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ABSTRACT

The present invention provides a reversed cubic or reversed hexagonal phase material comprising
water or glycerol or a water/glycerol mixture an anesthetic, and a surfactant selected from the
group consisting of fluorosurfactants, BR1J-type surfactants, Triton-like surfactants, surfactants
with polymer chains, peptide-based surfactants, isoprenoids, plasmologens, cerebrosides,
sulphatides, gangliosides, cyclopentatriol lipids, dimethylaminopropane lipids, lysolipids,
lysolecithins, anionic surfactants, cationic surfactants, zwitterionic or semipolar surfactants,
benzalkonium chloride, sodium deoxycholate, myristyl-gamma-picolinium chloride, polyoxyl 35
castor oil, sorbitan monopalmitate, and sodium 2-ethylhexanoic acid.

The present invention also provides a reversed cubic or reversed hexagonal phase material
comprising water or glycerol or a water/glycerol mixture an anesthetic, and a phospholipid.

The present ionvention further provides a coated particle comprising an interior core comprising
a matrix consisting essentially of a) at least one nanostructured liquid phase, b) at least one
nanostructured liquid crystalline phase or c) a combination of i) at least one nanostructured
liquid phase and ii) at least one nanostructured liquid crystalline phase,wherein the matrix
comprises a surfactant or block copolymer a polar solvent, and an anesthetic.

The present invention cubic phase liquid crystalline material comprising a glycolipid that is
capable of binding bacteria.

The present invention also provides a coated particle comprising a. an interior core comprising a
matrix consisting essentially of i) at least one nanostructured liquid phase, ii) at least one
nanostructured liquid crystalline phase or iii) a combination of (1) at least one nanostructured
liquid phase and (2) at least one nanostructured liquid crystalline phase, wherein at least a
portion of said matrix is not a cubic phase but can be converted to a cubic phase, and

b. an exterior coating comprising a non-lamellar crystalline material.
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COATED PARTICLES, METHODS OF MAKING AND USING

DESCRIPTION

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to coated particles and to methods of making and using
them. These coated particles have application in the targeting and release of one or more
materials into selected environments, the absorption of one or more materials from selected

environments and the adsorption of one or more materials from selected environments.

RELATED ART

Two particle technologies—polymer-coated particles and liposomes—are of general
interest.

Polymer-coated particles have been very important in the development of useful
microparticles and of controlled-release vehicles generally. In certain circumstances
polymers have coating and spreading properties that provide for good encapsulation of
various matrices, and they are available in a range of chemistries and molecular weights.
Certain polymeric coatings are of such utility and low toxicity that approval has been
obtained for their use even in injectable products within the pharmaceutical industry, most
notably polylactic-glycolic acid copolymers, and the usefulness of polymeric coatings in oral
products is well-established, as in the cases of Eudragits, gelatin, and a number of natural
gums. In many settings in fact, microparticle coatings are tacitly assumed to be polymers.

However, polymer-coated particles exhibit several limitations, as the flattened and
diffuse response of their polymer coatings to chemical and physical triggers indicates. This is
due to two factors. First, the high molecular weight of polymers reduces their diffusion
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coefficients and their kinetics of solubilization. Second, the neighboring group effect
broadens the curves representing the chemical responses to triggers such as, inter alia, pH,
salinity, oxidation and reduction, ionization, etc. (The neighboring group effect indicates that
chemical changes in one monomeric unit of a polymer significantly alter the parameters
governing chemical transitions in each of the neighboring monomeric units.) Further, most
polymers are collections of chemical species of broadened molecular weight distribution. In
addition, for a given application of the polymer coated particle only a limited number of
suitable polymers are frequently available. This is due to a number of factors: regulatory
issues: the coating processes often entail harsh chemical and/or physical conditions, such as
solvents, free radicals, elevated temperatures, dessication or drying, and/or macroscopic
shearing forces needed to form the particles; the limited mechanical and thermal stabilities of
the polymeric coatings in industrial applications; and adverse environmental impacts in large
scale applications of polymer-coated particles, such as in agricultural use.

Liposomes also exhibit a number of limitations. Among these are their physical and
chemical instabilities. The release of a material disposed within the liposome is usually
dependent on the destabilization of the structure of the liposome. In particular, the absence of
porosity precludes the pore-controlled release of such materials. The dual requirements of 1)
physical stability of the liposome until release is desired on the one hand and 2) release of
materials by bilayer destabilization when release is desired on the other, are problematic. (The
term liposomes is frequently interchanged with the term vesicles and is usually reserved for
vesicles of glycerophospholipids or other natural lipids. Vesicles are self-supported closed
bilayer assemblies of several thousand lipid molecules (amphiphiles) that enclose an aqueous
interior volume. The lipid bilayer is a two-dimensional fluid composed of lipids with their
hydrophilic head groups exposed to the aqueous solution and their hydrophobic tails
aggregated to exclude water. The bilayer structure is highly ordered yet dynamic because of
the rapid lateral motion of the lipids within the plane of each half of the bilayer.) See O'Brien.
D F. and Rarnaswami, V. (1989) in Mark-Bikales-Overberger-Menges Encyclopedia of
Polymer Science and Engineering. Vol. 17, Ed. John Wiley & Inc., p. 108.
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SUMMARY OF THE INVENTION

It is an object of the invention to provide coated particles that are suitable for
solubilizing or containing a wide variety of materials, including materials sensitive to
physical, chemical or biological deterioration.

It is an object of the invention to provide coated particles that release one or more
material disposed within a matrix in their internal cores without requiring the destabilization
of that matrix.

It is an object of the invention to provide coated particles covering a wide range of
physical and chemical properties, particularly in the selection of the coating, such that a user
can substantially preselect the coating and release characteristics.

It is an object of the invention to provide coated particles that sharply initiate the
release or absorption of one or more materials to or from a selected environment in response
to one or more physical or chemical triggers.

It is an object of the invention to provide a wide variety of coated particle systems that
can be tailored to the particular physical, chemical and biological requirements of their
contemplated use, such as mechanical and thermal stability in industrial applications of the
coated particles or freedom from adverse environmental impact in large scale application of
the coated particles in agricultural use.

It is an object of the invention to provide coated particles that provide, if desired, a
porous coating that permits pore-controlled release of material disposed within them or pore-
controlled absorption of materials disposed without them.

It is a further object of the invention to provide coated particles that can incorporate
targeting moieties such as antibodies, lectins, receptors, and complementary nucleic acids, for
targeting the particles to specific sites, either before or after the coating releases, as well as
other bioactive materials such as absorption enhancers, adjuvants, adsorption inhibitors, or
pharmaceutical actives themselves.

It is a further object of the invention to provide coated particles that can be produced
by a process that is flexible and can be adapted to a wide range of actives, coatings, and

matrices.

It is a further object of the invention to provide coated particles that have a
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polymerized interior matrix which is more permanent chemically, thermodynamically, and
structurally than their unpolymerized counterparts. ‘

1t is a still further object of the invention to provide coated particles that can be made
by a simple process, including, preferably, without entailing harsh physical and/or chemical
conditions.

The foregoing and other objects are provided by a coated particle that comprises an
internal core comprising a matrix and an exterior coating. The matrix consists essentially of at
least one nanostructured liquid phase, or at least one nanostructured liquid crystalline phase
or a combination of the two and the exterior coating comprises a nonlamellar material that is
a nonlamellar crystalline material, a nonlamellar amorphous material, or a nonlamellar semi-
crystalline material.

In a preferred embodiment, the coated particle may be made by

1. providing a volume of the matrix that includes at least one chemical species having
a moiety capable of forming a nonlamellar material upon reaction with a second moiety and

2. contacting the volume with a fluid containing at least one chemical species having
the second moiety under nonlamellar solid material-forming conditions so as to react the first
moiety with the second moiety, and subdividing the volume into particles by the application
of energy to the volume, or performing this subdivision into particles before, and/or after, the
chemical reaction.

Alternatively, the coated particle can be made by one of the following processes:

providing a volume of the matrix that includes a material in solution in it that
is capable of forming a nonlamellar material that is insoluble in the matrix and causing the
aforesaid material to become insoluble in the matrix and subdividing the volume into
particles by the application of energy to the volume;

dispersing particles of said matrix into a fluid that includes at least one
chemical species having a moiety capable of forming a nonlamellar material upon reaction or
association with a second moiety and adding to said dispersion at least one chemical species
having said second moiety to react said first moiety with said second moiety;

dispersing particles of said matrix into a fluid that includes at least one
chemical species having a moiety capable of forming a nonlamellar material upon reaction or

association with a second moiety, adding to said dispersion at least one chemical species
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having said second moiety to react said first moiety with said second moiety, and subdividing
the resulting material into particles by the application of energy to said material;

dispersing a volume of said matrix in a form of said nonlamellar material
selected from the group consisting of liquefied form, solution, or fluid precursor, and
solidifying said nonlamellar material by a techniques selected from the group consisting of
cooling, evaporating a volatile solvent, or implementing a chemical reaction; or

dispersing or dissolving a volume of said matrix in a liquid comprising said
nonlamellar material in solution or dispersed form and comprising also a volatile solvent, and
spray-drying said solution or dispersion.

Or, a combination of these methods can be applied.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graphic representation, in vertical section, illustrating a coated particle of the
present invention comprising an internal core comprising a 2 by 2 by 2 unit cell matrix and an
exterior coating;

Fig. 2 is a graphic representation, in section, illustrating a coated particle of the present
invention;

Fig. 3 is a scanning electron microscope micrograph of coated particles of the present
invention;

Fig. 4 is a scanning electron microscope micrograph of other coated particles of the present
invention;

Fig. 5 is a graph of the measured volume-weighted cumulative particle size distribution for
coated particles of the present invention on a volume-weighted particle diameter versus
cumulative particle size basis;

Fig. 6 is a graph of measured small-angle X-ray scattering intensity versus wave vector q of
coated particles of the present invention;

Fig. 7 is a graph of detector counts versus elution time in minutes for a control using high
pressure liquid chromatography; and

Fig. 8 is a graph of detector counts versus elution time in minutes for coated particles of the

present invention using high pressure liquid chromatography.
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Figure 9. A phase-contrast optical micrograph of PLGA-coated microparticles dispersed in
water, showing the core-shell structure.

Figure 10. On the left is a PLGA-coated cubic phase, made according to the instant
invention, soaking in linalool, which is a non-solvent for PLGA but a solvent for the cubic
phase. On the right, the same cubic phase was soaked in linalool under identical conditions,
demonstrating that the cubic phase dissolves in the linalool when not coated.

Figure 11. A large (5 mm) particle of coated cubic phase in which the coating consists of
amorphous trehalose, obtained by freeze-drying a dispersion of Arlatone G-based cubic phase

in a trehalose solution.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

As illustrated in Figs. 1 and 2, a coated particle 1 used in the present invention
comprises an internal core 10 and a coating 20 exterior to it (hereinafter "exterior coating
20"). The internal core 10 comprises a matrix consisting essentially of a nanostructured
material selected from the group consisting of

a. at ]east one nanostructured liquid phase,

b. at least one nanostructured liquid crystalline phase and

c. a combination of

i. at least one nanostructured liquid phase and

ii. at least one nanostructured liquid crystalline phase.
Alternatively, the interior could be a composition that yields one of these phases upon contact
with water or other aqueous fluid.

The liquid phase material and the liquid crystalline phase material may either contain
solvent (lyotropic) or not contain solvent (thermotropic). The exterior coating 20 comprises a
nonlamellar material. The term "exterior coating" as used herein is intended to indicate that
the coating 20 is exterior to the internal core 10 and is not intended to be limited to meaning
that the exterior coating 20 is the most exterior coating of the coated particle 1. For instance,
in many of the Examples given herein, a surfactant-rich layer is present at the outer surface of

the non-lamellar exterior coating. And in other embodiments presented, an antibody or other

-6-
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bioactive material will be adsorbed to, or extending out from, this non-lamellar exterior
coating.

Nanostructured liquid phase and nanostructured liquid crystalline phase possess
unique properties that are not only important in making possible the easy production of
particles according to the present invention, but also yield highly desirable solubilization,
stability, and presentation properties and other capabilities in the final coated particles of the |
present invention.

As for the exterior coating 20, non-lamellar structures which exhibit bonding and/or
packing rigidity that extends in all three dimensions are strongly preferred in the present
invention over lamellar materials, due to the well-known physical and chemical limitations
and instabilities of lamellar, and more generally layered, structures, as exemplified by, for
example, (a) the instability (even when acquiescent) of emulsions which have droplets coated
with lamellar liquid crystalline layers, (b) the chemical instability upon removal of guest
molecules in certain Wemer complexes, and (c) the dramatically inferior hardness and shear |
modulus for graphite as compared with diamond.

Coated particles 1 used in the present invention may be from 0.1 micron to 30 microns
or above in mean caliper diameter, and preferably from about 0.2 micron to about 5 microns
in mean caliper diameter. Macroscopic particles can be made as well, i.e., particles with sizes
measured in millimeters or even larger, as exemplified in Examples 39 and 40; the ability to
make particles of this larger size could open up applications of the present invention in, for
example, depot delivery systems for sustained release upon implantation. The coated particle
1 used may also be provided with a stabilizing layer on its exterior, i.e. outside the exterior
coating 20 as desired, such as a polyelectrolyte or surfactant monolayer to prevent
agglomeration of coated particles 1.

The coated particles 1 used in the present invention have application in a variety of
modalities of use. The coated particle 1 may, upon release of the exterior coating 20, absorb
one or more materials from a selected environment, adsorb one or more materials from a
selected environment or release one or more materials, such as active agents disposed in the
matrix, into a selected environment, and/or target specific sites for the intended release or
ad/absorption. Alternatively, certain exterior coatings possessing porosity, such as inclusion

compounds and zeolites, do not require release in order to effect the absorption or release of a

-7~



2009201314 27 Mar 2009

10

15

20

25

WO 03/106168 PCT/US02/18654

material of interest into or out of the matrix, and in some such cases very high selectivity can
be obtained by the use of properly tuned pore characteristics. In cases where the particles are
used to adsorb a compound or compounds of interest, neither porosity nor release of the
exterior coating 20 are required, but porosity can provide for a very large increase in
adsorption capacity by allowing the adsorbed material to diffuse into the matrix, making the
adsorption sites in the exterior coating 20 available to adsorb new material. In a preferred
embodiment, an additional material, such as an active agent, may be disposed within the
matrix for release into a selected environment.

Coating: In the present context of particles, a “coating” is composed of a material which
behaves as a solid in the common sense, and in the engineering viewpoint, of the term
“solid”, namely that it exhibits a rigidity and permanence that contrasts sharply with low-
viscosity liquids, and thus represents a significant diffusional barrier to the passage of
compounds across that material, in a way that is intuitively different from any protection that
a low-viscosity liquid layer could provide. This common sense understanding of the terms
“liquid” and “solid” differs fundamentally from the strict scientific definitions, which refer
only to the existence or non-existence of long-range atomic order. Thus, while an amorphous
material such as PMMA (Plexiglass) or ordinary glass—particles of which make up an
everyday coating known as ceramic glaze—may technically be a liquid, for the purposes of
simplifying nomenclature in the context of this invention these materials will be referred to as

solids, as they would in ordinary life outside of the physics laboratory.

The matrix is
a. thermodynamically stable
b. nanostructured and

c. aliquid phase or liquid crystalline phase or a combination thereof.

Nanostructured: The terms "nanostructure” or"nanostructured” as used herein in the context
of the structure of a material refer to materials the building blocks of which have a size that is
on the order of nanometers (10° meter) or tens of nanometers (10 x 10”° meter). Generally

speaking, any material that contains domains or particles 1 to 100 nm (nanometers) across, or

layers or filaments of that thickness, can be considered a nanostructured material. (See also

-8~




2009201314 27 Mar 2009

10

15

20

25

30

WO 03/106168 PCT/US02/18654

Dagani, R., "Nanostructured Materials Promise to Advance Range of Technologies."
November 23, 1992 C&E News 18 (1992).) The term is meant to exclude so-called "ceramic
glasses" which are crystalline materials in which the crystallite size is so small that one may
not observe peaks in wide-angle x-ray diffraction and which some physicists may refer to as
nanostructured materials: the nanostructured liquid and liquid crystalline phases that are
defined herein are characterized by nanoscale domains which are clearly distiniguished from
neighboring domains by large differences in local chemical composition, and do not include
materials in which neighboring domains have essentially the same local chemical
composition and differ only in lattice orientation. .Thus, by the term 'domain' as used herein it
is meant a spatial region which is characterized by a particular chemical makeup which is
clearly distinguishable from that of neighboring domains: often such a domain is hydrophilic
(hydrophobic) which contrasts with the hydrophobicity (hydrophilicity) of neighboring
domains: in the context of this invention the characteristic size of these domains is in the
nanometer range. (The terin ‘microdomain' is often used to indicate domains whose size range
is micron or nanometer scale.)
Nanostructured liquids and liquid crystals: Nanostructured liquid phases and liquid
crystalline phases, which provide the matrix of the internal cores 10 of the coated particles 1
in the present invention, possess unique collections of properties that are not only crucial in
making possible the production of particles of the present invention, but also yield highly
desirable solubilization, stability, and presentation properties and capabilities in the final
coated particles. As discussed in more detail below in the discussion of particle production
processes, in order that a material provide for ready dispersibility with one of the processes
described herein, it is desirable for the material to be of very low solubility in water
(otherwise it will tend to dissolve during the dispersing process, limiting dispersibility), yet,
at the same time it should contain water - both for the purpose of solubilizing water-soluble
reactants used in dispersing and for making possible the solubilization of a large range of
active compounds.

In particular, for solubilization of hydrophilic (especially charged) and amphiphilic
compounds, and for the maintenance of not only solubilization but also proper conformation
and activity, of sensitive compounds of biological origin such as proteins, the interior matrix

should contain substantial concentrations of water or other polar solvent. In terms of
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establishing versatility in coating selection, a great many (perhaps a majority) of the
compounds listed as useful coatings in the present invention require reactants that are soluble
only in polar solvents. Furthermore, the use of organic solvents for solubilization is in most
cases inconsistent with the present matrices and/or with active biological compounds such as
proteins (used in the present invention as actives or as targeting agents), and in any case is
highly disfavored from regulatory, environmental, and health considerations. These two
requirements of water-insolubility and solubilization of water-soluble compounds are, of
course, working in opposite directions and are difficult to resolve in a single, inexpensive,
and safe material.

Very effective systems for satisfying such solubilization requirements are provided by
lipid - water systems, in which microdomains are present which are very high in water
content, and simultaneously hydrophobic domains are in very close contact with the aqueous
domains.The presence of aqueous domains circumvents precipitation tendencies encountered
in systems where water structure is interrupted by the presence of high loadings of co-
solvents or co-solutes, as, for example, in concentrated aqueous polymer solutions. At the
same time the proximity of hydrophobic domains provides for effective solubilization of
amphiphilic compounds (and hydrophobic as well).

Nanostructured liquid and liquid crystalline phases are synthetic or semisynthetic
materials which adopt these solubilization characteristics, and provide pure, well-
characterized, easily produced, and typically inexpensive matrices that also have the
following desirable properties:

a) versatility in chemical systems forming nanostructured liquid phases and
nanostructured liquid crystalline phases, ranging from biological lipids that are ideal for
biomolecules, to hardy fluorosurfactants, to glycolipids that bind bacteria, to surfactants with
ionic or reactive groups, etc. This provides for applicability over a wide range of conditions
and uses;

b) the unsurpassed ability of nanostructured liquid phases and nanostructured liquid
crystalline phases to: i) solubilize a wide range of active compounds including many
traditionally difficult compounds such as Paclitaxel and biopharmaceuticals, circumventing
the need for toxic and increasingly regulated organic solvents; ii) achieve high concentrations

of actives with uncompromised stability, and iii) provide the blochemical environment that

-10-




2009201314 27 Mar 2009

10

15

20

25

30

WO 03/106168 PCT/US02/18654

preserves their structure and function;

¢) true thermodynamic stability, which greatly reduces instabilities common with
other vehicles, such as precipitation of active agents, breaking of emulsions, vesicle fusion,
etc., and,

d) the presence of a porespace with preselectable pore size in the nanometer range,
facilitating further control of the release kinetics even after triggered release of the coating,
particularly in the release of proteins and other biomacromolecules.

The desired properties of the nanostructured material of the internal core 10 derive
from several related concepts regarding materials that can be described with respect to
surfactants by use of the terms "polar," "apolar," "amphiphile," "surfactant" and the "polar-
apolar interface, and analogously with respect to block copolymer systems, as described
below.

Polar: polar compounds (such as water) and polar moieties (such as the charged head groups
on ionic surfactants or on lipids) are water-loving or hydrophilic: "polar" and "hydrophilic" in
the context of the present invention are essentially synonymous. In terms of solvents, water is
not the only polar solvent. Others of importance in the context of the present Invention are:
glycerol, ethylene glycol, formamide, N-methyl formamide, dimethylformamide,
ethylammonium nitrate, acetamide, N-methylacetamide, dimethylacetamide, N-methyl
sydnone, and polyethylene glycol. Note that one of these (polyethylene glycol) is actually a
polymer, thereby illustrating the range of possibilities. At sufficiently low molecular weights,
polyethvlene glycol (PEG) is a liquid, and although PEG has not been extensively studied as a
polar solvent in combination with surfactants, it has been found that PEG does form
nanostructured liquid phases and liquid crystalline phases in combination with, for example,
surfactants such as BRIJ-type surfactants, which are nonionic surfactants with PEG head
groups ether-linked to alkane chains. More generally, in terms of polar groups in hydrophilic
and amphiphilic molecules (including but not limited to polar solvents and surfactants), a
number of polar groups are tabulated below, in the discussion of which polar groups are
operative as surfactant head groups and which are not.

Apolar. An apolar compound is a compound that has no dominant polar group. Apolar (or
hydrophobic, or alternatively, "lipophilic™) compounds include not only the
paraffinic/hydrocarbon / alkane chains of surfactants, but also modifications of them, such as

_ll_
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perfluorinated alkanes, as well as other hydrophobic groups such as the fused-ring structure m
cholic acid as found in bile salt surfactants, or phenyl groups as form a portion of the apolar
group in Triton-type surfactants, and oligomer and polymer chains that run the gamut from
polyethylene (which represents a long alkane chain) to hydrophobic polymers such as
hydrophobic polypeptide chains in novel peptide-based surfactants that have been
investigated. A listing of some apolar groups and compounds is given below, in the
discussion of useful components of the nanostructured phase interior. An apolar compound
will be lacking in polar groups, a tabulation of which is included herein, and will generally
have an octanol-water partition coefficient greater than about 100, and usually greater than
about 1,000.

Amphiphile: an amphiphile can be defined as a compound that contains both a hydrophilic
and a lipophilic group. See D. H. Everett. Pure and Applied Chemistry, vol. 31. no. 6, p.
611,1972. It is important to note that not every amphiphile is a surfactant. For example,
butanol is an amphiphile, since the butyl group is lipophilic and the hydroxyl group
hydrophilic, but it is not a surfactant since it does not satisfy the definition, gi;'en below.
There exist a great many amphiphilic molecules possessing functional groups which are
highly polar and hydrated to a measurable degree, yet which fail to display surfactant
behavior. See R. Laughlin, Advances in liquid crystals, vol. 3. p. 41, 1978.

Surfactant: A surfactant is an amphiphile that possesses two additional properties. First, it
significantly modifies the interfacial physics of the aqueous phase (at not only the air-water
but also the oil-water and solid-water interfaces) at unusually low concentrations compared to
nonsurfactants. Second, surfactant molecules associate reversibly with each other (and with
numerous other molecules) to a highly exaggerated degree to form thermodynamically stable,
macroscopically one-phase, solutions of aggregates or micelles. Micelles are typically
composed of many surfactant molecules (10's to 1000's) and possess colloidal dimensions.
See R. Laughlin, Advances in liquid crystals, vol. 3, p. 41, 1978. Lipids and polar lipids in
particular, often are considered as surfactants for the purposes of discussion herein, although
the term 'lipid' is normally used to indicate that they belong to a subclass of surfactants which
have slightly different characteristics than compounds which are normally called surfactants
in everyday discussion. Two characteristics which frequently, though not always, are

possessed by lipids are first, they are often of biological origin, and second, they tend to be

-12-
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more soluble in oils and fats than in water. Indeed, many compounds referred to as lipids
have extremely low solubilities in water, and thus the presence of a hydrophobic solvent may
be necessary in order for the interfacial tension-reducing properties and reversible self-
association to be most clearly evidenced, for lipids which are indeed surfactants. Thus, for
example, such a compound will strongly reduce the interfacial tension between oil and water
at low concentrations, even though extremely low solubility in water might make observation
of surface tension reduction in the aqueous system difficult. Similarly, the addition of a
hydrophobic solvent to a lipid-water system might make the determination of self-association
into nanostructured liquid phases and nanostructured liquid crystalline phases a much simpler
matter, whereas difficulties associated with high temperatures might make this difficult in the
lipid-water system.

Indeed, it has been in the study of nanostructured liquid crystalline structures that the
commonality between what had previously been considered intrinsically different --'lipids'
and 'surfactants' -- came to the forefront, and the two schools of study (lipids, coming from
the biological side, and surfactants, coming from the more industrial side) came together as
the same nanostructures were observed in lipids as for all surfactants. In addition, it also came
to the forefront that certain synthetic surfactants, such as dihexadecyldimethylammonium
bromide, which were entirely of synthetic, non-biological origin, showed 'lipid-like' behavior
in that hydrophobic solvents were needed for convenient demonstration of their surfactancy.
On the other end, certain lipids such as lysolipids, which are clearly of biological origin,
display phase behavior more or less typical of water-soluble surfactants. Eventually, it
became clear that for purposes of discussing and comparing self-association and interfacial
tension-reducing properties, a more meaningful distinction was between single-tailed and
double-tailed compounds, where single-tailed generally implies water-soluble and double-
tailed generally oil soluble.

Thus, in the present context, any amphiphile which at very low concentrations lowers
interfacial tensions between water and hydrophobe, whether the hydrophobe be air or oil, and
which exhibits reversible self-association into nanostructured micellar, inverted micellar, or
bicontinuous morphologies in water or oil or both, is a surfactant. The class of lipids simply
includes a subclass consisting of surfactants which are of biological origin.

Polar-apolar interface: In a surfactant molecule, one can find a dividing point (or in
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some cases two points, if there are polar groups at each end, or even more than two, as in
Lipid A, which has seven acyl chains and thus seven dividing points per molecule), in the
molecule that divide the polar part of the molecule from the apolar part. In any nanostructured
liquid phase or nanostructured liquid crystalline phase, the surfactant forms monolayer or
bilayer films: in such a film, the locus of the dividing points of the molecules describes a
surface that divides polar domains from apolar domains: this is called the "polar-apolar
interface" or "polar-apolar dividing surface." For example, in the case of a spherical micelle,
this surface would be approximated by a sphere lying inside the outer surface of the micelle,
with the polar groups of the surfactant molecules outside the surface and apolar chains inside
it. Care should be taken not to confuse this microscopic interface with macroscopic interfaces
separating two bulk phases that are seen by the naked eye.

Bicontinuous: In a bicontinuous structure, the geometry is described by two distinct, multiply
-connected, intertwined subspaces each of which is continuous in all three dimensions;

thus, it is possible to traverse the entire span of this space in any direction even if the path is
restricted to one or other of the two subspaces. In a bicontinuous structure, each of the
subspaces is rich in one type of material or moiety, and the two subspaces are occupied by
two such materials or moieties each of which extends throughout the space in all three
dimensions. Sponge, sandstone, apple, and many sinters are examples of relatively permanent
though chaotic bicontinuous structures in the material realm. In these particular examples,
one of the subspaces is occupied by a solid that is more or less deformable and the other
subspace, though it may be referred to as void, is occupied by a fluid. Certain lyotropic liquid
crystalline states are also examples, one subspace being occupied by amphiphile molecules
oriented and aggregated into sheet-like arrays that are ordered geometrically, the other
subspace being occupied by solvent molecules. Related liquid crystalline states that contain
two incompatible kinds of solvent molecules, e.g. hydrocarbon and water, present a further
possibility in which one subspace is rich in the first solvent, the other in the second, and the
surface between lies within a multiply connected stratum rich in oriented surfactant |
molecules. Certain equilibrium microemulsion phases that contain comparable amounts of
hydrocarbon and water as well as amphiphilic surfactant may be chaotic bicontinuous
structures, maintained in a permanent state of fluctuating disorder by thermal motions, for

they give no evidence of geometric order but there is compelling evidence for multiple
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continuity. Bicontinuous morphologies occur also in certain phase-segregated block
copolymers. See Anderson. D.M., Davis. H.T., Nitsche. J.C.C. and Scriven. L.E. (1900)
Advances in Chemical Physics, 77:337.

Chemical criteria: A number of criteria have been tabulated and discussed in detail by
Robert Laughlin for determining whether a given polar group is functional as a surfactant
head group, where the definition of surfactant includes the formation in water of
nanostructured phases even at rather low concentrations. R. Laughlin, Advances in Liquid
Crystals, pp. 3-41, 1978.

T'he following listing given by Laughlin gives some polar groups which are not
operative as surfactant head groups - and thus, for example, an alkane chain linked to one of
these polar groups would not be expected to form nanostructured liquid or liquid crystalline
phases - are: aldehyde, ketone, carboxylic ester, carboxylic acid, isocyanate, amide, acyl
cyanoguanidine, acvl guanyl urea, acyl biuret, N.N-dimethylamide, nitrosoalkane,
nitroalkane, nitrate ester, nitrite ester, nitrone, nitrosamine, pyridine N-oxide, nitrile,
isonitrile, amine borane, amine haloborane, sulfone, phosphine sulfide, arsine sulfide,
sulfonamide, sulfonamide methylimine, alcobol (monofunctional), ester (monofunctional),
secondary amine, tertiary amine, mercaptan, thioether, primary phosphine, secondary
phosphine, and tertiary phosphine.

Some polar groups which are operative as surfactant head groups, and thus, for
example, an alkane chain linked to one of these polar groups would be expected to form
nanostructured liquid and liquid crystalline phases, are:

a. Anionics: carboxylate (soap), sulfate, sulfamate, sulfonate, thiosulfate, sulfinate,

phosphate, phosphonate, phosphinate, nitroamide, tris(alkylsulfonyl)methide,
xanthate;

b. Cationics: ammonium, pyridinium, phosphonium, sulfonium, sulfoxonium;

c. Zwiterionics: ammonio acetate, phosphoniopropane sulfonate, pyridinioethyl
sulfate;

d. Semipolars: amine oxide, phosphonyl, phosphine oxide, arsine oxide, sulfoxide,

sulfoximine, sulfone diimine, ammonio amidate.

Laughlin also demonstrates that as a general rule, if the enthalpy of formation of a 1:1

association complex of a given polar group with phenol (a hydrogen bonding donor) is less
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than 5 kcal, then the polar group will not be operative as a surfactant head group.

In addition to the polar head group, a surfactant requires an apolar group, and again
there are guidelines for an effective apolar group. For alkane chains, which are of course the
most common, if n is the number of carbons, then n must be at least 6 for surfactant
association behavior to occur, although at least 8 or 10 is the usual case. Interestingly
octylamine, with n = 8 and the amine head group which is just polar enough to be effective as
a head group, exhibits a lamellar phase with water at ambient temperature, as well as a
nanostructured L2 phase. Warnhelm. T., Bergenstahl. B., Henriksson. U., Malmvik. A.-C.
and Nilsson. P. (1987) J. of Colloid and Interface Sci. 118:233. Branched hydrocarbons yield
basically the same requirement on the low n end: for example, sodium 2-ethylhexylsulfate
exhibits a full range of liquid crystalline phases. Winsor, P.A. (1968) Chem. Rev. 68:1.
However, the two cases of linear and branched hydrocarbons are vastly different on the high n
side. With linear, saturated alkane chains, the tendency to crystallize is such that for n greater
than about 18, the Krafft temperature becomes high and the temperature range of
nanostructured liquid and liquid crystalline phases increases to high temperatures, near or
exceeding 100°C. In the context of the present invention, for most applications this renders
these surfactants considerably less useful than those with n between 8 and 18. With the
introduction of unsaturation or branching in the chains, the range of n can increase
dramatically. The case of unsaturation can be illustrated with the case of lipids derived from
fish oils, where chains with 22 carbons can have extremely low melting points due to the
presence of as many as 6 double bonds, as in docosahexadienoic acid and its derivatives,
which include monoglycerides, soaps, etc. Furthermore, polybutadiene of very high MW is an
elastomeric polymer at ambient temperature, and block copolymers with polybutadiene
blocks are well known to yield nanostructured liquid crystals. Similarly, with the introduction
of branching one can produce hydrocarbon polymers such as polypropyleneoxide (PPO)
which serves as the hydrophobic block in a number of amphiphilic block copolymer
surfactants of great importance, such as the Pluronic series of surfactants. Substitution of

fluorine for hydrogen, in particular the use of perfluorinated chains, in surfactants generally
lowers the requirement on the minimal value of n, as exemplified by lithium
perfluourooctanoate (n=8), which displays a full range of liquid crystalline phases, including

an intermediate phase which is fairly rare in surfactant systems. As discussed elsewhere, other
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hydrophobic groups, such as the fused-ring structure in the cholate soaps (bile salts), also
serve as effective apolar groups, although such cases must generally be treated on a case by
case basis in terms of determining whether a particular hydrophobic group will yield
surfactant behavior.

For single-component block copolymers, relatively simple mean-field statistical
theories are sufficient to predict when nanostructure liquid phase and liquid crystalline phase
materials will occur and these are quite general over a wide range of block copolymers. If x is
the FloryHuzuins interaction parameter between polymer blocks A and B, and N is the total
index of polymerization defined as the number of statistical units or monomer units in the
polymer chain, consistently with the definition of the interaction parameter of the block
copolymer, then nanostructure liquid and liquid crystalline phases are expected when the
product x N is greater than 10.5. Leibler, L. (1980) Macromolecules 13:1602. For values i
comparable to but larger than this critical value of 10.5, ordered nanostructured (liquid
crystalline) phases can occur, including ever, bicontinuous cubic phases. Hajduk,. D.A.,
Harper, P.E., Gruner, S.M., Honeker, C.C., Kim, G., Thomas, E.L. and Fetters, L. J. (1994)
Macromolecules 27:4063.

The nanostructured liguid phases of utility.

The nanostructured liquid phase material suitable for the nanostructured material of

the matrix may be
a. a nanostructured L1 phase material, ‘
b. a nanostructured L2 phase matenal.
c. a nanostructured microemulsion or |
d. a nanostructured L3 phase material. ‘

The nanostructured liquid phases are characterized by domain structures composed of

domains of at least a first type and a second type (and in some cases three or even more types)

having the following properties:
a) the chemical moieties in the first type domains are incompatible with those in the

second type domains (and in general, each pair of different domain types are mutually

incompatible) such that they do not mix under the given conditions but rather remain as

separate domains: for example, the first type domains could be composed substantially of
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polar moieties such as water and lipid head groups, while the second type domains could be
composed substantially of apolar moieties such as hydrocarbon chains: or, first type domains
could be polystyrene-rich, while second type domains are polyisoprene-rich and third type
domains are polyvinylpyrrolidone-rich; .

b) the atomic ordering within each domain is liquid-like rather than solid-like, i.e., it
lacks lattice-ordering of the atoms; this would be evidenced by an absence of sharp Bragg
peak reflections in wide-angle x-ray diffraction;

c) the smallest dimension (e.g., thickness in the case of layers, diameter in the case of
cylinder-like or sphere-like domains) of substantially all domains is in the range of
nanometers (Vviz., from about 1 to about 100 nm); and
d) the organization of the domains does not exhibit long-range order nor conform to any
periodic lattice. This is evidenced by the absence of sharp Bragg reflections in small-angle x-
ray scattering examination of the phase. Furthermore, as seen below, if high viscosity and
birefringence are both lacking, this is strong evidence of a liquid, as opposed to liquid
crystalline, phase.

With respect to each of the liquid phases, systems based on surfactants, where the two
types of domains in the nanostructured liquid are ‘polar' and' apolar' are initially discussed.
Generally, following that, systems based on block copolymers are discussed. In these systems
the terms 'polar’ and 'apolar’ may or may not be applicable, but there exist domain types 'A',
‘B, etc., where as defined above (in the definition of a nanostructure liquid) domain types 'A'
and ‘B' are immiscible with respect to each other.

L1 phase: In an L1 phase that occurs in a system based on surfactants, the curvature
of the polar-apolar interface is toward the apolar (non-polar) regions, generally resulting in
particles -- normal micelles -- that exist in a water-continuous medium. (Here "water" refers
to any polar solvent). When these micelles transform from spherical to cylindrical as
conditions or compositions change, they can start to fuse together and bicontinuity can result.
In addition to the water continuity, the hydrophobic domains can connect up to form a
sample-spanning network: this can still be an L1 phase. In addition, there are examples of L1
phases that show evidence of having no microstructure whatsoever. That is, there are no
micelles, no well-defined domains, just surfactant molecules co-mingled in a structureless,

one-phase liquid solution that is thus not a nanostructured material. These "structureless
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solutions" can sometimes be changed to nanostructured phases by simple change in
composition without any phase change in between. In other words, thermodynamics does not
dictate a phase boundary between a structureless solution and a nanostructured phase. This is,
of course, in contrast with the case of a transition between a phase having long-range order (a
liquid crystal or a crystal) and a phase lacking long-range order (a liquid), where a phase
boundary is required by thermodynamics.

For L1 phases that occur in systems based on block copolymers, the terms 'polar' and
apolar may not apply, but in any case there are two (or in some cases more) domain types; we
make the convention that the curvature of the A/B interface is toward A domains, so that a
typical nanostructure would consist of particles, often sphere-like, of domain type A located
in a continuum of B domains. As an example, in polystyrene-polyisoprene diblock
copolymers, if the volume fraction of polystyrene blocks is very low, say 10%, then the usual
microstructure will be polystyrene-rich spheres in a continuous polyisoprene matrix.
Contrariwise, polyisoprene-rich spheres in a polystyrene-continuous matrix would be the
likely structure for a 10% polyisoprene PS-PI diblock.

Identification of the nanostructured L1 phase. Since the L1 phase is a liquid phase,
techniques have been developed to distinguished the nanostructured L1 phase from
unstructured solution liquid phases. In addition to the experimental probes that are discussed
below, there is a well-known body of knowledge that provides criteria by which one can
determine a priori whether a given system should be expected to form nanostructured phases
instead of simple unstructured solutions.

Since the formation of nanostructured liquid phases and nanostructured liquid
crystalline phases is one requirement in the definition of a surfactant, in the discrimination of
a nanostructured liquid from an unstructured solution it is extremely valuable to have criteria
for determining whether a given compound is in fact a surfactant, criteria which provide for a
number of tests for surfactancy in addition to methods discussed below for directly analyzing,
the liquid in question. A number of criteria have been discussed by Robert Laughlin in
Advances in Liquid Crystals, 3:41, 1978. To begin with, Laughlin lists chemical criteria for
determining a priori whether a given compound will be a surfactant, and this was discussed in
detail above. If, based on these criteria, a compound is expected to be a true surfactant, then

the compound is expected to form nanostructured phases in water. In addition, with such a
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compound in the presence of water and hydrophobe, nanostructured phases are also expected
to form normally, incorporating at least a portion of the hydrophobe present.

In the event that a non-surfactant amphiphile is added to such a system, and in
particular an amphiphilic organic solvent such as a short-chained alcohol, dioxane,
tetrahydrofuran, dimethylformamide, acetonitrile, dimethylsulfoxide, etc., then structureless
liquids could form as the action of the organic solvent will generally be to disrupt colloidal
aggregates and cosolubilize all the components.

Laughlin also goes on to discuss a number of criteria based on physical observations.
One well-known criteria is the critical micelle concentration (CMC) which is observed in
surface tension measurements. If the surface tension of an aqueous solution of the compound
in question is plotted as a function of the concentration, then at very low concentrations, the
surface tension will be seen to drop off sharply if the added compound is indeed a surfactant.
Then, at a particular concentration known as the CMC, a sharp break will occur in this plot as
the slope of the line decreases drastically, to the right of the CMC, so that the surface tension
decreases much less with added surfactant. The reason is that above the CMC, added
surfactant goes almost entirely into the creation of micelles rather than to the air-water
interface.

A second criterion tabulated by Laughlin is the liquid crystal criterion: if the
compound forms liquid crystals at high concentrations, then it must be a surfactant and will
form liquid crystalline phases at concentrations lower than those at which the occur. In
particular, the L1 phase is usually found at concentrations of surfactant just lower than those
that form normal hexagonal, or in some cases normal non-bicontinuous cubic phase liquid
crystals.

Another criterion discussed by Laughlin is based on the temperature differential
between the upper limit of the Krafft boundary plateau and the melting point of the anhydrous

compound. The Krafft boundary is a curve in the phase diagram of the binary system with
compound and water: below he Krafft line are crystals- and above the Krafft line the crystals
melt, so that there is a dramatic increase in solubility over a very narrow temperature range
along the Krafft line. In the case of a true surfactant, this temperature differential is
substantial: for example, in sodium palmitate, the melting point of the anhydrous compound
is 288°C, while the Krafft line has its plateau at 69°C, so that the differential is 219°C.
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Laughlin goe’s on to discuss the case of dodecylamine, which has a temperature differential of

14°C, and has a small region in the phase diagram corresponding to liquid crystals, thus
indicating a modest degree of association colloid behavior. In contrast, neither
dodecylmethylamine nor dodecanol exhibit association behavior of the surfactant type, and
both have zero temperature differential.

As in the case of liquid crystals, as discussed herein, given a material there are a
number of experimental probes one can use to determine whether or not the material, in this
case a liquid, is nanostrutured, and these will be discussed in the context of the L1 phase,
although they apply to all nanostructured liquids, with the appropriate modifications. In such
a determination, it is best to combine as many of these characterizations as feasible.

As with all the liquid phases, the L1 phase is optically isotropic in the absence of
flow. It does not give a splitting in the ?H NMR bandshape with deuterated surfactant.

Also, in examination with crossed polarizing filters, the L1 phase of surfactant
systems does not generally give birefringence even under moderate flow conditions. The
situation with respect to birefringence in the case of block copolymer-based systems is
complicated by the possibility of strain birefringence, so this is not a reliable method in that
case.

Returning to the surfactant-based L1 phase, viscosity is generally quite low,
considerably lower than in liquid crystals in the same system.

Using pulsed-gradient NMR to measure the effective self-diffusion coefficients of the
various components, one finds that the self-diffusion of surfactant, and any added hydrophobe
is very low, typically on the order of 10" m%sec or less (unless the phase is bicontinuous: see
below). This is because the primary means for diffusion of surfactant and hydrophobe is by
diffusion of entire micelles, which is very slow. Also, the diffusion rates of surfactant and of
hydrophobe should be nearly the same, for the same reason.

Small-angle x-ray scattering (SAXS) does not give sharp Bragg peaks in the
nanometer range (nor any range), of course. However, analysis of the entire curve by several
methods from the literature can give the length scale of the nanostructure. By analyzing the
falloff of intensity at low wave numbers (but not too low compared to the inverse of the
surfactant molecule length), one can determine the apparent radius of gyration: one plots

intensity, versus the square of the wave number, and takes the slope to deduce Ry (the so-
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called Guinier plot). The radius of gyration is then related to the dimensions of the micellar
units by standard well-known formulae. This will fall in the range of nanometers. In addition,
by plotting the product of intensity times the square of the wave number versus the wave
number - the so-called 'Hosemann plot'- one ~will find a peak that can also be related to the
dimensions of the micelles; this has the advantage that it is less sensitive to interactions
between micelles than is the radius of gyration.

For surfactant-based L1 phases which are bicontinuous, the above will change as
follows: First, the viscosity can increase considerably when bicontinuity occurs, do to the
rigidity of the surfactant film, which is continuous. Also, the self-diffusion rate of the
surfactant and even of added hydrophobe (which can be deliberately added to a binary system
as a marker) can increase dramatically, approaching or even exceeding the values in a
larellar phase in the same system. And while SAXS analyses, both the radius of gyration and
the Hosemann plot, will give resulting dimensions in the nanometer range, these must be
interpreted as characteristic length scales of the bicontinuous domain structure, rather than as
dimensions of discrete particles. In some models, such as the interconnected cylinders model
of the author's thesis, or the Talmon-Prager model, a bicontinuous domain structure is
represented as made up of units which although seemingly 'particles' are in reality only
building blocks for construction of a model bicontinuous geometry.

For L1 phases in block copolymer-based systems, this same SAXS analysis holds. In
contrast, NMR bandshape and self-diffusion measurements in general do not carry over, nor
do surface tension measurements. However, vapor transport measurements have been used in
the past in place of NMR self-diffusion, in particular, if one can find a gas which is
preferentially soluble in one of the domain types but not in the other(s), then one can test for
continuity of those domains by measuring the transport of that gas through the sample. If this
is possible, then transport through the continuous domains (type B) in the micellar phase
should be only slightly slower than that in the pure B polymer, whereas gas transport for a gas
confined to A domains should be very low.

The shear modulus of a block copolymer-based micellar phase is determined largely
by that of the polymer block forming the continuous domains, polymer B in our convention.
Thus, for example, in a PS-PI diblock which is 10% PS, so that PS micelles form in a

continuous PI matrix, the shear modulus would be close to that of pure polyisoprene with
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only a slight increase due to the presence of the PS micelles. Interestingly, in the reverse case,
with 90% PS and thus PI micelles in a continuous PS matrix, the elastomeric PI micelles can
provide a shock-absorbing component which can improve the fracture characteristics over
those of pure, glassy polystyrene.

L2 phase: This phase is the same as the L1 phase except that the roles of the polar
region and the apolar region are reversed: the curvature of the polar-apolar interface is toward
the polar domains, the interior of the micelles (if they exist) is water and/or other polar
moieties, and the apolar domains (typically alkane chains of a lipid) form a continuous matrix
-- althouigh it is possible for the polar domains also to connect up to form a bicontinuous L2
phase. As above, this phase can be either nanostructured or structureless.

Identification of the nanostructured L2 phase. The guidelines for making a phase
identification of the nanostructured L2 phase are the same as those given above for the L1
phase, with the following modifications. We need only discuss the surfactant-based L2 phase,
since in the block copolymer-based systems the two types of micellar phases (A in B, and B
in A) are equivalent, and above we discussed the identification of the micellar phase in block
copolymer systems.

First, L2 phases are generally more prominent when the HLB is low, for example with
ethoxylated alcohol surfactants having a small number of ethylene oxide groups (usually S or
less, with typical alkyl chain lengths), or with double-chained surfactants. In terms of phase
behavior, they generally occur at higher surfactant concentrations than even the reversed
liquid crystalline phases: a location that is very common is for the L2 phase to border the
reversed hexagonal phase at higher surfactant concentrations. For L1 phases which are not
bicontinuous, it is the water self-diffusion which is very low, and measurement of the
diffusion coefficient (by pulsed-gradient NMR, for example) should give a number on the
order of 10™"! m%sec or less. Also, a Hosemann plot will give the size of the reversed
micelles, which will essentially be the water domain size.

Microemulsion: A microemulsion may be defined as a thermodynamically stable,
low viscosity, optically isotropic liquid phase containing oil (apolar liquid), water (polar
liquid), and surfactant. See also Danielsson. I. and Lindman. B. (1981) Colloids and
Surfaces, 3:391. Thermodynamically stable liquid mixtures of surfactant, water and oil are

usually referred to as microemulsions. While being macroscopically homogeneous, they are
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structured on a microscopic iengtb scale (10-1,000 Angstrom) into aqueous and oleic
microdomains separated by a surfactant-rich film. See Skurtveit, R. and Olsson, U. (1991) J.
Phys. Chem. 95:5353. A key defining feature of a microemulsion is that it contains an "oil"
(apolar solvent or liquid), in addition to water and surfactant; it is always microstructured by
definition. In general, because of the strong tendency for oil and water to phase segregate, in
the absence of an organic solvent capable of co-solubilizing oil and water (such as ethanol,
THF, dioxane, DMF, acetonitrile, dimethylsulfoxide, and a few others), a clear, single-phase
liquid containing water and surfactant must be a microemulsion, and one can safely conclude
on that basis alone that the phase is nanostructured. Note that a microemulsion can also be an
L1 or L2 phase especially, if it contains well-defined micelles; however, if it is an L1 phase
then the micelles are necessarily swollen with oil. The microemulsion is a nanostructured
liquid phase. If a liquid with "oil," water and surfactant has a characteristic domain size larger
than the nanometer range, that is, in the micron range, then it is no longer a microemulsion
but rather a “miniemulsion” or plain emulsion; both of the latter are non-equilibrium. The
term microemulsion was introduced, despite the fact that L1 and L2 phases can contain oil,
and can even be bicontinuous, because it is fairly common for three-component oil-water-
surfactant/lipid systems to evolve continuously from water-continuous to bicontinuous to oil-
continuous with no phase boundaries in between. In this case, it does not make sense to try to
set a dividing point between the "L1 " and “L2" regions of the phase diagram; so instead, one
just refers to the whole region as "microemulsion" -- recognizing that at the high-water-
content end of this region the structure is that of an oil-swollen L1 phase, and at the high-oil-
content end of this region the structure is that of an L2 phase. (In terms of Venn diagrams,
there are overlaps between microemulsions and L1 and L2 phases, though not between L1
and L2 phases). As discussed below, the microstructure of microemulsions is quite generally
describable in terms of a monolayer film of surfactant that divides oil-rich domains from
water-rich domains. This surfactant/lipid-rich dividing film can enclose to form micelles, or
connect up into a network structure to form a bicontinuous microemulsion.

It must be pointed out that an emulsion is not a nanostructured liquid, as the term is
applied herein. To begin with, the characteristic length scale in an emulsion, which essentially
is the average size of an emulsion droplet, is generally much larger than the characteristic

length scale in a nanostructured liquid, and falls in the range of microns instead of
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nanometers. While recent efforts to produce emulsions with submicron droplet sizes have

given rise to smaller droplet emulsions and to the advent of the term "miniemulsion", there
remain crucial differences which exclude emulsions and miniemulsions from the realm of
nanostructured liquid phases as applied herein. The nanostructured liquid phases described
herein, including microemulsions, exist at thermodynamic equilibrium, in contrast to
emulsions which are not equilibrium phases but only metastable materials. Furthermore, a
nanostructured liquid which is acquiescent and fully equilibrated is optically transparent,
whereas an emulsion is generally opaque --ordinary milk is an emulsion, for example. In
addition, if one takes the model of Friberg for the structure of an ordinary emulsion to be true,
and this is generally recognized in the field, then the distinction at the molecular scale can be
seen to be dramatic. According to that model, emulsion droplets can generally be seen to be
stabilized by interfacial films which upon microscopic examination typically prove to be
films of nanostructured liquid crystalline phase material; thus, these emulsions have a
hierarchical structure in which a nanostructured phase plays the role of a stabilizing layer
between the main building blocks, which are the emulsion droplets and the continuous
medium. Our use of the term "nanostructured” instead of "microstructured" is based on the
more precise and restricted nature of the term "nanostructured" and its exclusion of other
liquid phases which fall into an entirely different realm, such as emulsions. Clearly, simple
geometric considerations dictate that an emulsion which has droplets on the order of 10
microns in size, and a stabilizing film which may be a liquid crystalline layer, is not
appropriate as the interior of a microparticle of the present invention which generally has a
size on the order of 1 micron.

Determination of nanostructured microemulsions. The methods and guidelines
discussed above for determination of nanostructured L1 phases carry over to the
determination of nanostructured microemulsion phases, with the following variations.

For microemulsions which do not clearly fall under either the L1 phase or the L2
phase descriptions -- which is the remaining case to be treated here -- we take note that many,
if not most, of these are bicontinuous, and in the context of a single liquid phase containing
oil, water and surfactant, bicontinuity provides strong proof that the phase is nanostructured,
since emulsions and other common liquids are never bicontinuous. This issue has been

addressed in "On the demonstration of bicontinuous structures in microemulsions." Lindman.
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B., Shinoda, K., Olsson, U., Anderson, D. M., Karlstrom, G. and Wennerstrom, H. (1989)
Colloids and Surfaces 38:205. The time-tested way to demonstrate bicontinuity is to use
pulsed- gradient NMR and measure the effective self-diffusion coefficients of both oil and
water separately; generally it is best to measure also the self-diffusion of the surfactant.
Electrical conductivity can also be used to establish water continuity, although this is prone to
problems associated with "hopping" processes. Fluoresence quenching has also been used for
continuity determination. Sanchez-Rubio, M., Santos-Vidals, L.M., Rushforth, D. S. and
Puig, J. E. (1985) J. Phys. Chem. 89:411. Small-angle neutron and x-ray scattering analyses
have been used to examine bicontinuity. Auvray, L., Cotton, L R., Ober, R. and Taupin. J.
(1984) J. Phys. Chem. 88:4586. Porod analysis of SAXS curves has been used to deduce the
presence of interfaces, thus proving that a nanostructure is present. Martino, A. and Kaler,
E.W. (1990) J. Phys. Chem. 94:1627. Freeze-fracture electron microscopy, with extremely
fast rates of freezing, has been used to study microemulsions and is the result of decades of
development on fixation methods for nanostructured liquids: a critical review discussing the
methods and the reliability of the results has been given. Talmon, Y. in K.L. Mirtal and P.
Bothorel (Eds), Vol. 6. Plenum Press, New York, 1986, p. 1581.

In the event that an oil-water-surfactant liquid phase is not clearly an L1 or L2 phase,
and does not show strong evidence of bicontinuity, then the analysis to demonstrate that it is
nanostructured can be fairly involved and no single technique will suffice. In general, one
would apply the measurements discussed in this section, such as SANS or SAXS. NMR self-
diffusion, cryo EM, etc., to attempt to rationalize the data within the context of a model
nanostrucrure.

L3 phase: L2-phase regions in phase diagrams sometimes exhibit "tongues" sticking
out of them: long, thin protrusions unlike the normal appearance of a simple L2 phase region.
This sometimes appears also with some L1 regions, as described below. When one examines
these closely, especially with X-ray and neutron scattering, they differ in a fundamental way
from L2 phases. In an L2 phase, the surfactant film is generally in the form of a monolayer
with oil (apolar solvent) on one side and water (polar solvent) on the other. By contrast, in
this “L3 phase" as these phases are called, the surfactant is in the form of a bilayer with water
(polar solvent) on both sides. The L3 phase is generally considered to be bicontinuous and, in

fact, it shares another property with cubic phases: there are two distinct aqueous networks
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interwoven but separated by the bilayer. So, the L3 phase is really very similar to the cubic
phase but lacking the long-range order of the cubic phase. L3 phases stemming from L2
phases and those stemming from L1 phases are given different names. “L3 phase" is used for
those associated to L2 phases, and "L3 * phase" for those associated to L1 phases.

Determination of the nanostructured L3 phase. Determination of the L3 phase in
distinction to the other liquid phases discussed herein can be a sophisticated problem,
requiring the combination of several analyses. The most important of these techniques are
now discussed. In spite of its optical isotropy when acquiescent and the fact that it is a liquid,
the L3 phase can have the interesting property that it can exhibit flow birefringence. Often
this is associated with fairly high viscosity, viscosity that can be considerably higher than that
observed in the L1 and L2 phases, and comparable to or higher than that in the lamellar
phase. These properties are of course a result of the continuous bilayer film, which places
large constraints on the topology and the geometry of the nanostructure. Thus, shear can
result in the cooperative deformation (and resulting alignment) of large portions of the bilayer
film, in contrast with, for example, a micellar L1 phase where independent micellar units can
simply displace with shear, and in any case a monolayer is generally much more deformable
under shear than a bilayer. Support for this interpretation comes from the fact that the
viscosity of L3 phases is typically a linear function of the volume fraction of surfactant.
Snabre. P. and Porte. G. (1990) Europhys. Len. 13:641.

. Sophisticated light, neutron, and x-ray scattering methodologies have been developed
for determination of nanostructured L3 phases. Safinya, C.R., Roux, D., Smith,. G.S., Sinha,
S.K., Dimon, P., Clark, N.A. and Bellocq, A.M. (1986) Phys. Rev. Lett. 57:2718; Roux, D.
and Safinya, C.R. (1988) J. Phys. France 49:307; Nallet, F., Roux, D. and Prost, J. (1989) J.
Phys. France 50:3147. The analysis of Roux, et al. in Roux, D., Cates, M.E., Olsson, U., Ball,
R.C., Nallet, F. and Bellocq, A.M., Europhys. Lett. purportedly is able to determine that the
nanostructure has two aqueous networks, sei)arated by the surfactant bilayer, which gives rise
to a certain symmetry due to the equivalence of the two networks.

Fortunately, determination of the nanostructured nature of an L3 phase based on phase
behavior can be more secure than in the case of typical L1, L2, or even microemulsion
phases. This is first of all because the L3 phase is often obtained by addition of a small

amount (a few percent) of oil or other compound to a lamellar or bicontinuous cubic phase, or
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l .
small increase of temperature to these same phases. Since these liquid crystalline phases are

easy to demonstrate to be nanostructured (Bragg peaks in X-ray, in particular), one can be
confident that the liquid phase is also nanostructured when it is so close in composition to a
liquid crystalline phase. After all, it would be extremely unlikely that the addition of a few
percent of oil to a nanostructured liquid crystalline phase would convert the liquid crystal to a
structureless liquid. Indeed, pulsed-gradient NMR self-diffusion measurements in the Aerosol
OT - brine system show that the self-diffusion behavior in the L3 phase extrapolates very
clearly to those in the nearby reversed bicontinuous cubic phase. This same L3 phase has
been the subject of a combined SANS, self-diffusion, and freeze-fracture-electron microscopy
study. Strey, R., Jahn,. W., Skouri, M., Porte, G., Marisman,. J. and Olsson,. U. in "Structure
and Dynamics of Supramolecular Aggregates- S.H. Chen, J.S. Huang and P. Tartaglia, Eds.,
Kluwer Academic Publishers,. The Netherlands. Indeed, in SANS and SAXS scattering
analysis of L3 phases, a broad interference peak is often observed at wave vectors that
correspond to d-spacings that are the same order of magnitude as those in bicontinuous cubic
phases that are nearby in the phase diagram, and the author has developed a model for L3
phase nanostructure which is an extrapolation of known structures for bicontinuous cubic

phases. Anderson, D.M., Wennerstrom, H. and Olsson, U. (1989) J. Phys. Chem. 93:4532.

The nanostructured liguid crystalline phases of utility.

As a component of the coated particle the nanostructured liquid crystalline phase
material may be

a. a nanostructured normal or reversed cubic phase material,

b. a nanostructured normal or reversed hexagonal phase material,

c. a nanostructured normal or reversed intermediate phase material or

d. a nanostructured lamellar phase material.

The nanostructured liquid crystalline phases are characterized by domain structures
composed of domains of at least a first type and a second type (and in some cases three or
even more types of domains) having the following properties:

a) the chemical moieties in the first type domains are incompatible with those in the
second type domains (and in general, each pair of different domain types are mutually

incompatible) such that they do not mix under the given conditions but rather remain as
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separate domains (for example, the first type domains could be composed substantially of
polar moieties such as water and lipid head groups, while the second type domains could be
composed substantially of apolar moieties such as hydrocarbon chains: or, first type domains
could be polystyrene-rich, while second type domains are polyisoprene-rich, and third type
domains are polyvinylpyrrolidone-rich);

b) the atomic ordering within each domain is liquid-like rather than solid-like, lacking
lattice-ordering of the atoms; (this would be evidenced by an absence of sharp Bragg peak-
reflections in wide-angle x-ray diffraction);

c) the smallest dimension (e.g., thickness in the case of layers, diameter in the case of
cylinders or spheres) of substantially all domains is in the range of nanometers (viz., from
about 1 to about 100 nm); and

d) the organization of the domains conforms to a lattice, which may be one-, two-, or
three-dimensional and which has a lattice parameter (or unit cell size) in the nanometer range
(viz., from about 5 to about 200 nm), the organization of domains thus conforms to one of the
230 space groups tabulated in the International Tables of Crystallography and would be
evidenced in a well-designed small-angle x-ray scattering (SAXS) measurement by the
presence of sharp Bragg reflections with d-spacings of the lowest order reflections being in
the range of 3-200 nm.

In the discussion of the identification of these liquid crystalline phases using
deuterium NMR or self-diffusion measurements, it is assumed that the liquid crystal is not
polymerized. In the cases where it is polymerized, these measurements will be strongly
affected by the polymerization and may not conform to the same rules that apply for
unpolymerized liquid crystals. In particular, the self-diffusion coefficients of surfactants can
be dramatically reduced, as was reported by the present author in Strom, P. and Anderson,
D.M. (1992) Langmuir 8:691. NMR spectra for polymerized cubic phases were calculated
for certain conditions by the present author in Anderson, D.M. (1990) Supplement to J. de
Phys. C7-1.

Lamellar phase: The lamellar phase is characterized by:

1. Small-angle x-ray shows peaks indexing as 1:2:3:4:5. . . in wave number.

2. To the unaided eye, the phase is either transparent or exhibits mild or moderate
turbidity.
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3. In the polarizing optical microscope, the phase is birefringent, and the well-
known textures have been well described by Rosevear and by Winsor (e.g., Chem. Rev. 1968,
p. 1). The three most pronounced textures are the "Maltese crosses”, the "mosaic" pattern, and
the "oily streaks" patterns. The Maltese cross is a superposition of two dark bands
(interference fringes) roughly perpendicular to each other, over a roughly circular patch of
light (birefringence), forming a distinctive pattern reminiscent of the WWI German military
symbol. The variations on this texture, as well as its source, is thoroughly described in J.
Bellare, Ph.D. Thesis, Univ. of Minnesota, 1987. The "mosaic" texture can be envisioned as
the result of tightly packing together a dense array of deformed Maltese crosses, yielding dark
and bright patches randomly quilted together. The "oily streaks" pattern is typically seen
when the (low viscosity) lamellar phase flows between glass and coverslip; in this pattern,
long curved lines are seen, upon close inspection under magnification 400x), to be composed
of tiny striations which run roughly perpendicular to the line of the curve, as ties make up a
railroad track (to be contrasted with the hexagonal texture discussion below). In some cases,
particularly if the phase is massaged gently between glass and coverslip for a period of time,
the lamellar phase will align with its optic axis parallel to the line of sight in the microscope,
resulting in a disappearance of the birefringence.

For lamellar phases in surfactant-water systems:

1. Viscosity is low enough so that the material flows (e.g. when a tube
containing the phase is tipped upside down),

2. The self-diffusion rates of all components are high comparable to their
values in bulk -- e.g., the effective self-diffusion coefficient of water in the lamellar phase is
comparable to that in pure water. Since the surfactants that form liquid crystals are usually not
liquid at ambient temperatures, the reference point for the self-diffusion coefficient of the
surfactant is not clear-cut; and, in fact, the effective (measured) self-diffusion coefficient of
the surfactant in the lamellar phase is often taken to be the reference point for interpreting
measurements in other phases.

3. If the surfactant is deuterated in the head group, and the 2H NMR bandshape
measured, one finds two spikes with the splitting between them twice what it is in the
hexagonal phase.

4. In terms of phase behavior, the lamellar phase generally occurs at high
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surfactant concentrations in single-tailed surfactant / water systems, typically above 70%
surfactant: in double-tailed surfactants, it often occurs at lower concentrations, often
extending well below 50%. It generally extends to considerably higher temperatures than do
any other liquid crystalline phases that happen to occur in the phase diagram.
For lamellar phases in single-component block copolymer systems:
1. Shear modulus is generally lower than other liquid crystalline phases in the
same system.
2. In terms of phase behavior, the lamellar phase generally occurs at volume
fractions of the two blocks is roughly 50:50.
Normal hexagonal phase: The normal hexagonal phase is characterized by:
1. Small-angle x-ray shows peaks indexing as 1:v3:2:v7:3 . ... in general,
v(h? + hk - k?), where h and k are integers -- the Miller indices of the two-dimensional
symmetry group,
2. To the unaided eye, the phase generally transparent when fully equilibrated,
and thus often considerably clearer than any nearby lamellar phase.
3. In the polarizing optical microscope, the phase is birefringent, and the well-
known textures have been well described by Rosevear and by Winsor (e.g., Chem. Rev. 1968,
p. 1). The most distinctive of these is the "fan-like" texture. This texture appears to be made
up of patches of birefringence, where within a given patch fine striations fan out giving an
appearance reminiscent of an oriental fan. Fan directions in adjacent patches are randomly
oriented with respect to each other. A key difference distinguishing between lamellar and
hexagonal patterns is that the striations in the hexagonal phase do not, upon close
examination at high magnification, prove to be composed of finer striations running
perpendicular to the direction of the larger striation, as they do in the lamellar phase.
For normal hexagonal phases in surfactant-water systems:
1. Viscosity is moderate, more viscous than the lamellar phase but far less
viscous than typical cubic phases (which have viscosities in the millions of centipoise).
2. The self-diffusion coefficient of the surfactant is slow compared to that in
the lamellar phase: that of water is comparable to that in bulk water.
3. The 2H NMR bandshape using deuterated surfactant shows a splitting,
which is one-half the splitting observed for the lamellar phase.
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4. In terms of phase behavior, the normal hexagonal phase generally occurs at
moderate surfactant concentrations in single-tailed surfactant water systems, typically on the
order of 50% surfactant. Usually the normal hexagonal phase region is adjacent to the
micellar (L1) phase region, although non-bicontinuous cubic phases can sometimes occur in
between. In double-tailed surfactants, it generally does not occur at all in the binary
surfactant-water system.

For hexagonal phases in single-component block copolymer systems, the terms
"normal" and "reversed" do not generally apply (although in the case where one block is polar
and the other apolar, these qualifiers could be applied in principle). The shear modulus in
such a hexagonal phase is generally higher than a lamellar phase and lower a bicontinuous
cubic phase, in the same system. In terms of phase behavior, the hexagonal phases generally
occurs at volume fractions of the two blocks on the order of 35:65. Typically, two hexagonal
phases will straddle the lamellar phase with, in each case, the minority component being
inside the cylinders (this description replacing the 'normal/reversed' nomenclature of
surfactant systems).

Reversed hexagonal phase: In surfactant-water systems, the identification of the
reversed hexagonal phase differs from the above identification of the normal hexagonal phase
in only two respects:

1. The viscosity of the reversed hexagonal phase is generally quite high, higher
than a typical normal hexagonal phase, and approaching that of a reversed cubic phase. And,

2. In terms of phase behavior, the reversed hexagonal phase generally occurs at
high surfactant concentrations in double-tailed surfactant / water systems, often extending to,
or close to, 100% surfactant. Usually the reversed hexagonal phase region is adjacent to the
lamellar phase region which occurs at lower surfactani concentration, although bicontinuous
reversed cubic phases often occur in between. The reversed hexagonal phase does appear,
somewhat surprisingly, in a number of binary systems with single-tailed surfactants, such as
those of many monoglycerides (include glycerol monooleate), and a number of nonionic
PEG-based surfactants with low HLB.

As stated above in the discussion of normal hexagonal phases, the distinction between
normal and 'reversed' hexagonal phases makes sense only in surfactant systems, and generally

not in single-component block copolymer hexagonal phases.
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Normal bicontinuous cubic phase: The normal bicontinuous cubic phase is

characterized by:

1. Small-angle x-ray shows peaks indexing to a three-dimensional space group
with a cubic aspect. The most commonly encountered space groups, along with their
indexings are: la3d (#230), with indexing v6:v8:V14:4... Pn3m (#224), with indexing
v2:v3:2:v6:v8: and 1m3m (#229), with indexing v2:v4:v6:v8:V10...

2. To the unaided eye, the phase is generally transparent when fully
equilibrated, and thus often considerably clearer than any nearby lamellar phase.

3. In the polarizing optical microscope, the phase is non-birefringent, and
therefore there are no optical textures.

For normal bicontinuous cubic phases in surfactant-water systems:

1. Viscosity is high, much more viscous than the lamellar phase and even more
viscous than typical normal hexagonal phases. Most cubic phase have viscosities in the
millions of centipoise.

2. No splitting is observed in the NMR bandshape, only a single peak,
corresponding to isotropic motion.

3. In terms of phase behavior, the normal bicontinuous cubic phase generally
occurs at fairly high surfactant concentrations in single-tailed surfactant / water systems
typically on the order of 70% surfactant with ionic surfactants. Usually the normal
bicontinuous cubic phase region is between lamellar and normal hexagonal phase regions,
which along with its high viscosity and non-birefringence make its determination fairly
simple. In double-tailed surfactants, it generally does not occur at all in the binary surfactant-
water system.

For bicontinuous cubic phases in single-component block copolymer systems, the
terms “normal” and "reversed" do not generally apply (although in the case where one block
is polar and the other apolar, these qualifiers could be applied in principle). The shear
modulus in such a bicontinuous cubic phase is generally much higher than a lamellar phase,
and significantly than a hexagonal phase in the same system. In terms of phase behavior, the
bicontinuous cubic phases generally occur at volume fractions of the two blocks on the order
0f 26:74. In some cases, two bicontinuous cubic phases will straddle the lamellar phase with,

in each case, the minority component being inside the cylinders (this description replacing the
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'normal/reversed’ nomenclature of surfactant systems), and hexagonal phases straddling the
cubic-lamellar-cubic progression.

Reversed bicontinuous cubic phase.- The reversed bicontinuous cubic phase is
characterized by:

In surfactant-water systems, the identification of the reversed bicontinuous cubic
phase differs from the above identification of the normal bicontinuous cubic phase in only
one respect. In terms of phase behavior, the reversed bicontinuous cubic phase is found
between the lamellar phase and the reversed hexagonal phase, whereas the normal is found
between the lamellar and normal hexagonal phases: one must therefore make reference to the
discussion above for distinguishing normal hexagonal from reversed hexagonal. A good rule
is that if the cubic phase lies to higher water concentrations than the lamellar phase, then it is
normal, whereas if it lies to higher surfactant concentrations than the lamellar then it is
reversed. The reversed cubic phase generally occurs at high surfactant concentrations in
double-tailed surfactant / water systems, although this is often complicated by the fact that the
reversed cubic phase may only be found in the presence of added hydrophobe (“oil") or
amphiphile. The reversed bicontinuous cubic phase does appear in a number of binary
systems with single-tailed surfactants such as those of many monoglycerides (include glycerol
monooleate) and a number of nonionic PEG-based surfactants with low HLB.

It should also be noted that in reversed bicontinuous cubic phases, though not in
normal, the space group #212 has been observed. This phase is derived from that of space
group #230. As stated above in the discussion of normal bicontinuous cubic phases, the
distinction between ‘normal' and 'reversed' bicontinuous cubic phases makes sense only in
surfactant systems, and generally not in single-component block copolymer bicontinuous
cubic phases.

Normal discrete (non-bicontinuous) cubic phase: The normal non-bicontinuous
cubic phase is characterized by:

1. Small-angle x-ray shows peaks indexing to a three-dimensional space group
with a cubic aspect. The most commonly encountered space group in surfactant systems is
Pm3n (#223) with indexing v2:v4:v5: .... In single-component block copolymers, the
commonly observed space group is Im3m, corresponding to body-centered sphere-packings
with indexing v2 :V4:v6: v8: ...

-34-




2009201314 27 Mar 2009

10

15

20

25

30

WO 03/106168 PCT/US02/18654

2. To the unaided eye, the phase is generally transparent when fully
equilibrated, and thus often considerably clearer than any associated lamellar phase.

3. In the polarizing optical microscope, the phase is non-birefringent and
therefore there are no optical textures.

For normal discrete cubic phases in surfactant-water systems:

1. Viscosity is high, much more viscous than the lamellar phase and even more
viscous than typical normal hexagonal phases. Most cubic phase have viscosities in the
millions of centipoise, whether discrete or bicontinuous.

2. Also in common with the bicontinuous cubic phases, there is no splitting in
the NMR bandshape, only a single isotropic peak.

3. In terms of phase behavior, the normal discrete cubic phase generally occurs
at fairly low surfactant concentrations in single-tailed surfactant water systems, typically on
the order of 40% surfactant with ionic surfactants. Usually the normal discrete cubic phase
region is between normal micellar and normal hexagonal phase regions, which along with its
high viscosity and non-birefringence make its determination fairly simple. In double-tailed
surfactants, it generally does not occur at all in the binary surfactant -water system.

For discrete cubic phases in single-component block copolymer systems, the terms “normal"
and "reversed" do not generally apply (although in the case where one block is polar and the
other apolar, these qualifiers could be applied in principle). The shear modulus in such a
discrete cubic phase is generally dependent almost entirely on the shear modulus of the
polymer that forms the blocks in the continuous phase. In terms of phase behavior, the
discrete cubic phases generally occur at very low volume fractions of one or other of the two
blocks, on the order of 20% or less.

Reversed discrete cubic phase: The reversed discrete cubic phase is characterized
by:

In surfactant-water systems, the identification of the reversed discrete cubic phase
differs from the above identification of the normal discrete cubic phase in three respects:

1. In terms of phase behavior, the reversed discrete cubic phase is found between the
lamellar phase and the reversed hexagonal phase, whereas the normal is found between the
lamellar and normal hexagonal phases: one must therefore make reference to the discussion

above for distinguishing normal hexagonal from reversed hexagonal. A good rule is that if the
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cubic phase lies to higher water concentrations than the lamellar phase, then it is normal,
whereas if it lies to higher surfactant concentrations than the lamellar then it is reversed. The
reversed cubic phase generally occurs at high surfactant concentrations in double-tailed
surfactant / water systems, although this is often complicated by the fact that the reversed
cubic phase may only be found in the presence of added hydrophobe ('0il') or amphiphile. The
reversed discrete cubic phase does appear in a number of binary systems with single-tailed
surfactants, such as those of many monoglycerides (include glycerol monooleate), and a
number of nonionic PEG-based surfactants with low HLB.

2. The space group observed is usually Fd3m. #227.

3. The self-diffusion of the water is very low, while that of any hydrophobe present is
high; that of the surfactant is generally fairly high, comparable to that in the lamellar phase.
As stated above in the discussion of normal discrete cubic phases, the distinction between
‘normal’ and 'reversed’ discrete cubic phases makes sense only in surfactant systems, and
generally not in single-component block copolymer discrete cubic phases.

Intermediate phases: The intermediate phase is characterized by:

These phases occur quite rarely, and when they are found they generally occupy very
narrow regions in the phase diagram. Presently the structures of many of these are unknown
or under debate. The intermediate phases can be classified as follows:

Normal int(l) phases occur at lower surfactant concentration than the normal
bicontinuous cubic phase, adjacent to the hexagonal phase. Viscosity is generally
low or moderately low, no higher than that of the normal hexagonal phase. The phase is
birefringent, with textures typically similar to those of the hexagonal phase. Self-diffusion of
the components is very similar to those in the hexagonal phase. Small-angle x-ray shows a
lower-symmetry space group than the cubic phases, typically monoclinic. Fairly sophisticated
NMR bandshape and SAXS analyses can be used to distinguish this phase from the normal
hexagonal phase. See Henriksson, U., Blackmore, E. S., Tiddy, G.J.T. and Soderman, 0.
(1992) J. Phys. Chem. 96:3894. Typically bandshape splittings will be intermediate between
those of hexagonal and the zero splitting of the isotropic phase, which provides good
evidence of an intermediate phase.

Normal int(2) is found at higher concentrations than the normal bicontinuous cubic

phase, adjacent to the lamellar phase. These bear close resemblance, both in terms of property
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and probably also in terms of structure, to the normal bicontinuous cubic phases, except that
they are birefringent and show differences in NMR bandshape and SAXS analyses. Optical
textures are somewhat unusual, in some cases resembling lamellar textures and in some
resembling hexagonal, but these can be considerably coarser than either of the more common
phases. As m the int(l) phases, the space group is of lower symmetry, typically rhombohedral
or tetragonal, requiring two unit cell parameters for characterization and making SAXS
analysis difficult. In general, if the squares of the d-spacing ratios cannot be fit to a simple
integral scheme, then an intermediate phase structure is suspect.

Reversed int(2) is found at lower concentrations than the reversed bicontinuous cubic
phase, adjacent to the lamellar phase. These are birefringent and show unusual in NMR
bandshape and SAXS analyses. As in the int(l) and int(2) phases, the space group is of lower
symmetry, typically rhombohedral or tetragonal, requiring two unit cell parameters for
characterization and making SAXS analysis difficult. SAXS analysis difficult, though the
presence of Bragg peaks in the SAXS spectrum which do not index to a cubic or hexagonal

|
lattice (which have only one lattice parameter) is, together with optical birefringence, \
indication of an intermediate phase. Space groups which are likely for bicontinuous i
intermediate phases have been discussed in a publication by the present author. D. M. |
Anderson, Supplement to J. Physique, Proceedings of Workshop on Geometry, and ‘
Interfaces, Aussois, France, Sept. 1990. C7-1 - C7-18.

At the time that the coated particle 10 is being formed and the exterior coating 20 is
not yet formed, it is highly desirable that the nanostructured liguid phase material or the
nanostructured liquid crystalline phase material or the combination be one that is in
equilibrium with water (polar solvent) or, more precisely, with a dilute aqueous solution.
Once the coated particle 10 has its exterior coating 20, the foregoing nanostructured material
need not be one that is in equilibrium with water. The liquid phases that can be in equilibrium
with water are:

L2 phase (a.k.a. reversed micelles),

microemulsion, and

L3 phase (but not the L3* phase).
These supplement the liquid crystalline phases that can be in equilibrium with water:

reversed cubic phase,
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reversed hexagonal phase,
reversed intermediate phase, and
lamellar phase.
The phases that can be in equilibrium with water are preferred from the point of view of
making coated particles of the present invention. Preferably, in using the process described
herein to disperse a given phase as the matrix, it is desirable that the phase be insoluble in
water, or whatever solvent the particles are dispersed in. Furthermore, when the interior phase
has the additional property that it is in equilibrium with excess aqueous solution during
formation of the particles, then concerns of phase transformation are minimized. Similarly
when the interior phase is in equilibrium with excess aqueous solution under the conditions
encountered when and after the particle coating is released, then the concerns of phase
changes are likewise minimized, and in some applications this may be advantageous.
Whereas insolubility in water (external solvent, in general) is preferred for the matrix
at the instant of particle formation, and frequently also at the time of application, there are
applications where solubility in water at the time of application is advantageous, and this can
be accomplished with the instant invention. For example, consider a matrix composed of 20%
C12ES (pentaethylene glycol dodecyl ether) in water. At 75°C, this composition produces an
L3 phase which is in equilibrium with excess water (dilute solution) and thus this
composition would be readily dispersible at 75°C. If the application temperature were
between 0 and 25°C, however, then this interior composition would be soluble in water, and
in fact the C12ES5 acts as an ordinary water-soluble surfactant at room temperature. This
could be advantageous if a non greasy, non-comédogenic -- and even cleansing -- final
product is desired after release of the particle coating.
The nanostructured liciuid phase material may be formed from:
a. a polar solvent and a surfactant or
b. a polar solvent, a surfactant and an amphiphile or hydrophobe or
c. a block copolymer or
d. a block copolymer and a solvent.
The nanostructured liquid crystalline phase material may be formed from:
a. a polar solvent and a surfactant.

b. a polar solvent, a surfactant and an amphiphile or hydrophobe, or
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c. a block copolymer or
d. a block copolymer and a solvent.

Above under the heading Chemical Criteria, criteria were discussed which could be
used to select operative polar and apolar groups in order to make an operative surfactant.
Thus, suitable surfactants include those compounds which contain two chemical moieties,
one being an operative polar group chosen from those described in that discussion of polar
groups, and the other being an operative apolar group chosen from those described in that ‘
discussion of apolar groups.

Surfactants of utility.
Suitable surfactants or block copolymer components (or mixtures thereof) may
include: a. cationic surfactant
b. anionic surfactant
c. semipolar surfactant
d. zwitterionic surfactant
i.in particular, a phospholipid
ii . a lipid mixture containing phospholipids, designed to match the
physico-chemical characteristics of a biomembrane
e. monoglyceride
f. PEGylated surfactant
g. one of the above but with aromatic ring
h. block copolymer
i. with both blocks hydrophobic, but mutually immiscible
ii. with both blocks hydrophilic, but mutually immiscible,
iii. with one block hydrophilic and the other hydrophobic, i.e.,
ampbhiphilic)
1. a mixture of two or more of the above.

Suitable lipids include phospholipids (such as phosphatidylcholine,
phosphatidylserine, phosphatidylethanolamine, or sphingomyelin), or glycolipids (such as
MGDG, diacylglucopyranosyl glycerols, and Lipid A). Other suitable lipids are phospholipids
(including phosphatidylcholines, phosphatidylinositols, phosphatidylglycerols, phosphatidic
acids, phosphatidylserines, phosphatidylethanolamines, etc.), sphingolipids (including
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sphingomyelins), glycolipids (such as galactolipids such as MGDG and DGDG,
diacylglucopyranosy! glycerols, and Lipid A), salts of cholic acids and related acids such as
deoxycholic acid, glycocholic acid, taurocholic acid, etc., gentiobiosyls, isoprenoids,
ceramides, plasmologens, cerebrosides (including sulphatides), gangliosides, cyclopentatriol
lipids, dimethylaminopropane lipids, and lysolecithins and other lysolipids which are derived
from the above by removal of one acyl chain.
Other suitable types of surfactants include anionic, cationic, zwittenionic, semipolar,
PEGylated, amine oxide and aminolipids. Preferred surfactants are:
anionic -- sodium oleate, sodium dodecyl sulfate, sodium diethylhexyl sulfosuccinate,
sodium dimethylhexyl sulfosuccinate, sodium di-2-ethylacetate, sodium 2-
ethylhexyl sulfate, sodium undecane-3-sulfate, sodium
ethylphenylundecanoate, carboxylate soaps of the form IC,, where the chain
length n is between 8 and 20 and I is a monovalent counterion such as lithium,
sodium, potassium, rubidium, etc.,
cationic -- dimethylammonium and trimethylammonium surfactants of chain length
from 8 to 20 and with chloride, bromide or sulfate counterion, myristyl-
gammapicolinium chloride and relatives with alkyl chain lengths from 8 to 18,
benzalkonium benzoate, double-tailed quaternary ammonium surfactants with
chain lengths between 8 and 18 carbons and bromide, chloride or sulfate
counterions,
nonionic PEGylated surfactants of the form C_E,, where the alkane chain length n is
from 6 to 20 carbons and the average number of ethylene oxide groups m is from 2 to
80, ethoxylated cholesterol;
zwitterionics and semipolars -- N,N,N-trimethylaminodecanoimide, amine oxide
surfactants with alkyl chain length from 8 to 18 carbons;
dodecyldimethylammoniopropane-1 -sulfate,
dodecyldimethylammoniobutyrate, dodecyltrimethylene di(ammonium
chloride); decylmethylsulfonediimine; dimethyleicosylammoniohexanoate and
relatives of these zwitterionics and semipolars with alkyl chain lengths from 8
to 20.
Preferred surfactants which are FDA-approved as injectables include benzalkonium
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chloride, sodium deoxycholate, myristyl-gamma-picolinium chloride, Poloxamer 188,
polyoxyl castor oil and related PEGylated castor oil derivatives such as Cremophor EL,
Arlatone G, sorbitan monopalmitate, Pluronic 123, and sodium 2-ethylhexanoic acid. Other
low-toxicity surfactants and lipids, which are of at least relatively low solubility in water, that
are preferred for the present invention for products intended for a number of routes of
administration, include: acetylated monoglycerides, aluminum monostearate, ascorbyl
palmitate free acid and divalent salts, calcium stearoyl lactylate, ceteth-2, choleth,
deoxycholic acid and divalent salts, dimethyldioctadecylammonium bentonite, docusate
calcium, glyceryl stearate, stearamidoethyl diethylamine, ammoniated glycyrrhizin, lanolin
nonionic derivatives, lauric myristic diethanolamide, magnesium stearate, methyl gluceth-120
dioleate, monoglyceride citrate, octoxynol-1, oleth-2, oleth-5, peg vegetable oil, peglicol-5-
oleate, pegoxol 7 stearate, poloxamer 331, polyglyceryl-10 tetralinoleate, polyoxyethylene
fatty acid esters, polyoxyl castor oil, polyoxyl distearate, polyoxyl glyceryl stearate, polyoxyl
lanolin, polyoxyl-8 stearate, polyoxyl 150 distearate, polyoxyl 2 stearate, polyoxyl 35 castor
oil, polyoxyl 8 stearate, polyoxyl60 castor oil, polyoxyl 75 lanolin, polysorbate 85, sodium
stearoyl lactylate, sorbitan sesquioleate, sorbitan trioleate, stear-o-wet c, stear-o-wet m,
stearalkonium chloride, stearamidoethyl diethylamine (vaginal), steareth-2, steareth-10,
stearic acid, stearyl citrate, sodium stearyl fumarate or divalent salt, trideceth 10, trilaneth-4
phosphate, Detaine PB, JBR-99 rhamnolipid (from Jeneil Biosurfactant), glycocholic acid and
its salts, taurochenodeoxycholic acid (particularly combined with vitamin E), tocopheryl
dimethylaminoacetate hydrochloride, tocopheryl phosphonate, tocopheryl peg 1000 succinate,
cytofectin gs, 1,2-dioleoyl-sn-glycero-3-trimethylammonium-propane, cholesterol linked to
lysinamide or ornithinamide, dimethyldioctadecyl ammonium bromide, 1,2-dioleoyl-sn-3-
ethylphosphocholine and other double-chained lipids with a cationic charge carried by a
phosphorus or arsenic atom, trimethyl aminoethane carbamoyl cholesterol iodide, lipoic acid,
O,0'-ditetradecanoyl-N-(alpha-trimethyl ammonioacetyl) diethanolamine chloride (DC-6-14),
N-[(1-(2,3-dioleyloxy)propyl)]-N-N-N-trimethylammonium chloride, N-methyl-4-
(dioleyl)methylpyridinium chloride (saint-2), lipidic glycosides with amino alkyl pendent
groups, 1,2-dimyristyloxypropyl-3-dimethylhydroxyethyl ammonium bromide, bis[2-(11-
phenoxyundecanoate)ethyl]-dimethylammonium bromide, N-hexadecyl-N-10-[O-(4-

acetoxy)-phenylundecanoate]ethyl-dimethylammonium bromide, bis[2-(11-
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butyloxyundecanoate)ethyl]dimethylammonjum bromide, 3-beta-[N-(N', N'-
dimethylaminoethane)-carbamoyl] cholesterol, vaxfectin, cardiolipin, dodecyl-N,N-
dimethylglycine, and lung surfactant (Exosurf, Survanta).

Suitable block copolymers are those composed of two or more mutually immiscible
blocks from the following classes of polymers: polydienes, polyallenes, polyacrylics and
polymethacrylics (including polyacrylic acids, polymethacrylic acids, polyacrylates,
polymethacrylates, polydisubstituted esters, polyacrylamides, polymethacrylamides, etc.),
polyviny! ethers, polyvinyl alcohols, polyacetals, polyvinyl ketones, polyvinylhalides,
polyvinyl nitriles, polyvinyl esters, polystyrenes, polyphenylenes, polyoxides, polycarbonates,
polyesters, polyanhydrides, polyurethanes, polysulfonates, polysiloxane, polysulfides,
polysulfones, polyamides, polyhydrazides, polyureas, polycarbodiimides, polyphosphazenes,
polysilanes, polysilazanes, polybenzoxazoles, polyoxadiazoles, polyoxadiazoiidines,
polythiazoles, polybenzothiazoles, polypyromellitimides, polyquinoxalines,
polybenzimidazoles, polypiperazines, cellulose derivatives, alginic acid and its salts, chitin,
chitosan, glycogen, heparin, pectin, polyphosphorus nitrile chloride, polytri-n-butyl tin
fluoride, polyphosphoryldimethylamide, poly.-2,5-selenienylene, poly-4-n-butylpyridinium
bromide, poly-2-N-methylpyridinium iodide, polyallylammonium chloride, and polysodium-
sulfonate-trimethylene oxyethylene. Preferred polymer blocks are polyethylene oxide,
polypropylene oxide, polybutadiene, polyisoprene, polychlorobutadiene, polyacetylene,
polyacrylic acid and its salts, polymethacrylic acid and its salts, polyitaconic acid and its salts,
polymethylacrylate, polvethylacrylate, polybutylacrylate, polymethyl methacrylate, ’
polypropylmethacrylate, poly-N-vinyl carbazole, polyacrylamide, polyisopropylacrylamide,
polymethacrylamide, polyacrylonitrile, polyvinyl acetate, polyvinyl caprylate, polystyrene,
poly-alpha-methylstyrene, polystyrene sulfonic acid and its salts, polybromostyrene,
polybutyleneoxide, polyacrolein, polydimethylsiloxane, polyvinyl pyridine, polyvinyl
pyrrolidone, polyoxy-tetramethylene, polydimethylfulvene, polymethylphenylsiloxane,
polycyclopentadienylene vinylene, polyalkylthiophene, polyalkyl-p-phenylene, polyethylene-
altpropylene, polynorbomene, poly-5-((trimethylsiloxy)methyl)norbomene,
polythiophenylene, heparin, pectin, chitin, chitosan, and alginic acid and its salts. Especially
preferred block copolymers are polystyrene-b-butadiene, polystyrene-b-isoprene, polystyrene-
b-styrenesulfonic acid, polyethyleneoxide-b-propyleneoxide, polystyrene-b-dimethylsiloxane,
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polyethyleneoxide-b-styrene, polynorborene-b-5-((trimethylsiloxy)methyl)norbornene,
polyacetylene-b-5((trimethylsiloxv)methyl)norbornene, polyacetylene-b-norbornene,
polyethyleneoxide-b-norbornene, polybutyleneoxide-b-ethyleneoxide, polyethyleneoxide-b-
siloxane, and the triblock copolymer polyisoprene-b-styrene-b-2-vinylpyridine.

Third component: hydrophobe or non-surfactant amphiphile.

This component can serve multiple functions in a matrix of the present invention,
including modulation of phase behavior, tuning of poresize, solubilization of an active,
modulation of release properties, etc. Choices appropriate for this invention include:

a. alkane or alkene, other long-chain aliphatic compound

b. aromatic compound, such as toluene

c. long-chain alcohol

d. a glyceride (diglyceride or triglyceride)

e. an acylated sorbitan, such as a sorbitan triester (e.g., sorbitan trioleate), or
sesquioleate, or mixture of sorbitans with different numbers of acyl chains
between 2 and 6

f. other hydrophobe or non-surfactant amphiphile or mixture with one or more
of the above,

g. none.

Suitable third components (hydrophobes or non-surfactant amphiphiles), include: n-
alkane, where n is from 6 to 20, including branched, unsaturated, and substituted variants
(alkenes, chloroalkanes, etc.), cholesterol and related compounds, terpenes, diterpenes,
triterpenes, fatty alcohols, fatty acids, aromatics, cyclohexanes, bicyclics such as naphthalenes
and naphthol, quinolines and benzoquinolines, etc., tricyclics such as carbazole,
phenothiazine, etc., pigments, chlorophyll, sterols, triglycerides, sucrose fatty acid esters
(such as Olestra™), natural oil extracts (such as clove oil, anise oil, cinnamon oil, coriander
oil, eucalyptus oil, peppermint oil), wax, bilirubin, bromine, iodine, hydrophobic and
amphiphilic proteins and polypeptides (including gramicidin, casein, receptor proteins, lipid-
anchored proteins, etc.), local anesthetics (such as butacaine, ecgonine, procaine, etc.), and
low-molecular weight hydrophobic polymers (see listing of polymers above). Especially
preferred third components are: anise oil, clove oil, coriander oil, cinnamon oil, eucalyptus

oil, peppermint oil, beeswax, benzoin, benzyl alcohol, benzyl benzoate, naphthol, capsaicin,
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cetearyl alcohol, cetyl alcohol, cinnamaldehyde, cocoa butter, coconut oil, cottonseed oil
(hydrogenated), cyclohexane, cyclomethicone, dibutyl phthalate, dibutyl sebacate, diocryl
phthalate, DIPAC, ethyl phthalate, ethyl vanillin, eugenol, fumaric acid, glyceryl distearate,
menthol, methyl acrylate, methy] salicylate, myristyl alcohol, oleic acid, oleyl alcohol, benzyl
chloride, paraffin, peanut oil, piperonal, rapeseed oil, rosin, sesame oil, sorbitan fatty acid
esters, squalane, squalene, stearic acid, triacetin, trimyristin, vanillin, and vitamin E.

Polar solvent.

The polar solvent (or in the case of a block copolymer, the'preferential solvent) can
similarly serve multiple functions, including modulation of phase behavior (indeed, making
nanostructured phases possible at all, in many surfactant systems), solubilization of the active,
providing a polar environment for portions of the active molecule such as for example the
polar regions of a protein, etc. The choice of a non-volatile polar solvent like glycerol can be
important in processes such as spray-drying. The polar solvent may be:

a. water

b. glycerol

c. formamide, N-methyl formamide, or dimethylformamide

d. ethylene glycol or other polyhydric alcohol

e. ethylammonium nitrate

f. other non-aqueous polar solvents such as N-methyl sydnone, N-methyl
acetamide, pyridinium chloride, etc.;

g. a mixture of two or more of the above.

Desirable polar solvents are water, glycerol, ethylene glycol, formamide, N-methyl
formamide, dimethylformamide, ethylammonium nitrate, and polyethylene glycol.

It can be advantageous in certain circumstances to use, as the interior matrix, a
composition that yields a nanostructured liquid or liquid crystalline phase upon contact with
water (or more rarely, other polar solvent)-whether or not this dehydrated composition itself
is a nanostructured liquid or liquid crystalline phase. In particular, this contact with water or
a water-containing mixture could be either during a reconstitution step, or more preferably,
during the application of the particle, most preferably after the coating releases, and the de-
coated particle contacts an aqueous solution such as blood, extracellular fluid, intracellular

fluid, mucous, intestinal fluid, etc. There are several reasons why this may be advantageous:
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to protect hydrolytically unstable actives or excipients; to limit premiature release of water-
soluble actives; and as a natural result of a production process such as spray-drying or freeze-
drying that can induce dehydration. Removal of most, or all, of the water from a
nanostructured liquid or liquid crystalline phase will often yield another nanostructured liquid

or liquid crystalline phase, but can sometimes yield a structureless solution, precipitate, ora .

mixture of these with one or more nanostructured liquid or liquid crystalline phases. In any
case, for many applications, it is the hydrated form that is important in the application of the
particles, and thus if this hydrated form is a nanostructured liquid or liquid crystalline phase,

then the composition of matter falls within the scope of the current invention.

Coatings.
As previously stated, the exterior coating 20 may be formed of a nonlamellar material.

The term "nonlamellar”as applied to crystal structure herein should be taken in the following
context. Lamellar crystalline materials, which are distinct from lamellar liquid crystalline
phases, occur in organic compounds (typically polar lipids), inorganic compounds, and
organometallics. Although these materials can be true crystalline materials and can thus
exhibit long range three-dimensional lattice ordering of the constituent atoms (or molecules,
in the case of an organic crystalline material) in space, the forces and interactions between
atoms—which can include covalent bonding, ionic bonding, hydrogen bonding, steric
interactions, hydrophobic interactions, dispersion forces, etc.—are much stronger amongst the
constituent atoms or molecules than within the plane of a lamella than across distinct
lamellae. For example, in the case of the layered structure of graphite, the atoms within a
layer are covalently bonded with each other into a two-dimensional network, whereas
between distinct layers there is no bonding, only the weaker dispersion forces and steric
interactions. This absence of strong local interlamellar interactions gives rise to a number of
physicochemical properties which make them undesirable as coating materials in the present
invention.

To begin with, the physical integrity of lamellar crystals is inherently compromised by
the weak local interactions between layers. This is dramatically evidenced by the comparison
between graphite (a layered crystalline form of carbon) with diamond (a crystalline form of
carbon that has three-dimensional bonding). Indeed, the fact that graphite is an important
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ingredient in certain lubricants, due to the ease with which the layers slide over each other,
whereas diamond is an abrasive, illustrates the "liquid-like" (or "liquid crystal-like") character
of layered crystalline structures in terms of their response to shear. This same inter-lamellar
sliding effect is, in fact, the same effect that gives rise to the much lower viscosity of the
lamellar liquid crystalline phase compared with that of other liquid crystalline phases, in
particular compared with the very high viscoelasticity of the bicontinuous cubic phase. As a
further indication of this liquid-like nature, the Moh's hardness of graphite is 1.0, whereas that
of diamond is 10. The loss of integrity with shear in the case of graphite is seen in everyday
life with "lead" pencils, which are graphite.

The detrimental effects associated with layered crystalline structures can be seen in
every day life even in situations where macroscopic shear is not involved. According to a
widely-accepted model of the structure of emulsions advanced by Stig Friberg, as reviewed
by Larsson,. K. and S. Friberag, Eds. 1990, Food Emulsions 2" Edition, Marcel Dekker, Inc.
NY, lamellar liquid crystalline or, commonly, lamellar crystalline coatings stabilize the oil
droplets in an oil-and-water emulsion, and the water droplets in a water-in-oil emulsion. In
commonly encountered emulsions such as milk, ice cream, mayonnaise, etc., the instabilities
that are wellknown to the lay person -- and in the field referred to as "breaking" of emulsions
-- are due in large part to the fluidity of these layered coating materials. Even in a quiescent
emulsion, these layered coatings undergo continual disruption, streaming and coalescence,
and with time any emulsion must ultimately succumb to the destabilizing effect of these
disruptions.

And at yet another level, layered crystalline materials exhibit chemical instabilities of
the type that would prevent their application as coatings in embodiments of the current
invention. Consider the case of the Werner complexes isomorphous to nickel dithiocyanate
tetra(4methylpyridine) that form clathrate compounds with a host lattice containing embedded
guest molecules, in most cases yielding permanent pores upon removal of the guest. One such
Werner complex was used as the coating in a particle in Example 22, thus illustrating the use
of the present invention in creating particles with coatings possessing fixed, controlled-size
and highselectivity pores. According to J. Lipkowski, Inclusion Compounds 1, Academic
Press, London (1984), p. 59, "Layered structures of Ni(NCS),(4-MePy), are stable only in the

presence of guest molecules while the beta-phases preserve their porosity even in the absence
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of guest molecules." The three-dimensional, non-layered structure of the beta-phases is
discussed in detail in the same publication, such as: "... beta-phases... have a three-
dimensional system of cavities interconnected through channels of molecular size".

Nonlamellar amorphous and semi-crystalline materials are materials comprising non-
crystalline domains (or lacking crystallinity altogether) in which strong atomic interactions
exist in all three dimensions. In the amorphous trehalose that provides the coating in
Example 40, for example, the packing of these sugar molecules and the multiple hydrogen
bonds that each individual molecule can participate in make this a compound that exhibits
strong interactions in all three dimensions (and the amorphous property rules out any
lamellar-type structure). Similarly amorphous PLGA has strong interactions between the
carboxyl groups across neighboring polymer chains which, since the material is optically
isotropic, are not limited to two dimensions. The release of a coating in a PLGA-coated
particle will be chosen to be based on its hydrolysis rate in the body, as is well-known in the
art, and not by mechanical shear or deformation as could occur in a particle coated with a
lamellar coating. Since most production protocols used in industrial or pharmaceutical
practice involve shear, release upon the application of such shear rates to a lamellar-coated
particle system could be detrimental or disastrous in the context of such a process.

As is well-known in the art, in the case of polymers, polymers universally have
amorphous domains: no polymer is ever 100% crystalline, and thus even high-crystallinity
polymers are semi-crystalline and possess a finite fraction of amorphous domains. Often this
is in the range of about 1-50%. The glass transition temperature of these amorphous domains
can usually be detected by thermodynamic (e.g., DSC) techniques or rheometric
measurements, though in certain very high-crystallinity polymers (greater than about 98%),
this may be a difficult undertaking. Nevertheless, even in these high-crystallinity cases the
amorphous domains can play important roles: they can mitigate structural problems
associated with microcrystallite boundaries, thus conferring greater homogeneity and
cohesiveness to microcrystalline polymers; this in turn can have strong effects on rheological
properties and behavior as diffusional barriers; according to the fringed micelle model, an
amorphous domain can provide a medium that allows for a single chain to extend through
several microcrystallites, yielding a physical crosslinking (analogous to the physical

crosslinking that occurs in thermoplastic elastomers); and their presence may in fact allow for
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crystallinity in high-MW polymers where the amorphous domains are the necessary result of
chain folding. Being amorphous, these domains are non-lamellar regions in the polymer that
are distinct from the crystalline regions but nonetheless actually play crucial roles in the
crystallization of polymers and in determining Fheir overall properties.

The exterior coating 20 can protect the internal core 10 and any active agent(s) or
component(s) disposed therein, for example, against oxidation, hydrolysis, premature release,
precipitation, shear, vacuum, enzymatic attack, degradation from other components of the
preparation, and/or conditions external to the coated particles, for example, in their
preparation such as pH, ionic strength, or the presence of bioactive impurities such as
proteases or nucleases. Examples of each of these are:

oxidation: e.g. for antioxidants such as vitamin C, which are by their very nature

sensitive to oxidation, or unsaturated lipids:

hydrolysis: e.g., for a drug with a labile ester bond:

premature release: during storage:

precipitation: e.g., for a drug in the protonated (hydrochloride) form that would

deprotonate at the body pH and thereby become insoluble;

shear: e.g., in cases where processing after encapsulation endangers shear-sensitive

compounds, such as proteins;

vacuum: e.g., in cases where processing involves vacuum-drying;

enzymatic attack: a peptide hormone, such as somatostatin, which is normally

quickly digested by enzymes in the body, can be held active in circulation until

reaching the site of release and action:

degradation from other components: e.g., where even a slight reactivity between an

component disposed in the internal core and an exterior one could, over a shelf-life of

months or years, pose a problem:

external pH: €.g., a drug in protonated form could be encapsulated at low internal pH

to ensure solubility, but without requiring a low pH of the exterior liquid which would

otherwise upset the stomach,

external jonic strength: e.g., where a protein is encapsulated to avoid salting-out and

denaturation;

external impurities such as proteases, nucleases, etc.: e.g., when the exterior
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contains a bioreactor-derived product from which removal of proteases might be

prohibitively expensive.

Examples of suitable nonlamellar coating materials, namely, compounds which occur
in nonlamellar form over useful temperature ranges, and which are in most cases of low
toxicity and environmental impact are: ascorbic acid; ascorbic palmitate; aspartic acid;
benzoin; beta-naphthol; bismuth subcarbonate; butylated hydroxytoluene; butylparaben;
calcium acetate; calcium ascorbate; calcium carbonate; calcium chloride; calcium citrate;
calcium hydroxide; calcium phosphate, dibasic; calcium phosphate, tribasic; calcium |
pyrophosphate; calcium salicyiate,;calcium silicate; calcium sulfate; carmine; cetearyl
alcohol; cetyl alcohol; cinnamaldehyde; citric acid; cysteine hydrochloride; dibutyl sebacate;
esculin; ferric oxide; ferric citrate; ferrosoferric oxide; gentisic acid; glutamic acid; glycine;
gold; histidine; hydrochlorothiazide; iodine; iron oxide; lauryl sulfate; leucine; magnesium;
magnesium aluminum silicate; magnesium carbonate; magnesium hydroxide; magnesium
oxide; magnesium silicate; magnesium sulfate; magnesium trisilicate; maleic acid; malic
acid; DL- methy] salicylate; methylparaben; monosodium glutamate; propyl gallate;
propylparaben; silica; silicon; silicon dioxide; sodium aluminosilicate; sodium
aminobenzoate; sodium benzoate; sodium bicarbonate; sodium bisulfate; sodium bisulfite;
sodium carbonate; sodium chloride; sodium citrate; sodium metabisulfite; sodium nitrate;
sodium phosphate, dibasic; sodium propionate; sodium salicylate; sodium stannate; sodium
succinate; sodium sulfate; sodium sulfate; sodium thiosulfate; sodium thiosulfate; succinic
acid; talc; talc triturate; tartaric acid; tartaric acid; DL- tartrazine; tellurium; titanium dioxide;
triacetin; triethyl citrate; trichloromonofluorethane; tromethamine and 2-hydroxy-n-
cyclopropylmethyl morphinan hydrochloride; zinc oxide.

Calcium phosphate coatings are of interest in biomedical and pharmaceutical
applications, since calcium phosphates are a major component of bone, teeth, and other
structural components. For example, in the treatment of osteoporosis, the release of the
appropriate pharmaceutical compound could be triggered by physiological conditions that
induce dissolution of bone (and thus of the particle coating).

Potassium nitrate coatings are of interest in agricultural applications since the coating
also act as plant fertilizers.

Iodine, aspartic acid, benzoic acid, butylated hydroxytoluene, calcium edetate
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disodium, gentisic acid, histidine, propy! gallate and zinc oxide can be particularly useful as
coatings in potential pharmaceutical applications because they have relatively low water
solubility (generally less than 5%) and are on the FDA list of approved inactive ingredients
for injectable formulations.

Of particular interest as coating materials are clathrates. Examples of such materials
are as follows:
1. Clathrates and inclusion compounds (some of which retain permanent porosity upon
removal of the guest molecules): Werner complexes of the form MX,A, where M is a divalent
cation (Fe, Co, Ni, Cu, Zn, Cd, Mn, Hg, Cr), X is an anionic ligand (NCS-, NCO-, CN-, N0;’,
Cl-, Br-, I-), and A is an electrically neutral ligand-substituted pyridine, alpha-arylalkylamine
or isoquinoline, examples of A include 4-methylpyridine, 3,5-dimethylpyridine, 4-
phenylpyridine, and 4-vinylpyridine. A wide range of guest molecules can be included in
these complexes, examples being benzene, toluene, xylene, dichlorobenzene, nitrotoluene,
methanol, chloromethane, argon, krypton, xenon, oxygen, nitrogen, carbon dioxide, carbon
disulfide, etc.;

reversible oxygen-carrying chelates such as bis-salicyladehyde-ethylenediiminecobalt
and other bis salicyladehyde iminecobalt derivatives, cobalt(ll) dihistidine and related
cobalt(Il) amino acid cbmplexes, iron(Il) dimethylglyoxime and nickel(IT) dimethylglyoxime;
and '

complexes of the form K,Zn,[Fe(CN)],.xH,O, where certain values of the variable x

correspond to complexes which yield permanent pores upon removal of the water.

2. Zeolites:
faujasite-type NaX zeolite;
faujasite-type NaY zeolite; and
VPI-5 zeolite.

Amorphous and semi-crystalline nonlamellar materials.
In some embodiments of the present invention, the exterior coating of the particles of
the present invention comprises nonlamellar materials which are not entirely in crystalline

form. Such non-crystalline materials may be amorphous or semicrystalline. In the art, the
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term “amorphous” as applied to materials means lacking long-range order; this is in direct
contrast to the case of a crystalline material, in which there is long-range order in the
positions of atoms, such that their positions conform to a lattice with its associated
periodicity. The x-ray diffraction pattern of an amorphous material will be absent of any
Bragg reflections, and any short-range correlations can at most give rise to broad maxima in
the diffraction pattern, maxima which exhibit neither the sharpness nor the functional form of
a true Bragg reflection. By “semi-crystalline” is meant a material which has a mixture of
crystalline domains and amorphous domains.

Those of skill in the art will recognize that many materials can exist in a crystalline,
an amorphous, or a semicrystalline form, depending on the preparation of the material. For
example, many materials which otherwise occur in crystalline form instead occur in
amorphous form when spray-dried, freeze-dried (as exemplified in Example 40, below), or
prepared in other methods that are of central importance in the food, cosmetic, and
pharmaceutical industries.

Amorphous materials have a number of properties which make them advantageous for
certain embodiments of the current invention. For example, one property of amorphous
materials is that they are generally faster-dissolving than a corresponding (or comparable)
material in crystalline form, and this can be advantageous in cases where fast dissolution of
the exterior coating is desirable. Further, amorphous materials can be superior to their
corresponding crystalline forms in certain material properties. For example, amorphous
materials tend to exhibit higher ductility, and thus allow the adsorption of stress without
cracking.

In general, small-molecule amorphous materials tend to exhibit lessor stability over
time than their corresponding crystalline materials. In particular, a small-molecule amorphous
material will often show a tendency to revert to a crystalline form over a period of time that is
comparable to, or shorter than, timescales that are relevant for the storage and use of a
product. In the case of high-MW polymers, even though the true equilibrium condition may
be a crystal, kinetics of rearrangement can be so slow that the timescale required for
attainment of this equilibrium is for all intents and purposes infinite, so that the material can
be locked into an amorphous or semi-crystalline state. For certain applications, this may be

highly desirable. For example, many of the well-known elastomers and plastics, such as -
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natural rubber (an example of an elastomer) or polymethylmethacrylate (PMMA, also known
as Plexiglass, an example of a thermoplastic), are amorphous materials.

Semi-crystalline materials can in certain ways offer significant advantages, though
their occurrence as long-lasting states is largely limited to high-MW polymers. A semi-
crystalline polymer with high crystallinity can offer high modulus due to the preponderance
of crystalline domains, but a certain amount of ductility due to the presence of amorphous
domains, which can absorb stress without cracking. A number of the most important
polymers, both commodity and engineering plastics, are semi-crystalline.

Examples of materials which occur in an amorphous or semi-crystalline form that may
be utilized in the practice of the present invention include: polydienes, polyallenes,
polyacrylics and polymethacrylics (including polyacrylic acids, polymethacrylic acids,
polyacrylates, polymethacrylates, polydisubstituted esters, polyacrylamides,
polymethacrylamides, etc.), polyvinyl ethers, polyvinyl alcohols, polyacetals, polyvinyl
ketones, polyvinylhalides, polyvinyl nitriles, polyviny! esters, polystyrenes, polyphenylenes,
polyoxides, polycarbonates, polyesters, polyanhydrides, polyurethanes, polysulfonates,
polysiloxane, polysulfides, polysulfones, polyamides, polyhydrazides, polyureas,
polycarbodiimides, polyphosphazenes, polysilanes, polysilazanes, polybenzoxazoles,
polyoxadiazoles, polyoxadiazoiidines, polythiazoles, polybenzothiazoles,
polypyromellitimides, polyquinoxalines, polybenzimidazoles, polypiperazines, cellulose
derivatives, alginic acid and its salts, gum arabic and its salts, gelatin, PVP, tragacanth, agar,
agarose, guar gum, carboxymethylcellulose, arabinogalactan, Carbopol, chitin, chitosan,
Eudragits, glycogen, heparin, pectin, sugars (such as trehalose, lactose, maltose, and sucrose,
or mixtures of sugars with albumin) and more complex carbohydrates, as well as amorphous
forms of the coating materials listed above in connection with crystalline coating materials,
obtained by processes that hinder crystallization, such as spray-drying, vitrification, etc.

In any case, taking the larger view, the availability of the full spectral range of
amorphous, semi-crystalline and crystalline materials yields great power and flexibility to the
technology of creating particles with nanostructured liquid and liquid crystalline interiors.
The case of lactide-glycolide copolymers provides a particularly pertinent example, because
these copolymers are amorphous over a range of lactide:glycolide ratios, and crystalline over

other ranges. By adjusting this ratio, it is possible to alter the form of the material and thus its
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properties, thereby “tuning” the rate of hydrolysis of the coating material. This, in turn,
“tunes” the rate of release of active agents disposed in either the coating or the particle
interior.

Proteins, and perhaps to a lessor extent polypeptides, can also provide amorphous and
semi-crystalline coating materials with advantageous properties. Due to the intimacy of
interactions that are well-known between proteins and lipid matrices, the crystallization of a
protein in an aqueous dispersion of nanostructured liquid or liquid crystalline particles,
preferably of the reversed bicontinuous cubic phase, could yield particles of the instant
invention wherein the coating was composed of semi-crystalline protein. Alternatively,
gelation or precipitation of a protein at the surface of a nanostructured liquid or liquid
crystalline particle could yield a particle of the instant invention wherein the coating was
composed of amorphous protein. The presence of protein in the coating of such particles
could serve one or more important roles, including: targeting (that is, the coating itself could
serve a dual role as a targeting compound); inhibition of unfavorable protein adsorption (e.g.,
albumin binding); presentation of a biocompatible particle surface that would minimize
uptake by the body’s defenses (e.g., the RES) and yield long circulation times; and functional
proteins that could perform metabolic functions at the site of delivery that might yield
enhanced absorption, diminished drug degradation/metabolism, and/or regulation of cellular
processes in concert with the drug action. Furthermore, since the release of the coating could
be in response to enzymatic degradation (by, e.g., proteases), this could provide a means by

which to achieve slow release, or targeted release to sites of accelerated metabolism.

Applications of the invention.

The coated particles 1 of the present have application in a variety of fields. The coated
particles 1 are adapted to absorb one or more materials from a selected environment, adsorb
one or more materials from a selected environment or release one or more materials, such as
active agents, disposed in the matrix. With respect to absorption, the coated particles may be
used to harvest products or scavenge waste, in biological or chemical reaction processes, to
carry catalysts in those processes, to remove toxins, antigens or waste products in medical
applications, to identify a few examples.

With respect to adsorption, the coated particles may be used as chromatographic
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media and as adsorbents.

With respect to release, the coated particles may be used for the controlled release of
pharmaceutical agents such as anticancer agents or photodynamic therapy agents, or cosmetic
or cosmeceutical materials. An active agent may be disposed in the matrix for release upon
the triggering of release. For example, a pharmaceutical or biologically active material may
be disposed in the matrix, that is, it may be either dissolved, or dispersed, or in some cases be
partially dissolved and the remainder dispersed.

In applications of these microparticles in drug-delivery or with embedded proteins or
polypeptides (in particular receptor proteins), it can be highly advantageous to have an
interior matrix which, although synthetic or semisynthetic, is designed to simulate closely the
physiochemical properties of a natural biomembrane from a living cell. This could be
important for the proper functioning of a receptor protein or other membrane component, for
example, or for promoting assimilation of the interior matrix into the natural biomembrane in
drug delivery, or especially in targeting of the microparticles. Physiochemical properties that
can be important in such a context include the bilayer rigidity, (a measure of the resistance to
bending), bilayer fluidity (a measure of the microviscosity of the bilayer interior), the acyl
chain length and bilayer thickness, the order parameter as a function of position on the lipid
acyl chains, the surface charge density, the presence or absence of segregated lipid domains of
differing composition within the bilayer, bilayer curvature and monolayer curvature (for a
discussion of the relationship between these two curvatures see H. Wennerstrom and D.M.
Anderson, in Statistical Thermodynamics and Differential Geometry of Microstructured
Materials, Eds. H.T. Davis and J.C.C. Nitsche, Springer-Verlag, 1992, p. 137), cholesterol
content, carbohydrate content, and the lipid:protein ratio. By proper choice of composition,
one can adjust these parameters to a large extent in an artificial system, namely a
nanostructured liquid phase or liquid crystalline phase. For example, the bilayer rigidity can
be reduced by the addition of amphiphiles, particularly aliphatic alcohols; and bilayer charge
can be adjusted by adjusting the ratio between uncharged lipids (such as phosphatidylcholine)
and charged lipids (such as phosphatidic acid). Also, the addition of cholesterol is important
for the function of a number of membrane proteins. The lamellar phase, the reversed
bicontinuous cubic phase, the L3 phase, and to a lesser extent the reversed hexagonal phase

are in particular well suited for this approach. Thus, a particle of the present invention, with
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the interior matrix being such a phase with tuned physiochemical characteristics for the
functioning of incorporated proteins or other biomolecules, can be very valuable in products
for pharmaceutics, clinical assays, biochemical research products, etc.

Membrane proteins are generally dependent on a bilayer milieu in order to
function properly and even to maintain proper conformation, and for such proteins the present
invention - particularly with the bilayer properties tuned as described above - could be an
excellent and very useful matrix. Examples of membrane proteins include, in addition to
receptor proteins, such proteins as proteinase A, amyloglucosidase, enkephalinase, dipeptidyl
peptidase IV, gamma-glutamy] transferase, galactosidase, neuraminidase, alpha-mannosidase,
cholinesterase, arylamidase, surfactin, ferrochelatase, spiralin, penicillin-binding proteins,
microsomal glycotransferases, kinases, bacterial outer membrane proteins, and
histocompatibility antigens.

In view of the demanding requirements for the delivery of pharmaceuticals in the
treatment of cancers, the advantages and flexibility of the present invention make it
particularly attractive in the delivery and release of antineoplastic agents, such as for example,
the following:

Alkylating Agents

Alkyl Sulfonates -Busulfan, Improsuflan, Piposulfan.

Aziriaines - Benzodepa, Carboquone, Meturedepa, Uredepa,

Ethyleneimines and Methvimelamines - Altretamine, Triethylenemelamine,
Triethylenephosphoramide, Triethylenethiophosphoramide, Trimethylolmelamine,
Nitrogen Mustards - Chlorambucil, Chloramphazine, Cyclophosphamide, Estramustine,
Ifosfamide, Mechlorethamine, Mechlorethamine Oxide Hydrochloride, Melphalan,
Novembichin, Phenesterine, Prednimustine, Trofosfamide, Uracil, Mustard.

Nitrosourea- Carmustine, Chlorozotocin, Fotemustine, Lomustine, Nimustine, Ranimustine,
Others - Dacarbazine, Mannomustine, Mitobronitol, Mitolactol, Pipobroman.

Antibiotics -Actacinomveins - Actinomycin FI, Anthramycin, Azaserine, Bleomvyins,
Cactinomycin, Carubicin, Carzinophilin, Chromomycins, Dactinomycin, Daunorubicin, 6-
Diazo-5-0XO-Leucine, Doxorubicin, Epirubicin, Mitomycins, Mycophenolic Acid,
Nogalamycin, Olivomycins, Peplomycin, Plicarmcin, Porfiromycin, Puromycin,

Streptonigrin, Streptozocin, Tubercidin, Ubenimex, Zinostatin, Zorubicin.
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