction of controlled pertur-
bation in microcapillary devices for double emulsion genera-
tion without perturbing the entire flow, which is achieved by
connecting two mechanical vibrators. For example, a flexible
tubing that brings the inner fluid into the system is vibrated,
and another flexible tubing that brings the middle fluid into
the system is also subject to vibration. Those skilled in the art
will recognize that the vibration generator for the inner fluid
and middle fluid can operate in concert or independently of
one another.

[0030] As seeninFIG. 1, the present invention is directed to
a microfluidic device used to produce emulsion drops, includ-
ing liquid drops suspended in another immiscible liquid. The
simple emulsion made of two immiscible phases with a low
interfacial tension obtained by the method and apparatus
described in which the inner phase is mechanically perturbed
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and controlled for droplet size. The size of the emulsion can
be adjusted by tuning the two fluid flow rates and the fre-
quency of perturbation of the inner jet. FIG. 1 provides an
inner tube 10 through which the inner fluid flows. This tube 10
is fastened to an armature 11 of a mechanical vibrator 12 that
creates mechanical perturbations of the flow of fluid through
tube 10. The inner fluid in tube 10 flows into an inner channel
of capillary system 14. In addition, an outer fluid flows
through a tube 16 into an outer channel of capillary system.
The forked areas where tubes 10, 16 contact the capillary
system 12 schematically represent the stubs of syringe
needles that are used for connecting the device with syringes
for injecting the fluids. Even though the details are not shown,
they are arranged so that fluid in tube 10 goes to the inner part
of capillary system 14 and fluid in tube 16 goes to the outer
part. Within capillary system 14 the inner phase fluid is posi-
tioned within the outer phase fluid to form the emulsion at the
tip of inner capillary 15. As seen, the tube 10 transporting the
inner phase fluid is subject to mechanical perturbations by
vibrator 12 prior to its drops being encapsulated by the outer
fluid. The result is the generation of encapsulated drops 19 at
the output of the inner capillary 15 of capillary system 14.
These drops are directed to a collection tube 18.

[0031] The controlled droplets of the present invention are
micrometer in scale and are formed by the applied perturba-
tion of the tube 10. The inner capillary apparatus 15 is made
up of two coaxially aligned capillary tubes. The inner capil-
lary tube is cylindrical, with a tip of approximately 30 pm.
However, those reasonably skilled in the art would appreciate
the different values applicable to the present device and appa-
ratus. The outer capillary is square, with an inner dimension
of 1 mm. The coaxial alignment of the capillaries is ensured
by matching the outer diameter of the inner capillary to the
inner dimension of the square capillary. The two flexible
tubes 10, 16 bring the inner and outer fluids in the capillaries
at the flow rates Qin and Qout, respectively. For example, the
inner phase can be an aqueous solution of polyethylene glycol
(PEG, MW=8000, 17% wt) and the outer phase an aqueous
solution of dextran (T-500, MW=500 000, 15% wt), which
results in two distinct immiscible phases. Therefore, the inter-
facial tension between the two phases 1s low, about 0.1 mN/m.

[0032] As noted above, the mechanical vibrator 12 con-
nected to the tube 10 agitates the inner fluid. The vibrator is
controlled by an external generator that tunes the frequency in
the range [0.1; 5000] Hz with a sinusoidal variation. How-
ever, those skilled in the art will recognize that other frequen-
cies and wave forms are also applicable to the present inven-
tionunder different conditions. The lack of vibration of the tip
or outlet of the inner capillary 15 ensures that the effect
induced by the mechanical vibrator 12 is only due to varia-
tions of the pressure at the imposed frequency. As a result, the
apparatus enables precise control of the frequency of the
pressure perturbation, which allows for precise control over
the dimensions of the droplets 19 and their characteristics,
given a specific flow rate of the outer and inner phases. In an
alternative arrangement of the invention, the flexible tube 10
directs the inner fluid into a capillary microfluidic device (not
shown) which is connected to a mechanical vibrator that
induces a controlled pressure variation at the entrance of the
inner capillary 15.

[0033] As seen in FIG. 2, a microcapillary device for
double emulsion generation is used to obtain simple emul-
sions. Inthe given illustration, the inner phase and outer phase
is an aqueous solution of dextran (T-500, MW=500 000, 15%
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wt). The middle phase is an aqueous solution of polyethylene
glycol (PEG, MW=8000, 17% wt). As in FIG. 1, a mechanical
vibrator is connected to the tubing for injecting the inner fluid.
By tuning the frequency of perturbation as well as the flow
rates of the different phases, all-aqueous double emulsions
with different size can be obtained and the number of encap-
sulated droplets can be controlled (See also FIG. 4). The inner
phase, in the illustrated embodiment is an aqueous solution of
polyethylene glycol (PEG, MW=8000, 17% wt) and the outer
phase is an aqueous solution of dextran (T-500, MW=500
000, 15% wt). The interfacial tension between the two phases
is low, about 0.1 mN/m.

[0034] The microfluidic device of FIG. 3 is similar to the
device of FIG. 1, but accommodates a middle fluid so as to be
capable of forming W/W/W double emulsion. As shown in
FIG. 3 the device includes at least two coaxially aligned
capillary tubes 10, 16 (as see in FIG. 1). Additionally, a
cylindrical inner capillary 15, with an approximate tip diam-
eter of 30 pm, is coaxially inserted in a square outer capillary,
with an inner dimension of 1 mm. The two flexible tubings
bring the inner and outer (or middle) fluids into the capillaries
at the flow rates Qin and Qout, respectively. A mechanical
vibrator 12 (such as PASCO Model SF-9324) is connected to
the tubing 10 which injects the inner fluid. The vibrator is
controlled by an external generator for tuning the frequency
inthe range 0f 0.1 to 5000 Hz with a sinusoidal waveforni. By
tuning the frequency of perturbation, a monodisperse emul-
sion is obtained as seen in FIG. 2.

[0035] Furthermore, different flow regimes are created as a
function of the frequency of the perturbations. For example,
in one embodiment of the invention the inner and outer fluid
flow rates are, respectively, Qin=50 puL/h and Qout=5000
pL/h. Under these conditions, in the absence of external force
the emulsions of FIG. 2 are created wherein for (a) =0 Hz.
For (b) =3 Hz, for (c) f=4 Hz, for (d) =6 Hz, for (e) {=7 Hz,
for (f) =8 Hz, and for (g) =10 Hz (scale bars are 200 pm).
The scale bar is 100 um and the resulting jet regimes are
shown in FIG. 2(a) to FIG. 2(g). In an alternative embodi-
ment, the two immiscible phases are taken as polyethylene
glycol (PEG, MW=8000, 17% wt) for the outer phase and an
aqueous solution of K3PO4 (15% wt) for the dispersed phase.

[0036] As further seen in FIG. 3, the fabrication of con-
trolled W/W (water/water) emulsions can be adapted for the
formation of W/W/W double emulsion using a modified glass
microcapillary device 14'. The double emulsion is made of
two or more immiscible phases with a low interfacial tension.
The number of encapsulated droplets as well as the size of the
outer and inner droplets can be controlled by adjusting the
different flow rates as well as the frequency of the mechanical
vibrator. In the illustrated embodiment, an aqueous PEG solu-
tion forms the middle phase introduced to the capillary device
14' through tube 16, while aqueous dextran solution forms
both the inner phase from inner fluid introduced through tube
10 and outer phases from outer fluid introduced to capillary
device 14' through tube 20. The mechanical vibrator 12 is
connected to the inner plastic tubing 10 as in the formation of
simple W/W emulsion. By tuning the frequency and the
amplitude of pressure perturbation as well as the flow rates of
both phases, control can be exercised over the size for the
inner droplets and the number of the inner droplets encapsu-
lated in the middle fluid as demonstrated in FIG. 4. In an
alternative embodiment an additional mechanical vibrator
(not shown) is coupled to the tubing 16 directing the middle
phase liquid. The use of two perturbations allows for the
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generation of double emulsions whose properties can be
defined as a function of flow rate and vibration frequency.
[0037] As seen in FIG. 4, the present invention provides a
method of using mechanical perturbations to form both
water-in-water and water-in-water-in-water emulsions. The
method described provides an advantage in generating all-
aqueous emulsions by broadening the range of droplets that
the microfluidic techniques typically can generate from oil-
water-based liquid-liquid systems to all-aqueous systems.
Additionally, the present invention achieves the generation of
the droplets by applying the perturbations to the tubing in
which the fluids for injection into the devices flow, without
modifying the design of the devices currently used in the art.
Therefore, the approach provided by the present method and
apparatus are configured to be easily incorporated into cur-
rent droplet mass production devices.

[0038] FIG. 5is a schematic of the setup for the generation
of a double emulsion in a microfluidic device. The flexible
tubing 15 directs the inner fluid 30 into the capillary microf-
luidic device 14' and is connected to a mechanical vibrator
(not shown) that induces controlled pressure variation at the
entrance of the inner capillary. An additional vibrator is used
to provide pressure variation for the middle fluid 33 to achieve
controlled generation of double emulsion drops 31 located
within the outer fluid 35.

[0039] Inanalternative arrangement of elements, as seen in
FIG. 6, the relative orientations of the square outer capillary
(tubing) 14 relative to the circular inner capillary (tubing) 15
is such that the fluid flow is not impeded through the outer
capillary. In this way, the dimensions of both the inner and
outer capillaries can be optimized to allow the maximum
amount of inner fluid relative to the outer fluid.

[0040] As an alternative to fabricating a double emulsion
by utilizing the previously described technique, a single
emulsion may first be produced by mechanical vibration,
followed by triggering a third phase inside the single emul-
sion.

[0041] The third phase could be triggered by extracting
water from the inner fluid that contains two or multiple
incompatible solutes. Therefore, when the concentration of
the incompatible solutes increases upon extraction of water,
the originally miscible inner fluid separates into one or more
immiscible phase(s). The apparatus of FIG. 7 shows this. In
FIG. 7A afluid injector 40 injects the outer fluid into tube 16,
which in turn injects it into the capillary system 14 of the
microfluidic device. The details of this embodiment of the
capillary system 14 are shown in FIG. 7B. A second fluid
injector 42 injects the inner fluid into tube 10, which is subject
to vibrations by mechanical vibrator 12, typically in sinusoi-
dal fashion as shown in FIG. 7A. Fluid in tube 10 enters the
capillary system 14 as the inner fluid as shown in FIG. 7B.
With this arrangement, for example, the inner phase fluid
could be a solution that is a mixture of 5 wt % dextran
(Mw=500,000) and 1% PEG (Mw=8000). The outer phase or
fluid could be 8 wt % PEG (Mw=8000). By applying vibra-
tions to the inner tubing, the inner fluid phase breaks up into
a single emulsion. To balance the osmosis pressure, the inner
phase loses water and separates aliquid core from the original
single emulsion. The schematic in FIG. 7B illustrates the
formation of a double emulsion by inducing a phase separa-
tion inside the single emulsion template.

[0042] Thethird phase could also be triggered by forcing an
outer fluid solution that contains charged solutes or macro-
molecules to migrate into the inner fluid under an electrical
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field (e.g. D.C.), as shown in FIG. 8. For example, the inner
phase is 10 wt % PEG solution, and the outer phase is a
mixture of 10 wt % dextran (Mw=500,000) solution and 10
wt % dextran sulfate (Mw=500,000) solution. The inner and
outer phase fluids are oppositely charged by connecting the
structures 46, 48 of the capillary system 14 for each fluid to a
direct current power supply 42 set at 200 volts. After charg-
ing, dextran sulfate in the outer phase migrates into the inner
phase under the electrostatic force, forming an immiscible
phase inside the PEG solution. By vibrating the tubing of the
outer phase with vibrator 12, the inner phase of the PEG
solution breaks up with the triggered phase and forms double
emulsion, shown schematically in FIG. 8. Both examples take
advantage of the pressure vibration approach to generate
double emulsion, thus they are modifications of the general
principles of the present invention.

[0043] The all-aqueous emulsions can be used as liquid
templates to synthesize materials with controllable sizes,
such as particles and capsules. The size of these particles and
microspheres depends on the size of the emulsion. The meth-
ods to synthesize these materials include evaporation of water
solvent, polymerization of monomer solutions, or gelation of
the liquid phases. For example, the emulsion phase could be
water with polyethylene glycol diacrylate (PEGDA,
Mw=700, 40 wt %), and the continuous phase could be water
with 15 wt% potassium phosphate. The flow rate of the emul-
sion phase and continuous phases could be 20 ul/h and 1000
uh, respectively. When the perturbation frequency of the
emulsion phase is 4 Hz, emulsion droplets with a diameter of
138 pm form. By irradiating these droplets with ultraviolet
light of appropriate wavelength (e.g. 255 nm) for a certain
period of time (e.g. 10 seconds), the emulsion drops solidify
into hydrogel particles with a diameter dictated by that of the
emulsion droplet precursors. Capsules with controllable sizes
can be fabricated by solidifying or gelating the shell phase of
W/W/W double emulsions generated using this invention.
The middle phase could be PEGDA, or other hydrogels, and
the emulsion and continuous phases could be water with
dextran. The size of the capsule depends on the dimension of
the double emulsion.

[0044] With a setup and system similar to that in FIG. 7,
where the interfacial tension is low, a method according to
another aspect of the invention allows for the measurement of
the frequency of vibrations that created a particular emulsion.
As seen in FIG. 9, compared with FIG. 7, the mechanical
vibrator is replaced with a vibrating source 12' whose vibra-
tion is to be detected. When the flow rate of the inner flow is
larger and the interface forms a diverging profile, by observ-
ing the deformation of the interface, it is possible to determine
the perturbation that is applied to the inner flow. Interfacial
tension is important in this method because higher interfacial
tension will suppress the deformation, while lower interfacial
tension helps to magnify the perturbation and gives larger
deformation.

[0045] The interface is shown in FIG. 10, where the scale
bar is 100 um. As can be seen in FIG. 10, the inner fluid flows
out from the nozzle and meets the outer fluid, which flows in
the square capillary. (The wall of square outer capillary is not
shown in FIG. 10.) Then the flow of the two fluids forms the
interface. Because of the perturbation that is applied to the
inner flow, the interface deforms and provides regular ripples.
Thus, the perturbation is manifested in the emulsion. Assum-
ing there is no good way to measure the frequency of the
vibration source; this method is a straightforward way to do it.
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Simply by changing the flow rates to appropriate values, the
corresponding frequency of the perturbation can be measured
on the interface. The agreement between the applied and
measured frequencies confirms that the perturbation is indeed
the source of the ripples on the interface. In addition, in the
absence of a vibrator capable of generating precisely con-
trolled frequencies, the observed frequency can easily be
measured and/or set using image analysis.

[0046] Inanexample the diameter of the device’s nozzle is
45 pm, and the square outer capillary’s dimension is 1 mmx1
mm. A perturbation whose frequency is 500 Hz is applied to
the inner tube. When Qin=6 mL/h and Qout=8 mI./h, it can be
observed in FIG. 10, that ripples appear in the fluid. The
frequency of the ripples, which in FIG. 10 is 500 Hz, corre-
sponds to the vibration frequency. Thus the perturbation that
is applied to the tubing with a low interfacial tension system
is manifested in the emulsion.

[0047] 1t should be understood that various combination,
alternatives and modifications of the present invention could
be devised by those skilled in the art. The present invention is
intended to embrace all such alternatives, modifications and
variances that fall within the scope of the appended claims.

[0048] While the invention has been particularly shownand
described with reference to a preferred embodiment thereof,
it will be understood by those skilled in the art that various
changes in form and details may be made therein without
departing from the spirit and scope of the invention.

We claim:

1. A method for producing a simple emulsion containing
two different immiscible fluid phases with a low interfacial
tension with a high level of uniformity using a classical
microfluidic device, comprising the steps of:

introducing an outer phase fluid to an outer capillary of the

microfluidic device through a tube;

introducing an inner phase fluid to an inner capillary of the
microfluidic device through a flexible tube, the inner
fluid being injected within the outer fluid in the microf-
luidic device; and

mechanically vibrating the flexible tubing which brings the
inner phase fluid into the microfluidic device so as to
create a pressure disturbance therein, whereby encapsu-
lated drops are formed at the output of the microfluidic
device.

2. A method for producing a double emulsion containing
two or more immiscible phases with a low interfacial tension
and a high level of uniformity using a classical microfluidic
device, comprising the steps of:

introducing an outer phase fluid to an outer capillary of the

microfluidic device through a tube;
introducing an inner phase fluid to an inner capillary of the
microfluidic device through a flexible tube;

introducing a middle phase fluid to a middle capillary of the
microfluidic device through a tube, the inner fluid being
injected within the middle fluid in the microfluidic
device and the result of the combined inner and middle
fluid being injected within the outer fluid in the microf-
luidic device; and

mechanically vibrating the flexible tubing which brings the

inner phase fluid into the microfluidic device so as to
create a pressure disturbance therein, whereby double
encapsulated drops are formed at the output of the
microfluidic device.
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3. The method for producing a simple emulsion containing
two different immiscible fluid phases as claimed in claim 1
wherein both the inner and outer fluids are aqueous phases.

4. The method for producing a double emulsion containing
two or more immiscible phases as claimed in claim 2 wherein
the inner, outer and middle fluids are aqueous phases.

5. The method for producing a double emulsion containing
two or more immiscible aqueous phases as claimed in claim
2, wherein the tube which brings the middle fluid into the
microfluidic device is flexible and further comprising the step
of:

vibrating the tube that deliver the middle fluid into the
microfluidic device.

6. A device for producing an all-aqueous double emulsion
containing two or more immiscible aqueous phases compris-
ing:

a microfluidic device;

an outer fluid capillary, an inner fluid capillary located
within the outer fluid capillary of the microfluidic
device, and further configured to direct fluid into the
outer fluid capillary through an outlet; and

a mechanical vibrator, wherein the mechanical vibrator is
configured to mechanically perturb the inner capillary at
a point prior to the outlet.

7. The device for producing an all-aqueous double emul-

sion as claimed in claim 6 wherein;

a middle fluid capillary is disposed between the inner and
outer capillaries, the middle fluid capillary being con-
figured such that fluid directed through the inner capil-
lary outlet is directed into a middle capillary inlet such
that inner fluid is encapsulated by the middle fluid and
the middle fluid is encapsulated by the outer fluid.

8. The device for producing an all-aqueous double emul-
sion of claim 7 wherein a second mechanical vibrator is
connected to the middle fluid capillary.

9. A device for producing a double emulsion containing
two or more immiscible aqueous phases comprising:

a microfluidic device;

an outer fluid capillary, an inner fluid capillary located
within the outer fluid capillary of the microfluidic
device, and further configured to direct fluid into the
outer fluid capillary through an outlet;

a mechanical vibrator, wherein the mechanical vibrator is
configured to mechanically perturb the inner capillary at
a point prior to the outlet; and

a liquid extractor which triggers a third phase inside the
single emulsion when the inner fluid contains two or
more incompatible solutes, by extracting water from the
inner fluid so that the concentration of the incompatible
solutes increases until the inner fluid separates into one
or more immiscible phases.

10. The device of claim 9 wherein the inner fluid is a
mixture of about 5 wt % dextran (Mw=500,000) and about
1% PEG (Mw=8000), and the outer fluid is about 8 wt % PEG
(Mw=8000).

11. A method for producing an all-aqueous double emul-
sion containing two or more immiscible aqueous phases,
comprising the steps of:

vibrating one or more of the flexible tubings that deliver
any of the aqueous phases fluids into the device to create
a pressure disturbance; and

triggering a third phase inside the single emulsion by
extracting water from the inner fluid when it contains
two or more incompatible solutes so that the concentra-
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tion of the incompatible solutes increases until the inner
fluid separates into two or more immiscible phases.

12. A device for the production a double emulsion contain-
ing two or more immiscible aqueous phases comprising:

a microfluidic device;

an outer fluid capillary, an inner fluid capillary located

within the outer fluid capillary of the microfluidic
device, and further configured to direct fluid into the
outer fluid capillary through an outlet;
a mechanical vibrator, wherein the mechanical vibrator is
configured to mechanically perturb the inner capillary at
a point prior to the outlet; and

apower supply that oppositely charges the inner and outer
fluids so that the outer fluid migrates into the inner fluid
under electrostatic force, forming an immiscible phase
inside the outer fluid.

13. The device of claim 12 wherein the inner fluid is about
10wt % PEG solution, and the outer fluid is a mixture of about
10 wt % dextran (Mw=500,000) solution and about 10 wt %
dextran sulfate (Mw=>500,000), and wherein the power sup-
ply is set at about 200 volts, whereby, vibrating the tubing of
the outer phase causes the inner phase of PEG solution to
break up with the triggered phase and form a double emul-
sion.

14. A method to measure the frequency of vibrations in a
system for creating an emulsion containing two different
immiscible aqueous phases whose interfacial tension is low in
whicha flexible tubing carrying an inner fluid is mechanically
vibrated and it is injected in a microfluidic device inside an
outer fluid, comprising the steps of:

causing the average velocity of the inner flow to be larger

than the outer flow and the interface to form a diverging
profile; and

observing the deformation of the interface to get the rate of

perturbation that is applied to the inner flow, which
equals the frequency of the vibrations.

15. The method of claim 14 wherein the diameter of the
nozzle of the microfluidic device is about 45 um, the capillary
for the outer fluid is square with adimension ofabout 1 mmx1
mm, Qin equals about 6 mL/h and Qout equals about 8 mL/h.
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16. A method for synthesizing microspheres with control-
lable sizes depending on the properties of an emulsion, com-
prising the steps of:

introducing an outer continuous phase fluid to an outer

capillary of a microfluidic device through a tube at a first
flow rate;

introducing an inner emulsion phase fluid to an inner cap-

illary of the microfluidic device through a flexible tube at
a second flow rate, the inner emulsion phase fluid being
injected within the outer continuous phase fluid in the
microfluidic device;

mechanically vibrating the flexible tubing which brings the

inner emulsion phase fluid into the microfluidic device
so as to create a pressure disturbance therein, whereby
encapsulated droplets are formed at the output of the
microfluidic device with a particular diameter; and
solidifying the emulsion droplets into hydrogel particles
with a diameter dictated by that of the emulsion droplets.

17. The method of claim 16 wherein the step of solidifying
the emulsion droplets includes one of evaporation of water
solvent, polymerization of monomer solutions, and gelation
of the liquid phases.

18. The method of claim 17 wherein the step of solidifying
is carried out by irradiating the droplets with ultraviolet light
of appropriate wavelength for a sufficient period of time to
solidify the emulsion droplets.

19. The method of claim 18 wherein the emulsion phase is
water with polyethylene glycol diacrylate (PEGDA,
Mw=700, 40 wt %), and the continuous phase is water with 15
wt % potassium phosphate.

20. The method of claim 19 wherein flow rate of the emul-
sion phase is about 20 ul/h and the flow rate of the continuous
phases is about 1000 pl/h, and the mechanical vibration fre-
quency is about 4 Hz and the emulsion droplets have a diam-
eter of 138 um.

21. The method of claim 18 wherein the ultraviolet light is
about 255 nm and the period of time is about 10 seconds.
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