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(57) ABSTRACT

Methods for preparing all-aqueous emulsions, including
stable emulsions or emulsions having high viscosity and/or
ultra-low interfacial tension are described. The method
includes mixing, combining, or contacting a first electrically
charged phase containing a first solute (e.g., dispersed phase)
with at least a second phase containing a second solute (e.g.,
continuous phase). The solutes are incompatible with each
other. The electrostatic forces between the two phases induce
the formation of droplets of a dispersed phase in a continuous
phase. The dispersed and continuous phases contain oppo-
sitely charged molecules, such as surfactants or other macro-
molecules and colloids which stabilize the drops of the dis-
persed phase. Complex coacervation of the oppositely
charged molecules or colloids at the interface of the two
aqueous phases results in formation of a membrane or barrier
which prevents coalescence or aggregation of the droplets.
The membrane also prevents leakage of any encapsulated
agents from the droplets.
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STABILIZED ALL-AQUEOUS EMULSIONS
AND METHODS OF MAKING AND USING
THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit of U.S. Provisional
Application No. 61/913,653, filed Dec. 9, 2013. Application
No. 61/913,653, filed Dec. 9, 2013, is hereby incorporated
herein by reference in its entirety.

FIELD OF THE INVENTION

[0002] This invention is in the field of all-aqueous emul-
sions, particularly stabilized all-aqueous emulsions.

BACKGROUND OF THE INVENTION

[0003] Aqueous two-phase systems (ATPSs), or all-aque-
ous emulsions, are formed by dissolving two incompatible
solutes in water above the critical concentrations for phase
separation. These incompatible solutes can redistribute in
water and form immiscible aqueous phases, if the reduction in
enthalpy is sufficient to overcome the energy cost associated
with the increased entropy. This often requires each solute
species of an ATPS to interact more strongly with itself than
with the other species, leading to the segregation of solute of
the same species and phase separation. However, the segre-
gation is incomplete and each phase usually still contains a
small amount of molecules of the other species.

[0004] For example, in the equilibrium phase diagram of
the PEG/dextran/H,O system, the dextran-rich phase con-
tains a minute amount of PEG; similarly, the PEG-rich phase
also contains dextran. Compositions of equilibrium phases
vary with the molecular weight of incompatible solutes, tem-
perature and other salt additives. The incomplete separation
leads to lower mixing entropy than a complete separation, and
thus reduces the energetic cost of phase separation.

[0005] Immiscible phases formed by the phase separation
of ATPSs are free of organic solvents; thus they are biocom-
patible and eco-friendly in biomedical research studies and
applications. In the synthesis of biomaterials, such as protein
microspheres and hydrogel beads, organic solvents are usu-
ally involved. Upon solidifying the dispersed phase to form
solid materials, organic solvents must be extracted by
repeated washing. These tedious steps to remove the organic
phases can be avoided when ATPSs are used to form emul-
sions. Moreover, when protein solutions are exposed to the oil
phases, denaturation of proteins often occurs at the water-oil
(w/o) interface, reducing the bioactivity of the proteins. The
use of ATPS can avoid the detrimental effects of organic
solvents to the bicactivity of proteins and the viability of cells.

[0006] Traditional methods for fabricating all-aqueous
emulsions, such as vortex mixing and homogenization, do not
allow for control of the sizes and/or structures of the resultant
all-aqueous emulsions. To overcome these limitations,
microfluidics has been investigated for the preparation of
all-aqueous emulsions. While microfluidic devices enable the
generation of water-in-oil (w/o) or oil-in-water (o/w) emul-
sions with high monodispersity and control over droplet
shapes and structures, formation of monodisperse w/w emul-
sion is not easily achieved in typical microfluidic channels
owing to the low interfacial tension of such systems. Breakup

Jun. 11, 2015

of the jet in the low interfacial tension systems usually results
in polydisperse droplets because of the large Capillary and
Weber numbers.

[0007] Attempts to overcome the limitations of microflu-
idic approaches have been explored. For example, perturba-
tion has been investigated as a means for producing all aque-
ous emulsions. To induce the breakup of a w/w jet, a vibration
source is introduced in the system to generate initial corru-
gations on the surface of a w/w jet. These vibrations can be
incorporated into the microfluidic devices by embedding a
piezoelectric actuator in the channel wall or by using a
mechanical vibrator that squeezes the soft tubing connected
to the incoming channel. The vibrator imposes fluctuations to
the driving pressure and modulates the instantaneous flow
rate of the perturbed phase, changing locally the diameters of
the w/w jet. The shape of the corrugated jet can be controlled
by applying appropriate frequency and amplitude of pertur-
bation.

[0008] However, the perturbation approach has not been
demonstrated in all-aqueous systems with dynamic viscosity
of 100 mPa-s or above. An efficient breakup of a viscous w/w
jetis restricted by the low growth rate of the Rayleigh-Plateau
instability. Moreover, emulsions prepared using this
approach are only stable for short periods of time due to
coalescence of the dispersed phase.

[0009] There exists a need for methods of producing stable
all-aqueous emulsions with high monodispersity, particularly
emulsions with high viscosity (e.g., 2100 mPa-s) and/or ultra-
low interfacial tension.

[0010] Therefore, it is an object of the invention to provide
methods of producing stable all-aqueous emulsions with high
monodispersity, particularly emulsions with high viscosity
(e.g., 2100 mPa-s) and/or ultra-low interfacial tension.

SUMMARY OF THE INVENTION

[0011] Methods for preparing all-aquecus emulsions,
including stable emulsions and/or emulsions having high vis-
cosity and/or ultra-low interfacial tension are described
herein. The method includes mixing, combining, or contact-
ing a first electrically charged phase containing a first solute
(e.g., dispersed phase) with at least a second phase containing
a second solute (e.g., continuous phase). The solutes are
incompatible with each other. The electrostatic forces
between the two phases induce the formation of droplets of a
dispersed phase in a continuous phase.

[0012] The dispersed and continuous phases contain oppo-
sitely charged molecules and colloids, such as surfactants,
macromolecules, nanoparticles, or nanofibers, which stabi-
lize the drops of the dispersed phase. Complex coacervation
of the oppositely charged molecules or colloids at the inter-
face of the two aqueous phases results in formation of a
membrane or barrier which prevents coalescence or aggrega-
tion of the droplets. The membrane also prevents leakage of
any encapsulated agents (e.g., therapeutic, prophylactic, and/
or diagnostic agents) from the droplets.

[0013] The emulsions described herein can be used for a
variety of applications, such as drug delivery (e.g.. small
molecules, biomolecules, cells, etc.), materials fabrications,
modeling of biological organelles, encapsulation of flavor-
ings, dyes, vitamins, etc. for food and beverage applications;
encapsulation of actives for cosmetics; encapsulation of
growth factors, stem cells or other biomolecules for biomedi-
cal applications; encapsulation of chemical reactants for
chemical reactions, and combinations thereof.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG.1 shows formation of aqueous droplets. Panel a
is a schematic of the formation of aqueous droplets in the
all-aqueous electrospray approach. Panel b is optical micro-
scopic images of monodisperse aqueous droplets produced
by all-aqueous electrospray. Panel ¢ is microscopic images of
all-aqueous emulsions with a core-shell structure. Droplets
are collected on a glass slide. Scale bar is 200 pm.

[0015] FIG. 2 is a graph showing the diameter of PEG-
droplets (microns) as a function of the applied DC voltage
kV).

DETAILED DESCRIPTION OF THE INVENTION

1. Definitions

[0016] “All-aqueous emulsion” and “Aqueous two-phase
systems (ATPSs)” are used interchangeable and refer to an
emulsion containing an aqueous dispersed phase in an aque-
ous continuous phase.

[0017] “Ultra-low interfacial tension”, as used herein, gen-
erally means the interfacial tension between the two aqueous
phases are less than 2 mN/m

[0018] “Stable.” as used herein, generally means that the
dispersed phase remains separated rather than fusing into a
continuous liquid phase over an extended period of time.
[0019] “Incompatible,” as used herein, generally means the
binding energy between two solute molecules of the same
kind is lower than the binding energy between two different
kinds of solute molecules.

1I. Electrostatic Methods for Producing all Aqueous
Emulsions

[0020] Methods for preparing all-aqueous emulsions,
including stable emulsions and/or emulsions having high vis-
cosity and/or ultra-low interfacial tension are described
herein. The method includes mixing, combining, or contact-
ing a first electrically charged phase containing a first solute
(e.g., first phase) with at least a second phase containing a
second solute (e.g., continuous phase). In some embodi-
ments, only one solution is charged, although the both solu-
tions may be charged. The solutes are incompatible with each
other. It has been discovered that the electrostatic forces
between the two solutions induce the formation of droplets of
a dispersed phase in a continuous phase.

[0021] The dispersed and continuous phases contain oppo-
sitely charged molecules and colloids, such as surfactants,
macromolecules, nanoparticles, or nanofibers, such as surfac-
tants or other macromolecules, which stabilize the drops of
the dispersed phase. Complex coacervation of the oppositely
charged molecules or colloids at the interface of the two
aqueous phases results in formation of a membrane or barrier
which prevents coalescence or aggregation of the droplets.
The membrane also prevents leakage of any encapsulated
agents (e.g., therapeutic, prophylactic, and/or diagnostic
agents) from the droplets.

[0022] A. Incompatible Solutes

[0023] Aqueous two-phase systems (ATPSs) are formed by
dissolving two incompatible solutes in water above the criti-
cal concentrations for phase separation. These incompatible
solutes can redistribute in water and form immiscible aqueous
phases, if the reduction in enthalpy is sufficient to overcome
the energy cost associated with the increased entropy. This
often requires each solute species of an ATPS to interact more
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strongly with itself than with the other species, leading to the
segregation of solute of the same species and phase separa-
tion.

[0024] A variety of solutes known in the art can be used to
form the all-aqueous emulsions. Exemplary solutes include,
but are not limited to, polymers, such as polyethylene glycol
(PEG), dextran, methyl cellulose, sodium dextran sulfate,
polyviny! alcohol (PVA), and polyvinyl pyrrolidone (PVP),
caseinate, and alginate; salts, such as phosphates (e.g., tripo-
tassium phosphate and disodium phosphate), citrates (e.g.,
sodium citrate), sulfates (e.g., sodium sulfate), and carbon-
ates. In some embodiments, one phase contains PEG and the
other phase contains dextran.

[0025] The concentration of the solute can vary depending
on the nature of the solutes. Generally, the concentration is
from about 3.5 wt % to the solubility limited in water. In those
embodiments where the solutes are PEG and dextran, the
concentration of PEG is from about 3.5 wt % to about 20 wt
% and the concentration of dextran is from about 3.5 wt % to
the solubility limit of dextran.

[0026] The weight average molecular weight of PEG is
from about 1,000 Daltons to about 100,000 Daltons, prefer-
ably about 2,000 Daltons to about 20,000 Daltons, preferably
from about 2,000 Daltons to about 10,000 Daltons, more
preferably from about 5,000 Daltons to about 10,000 Daltons.
In some embodiments, the molecular weight of PEG is about
8,000 Daltons.

[0027] The weight average molecular weight of dextran is
from about 40,000 Daltons to about 1,000,000 Daltons, pref-
erably about 70,000 Daltons to about 500,000 Daltons. In
some embodiments, the molecular weight is about 500,000
Daltons.

[0028] B. Therapeutic, Prophylactic, and Diagnostic
Agents

[0029] One or more phases can contain one or more thera-
peutic, prophylactic, and/or diagnostic agents. In some
embodiments, the solution that forms the dispersed phase
contains one or more therapeutic, prophylactic, and/or diag-
nostic agents which are encapsulated within the droplets upon
formation of the emulsion. In the methods described herein,
the solutions can contain surfactants which are charged oppo-
sitely to the charge of the solution to which it is added.
Coacervation of the charged surfactants at the interface of the
incompatible solutions results in the formation of a mem-
brane which can prevent leakage of encapsulated agents.
[0030] The one or more therapeutic, prophylactic, and/or
diagnostic agents can be small molecule therapeutic agents
(e.g., agents having molecular weight less than 2000 amu,
1500 amu, 1000, amu, 750 amu, or 500 amu) and/or biomol-
ecules, such as a proteins, nucleic acids (e.g., DNA, RNA,
siRNA, etc.), enzymes, etc.; and/or cells.

[0031] In some embodiments, the agent is a biomolecule,
such as a protein, enzyme, nucleic acid, etc. Biomolecules
can be denatured in the presence of an organic solvent. There-
fore, all aqueous emulsions provide a vehicle for delivering
such agents while preserving the biological activity of the
agent.

[0032] Agents to be delivered include therapeutic, nutri-
tional, diagnostic, and prophylactic compounds. Proteins,
peptides, carbohydrates, polysaccharides, nucleic acid mol-
ecules, and organic molecules, as well as diagnostic agents,
can be delivered. The preferred materials to be incorporated
are drugs and imaging agents. Therapeutic agents include
antibiotics, antivirals (especially protease inhibitors alone or
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in combination with nucleosides for treatment of HIV or
Hepatitis B or C), anti-parasites (helminths, protozoans),
anti-cancer (referred to herein as “chemotherapeutics”,
including cytotoxic drugs such as doxorubicin, cyclosporine,
mitomycin C, cisplatin and carboplatin, BCNU, SFU, meth-
otrexate, adriamycin, camptothecin, and taxol), antibodies
and bioactive fragments thereof (including humanized, single
chain, and chimeric antibodies), antigen and vaccine formu-
lations, peptide drugs, anti-inflammatories, nutraceuticals
such as vitamins, and oligonucleotide drugs (including DNA,
RNAs, antisense, aptamers, ribozymes, external guide
sequences for ribonuclease P, and triplex forming agents).
Particularly preferred drugs to be delivered include anti-an-
glogenic agents, antiproliferative and chemotherapeutic
agents such as rampamycin.

[0033] Exemplary diagnostic materials include paramag-
netic molecules, fluorescent compounds, magnetic mol-
ecules, and radionuclides.

[0034] Peptide, protein, and DNA based vaccines may be
used to induce immunity to various diseases or conditions.
For example, sexually transmitted diseases and unwanted
pregnancy are world-wide problems affecting the health and
welfare of women. Effective vaccines to induce specific
immunity within the female genital tract could greatly reduce
the risk of STDs, while vaccines that provoke anti-sperm
antibodies would function as immunocontraceptives. Exten-
sive studies have demonstrated that vaccination at a distal
site—orally, nasally, or rectally, for example—can induce
mucosal immunity within the female genital tract. Of these
options, oral administration has gained the most interest
because of its potential for patient compliance, easy admin-
istration and suitability for widespread use. Oral vaccination
with proteins is possible, but is usually inefficient or requires
very high doses. Oral vaccination with DNA, while poten-
tially effective at lower doses, has been ineffective in most
cases because ‘naked DNA'’ is susceptible to both the stomach
acidity and digestive enzymes in the gastrointestinal tract.
[0035] C. Cells

[0036] The emulsions described herein are prepared from
anaqueous dispersed phase and an aqueous continuous phase
and therefore do not contain any organic solvents. Such emul-
sions are desirable for encapsulating cells, the viability of
which can be adversely affected by the organic solvents. The
cells can be added to the solution that becomes the dispersed
phase and/or the solution that becomes the continuous phase.
[0037] Exemplary cell types include, but are not limited to,
kerotinocytes, fibroblasts, ligament cells, endothelial cells,
lung cells, epithelial cells, smooth muscle cells, cardiac
muscle cells, skeletal muscle cells, islet cells, nerve cells,
hepatocytes, kidney cells, bladder cells, urothelial cells, stem
or progenitor cells, neurobalstoma, chondrocytes, skin cells
and bone-forming cells.

[0038] D. Emulsion Stabilization

[0039] Although the all-aqueous emulsions with controlled
and tunable structures have been generated with different
approaches, all of these emulsions are only transiently stable
and tend to coalesce subsequently. Stabilization of these
emulsions is thus useful in both scientific studies and practi-
cal applications.

[0040] 1. All-Aqueous Emulsion Templated Materials
[0041] Stabilized emulsion structures can be produced by
selectively solidifying the dispersed phases, forming hydro-
gel beads or capsules. To prevent the coalescence of droplets,
photo-curable monomers such as PEGDA or dextran-HEMA
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can be added to the emulsion phase, and the fast photo-
polymerization helps to solidify the emulsion within seconds.
However, photo-polymerization typically generates toxic
free radicals, potentially harming the encapsulated species,
especially the living ones. To achieve radical-free gelation,
the emulsion phase can be solidified by diffusing biocompat-
ible cross-linkers to the gel precursors in the emulsion phase.
For example, when a sodium alginate solution is used as the
emulsion phase, the emulsion can be quickly solidified within
a minute by introducing calcium ions. Leakage of encapsu-
lated species is negligible within the time scale of emulsion
gelation. Nevertheless, many biocompatible gelation reac-
tions, such as enzyme-induced gelation, last forhours to days,
where leakage of encapsulated species cannot be disregarded.
In this manner, acompact membrane must quickly form at the
wiw interface, preventing the leakage of encapsulated spe-
cies.

[0042] 2. Water/Water Interface-Templated Materials
[0043] In other embodiments, the emulsion can be stabi-
lized by forming a membrane or barrier on the surface of the
dispersed phase droplets to prevent coalescence. Aggregation
of particles or macromolecular surfactants at the w/w inter-
face is the primary mechanism of emulsion destabilization.
Submicron-sized latex microspheres and protein particles can
be irreversibly trapped at the w/w interface. This feature
indicates that the absorption energy is larger than the kinetic
energy imposed by thermal activation. With a sufficiently
large concentration of protein particles and high w/w interfa-
cial tension, protein particles successfully stabilize the PEG/
dextran emulsion for a few weeks. However, in the presence
of a shear flow, these particles detach from the w/w interface
and fail to stabilize the emulsion. Strengthening the binding
force among the protein particles may prevent the detachment
from the interfaces induced by the shear flow. Enhancement
of the binding force can be realized through the addition of
cross-linkers, such as glutaraldehyde, polyethyleneimine,
sodium dextran sulfate, polysaccharide, etc.; or through ther-
mal incubation to induce the gelation of protein particles.
[0044] Self-assembly of macromolecules at the w/w inter-
face provides another possible solution to stabilize the all-
aqueous emulsions. To form stable emulsions, macromolecu-
lar surfactants should aggregate at the w/w interface and form
a compact membrane. Aggregation of the surfactants at the
wiw interface is strongly affected by their interactions with
the dissolved solutes in aqueous phases. The presence of such
interaction is confirmed by the observation of budding of
liposomes encapsulating two immiscible aqueous phases. In
this example, two aqueous phases selectively approach the
different lipid domains after extraction of water from the
liposomes. The interaction between the membrane and the
incompatible solutes also keeps the membrane at the w/w
interface. This hypothesis is confirmed by using copolymers
to form vesicles from the templates of w/w emulsions. In this
study, the copolymers of the PEG-polycaprolactone (PCL)
and the dextran-PCL are separately added into the PEG-rich
and the dextran-rich phase. Upon vortex mixing of the two
phases, the two copolymers spontaneously aggregate at the
w/w interface. More importantly, the PCL moieties facilitate
the formation of a compact membrane, probably due to the
hydrophobic interactions.

[0045] 1. Charged Surfactants/Lipids

[0046] The dispersed phase and the continuous phase can
contain one or more surfactants and/or lipids that are oppo-
sitely charged. Upon contacting the two solutions, the oppo-
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sitely charged surfactants undergo complex coacervation of
the surfactants at the interface of the two aqueous phases
resulting in formation of a membrane or barrier which pre-
vents coalescence or aggregation of the droplets. The mem-
brane also prevents leakage of any encapsulated agents (e.g.,
therapeutic, prophylactic, and/or diagnostic agents) from the
droplets.

[0047] Suitable charged surfactants include cationic sur-
factants and anionic surfactants. Anionic surfactants typically
contain one or more negatively charged groups or groups,
such as sulfate, sulfonate, phosphate, and carboxylates.
Exemplary anionic surfactants include, but are not limited to,
alkyl sulfates, such as ammonium lauryl sulfate, sodium lau-
ryl sulfate (SDS, sodium dodecyl sulfate) and the related
alkyl-ether sulfates sodium laureth sulfate, also known as
sodium lauryl ether sulfate (SLES), and sodium myreth sul-
fate; docusates, such as dioctyl sodium sulfosuccinate, per-
fluorooctanesulfonate (PFOS), perfluorobutanesulfonate,
linear alkylbenzene sulfonates (LABs), alkyl-aryl ether phos-
phates and the alky]l ether phosphates, and carboxylates, such
as alkyl carboxylates (soaps), including sodium stearate.
Other examples include sodium lauroyl sarcosinate and car-
boxylate-based  fluorosurfactants such as  perfluo-
rononanoate, perfluorooctanoate (PFOA or PFO).

[0048] Cationic surfactants typically contain one or more
positively charged groups or head groups, such as pH-depen-
dent primary, secondary, or tertiary amines and permanently
charged quaternary ammonium cations. Exemplary cationic
surfactants include, but are not limited to, alkyltrimethylam-
monium salts, such as cetyl trimethylammonium bromide
(CTAB) and cetyl trimethylammonium chloride (CTAC),
cetylpyridinium chloride (CPC), benzalkonium chloride
(BAC), benzethonium chloride (BZT), 5-bromo-5-nitro-1,3-
dioxane, dimethyldioctadecylammonium chloride, cetrimo-
nium bromide, and dioctadecyldimethylammonium bromide
(DODAB).

[0049] Othercharged molecules include, but are not limited
to, lipids (e.g., phospholipids, sphingolipids, skin lipids, etc.),
amphiphilic block copolymers, polyelectrolytes, and combi-
nations thereof.

[0050] The concentration of the oppositely charged mate-
rials is generally close to the critical micelle concentration,
for example, from about 0.1 wt % to about 1.0 wt %. However,
the concentration can vary for a given charged molecule.
[0051] E. Techniques for Manufacture

[0052] Techniques known in the art can be used to prepare
the stabilized emulsions described herein. In some embodi-
ments, the emulsion is prepared using an electrospray tech-
nique.

[0053] Electrospray is a method of generating a very fine
liquid aerosol through electrostatic charging. In electrospray,
a liquid is passing through a nozzle. The plume of droplets is
generated by electrically charging the liquid to a very high
voltage. The charged liquid in the nozzle becomes unstable as
it is forced to hold more and more charge. Soon the liquid
reaches a critical point, at which it can hold no more electrical
charge and at the tip of the nozzle it blows apart into a cloud
of tiny, highly charged droplets. These tiny droplets are typi-
cally less than 10 pm in diameter and fly about searching for
apotential surface to land on that is opposite in charge to their
own. As the droplets fly about, they rapidly shrink as solvent
molecules evaporate from their surface. Since itis difficult for
charge to evaporate, the distance between electrical charges
in the droplet dramatically decreases. If the droplet can’t find
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asurface in which to dissipate its charge in time, the electrical
charge reaches a critical state and the droplet will violently
blow apart again.

[0054] In the methods described herein, electrospray is
used to contact a first aqueous solution containing a first
solute and a second aqueous solution containing a second
solute, wherein the solutes are incompatible. One of the solu-
tions becomes the dispersed phase in the emulsion while the
other becomes the continuous phase. The dispersed and con-
tinuous aqueous phase(s) are separated by a middle phase of
air, preventing the mixing of charged solutes induced by high
voltage. In some embodiments, a dispersed phase (e.g., PEG-
containing solution) is charged with a high DC voltage and is
sprayed into an immiscible aqueous solution containing the
second solute (e.g., dextran) through air. The large surface
tension between the dispersed phase and air helps to break up
the jet quickly into droplets. A dripping to jetting transition is
observed upon an increase in the applied voltage. In the
dripping regime, the charged jet immediately breaks up at the
end of the spraying nozzle, yielding monodisperse droplets
with a polydispersity of less than 5%, 4%, 3%, 2%, or 1%. In
the jetting regime, droplets with a polydispersity typically
higher than those formed in the dripping regime are formed at
the end of the Taylor cone. A reduction in the size of the
spraying nozzle reduces the diameter of the jet, thus facilitat-
ing the fast formation of droplets in the electro-dripping
regime.

[0055] The diameters of the dispersed droplets can be var-
ied as a function of the applied voltage. For example, the
diameter of PEG-droplets dispersed in a dextra continuous
phase varied from about 800 microns to about 120 microns by
increasing the strength of the electric field from 1.0 kV/cm to
8.0 kV/cm. At these voltages, the droplets were monodis-
perse. Polydisperse droplets are obtained with further
increases in the applied voltage.

[0056] A core-shell structured emulsion can also be gener-
ated with the all-aqueous electrospray approach. A round
capillary with a tapered nozzle can be coaxially inserted into
another tapered squared capillary, forming a co-flowing
geometry. Two immiscible aqueous phases are separately
injected into the inner and outer glass capillaries, forming an
inner phase-in-outer phase jet. The outer phase can be
charged by a high-voltage power supply and the compound jet
1s forced to go through a ring-shaped counter electrode under
electrostatic forces. Upon breakup of the jet, core-shell struc-
tured droplets finally fall into the continuous phase. The rela-
tive sizes of the core and shell of the emulsion can be easily
adjusted by changing the flow rates ratios of the two fluids.
For example, varying the flow rate ratio of the shell (e.g.,
PEG-rich phase) and core (e.g., dextran-rich phase) from 4:1
to 1:1 to 1:5 resulted in an increase in the size of the core as
shown by optical imaging.

[0057] A key advantage is that the presence of the two
immiscible aqueous phases means that the two phases can
have different concentrations of the active ingredients to be
encapsulated. A ratio of the concentration of the active ingre-
dient in one aqueous phase to that in the other aqueous phase
1s defined as a partition coefficient. As long as the partition
coefficient is not one, concentration is expected to be different
in the two aqueous phases. This can be used for maintaining
a concentration gradient between the two phases, which
would be impossible if both aqueous phases are miscible, as
mixing between the two phases would be faster. Even for
species that can diffuse across the interface, the presence of
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the interface acts as a barrier against such diffusion; this helps
to keep leaky active ingredients within the desired phase for
longer.

[0058] The emulsions described herein exhibit greater sta-
bility than prior art emulsions. For example, the emulsions
show little or no aggregation for at least about 14 days, 21,
days, 30 days, 45 days, 60 days, 75 days, 90 days, four
months, five months, six months, seven months, eight
months, nine months, ten months, eleven months, one year or
longer.

T11. Applications

[0059] Many all-aqueous emulsions have ultra-low interfa-
cial tension and relatively large dynamic viscosity; thus, for-
mation of w/w emulsions cannot rely on spontaneous jet
breakup in conventional microfluidic design as relied on in
the prior art. Successful generation of w/w emulsion in modi-
fied device geometries is limited to ATPSs with interfacial
tension higher than 0.1 mN/m and dynamic viscosity lower
than 102 mPa-s, such as the dextran/PEG system and the
PEG/salt system. In ATPS containing a protein-rich phase or
other polyelectrolyte phases, breakup of the w/w jetis usually
restricted by ultra-low interfacial tension and high viscosities
of the ATPS, even when using hydrodynamic perturbations.

[0060] The all-aqueous electrospray method described
herein represents a promising approach in this area. The high
voltage applied provides a strong pulling on the viscous jet
and the large surface tension induces breakup of the jet which
is suitable for emulsions having a high viscosity (>100 mPa-s)
and ultra-low interfacial tension. However, ATPS systems
with interfacial tension higher than 10~* N/m and dynamic
viscosity of less than 102 mPa-s have not been studied. Such
ATPSs have been found in systems composed of inorganic
salts, but the concentrated salt in the solution phases are often
too harsh an environment for proteins and cells, partly due to
the inevitably high osmolarity. ATPS composed of biocom-
patible macromolecules are promising alternatives for encap-
sulation of such materials. Molecular structures of incompat-
ible solutes can be custom-designed, with special
considerations on the intermolecular forces and their confor-
mations at the w/w interface in order to tune the system to the
materials to be encapsulated.

[0061] A. Materials Fabrication

[0062] While the fabrication of multi-functional materials
can be templated from emulsions with complex structures,
the concept has not been sufficiently adapted to the all-aque-
ous systems. In the sub-micron size range, self-assembly of
macromolecules and particles in the ATPS is affected by their
interaction with the surrounding molecules. These interac-
tions can be manipulated to control the conformation of bio-
molecules in all-aqueous multiphase systems, and guide the
assembly of copolymers, macromolecules and colloids into
desired aggregates.

[0063] In the size range of micrometers or higher, genera-
tion of multiple all-aqueous emulsions with flexible struc-
tures and dimensions provides versatility needed in designing
multi-functional materials, such as drug delivery vehicles,
biosensors, microreactors and micro-containers. Stacking of
emulsions and emulsion-templated materials in large scale
will result in highly organized hierarchical structures, includ-
ing microfibers, membrane and porous scaffolds. Successful
construction of these structures is a prerequisite towards func-
tional replication in artificial materials, such as tissue-like
scaffolds and photonic materials. Hierarchical assembly of
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materials can be guided by either all-aqueous phases or their
interface. In the assembly of functional biomimetic units,
droplet networks can be constructed through 3-D printing and
droplet-packing in chambers. Meanwhile, hierarchical
assembly of nano-particles has been investigated at the inter-
faces of two miscible aqueous phases. When this concept is
applied to immiscible aqueous phases, assembly of nano-
particles can be confined at the w/w interface without exten-
sion into bulk aqueous phases.

[0064] B. Modeling of Biological Organelles

[0065] Aqueous two-phase systems create an excellent all-
aqueous environment for the mimicking of cytoplasmic envi-
ronments in cells. During the differentiation of a single-cell
embryo, RNA-binding proteins are found to localize them-
selves by partitioning; thus, aqueous phase separation may
have played an important role in the structuring and assembly
of biological components. Biomolecules selectively partition
into different aqueous phases, and this selectivity can be
enhanced in the presence of protein ligands or enzymes. The
partition of biomolecules in the ATPS increases their local
concentrations; thus biochemical reactions and molecular
assembly are accelerated.

[0066] Transfer of biomolecules among the different cham-
bers formed by aqueous phases could be regulated by a semi-
permeable membrane, which allows a steady and dynamic
microenvironment for cellular metabolism. Compartmental-
ization of different biomolecules and biological organelles in
all-aqueous emulsion-templated vesicles represents a new
route to achieve the cyto-mimetic compartments. This pro-
vides opportunities to investigate the activities of biomol-
ecules and biological organelles, as well as their synergetic
interactions. Once the artificial cyto-mimetic compartments
are developed, synthesis of proteins and DNA can be carried
out in the physiological microenvironment, where the
molecular structure and biological functions of these biomol-
ecules are best preserved.

[0067] C. Drug Delivery

[0068] The emulsions described here can be used to deliver
one or more therapeutic, prophylactic, and/or diagnostic
agent and/or cells to a patient in need thereof. As discussed
above, the emulsions described therein do not contain an
organic solvent and therefore are desirable for encapsulating
biomolecules (proteins, nucleic acids, etc.) and/or cells,
which can be adversely affected by the presence of organic
solvents. Moreover, the presence of a membrane formed by
the oppositely charged macromolecules improves the stabil-
ity of the emulsions allowing them to be prepared and stored
for a period of time before use.

[0069] The emulsions can be formulated for a variety of
routes of administration. In some embodiments, the emulsion
is administered enterally (e.g., oral) or parenterally.

[0070] <Parenteral administration”, as used herein, means
administration by any method other than through the diges-
tive tract or non-invasive topical or regional routes. For
example, parenteral administration may include administra-
tion to a patient intravenously, intradermally, intraarterially,
intraperitoneally, intralesionally, intracranially, intraarticu-
larly, intraprostatically, intrapleurally, intratracheally, intrav-
itreally, intratumorally, intramuscularly, subcutaneously,
subconjunctivally,  intravesicularly, intrapericardially,
intraumbilically, by injection, and by infusion.

[0071] The emulsions can be administered neat, i.e., with-
out additional carriers/excipients. Alternatively, the emul-
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sions can be combined with one or more carriers and/or
excipients to prepare a pharmaceutical composition.

[0072] The carrier can be a solvent or dispersion medium
containing, for example, water, ethanol, one or more polyols
(e.g., glycerol, propylene glycol, and liquid polyethylene gly-
col), oils, such as vegetable oils (e.g., peanut oil, corn oil,
sesame oil, etc.), and combinations thereof. The proper flu-
idity can be maintained, for example, by the use of a coating,
such as lecithin, by the maintenance of the required particle
size in the case of dispersion and/or by the use of surfactants.
In many cases, it will be preferable to include isotonic agents,
for example, sugars or sodium chloride.

[0073] Suitable surfactants may be anionic, cationic,
amphoteric or nonionic surface active agents. Suitable
anionic surfactants include, but are not limited to, those con-
taining carboxylate, sulfonate and sulfate ions. Examples of
anionic surfactants include sodium, potassium, ammonium of
long chain alkyl sulfonates and alkyl aryl sulfonates such as
sodium dodecylbenzene sulfonate; dialkyl sodium sulfosuc-
cinates, such as sodium dodecylbenzene sulfonate; dialkyl
sodium sulfosuccinates, such as sodium bis-(2-ethylthioxyl)-
sulfosuccinate; and alkyl sulfates such as sodium lauryl sul-
fate. Cationic surfactants include, but are not limited to, qua-
ternary ammonium compounds such as benzalkonium
chloride, benzethonium chloride, cetrimonium bromide,
stearyl dimethylbenzyl ammonium chloride, polyoxyethyl-
ene, and coconut amine Examples of nonionic surfactants
include ethylene glycol monostearate, propylene glycol
myristate, glyceryl monostearate, glyceryl stearate, polyglye-
eryl-4-oleate, sorbitan acylate, sucroseacylate, PEG-150 lau-
rate, PEG-400 monolaurate, polyoxyethylene monolaurate,
polysorbates, polyoxyethylene octylphenylether, PEG-1000
cetyl ether, polyoxyethylene tridecyl ether, polypropylene
glycol butyl ether, Poloxamer® 401, stearoyl monoisopro-
panolamide, and polyoxyethylene hydrogenated tallow
amide. Examples of amphoteric surfactants include sodium
N-dodecyl-f-alanine, sodium N-lauryl-f-iminodipropi-
onate, myristoamphoacetate, lauryl betaine and lauryl sulfo-
betaine.

[0074] The formulation can contain a preservative to pre-
vent the growth of microorganisms. Suitable preservatives
include, but are not limited to, parabens, chlorobutanol, phe-
nol, sorbic acid, and thimerosal. The formulation may also
contain an antioxidant to prevent degradation of the active
agent(s).

[0075] The formulation is typically buffered to a pH of 3-8
for parenteral administration upon reconstitution. Suitable
buffers include, but are not limited to, phosphate buffers,
acetate buffers, and citrate buffers. Water soluble polymers
are often used in formulations for parenteral administration.
Suitable water-soluble polymers include, but are not limited
to, polyvinylpyrrolidone, dextran, carboxymethylcellulose,
and polyethylene glycol.

[0076] Enteral formulations are prepared using pharma-
ceutically acceptable carriers. As generally used herein “car-
rier” includes, but is not limited to, diluents, preservatives,
binders, lubricants, disintegrators, swelling agents, fillers,
stabilizers, and combinations thereof. Polymers used in the
dosage form include hydrophobic or hydrophilic polymers
and pH dependent or independent polymers. Preferred hydro-
phobic and hydrophilic polymers include, but are not limited
to, hydroxypropyl methylcellulose, hydroxypropyl cellulose,
hydroxyethyl cellulose, carboxy methylcellulose, polyethyl-
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ene glycol, ethylcellulose, microcrystalline cellulose, polyvi-
nyl pyrrolidone, polyvinyl alcohol, polyvinyl acetate, and ion
exchange resins.

[0077] Carrier also includes all components of the coating
composition which may include plasticizers, pigments, colo-
rants, stabilizing agents, and glidants.

[0078] Formulations can be prepared using one or more
pharmaceutically acceptable excipients, including diluents,
preservatives, binders, lubricants, disintegrators, swelling
agents, fillers, stabilizers, and combinations thereof.

[0079] Delayed release dosage formulations can be pre-
pared as described in standard references such as “Pharma-
ceutical dosage form tablets”, eds. Liberman et al. (New York,
Marcel Dekker, Inc., 1989), “Remington—The science and
practice of pharmacy”, 20th ed., Lippincott Williams &
Wilkins, Baltimore, Md., 2000, and “Pharmaceutical dosage
forms and drug delivery systems”, 6th Edition, Ansel et al.,
(Media, Pa.: Williams and Wilkins, 1995). These references
provide information on excipients, materials, equipment and
process for preparing tablets and capsules and delayed release
dosage forms of tablets, capsules, and granules. These refer-
ences provide information on carriers, materials, equipment
and process for preparing tablets and capsules and delayed
release dosage forms of tablets, capsules, and granules.

[0080] Stabilizers are used to inhibit or retard drug decom-
position reactions which include, by way of example, oxida-
tive reactions. Suitable stabilizers include, but are not limited
to, antioxidants, butylated hydroxytoluene (BHT); ascorbic
acid, its salts and esters; Vitamin E, tocopherol and its salts;
sulfites such as sodium metabisulphite; cysteine and its
derivatives; citric acid; propyl gallate, and butylated
hydroxyanisole (BHA).

EXAMPLES
Example 1

Preparation of All Aqueous Emulsions Using
Electrostatic Effects

[0081] A dispersed phase of 8 wt % PEG (Mw=8,000)
solution charged with a high DC voltage is sprayed into its
immiscible aqueous phase of 15 wt % dextran (Mw=>500,000)
solution through air. The large surface tension between the
dispersed phase and air helps to break up the jet quickly into
droplets (FIG. 1, panel a). A dripping to jetting transition is
observed upon an increase in the applied voltage. In the
dripping regime, the charged jet immediately breaks up at the
end of the spraying nozzle, yielding monodisperse droplets
with a polydispersity of less than 5% (FIG. 1, panels b and ¢),
e.g. By increasing the applied electrical field from 2.1 kV/cm
to 2.5 kV/cm, the diameter of the produced droplets is sig-
nificantly reduced from 810 um to 120 um (FIG. 2). In this
case, the distance between the positively charged nozzle and
the negatively charged electrode ring is 2 cm, and the diam-
eter of the nozzle is 40 micrometers. Further increase in the
strength of the electric field leads to polydisperse droplets
with smaller sizes. A reduction in the size of the spraying
nozzle can produce monodisperse droplets with smaller sizes,
e.g. when the size of nozzle is decreased to 20 um. Uniform
droplets with diameters of less than 50 um can be produced.
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Example 2

Preparation of Core-shell all Aqueous Emulsions
Using Electrostatic Effects

[0082] Two immiscible aqueous phases of 10% dextran
(Mw=500,000) and 8 wt % PEG (Mw=8,000) solutions were
separately injected into inner and outer glass capillaries,
forming a dextran-in-PEG jet (FIG. 1, panel a). The PEG-rich
phase was charged by a high-voltage power supply and the
compound jet was forced to go through a ring-shaped counter
electrode under electrostatic forces. Upon breakup of the jet,
core-shell structured droplets fell into the continuous phase of
a dextran solution or on the surface of a solid substrate (FIG.
1, panel ¢). The diameter of the core was varied by varying the
flow rate ratio of the PEG-rich (shell) and dextran-rich (core)
phase. As the ratio was varied from 4:1 to 1:1 to 1:5, the
diameter of the core increased.

[0083] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meanings as commonly
understood by one of skill in the art to which the disclosed
invention belongs. Publications cited herein and the materials
for which they are cited are specifically incorporated by ref-
erence.

[0084] Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments of the invention
described herein. Such equivalents are intended to be encom-
passed by the following claims.

We claim:

1. A method for preparing a stabilized all-aqueous emul-
sion, the method comprising contacting an electrically
charged first phase containing a first solute and one or more
charged surfactants with an optionally charged second phase
containing a second solute and one or more charged surfac-
tants which has a charge opposite to the charge of the surfac-
tant in the first solution, wherein the solutes are incompatible
and induce formation of droplets of a dispersed phase in a
continuous phase.

2. The method of claim 1, wherein the emulsion has a
dynamic viscosity of >100 mPa-s or an ultra-low interfacial
tension.

3. The method of claim 1, wherein the first and second
solutes are selected from the group consisting of polyethylene
glycol (PEG), dextran, methyl cellulose, sodium dextran sul-
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fate, polyvinyl alcohol (PVA), polyvinyl pyrrolidone (PVP);
tripotassium phosphate, sodium citrate, sodium sulfate, and
disodium phosphate.

4. The method of claim 3, wherein the first solute is PEG
and the second solute is dextran.

5. The method of claim 4, wherein the molecular weight of
PEG is about 8,000-20,000 Daltons and the concentration of
PEG is 8% and the molecular weight of dextran is about
500,000 Daltons and the concentration of dextran is about
5-15%.

6. The method of claim 1, wherein the first solution and/or
the second solution further contains one or more therapeutic,
prophylactic, and/or diagnostic agents that are encapsulated
in the droplets of the dispersed phase.

7. The method of claim 1, wherein the first solution and/or
the second solution further contains cells that are encapsu-
lated in the droplets of the dispersed phase.

8. The method of claim 1, wherein the first phase and
second phase are contacted using electrospraying.

9. An emulsion prepared by the method of any one of claim
1.

10. The emulsion of claim 9, wherein the droplets comprise
a membrane on the surface of the droplets which prevents
coalescence of the droplets and/or prevent leakage of the
contents of the droplets.

11. The emulsion of claim 10, wherein the diameter of the
droplets is from about 100 microns to about 1000 microns.

12. A pharmaceutical composition comprising the emul-
sion of any one of claim 9 and one or more pharmaceutically
acceptable carriers.

13. A method for administering one or more therapeutic,
prophylactic, and/or diagnostic agent to a patient in need
thereof, the method comprising administering the emulsion
of claim 9.

14. The method of claim 13, wherein the agent is a biomol-
ecule, a small molecule, or combinations thereof.

15. The method of claim 13, wherein the emulsion is
administered orally.

16. The method of claim 13, wherein the emulsion is
administered parenterally.

17. A method for administering cells to a patient in need
thereof, the method comprising administering the emulsion
of claim 9.

18. The method of claim 17, wherein the emulsion is
administered parenterally.
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