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CONDENSED-PHASE MICROPARTICLE COMPOSITION AND METHOD

1. Field of the Invention

The present invention relates to condensed-phase
peclymer-matrix microparticles and their uses a drug
delivery, drug storage, and in diagnostic applications.
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3. Background of the Invention
The use of synthetic polymers in drug delivery

devices has focused on "smart polymers" a term ascribed
to polymers which form gels that have the abilitv to
expand or contract in response to a specific stimulus,
such as 1light, temperature or pH. Typically, such
polymers will precipitate in solution or collapse with
concomitant expulsion of gel pore contents. In some
cases, these processes are reversible.

Synthetic polymers may be based on a number of types
of monomeric units, including vinyl monomers, N-alkyl
substituted acrylamides and the like. Copolymers have
also been utilized in an attempt to combine or modulate
the stimulus responsive properties of one or more known

smart polymers.
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4. Summary of the Invention
The present invention includes, in one aspect, a

particle composition for rapid release a compound, when
the composition is exposed to a selected target condition
related to pH, temperature, or the presence of a selected
ligand. The composition includes encapsulated,
condensed-phase microparticles having an average size in
a selected size range between 0.05 and 5 microns.

Each microparticie is composed of a condensed-phase
matrix of crosslinked polyionic polymer filaments, ana is
capable of decondensing to an expanded phase when
selected multivalent counterions also present within the
matrix are replaced by monovalent counterions. The
compound to be delivered is entrapped in the condensed-
phase microparticle. The condensed-phase microparticle
and entrapped drug are encapsulated within a 1lipid
bilayer membrane. Localized disruption of the 1lipid
membrane, and influx of monovalent counterions into the
polymer matrix, in response to the selected target
conditions, causes a cascade effect involving matrix
swelling and further membrane disruption, resulting in
rapid compound release from the particles.

In one general embodiment, the composition is
designed for use as a drug-delivery composition. Here
the microparticles have an average size in a selected
size range preferably between 0.05 and 0.5 microns, the
compound 1is a therapeutic compound, and the 1lipid
membrane 1is effective to allow influx of external
counterions into the microparticle matrix when exposed to
a selected condition in vivo.

In a more specific embodiment, the polymer filaments
forming the microparticle matrix are sulfated,
sulfonated, carboxylated, or polyphosphated polyanionic
polymers, preferably comb-polymer glycoprotein filaments,

and the multivalent counterion is a multivalent cation.
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Also in more specific embodiment, the encapsulated
microparticles contain a ' concentration of solute
molecules, including a therapeutic compound, that in the
absence of the matrix, would produce hypertonic swelling
of the encapsulated microparticle’s lipid membrane in a
physiological medium. Alternatively, the concentration
of therapeutic compound within the encapsulated
microparticles is greater than the solubility of the drug
in the agueous medium within the microparticle matrices.

The lipid bilayer membrane may include anti-ligand
molecules attached to the outer membrane surface, for
binding specifically to 1ligand antigen or antibody
molecules present at an in vivo site, for producing
complement-mediated lysis at the selected in vivo site.
For use delivering a drug to a site that can be heated to
an elevated temperature above normal body temperature,
the encapsulated microparticles’ 1lipid membranes are
formed of lipids having a phase transition temperature
between the normal body temperature and the elevated
temperature.

In a second general embodiment, the composition is
used as a diagnostic assay reagent, such as a homogeneous
assay reagent. Here the lipid membrane contains surface-
bound anti-ligand molecules effective to bind
specifically and with high affinity to a selected analyte
ligand molecule, and the entrapped compound is a
detectable reporter compound.

Binding of an analyte ligand to the anti-ligand
molecules, in the presence of complement, causes membrane
lysis, with rapid release of entrapped reporter compound.

In another aspect, the invention includes a method
delivering a therapeutic compound to an in vivo target
site having a selected pH, temperature, or binding-
molecule characteristic, by administering an encapsulated
microparticle composition of the type described above to
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a subject in need of the compound. The administered
composition is effective to produce rapid release of the
compound at the target site.

Also disclosed is a method of storing a charge
compound, typically one that is unstable on storage. The
method includes infusing the compound into polymer
microparticles having selected sizes in the 0.02 to 50
micron size range, preferably 0.05 to 5 u, where each
perticle is composed of a decondensed-phase matrix of
crosslinked polyionic polymer fiiaments, and is capable
of contracting to a condensed phase under selected ionic
conditions requiring the presence of multivalent
counterions.

After the compound has infused into the decondensed-
phase microparticles, multivalent counterions are added
to the medium at a concentration effective to fully
condense the microparticles, forming an aqueous
suspension of condensed-phase microparticles having
entrapped compound. The microparticles are preferably
stored in an aqueous suspension or in a particle,
partially dehydrated form.

The entrapped compound, which has the same charge as
the counterion, may be loaded into the microparticles at
high concentration due to the high coefficient of
partitioning of the compound into the charged matrix.
The method is useful, for example, for storing
polypeptides at a high concentration, without loss of
activity due to denaturation by 1lyophilization, or
proteolysis or other solution-related degradation.

The condensed-phase particles may be used for rapid
compound release in therapeutic applications, or for
rapid release of chemical-reagent compounds, such as
diagnostic reagents, in chemical-reaction applications.

When used in therapeutic applications, the condensed-
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phases microparticles have preferred sizes in the size
range 0.05 to 0.5 um.

In still another aspect, the invention includes a
compound-release composition comprising a suspension of
condensed-phase microparticles having average sizes in a
selected size range preferably between 0.05 and 50
microns. Each microparticle is composed of (i) a matrix
of crosslinked polyionic polymer filaments capable of
swelling from a «condensed phase to an expanded,
decondensed phase or state, when the matrix is exposed to
monovalent counterions, (ii) small molecules entrapped in
the microparticle matrix, with such in. its condensed
phase, and (iii) polyvalent counterions effective to
retard the release of the small molecules from the
microparticles, when the microparticles are exposed to
monovalent counterions.

The polyvalent counterions may be confined to an
outer shell region of the condensed-phase matrix, infused
throughout the matrix, or distributed within the matrix
according tec the polymer-molecule size.

The polymer filaments forming the microparticle
matrix in one embodiment are sulfated, sulfonated,
carboxylated, or polyphosphated polyanionic polymers, and
the polyvalent counterions are polycationic polymer
molecules, preferably polypeptides with a net side chain
charge.

In one general embodiment, the composition is used
for parenteral administration of an entrapped therapeutic
compound, with the condensed-state microparticles having
sizes in the range 0.05 to 0.5 um. The composition may
be used for delivering a charged therapeutic peptide,
which can serve as a polyvalent species in the
composition. Alternatively, the therapeutic compound may
be a small therapeutic molecule which is entrapped in the
matrix, with such in its condensed form. The therapeutic
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compound may be present at a concentration that is
substantially greater than the water solubility of the
compound in the suspension. The compound preferably has
the same charge as the counterion.

These and other objects and features of the
invention will become more fully apparent when the
following detailed description of the invention is read

in conjunction with the accompanying drawings.

Brief Description of the Figures
Fig. 1 shows a generalized structure of a sulfated

comb-polymer glycoprotein used in forming a polymer-
matrix microparticle in accordance with the invention;

Figs. 2A and 2B show the backbone structure of a
heparin sulfate proteoglycan polymer (Fig. 2A), and the
side chain structure of the same polymer (Fig. 2B);

Fig. 3 shows a crosslinking reaction used in forming
a crosslinked polymer matrix for use in the invention;

Figs. 4A-4D illustrate steps in forming polymer-
matrix microparticles by lipid encapsulation;

Fig. 5 shows a plot of doxorubicin loading into
decondensed microparticles;

Figs. 6A and 6B are photomicrographs of a condensed-
phase mast-cell (6A) and synthetic (6B) microparticles
loaded with doxorubicin;

Figs. 7A and 7B show the rate of release of
doxorubicin from condensed-phase microparticles when
stored in distilled water (7A), and when exposed to
physiological saline (Fig. 7B);

Figs. 8A-8H are light photomicrographs (8A, 8C, 8E,
and 8G) and fluorescent micrographs (8B, 8D, 8F, 8H) of
microparticles (i) before particle condensation (8A and
8B); (ii) after microparticle loading with fluorescent

histamine (8C and 8D); (iii) after decondensing the
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fluorescent-loaded particle with Na‘*-containing medium
(8E and 8F); and after a second particle condensation
with unlabeled histamine (8G and 8H); '

Fig. 9 shows a diagnostic device employing a
condensed phase microparticle prepared in accordance with
the invention;

Figs. 10A and 10B illustrate steps in preparing a
condensed phase microparticle in a compound-release
composition constructed in accordance with another
embodiment of the invention;

Figs. 11A-11C illustrate steps in preparing a
condensed phase microparticle in a compound-release
composition constructed in accordance with one embodiment
of the invention;

Figs. 12A and 12B show a method of attaching
polyethleneglycol polymer chains to the exterior surface
of a microparticle;

Fig. 13 shows an encapsulated microparticle for use
in a compound-release composition formed in accordance
with another aspect of the invention;

Figs. 14A-14C illustrate the activation of an
encapsulated microparticle like that shown in Fig. 13
(14A) by cell 1lysis in the presence of antigen and
complement (14B), and the cascade of events leading to
rapid released of entrapped compound in the
microparticle’s matrix (Fig. 14C); and

Figs. 15A-15C illustrate attachment of an
encapsulated microparticle (Fig. 15A) like that in Fig.
13 to the surface of a cell, with fusion of the
microparticle and cell membrane (15B), and rapid
decondensing of the microparticle’s polymer matrix to
release entrapped drug into the interior of the cell
(15C) .
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Detailed Description of the Invention

I. Definitions

As used herein, the terms below have the following
definitions unless indicated otherwise.

"pPolyionic polymers" or “polyionic polymer
filaments" are polymers containing multiple charged
subunits (subunits containing at least 1 negative or
positive charge at a selected pH between about 4-10), and
heving a net negative (polyanionic) or net positive
(polycationic) charge at the selected pH.

"pPolyanionic polymers" or ‘"polyanionic polymer
filaments" are polyionic polymers in which the charged
subunits are ionizable, negatively charged subunits,
typically sulfate, sulfonate, or carboxylate, or
phosphate groups. Such polyanionic polymers or polymers
filaments are also referred to herein as "sulfated,
sulfonated, carboxylated, or phosphated" polymers or
polymer filaments, respectively.

"Polycationic polymers" or "polycationic polymer
filaments" are polyionic polymers in which the charged
subunits are ionizable positively charged subunits,

typically primary, secondary, tertiary amine groups or in

 which the charged subunits contain quaternary amine

25

30

groups.

"pPolyionic hydrophilic polymers" are polyionic
polymers which are soluble in an aqueous solution, at a
selected pH between about 3-10, preferably having a
partition coefficient, expressed as log n-octanol/water,
of less than zero.

"Comb polymers" or "comb-polymer filaments" are
polymer filaments composed of a polymeric backbone chain
and a plurality of polymer side chains attached to the
backbone polymer at spaced positions along the backbone

chain, and radiating outwardly from the backbone chain.
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A '"comb-polymer glycoprotein" refers to a comb
polymer having a polypeptide backbone chain to which is
attached, at spaced positions along the polypeptide
chain, a plurality of anionic polysaccharide side chains.

A "sulfonated, sulfonated, carboxylated, or
phosphated comb-polymer glycoprotein" refers to a
polyanionic comb-polymer glycoprotein in which the
polysaccharide side chains carry sulfate, sulfonyl,
carboxyl, cr phosphate groups, respectively, at cne or
more sugar residues.

"Glycosaminoglycans" consist of disaccharide
repeating units containing a derivative of an amino sugar
(glucosamine or galactosamine) where at least one of the
sugars in the disaccharide contains a carboxylate or
sulfate group. Exemplary glycosaminoglycans include
hyaluronate, chondroitin sulfate, keratan sulfate,
heparin sulfate and heparin.

"Proteoglycan" refers to a polypeptide backbone to
which is attached multiple anionic heteropolysaccharide
sidechains which are generally glycosaminoglycans.

A '"crosslinked polymer matrix" is a matrix of
polymer filaments in which the filaments are crosslinked
by covalent crosslinking between and/or among filaments
by bifunctional or polyfunctional crosslinking agents, or
crosslinked by ionic bonds between ionic groups on the
polymer filaments and multivalent oppositely charged
crosslinking species;

A "multivalent solute species" is a divalent or
multivalent anionic or cationic solute species.

"Polyvalent counterions" are multivalent solute
species each containing at least 3 charged groups (of the
same charge), typically amine or carboxyl charged groups.
Included in this definition are polypeptides, such as
polylysine or polyaspartate, or proteins containing a
charged side chains, and nonpeptide polymers, such as
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polyquaternary amines, having a high density of
positively or negatively charged monomer units.

A "monovalent counterion", a "divalent counterion",
or a "multivalent counterion" is a monovalent, divalent,
or multivalent ionic species, respectively, whose charge
is opposite to that of the charge of the polymer matrix.
In a matrix formed of polyanionic filaments, the
counterion is a cationic species, and in a matrix formed
of polycationic filaments, the counterion is an anionic
species.

"polyvalent counterions" are multivalent counterions
containing at 1least 3 charged groups (of the same
charge), typically amine or carboxyl charged groups.
Included in this definition are polypeptides, such as
polylysine or polyaspartate, or proteins containing a
charged side chains, and nonpeptide polymers, such as
polyquaternary amines, having a high density of
positively or negatively charged monomer units.

"Microparticles" refer to particles which are formed
of a crosslinked polyionic polymer matrix, and which have
condensed~state sizes in the range between about 0.05 to
50 um (umeter), preferably 0.05 to 5 um (umeter).

"Condensed-phase microparticles" or "condensed-state
microparticles" refers to microparticles in a condensed
or collapsed phase. The matrix in a collapsed phase
preferably contains less than about 30 percent by volume
water.

"Decondensed-phase microparticles" or "decondensed-
state microparticles" refers to microparticles in an
expanded decondensed phase in which the particle matrix
is open to diffusion of small molecules into and out of
the matrix.

The "effective concentration" of a compound in a
condensed-phase microparticle, expressed in mM, is the
concentration of the compound expressed as moles
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compound/volume condensed-phase microparticle, calculated

from the known size of the condensed-phase particle.

II. Polymer-Matrix Microparticles

This section describes the ©preparation and
properties of polymer-matrix microparticles used in
various aspects of the invention.

The microparticles are composed of crosslinked
polyionic filaments, and preferably a crosslinked network
of polyanionic filaments, such as sulfated, sulfonated,
or carboxylated polymers, including comb-polymer
glycoproteins. Exemplary polymer filaments, and methods
of preparing the crosslinked matrices, either by
isolation from biological sources, or by synthetic means,
will be described below.

According to an important aspect of the invention,
the particles can be cycled rapidly between condensed and
decondensed states or phases, by changing the ionic
environment of the microparticles. In the condensed
phase, the microparticles are relatively dense and
opaque, and preferably contain less than about 30 percent
by volume water, and preferably less than about 5-15
percent by volume. The condensed-phase microparticles
have preferred average sizes in the size range between
0.05 and 50 um (micrometer), preferably 0.05 to 10 um,
and 0.05 to 0.5 um for therapeutic uses.

A. Isolation of Microparticles
Microparticles suitable for use in the methods and

compositions of the invention may be isolated from one or
more suitable biological sources, including cultured
cells, as described below. 1In certain embodiments of the
invention, microparticles are isolated as the intact
cores of secretory granules. Such granules are typically

composed of a membrane surrounding a core of highly
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charged biopolymers. Proteoglycans, as found in mast
cell granules are particularly preferred for forming
polymer-matrix microparticles for use in various
embodiments of the invention described herein.
Glycoproteins, such as form mucous, may also be useful in
forming microparticles for certain applications.

Secretory granules can be obtained from mast cells,
goblet cells, chromaffin cells and other secretory cells,
according to the particular biopolymer and chemical
properties required. For example, goblet cell granules
contain mucin, a mixture of 1linear polyanionic
glycoproteins, whereas mast cell granules contain heparin
proteoglycans, which contain ester sulfate groups.
Biopolymers isolated from each of these sources have
different characteristics. Mucin-containing granules
decondense to form a diffuse gel, while mast cell-derived
heparin proteoglycan particles maintain a particulate
form following decondensation. Other secretory granule
derived materials include, but are not 1limited to,
chromogranin A from chromaffin granules of the adrenal
medulla and acidic protein SP-1 from parathyroid
granules. In addition, polyanionic chromogranin A-like
matrices are present in secretory cells of the thyroid,
pancreatic islet cells, sympathetic ganglia, anterior
pituitary and gastric antrum.

Preferred isolation techniques for secretory
granules from cells include homogenizing the cells with
a mechanical homogenizer, treating the cells with
detergents, rupturing the «cells by sonication, or
combinations thereof. The homogenizing or sonicating
conditions may leave the granule membranes substantially
intact on the granules. Alternatively, cells may be
stimulated to release the secretory granules, such as by

contact with a releasing agent.
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Preferably, to form biological microparticles for
use in the invention, the mast-cell membranes will be
removed, either during the isolation process, or by
detergent means thereafter, as described for mast cell
granules in Example 1. After the secretory granules are
released from the ruptured cells, the granules are then
separated from the cell debris by centrifugation in a
density gradient, for example, a sucrose gradient or a
metrizamide gradient. Such cell rupturing and
centrifugation procedures are well known in the art.

Preferred secretory granules for isolation of
polymer-matrix microparticles include mast cell granules.
Mast cells can be obtained from the peritoneal cavity of
various rodent species. Adult beige mice (bg'/bg,
Jackson Laboratories, Bar Harbor, ME) are particularly
convenient sources of such cells, as described in Example
1. Cells are collected by peritoneal lavage, and the
isolated cells are equilibrated in an isosmotic
"extracellular" solution. Cells are stimulated to
secrete granules, by use of a secretagogue, such as
compound 48/80, or by mild sonication, as detailed in
Example 1.

These alternative methods of stimulating release of
granules from secretory cells result in differences in
initial appearance of the granules. Granules released by
stimulation with Compound 48/80 decondense rapidly upon
release, but can be recondensed to within 5% of original
intracellular volume by immersion, for example in a
solution containing 50 mM histamine, pH 3. Granules
isolated by mild sonication retain an intact granule
membrane and their condensed form. Membranes enclosing
the granules may then be removed by conventional
techniques such as detergent treatment (e.g., Triton X

100) or strong sonication.
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Mucin containing secretory granules may be isolated
from secretory cells located in the respiratory system
called "Goblet" cells. When released from the granules,
mucins undergo massive swelling to form a gel in aqueous
solution. (Verdugo) Mucin particles can be isolated from
primary cultures of Goblet cells from rabbit trachea,
according to standard methods. Such cultured cells
spontaneously degranulate in a manner similar to mast
cells. Upon release from the cell, mucin-containing
granules swell rapidly for 5-10 sec. The granules
generally anneal with each other in the extracellular
fluid. The swelling process can be retarded
significantly by elevation of calcium content in the

extracellular medium (Verdugo).

B. Synthetic Microparticles
Polymer-matrix microparticles having the rapid

condensation/decondensation properties described above
can also be made synthetically by a variety of methods.
The microparticles are made by cross-linking polyionic
hydrophilic polymers under conditions which 1lead to
cross-linked matrices in the 0.05 to 50 um, preferably
0.05 to 5 um particle-~size range, when the particles are

in their condensed phases.

A. Filament Preparation and Crosslinking
Below are described two general methods for

producing polyionic filament components in the
microparticles.
1. Prepolymerized ionic polymer filaments.

In one embodiment, the microparticles are prepared
by crosslinking existing ionic polymer filaments.
Polymer filaments that are suitable include sulfated,
sulfonated, carboxylated, or phosphated hydrophilic
polymers, in forming negatively charged polymer matrices,
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and amine-containing hydrophilic polymers, in forming
positively charged polymer matrices.

Preferred polyanionic polymer filaments include
sulfated proteoglycans, e.g., sulfated heparin, and other
sulfated polysaccharides, such as sulfated cellulose or
cellulose derivatives, carrageenin and dextran sulfate,
mucin, sulfated polypeptides, such as polylysine with
sulfated amine groups, and glycopeptides with sulfonate-
derivatized saccharide or peptide subunits, and
hyaluronic acid.

One type of preferred polyanionic polymer filament
includes sulfated, sulfonated, carboxylated, or
phosphated comb-polymer glycoproteins. The Dbasic
structure or this type of polymer is shown in Fig. 1.
The polymer, indicated at 20, generally includes a
polymeric backbone 22, such as a polypeptide, such as one
having repeating subunits, such as repeating amino acid
subunits. Attached to the backbone, at attachment points
spaced along the backbone, are a plurality of
polysaccharide side chains, such as side chains 24. The
side chains carry negatively charged sulfate groups, as
shown, typically several per chain, but an average of at
least about 1 negatively charged group per chain.

Where the backbone polymer contains amino acid
residues, the subunit side chains may have a variety of
selected chemically reactive groups, such as a hydroxyl,
carboxy, or amino groups, by which the side chains of the
comb-polymer can be attached to the polymer, such as
illustrated for the SER-GLY repeat backbone shown in Fig.
2A.

If the comb-polymef can be prepared de novo, a
variety of coupling reaction are available for attaching
the side chains covalently to the backbone polymer. 1In
general, this is done by activating one end of the

polysaccharide side chains, and reacting the activated
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chains with a backbone under conditions effective to
couple the activated chains to corresponding reactive
side-chain groups on the polypeptide or other polymer
backbone. Coupling reactions suitable for coupling to
carboxy, hydroxyl, amino, or sulfhydryl groups are well
known.

The percentage of backbone reactive groups, and the

‘relative lengths and stoichiometry of the polymer

filament backbone chain and side chains is preferably
such that the comb-polymer preferably includes at least
about 80-95% by weight polysaccharide components.

One preferred sulfated comb-polymer glycoprotein is
heparin sulfate proteoglycan, whose structure is
indicated in Fig. 2A. As seen, the polymer (indicated at
26) has a polypeptide backbone 28 composed of repeating
SER-GLY dipeptide subunits, with heparin chains, such as
side chains 30, attached to the backbone at some of the
SER residues, through the SER hydroxyl group. A portion
of a heparin side chain is shown in Fig. 2B.

Proteoglycan polymer filaments of this type may be
synthesized following known method, such as those
outlined above. Alternatively, some proteoglycan
filaments, such as heparin sulfate proteoglycan, can be
obtained by isolation from biological sources.

The preformed filaments may be crosslinked by
bifunctional or multifunctional crosslinking agents
effective to form intermolecular 1links between the
filaments. In one general embodiment, the crosslinking
agent may be long, hydrophilic polymer chain, such as a
polyethyleneglycol (PEG) chain, having activated end
groups effective to form covalent linkages to selected
reactive groups on the polysaccharide side chains of the
polymer filaments.

Fig. 3 illustrates one exemplary crosslinking
reaction in which carboxyl groups in sulfated heparin
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side chains, such as shown at top in the figure, are
linked by an activated diamino-PEG molecule, as
indicated. Methods for activating crosslinking agents of
this type, and for crosslinking polymer filaments by the
activated agents, are well known (Wong, Antonietti,
Huang, Funke). Alternatively, the carboxyl groups may be
activated, for reaction with free amine groups in the
crosslinking polymer.

The crosslinking reaction is preferably one which
can be initiated by heat, e.g., by raising the
temperature of the reaction by infrared irradiation, or
by radiation, such as visible light, UV or X-irradiation,
according to known polymer forming reactions.

2. Polymer synthesis

In another general embodiment, the charged polymer
filaments are formed de novo in a polymerization and
crosslinking reaction. A variety of monomer systems for
forming crosslinked microparticles have been proposed,
for example vinylpyridine, 2-hydroxyethyl methacrylate,
acrylamide, dimethylacrylamide, acrolein, poly (N-
isopropylacrylamide, amino acid monomers, saccharide
monomers, alkylcyanoacrylates, glycidyl methacrylate, and
hyaluronic acid (e.g., Wu, Arshady, Margel, Okubo, 1992a,
1992b, Kreuter, Kamei, Fujimoto, Yui, and Hosaka).

These monomers are mixed with selected charged-group
monomers, such as methacrylic acid, vinyl monomers having
carboxyl or amine groups (Arshady) or monomers in which
the reactive group has been converted to a sulfate,
sulfonate, or phosphate group, by standard reaction
methods. Typically, the charged monomer will be included
in a range from about 5-50 mole percent of uncharged
monomer, although the polymer may be formed entirely from
charged monomer units.

The polymerized chains may be crosslinked by free

radical polymerization, by inclusion of crosslinking
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monomers, such as methylene-bis-acrylamide or
divinylbenzene (e.g., Okubo, Arshady, Kreuter), or by
crosslinking through polymer chains, as above. '

In both of the .approaches discussed above, the
polymer filaments may be modified, before or after
crosslinking to form microparticles, to introduce charged
groups, and/or binding groups on the filaments. Thus,
the initial microparticle may be formed of substantially
uncharged filaments as long as the filaments contain
groups that can be modified to form the desired charged
group.

Similarly, the charged groups can be introduced by
forming the microparticle to include a ligand-specific
binding agent, such as 1lectin, and introducing the
complement of the binding agent, e.g., sulfated heparin,
into the matrix after particle formation (Tanaka).

The polymer filaments can be constructed and/or
modified after particle formation to achieve desired
characteristics. For example, when the polymer matrix is
to be condensed or decondensed within a desired pH range,
the polymer is prepared to include the charged group,
e.g., carboxyl group or amine group, whose pK, is within
such pH range.

Similarly, where the polymer matrix is to be used in
delivering selected biological or chemical 1ligand
species, preferably charged species, the microparticle is
formed to include binding molecules capable of binding
the ligand specifically and with high affinity. |

B. Microparticle Formation
Several methods are available for forming

microparticles having desired sizes in the size range
0.05 and 50 um, preferably 0.05 to 0.5 um. These

include:
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1. Emulsion Polymerization

In this method, monomers are dissolved in a
continuous aqueous phase also containing emulsifier
micelles plus excess free monomer stored in large
droplets in suspension. Polymerization reactions, such
as by addition of an initiator molecule or high-energy
radiation, leads to polymerization in the regions of the
micelles. Phase separatior and formation of solid
particles can occur before or after termination of the
polymerization reaction. Particle size can be controlled
by monomer density, micelle density, and polymerization
conditions (Kreuter, Cadan, Vanderhoff). As with several
of the published methods cited herein for microparticle
preparation, it will be appreciated that the published
method may need to be modified to include a desired
percentage of charged monomers, as discussed above.

2. Emulsion Polymerization in Continuous Organic Phase

In this method, water-soluble monomers are added to
a water-in-oil emulsion stabilized by a surfactant, under
conditions that polymerization is initiated in the
aqueous phase droplets (Kreuter).

3. Precipitation Polymerization

Precipitation polymerization involves polymerization
starting from a monomer solution in which the polymer (or
microparticle) is insoluble (Kawaguchi, 1991, 1992, 1993,
Pelton, 1986, 1988, Tai). Typically in this method,
polymerization of monomers in solution is allowed to
proceed until desired size polymer filaments are formed,
usually under conditions of vigorous mixing.

This method (following Kawaguchi) was followed in
preparing synthetic microparticles described in several
drug-loading and condensation studies reported below,
where the crosslinked polymers described in the reference
were prepared to include carboxylated subunits. The

polymer  mixture included methacrylic  acid (10
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mmol) /nitrophenyl acrylate (10 mmol)/methylene bis
acrylamide (5 mmol)/ethanol (35g), employing 0.75 g
initiator AIBN. The reaction was carried out at 60°C for
22 hours under nitrogen. The particle may be treated by
reaction with ethylene diamine 100 eq/l1 eq particle at

room temperature for 48 hours.

4. Encapsulated polymer method

In this method, a polyanionic, hydrophilic polymer
is crosslinked in an encapsulated form, followed by
removal of the encapsulating membrane to leave cross-
linked, decondensed particles of a desired finzal size.
The method is illustrated in Figs. 4A-4D for the
preparation of particles using encapsulating 1lipid
vesicle membranes.

Initially, and with reference to Fig. 4A, an aqueous
solution or suspension of the polymer and cross-linking
agent (aqueous polymer medium) is encapsulated in lipid
bilayer vesicles. A variety of vesicle-forming methods,
such as 1lipid hydration, reverse-phase evaporation,
solvent injection, and freeze-thaw methods are available
for encapsulating aqueous material in lipid vesicles.

In a preferred method, the agqueous polymer medium is
used to hydrate a dried lipid film formed of vesicle-
forming lipids, such as a mixture of phosphatidylcholine
(lecithin) and cholesterol. The hydration is carried out
under mild agitation, to form liposomes with
heterogeneous sizes between about 0.05 and 20 microns.
The suspension, indicated at 36 Fig. 4A, contains
liposomes, such as liposome 38 with encapsulated
polymers, such as polymers 40, as well as polymers in the
bulk phase of the suspension, as shown.

The liposome suspension may be sized, as by
extrusion through a polycarbonate membrane or the like to
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reduce the largest liposomes to a desired upper size,
e.g., 2-5 microns. Following this, the suspension may be
further size fractionated, for example, by molecular
sieve chromatography, to remove 1liposomes below a
selected size range, e.g., 0.5 microns. At the same
time, or in a separate step, the liposomes are separated
from bulk-phase polymer material, to produce a suspension
41 of liposomes in a polymer-free aqueous medium, as
shown in Fig. 14B.

The liposome suspension is now subject to heat or
irradiation treatment to initiate crosslinking of the
encapsulated polymer suspension, as shown in Fig. 4¢C,
according to standard methods such as outlined above.
The cross-linked matrices, such as matrix 42, have the
approximate sizes of the encapsulating liposomes.

In the final step, shown in Fig. 4D, the suspension
is treated to remove the encapsulating liposome
membranes, leaving a suspension 44 of the crosslinked
particles, such as particle 46. Membrane dissolution may
be produced by detergents, organic solvents, or the like.
The microparticles may be separated from the lipid and
lipid-solvent components by filtration or the like, then
resuspended in an agueous medium for further processing.
5. Gelatin Dispersion

This is a specific embodiment of a more general
approach in which the polymer filaments or monomer
subunits used in forming the microparticles are mixed
with a suspension cf proteins, such as agar, gelatin, or
albumin (Kreuter, Tanaka). One method employs alginate
plus Ca*? in producing the particles. The mixture is then
dispersed under conditions effective to produce desired
sized particles containing the mixture components. 1In

the case of gelatin containing particles, the mixture may
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be cooled during the dispersion process to produce gelled
particles having a desired size.

The particles are then treated under polymerization
and/or crosslinking conditions, preferably under
conditions that do not also lead to crosslinking of
gelatin molecules to the polymer structure. After
microparticle formation, the gelatin molecules may be
removed from the structure, with such in a decondensed
form, e.g., by heating the material or enzymatic
digestion.

Other methods for forming microparticles have been
reported, and are contemplated herein for wuse in
preparing charged-polymer microparticles having the
properties and characteristics discussed above. '

Polymer-matrix microparticles having the rapid
condensation/decondensation properties described above
can also be made synthetically by a variety of methods.
The microparticles are made by forming cross-linking
polyionic hydrophilic polymers under conditions which
lead to cross-linked matrices in the 0.05 to 50 um,
preferably 0.05 to 5 um particle-size range, when the

particles are in their condensed states.

III. Condensed-Phase Microparticles for Compound Storage
In one aspect, the invention includes a method of

storing a compound, typically unstable hydrophilic
compound, but also including stable and/or hydrophobic
compounds, as discussed below. The method includes
infusing the compound into polymer microparticles of the
type described above, with such in a decondensed phase,
and after compound infusion into the open particle
matrices, adding multivalent counterions to the medium
under conditions effective to fully condense the

microparticles.
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When the microparticle formed in accordance with the
above methods is suspended in a decondensing agqueous
medium, typically one <containing a 10-200 mM
concentration of monovalent counterions, it is fully
hydrated and has a size that is typically 3-4 times
larger than the desired condensed-phase particles.

With addition of a multivalent counterion, such as
Ca*? or histamine in the case of a pclyanionic polymer
matrix, the particle will be forced into a condensed
phase.

In their condensed phase, the microparticles are
substantially dehydrated, and have a water content that
is less than about 30 percent, preferably less than about
5-15 percent by volume of water.

To determine the approximate water content of the
microparticles in their condensed phase, the size of the
particles can be compared before and after complete
hydration, e.g., by suspending the particles in 100%
ethanol. Particles which by this criterion typically
less than about 30% by volume, preferably less than about
5-15% by volume of entrapped water, are suited for use in
the method.

In practicing the method, particles prepared and
selected as above are suspended in an aqueous
decondensing medium in the presence of the hydrophilic
compound to be stored. The compound is typically one
which cannot be stored or is difficult to store either in
solution or in a dehydrated form. The compound may be
difficult to store either because it loses its activity,
or forms undesired side products, or tends to aggregate
or otherwise loses its solute properties when stored in-
an agueous medium or when dehydrated, e.g., by

lyophilization.
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One general class of compounds suitable for use in
the method are small, water soluble drug molecules, as
exemplified by aminoglycoside antibiotics, such as
doxorubicin or daunorubicin. The aminoglycoside
compounds tend to promote, and in turn undergo, free
radical reactions that lead to a loss of activity and/or
appearance of more toxic side products. Other small drug
compounds, particularly those capable of chelating iron
or other metals, those capable of absorbing visible
light, and those capable of acting as substrates for
contaminating enzymes, such as esterase, may also show
instability on storage in solution and/or in a dehydrated
form.

A second general class of compounds suitable for use
in the invention are polypeptides, including both
peptides and proteins, such as peptide hormones, e.g.,
insulin, cytokines, and a 1large number of enzymes.
Peptides or proteins may be unstable due to aggregation
on storage or on drying, denaturation on freezing or
drying, dissociation into inactive subunits, proteolysis
in solution, free-radical or oxidative damage that occurs
on storage, progressive inactivation in the absence of
critical factors or co-factors, or intermolecular
crosslinking or polymerization.

Still another general class of compounds suitable
for the invention are the water soluble vitamins, such as
flavin-containing vitamins and ascorbate.

Other general classes of water-soluble compounds
that are difficult to store 1in solution or on
dehydration, such as free-radical initiators, dyes, and
unstable water-soluble organic compounds are also
contemplated.

The compounds are preferably ionized or ionizable at
a selected pH, and have a net charge in an ionized form
which is opposite to that of the charged groups on the
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matrix filaments. In the case of a particle matrix
formed of polyanionic filaments, the compounds have
charged or ionizable amine groups that provide a positive
charge to the compound at a selected pH, preferably
between pH 6-10. Where the compound is a polypeptide,
the number of positively charged amine groups should be
in substantial excess of the number of negatively charged
carboxyl groups.

Similarly, where the compound has a negative charge
at a selective pH, such as ascorbate, or negatively
charged polypeptides, the microparticle matrix is formed
of polycationic filaments.

To prepare the condensed-phase microparticles, the
compound to be stored is mixed in an aqueous medium with
a suspension of microparticles in a decondensed phase.
The concentration of compound in the suspension is
typically between about 0.05 and 10 mM. The
concentration of microparticles is preferably such as to
allow substantially complete saturation of the matrix
charge groups by the charged compound. This should occur
at an effective compound concentration of up to 100-500
mM or greater for small drug molecules, and at a
proportionately smaller concentration for multivalent
species, such as polypeptides.

The ionic composition of the medium is such as to
retain the microparticles in a decondensed condition,
preferably including a low concentration of monovalent
counterions, e.g., 10-200 Na*. The pH of the medium is
preferably between the pK, of the matrix polymer filament
charge groups and the pK, of the compound charge group(s),
insuring that both groups will be charged and capable of
forming electrostatic bonds with one another.

The mixture is allowed to incubate, e.g., at room

temperature, until the matrix has become fully saturated
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with the compound. The kinetics of compound uptake into
the drug may be followed by a variety of standard
methods, e.g., by removing aliquots of suspension at
periodic intervals, condensing the particles, washing the
particles to remove non-entrapped drug, and assaying the
condensed particles for the presence of entrapped
compound.

After a desired loading level is reached, preferably
at or near saturation, the matrix is condensed by
addition of multivalent cations, such as ca'*’ and/or
histamine. The final concentration of condensing counte-
rion is preferably between 5-100 mM.

Fig. 5 shows a plot of uptake of doxorubicin into
crosslinked heparin microparticles, such as isolated in
accordance with Example I. At an compound concentration
of 0.5 mM, compound loading to a final effective concen-
tration of about 200 mM was achieved after 30 minutes.
At a compound concentration of 0.1 mM, loading to the
same level was achieved after about 45 minutes. Similar
results were obtained with synthetic microparticles.

As seen from the above, the charged drug compound
partitions into the microparticles with a partition
coefficient, with respect to the aqueous medium, of over
1,000. Thus, according to one advantage, the method of
the invention provides a compound-concentrating effect
for loading high levels of compound into the particles
from a low aqueous loading concentration.

The effective concentration of compound in the
loaded microparticles may be several times greater than
the maximum solubility of compound in the aqueous loading
medium. This is true particularly in the case of a
compound with lipophilic character, since the condensed

phase matrix will provide a low-hydration environment.
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Figs. 6A and 6B show heparin cross-linked micropart-
icles from mast cells and synthetic microparticles,
respectively, after loading with doxorubicin. The size
of the condensed polymers is about 3 um for the heparin
matrix particle, and about 2 um for the synthetic poly-
mer.

Typically, the particles in the condensed state have
volumes which are about 1/5-1/3 those of the decondensed
particles, and have a water content between about 5-30%
by volume of the particle. As indicated above, the
residual water volume of the condensed-phase particles
can be estimated from the reduction in size or weight
after dehydration, e.g., by ethanol extraction.

In another embodiment, the compound to be stored is
itself a multivalent counterion capable of condensing the
matrix. Histamine is example of a small drug compound of
this type. Small cationic or anionic polypeptides are
other examples of compounds that are desired to be
stored, and which also serve as condensing agents. Figs.
8A, 8C, 8E, and 8G show 1light photomicrographs and

-fluorescent photomicrographs (8B, 8D, 8F, and 8G) microp-

articles treated under various condensation and deconden-
sation conditions. 1In 8A and 8B, microparticles (pre-
pared as in Example 1) were suspended in an aqueous
medium, pH 3.5, under conditions of decondensation. The
particles were then 1loaded with fluorescent-labeled
histamine, 150 mM in the agueous medium, causing conden-
sation of the particles (8C). The flucrescent label in
the condenéed~phase particles observed on condensation
was retained in a probe-free solution (8D) indicating
that the entrapped histamine was not freely diffusible.

When the condensed-phase microparticle from above
were suspended in a Na*-containing medium, the particles
quickly decondensed (8E) and the entrapped fluorescent
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label quickly diffused away (8F). A new cycle of conden-
sation, this time by unlabeled histamine caused particle
condensation (8G), but failed to increase fluorescence in
the condensed-phase particles (8H), confirming that
labeled histamine was indeed released from the particles
after decondensation.

After particle condensation, the particles may be
further processed to achieve desired solubility proper-
ties and storage conditions. Since the condensed-phase
particles have excluded much of the water of hydration,
the condensed particles may be treated at this stage to
increase their surface hydrophilicity. For example, the
particle surfaces can be chemically derivatized with
hydrophilic moities, such as short hydrophilic polymer
chains, according to Kknown chemical derivatization
methods. More simply, the condensed-phase particles can
be incubated with a surfactant, such as a bile salt or
fatty-acyl-PEG or cholesterol-PEG surfactant, under
conditions effective to cause partitioning of the surfac-
tant into the outer surface of the microparticle, with
the hydrophilic moiety of the surfactant being exposed to
agueous medium. Surfactants of this type, having PEG
chains in the 1,000-5,000 dalton range are commercially
available. The PEG coating may serve the additional
function, in a parenteral therapeutic composition, of
extending the blood circulation time of the PEG-coated,
condensed-phase particles.

Alternatively, a coat of hydrophilic material, such
as polylysine or other polypeptide can be formed on the
condensed particles. One method for forming a protein
polyvalent peptide coat on a condensed microparticle is
described in Section IV.

Finally, in preparing the particle for storage, the
composition may be washed for storage in an agqueous

condensing medium, filtered or centrifuged to remove
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aqgueous suspension medium, for storage in a condensed,
partially hydrated form, or dehydrated, e.g., by lyophi-
lization, for storage in a dried form. In another
embodiment, the condensed-phase particles may be stored
in an aqueous medium, preferably after washing the
particles to remove the aqueous loading medium.

According to another important aspect of the inven-
tion, it has been discovered that the particles remain in
a highly condensed form in aqueous suspension, showing
little or no compound leakage from the condensed-phase
particles, even after an extended storage period.

Fig. 7A shows a plot of doxorubicin release rate
from condensed-phase microparticles stored in distilled
water. As seen, the half-life of drug release from the
particles is about 1 hour, even though the distilled
water medium is itself incapable of causing condensation
of decondensed particles. The study illustrates the
limited degree of diffusion of counterion and drug from
the condensed-phase particles. When the particles are
stored in partially dried form, or in an aqueous medium
with condensing counterions, the particles may be stored
without appreciable leakage over several weeks to months.

When the condensed-phase are suspended in 150 mM
Na*, i.e., decondensing conditions, the drug is rapidly
released from the particles (Fig. 7B).

A composition containing the condensed-phase parti-
cles with entrapped compound is useful in therapeutic
applications, as drug-delivery particles for parenteral,
oral, or topical drug delivery. In parenteral use, the
condensed-phase particles have the advantage first that
a high concentration of water-soluble drug can be admin-
istered without severe osmotic effects at the site of
administration, since the condensed-phase particles are
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essentially nonosmotic until they decondense and release
drug.

Secondly, the compound can be stored, either in dry-
particle or suspension form, with little loss of activity
over an extended storage period. This feature is advan-
tageous particularly for a variety of polypeptide which
may otherwise be unstable on long-tern storage.

The particles are also vseful in diagnostic applica-
tions, both as a stable storage form of a diagnostic
reagent, and as a means for providing rapid release of
reagents under selected reaction conditions. Fig. 9
shows a dry diagnostic test strip 42 composed of a fiber
mesh, and containing first and second compositions 44, 46
of dried (partially hydrated) condensed-phase particles,
such as particles 48 in composition 44, constructed in
accordance with the invention. The particles are immobi-
lized in the mesh fibers as indicated.

The first composition contains a first assay reagent
which is released into the strip on contact with a fluid
sample, which contains a high concentration of monovalent
ions. The first reagent may be, for example, an antibody
capable of reacting with the analyte of interest, or an
enzyme capable of acting on the analyte to produce an
analyte-specific reaction product.

After reaction of the sample fluid with the first
reagent, migration of the sample along the strip leads to
release of a second reagent, producing a second reaction
that is diagnostic for the presence of the analyte or
analyte-derived molecules. The second reagent may be,
for example, a dye or other reporter reagent.

one advantages of the condensed-phase particle
composition in this application is the stable storage of
reagent compound, such as enzymes, antibodies, and dyes
in a diagnostics kit. Another advantage is the rapid

release of entrapped compound on contact with agqueous
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medium or by other activating means, such as introduction
of monovalent counterions. ' This is in contrast to the
relatively slow release of particles in crystallized or
aggregated form. |

The composition is also useful as a delivery vehicle
for reagents in chemical or biochemical reactions, where
the reagent is unstable on storage, or where it is
desirable to introduce the reagent at a selected step in
a reaction, e.g., by decondensing the particles with a
monovalent counterion.

IV. Delayed Release Particle Composition

In another aspect, the invention includes a com-
pound-release composition formed of a suspension of
microparticles having average sizes in a selected size
range between 0.05 and 50 um, preferably 0.5 to 5.0 um.
For use in parenteral drug deliver, the microparticles
preferably have sizes between 0.05 to 0.5 um.

Each microparticle is composed of a condensed-phase
matrix of crosslinked polyionic polymer filaments capable
of expanding to a decondensed phase in the presence of
monovalent counterions. The matrix contains entrapped
small molecules, such as therapeutic or reagent mole-
cules, and polyvalent counterions, preferably polyvalent
polymer molecules, effective to delay the release of the
small molecules from the microparticles, when the microp-
articles are exposed to monovalent counterions.

In a related aspect, the invention includes a method
of delaying the release of small molecules entrapped in
a condensed-phase polyionic microparticles of the type
described above, by condensing the microparticles, either
partially of completely, with polyvalent counterions
selected to produce a desired rate of particle decondens-

ation in the presence of monovalent counterion.
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In one general embodiment, described in Section A,
the polyvalent counterion is relatively small and capable
of readily diffusing throughout the matrix, acting as the
sole condensing agent. 1In a second general embodiment,
described in Section B, the polyvalent counterion is
poorly diffused into matrix, by virtue of its size or
solubility properties, and is taken up in an outer shell
region of the matrix only, with complete particle conden-
sation cccuring by a small multivalent counterion, such

as Cat*?.

A. Delayed Release Microparticles
Fig. 10A illustrates a decondensed polyionic matrix

50 of the type described above, in this embodiment,
formed of crosslinked polyanionic filaments, such as
filaments, 52. The matrix is preferably infused with a
small compound (not shown) which is to be delivered from
the particle. Compounds which are suitable for entrap-
ment in condensed-phase microparticles are discussed
above.

The particles with infused compound are condensed
with a polyvalent counterion capable of diffusing through
the matrix, with such in its decondensed form. 1In Figs.
10A and 10B, the condensing agent is a trivalent counte-
rion indicated at 56. The condensing agent produces a
condensed-phase particle, such as indicated at 58, with
the condensing agent and entrapped small molecule dis-
tributed throughout the matrix, as indicated. An example
of such a condensing agent is the peptide mastoparan, a
14-amino acid peptide having three positively charged
groups. Other polycationic polymers, including other
polypeptides with multiple lysine groups, or polyamine
polymers, including polyquaternary amines, are also

suitable. The sizes of the polyvalent species is prefer-
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ably less than about 5-10 Kdaltons, and preferably has no
more than about 5-10 charged groups/molecule.

The concentration of polyvalent condensing agent
needed to produce full particle condensation may be
substantially lower, with respect to the concentration of
monovalent counterions, than is required for particle
condensation with a divalent counterion, such as Ca*? or
histamine. For example, 1 mM mastoparan is effective to
produce complete cundensation of particles in the pres-
ence of 150 mM Na salt. In general, the higher the
valency, the more strongly the condensing agent can be
expected to displace monovalent counterions in the
matrix, and the lower the ratio of polyvalent/monovalent
counterions that will be required for achieving particle
condensation.

The particles are incubated with the condensing
agent until complete particle condensation has occurred.
As above, the degree of condensation may be monitored
observing changes in size and or amount of residual water
present. The time required for condensation may be on
the order of several minutes or more, and will generally
depend on the size of the polyvalent species, and the
size of the condensed-phase microparticles.

After complete condensation, the particles may be
further processed, as above, by washing and/or storage in
a dried state.

According to an important feature, the polyvalent
species used to condense the particles can be selected to
control the rate of particle decondensation when the
condensed-phase particles are exposed to monovalent
counterions. As indicated above, polyvalent counterions
having high valency, e.g., 5-10 charged group per mole-
cule, give slower decondensation times than lower-valency
counterions, e.g., 3-5 charged groups. Microparticles
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(2-3 um) condensed with mastoparan (a trivalent species)
showed decondensation times of about 15-20 minutes when
exposed to medium confaining about 150 mM Na*. This
contrasts with the rapid decondensation (e.g., 2-30 secs)
that occurs in 2-3 um size condensed-phase microparticles
condensed with divalent counterions.

For therapeutic applications, the composition is
prepared to achieve a desired rate of decondensation and
drug release in a physiological medium, such as the upper
gastrointestinal tract or bloodstream. This may be done
by increasing the valency of the counterion until a
desired swelling rate in vitro is observed in a selected
swelling medium. As in the mastoparan example, the
condensing agent itself, e.g., a charged polypeptide, may
be the therapeutic molecule itself.

B. Charge-Coated Microparticles

In another embodiment, illustrated in Figs. 11A-11C,
the microparticles are condensed under conditions effec-
tive to include the polyvalent species in an outer
surface region only of the condensed microparticles.

Fig. 11A illustrates a decondensed polyionic matrix
60 of the type described above, in this embodiment,
formed of crosslinked polyanionic filaments, such as
filaments, 62. The matrix is preferably infused with a
small compound (not shown) which is to be delivered from
the particle. Compounds which are suitable for entrap-
ment in condensed-phase microparticles are discussed
above. The sector 61 in Fig. 11A is shown in enlarged
view in Fig. 11B.

In this embodiment, particle condensation involves
two condensing agent. The first agent, illustrated in
Fig. 11B, is a relatively large polyvalent species, such

as polypeptides or other charged polymers, and indicated
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here at 64. This agent is effective to penetrate into
the outer region of the matrix only.

The effect of the first condensing agent is to
partially condense an outer surface region 66 of the
matrix which now contains bound polyvalent molecules. The
second condensing agent is one capable of readily diffus-
ing into condensing the entire matrix. This agent may be
a divalent or polyvalent counterion species of the type
discussed above. The second condensing agent is effec-
tive to form condensed microparticles, such as micropart-
icle 68 in Fig. 11C, having a surface coating 66 of the
polyvalent molecules 64, and small molecules (not shown),
such as therapeutic molecules, entrapped in the matrix.

In the embodiment just described, the condensed-
phase particle was formed by addition first of the large
polyvalent species, and subsequent condensation with a
small counterion. The two condensation steps may be
carried out together, or in reverse order. To illustrate
the latter approach, the particles may be first condensed
with a small polyvalent counterion which leads to slow
decondensation, then partially decondensed in a monova-
lent counterion, and finally fully recondensed by addi-
tion of the large polyvalent species. The latter ap-
proach has the advantage of forming a more dense packing
of polyvalent species in the outer surface region of the
microparticles, for achieving slow rates of decondensat-
ion.

As above, the polyvalent agent used to condense the
outer surface region of the polymer may itself be a
therapeutic molecule, such as a charged polypeptide.

The method just described may also be employed in
forming condensed-state microparticles having a desired
surface coating. This method is illustrated in Figs. 12A
and 12B. Here it is desired to coat the microparticles
with polyethyleneglycol (PEG) polymer strands to achieve
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enhanced circulation time of the microparticles in the
bloodstream. In the method, a decondensed matrix, such
as shown at 70 in Fig. 12A is incubated with a large
polyvalent molecule 72, such as a positively charged
polypeptide, that has been derivatized with PEG chains,
such as indicated at 74. Addition of a small condensing
agent, such as Ca'?, either before, during, or following
the surface coating step, as discussed above, produces a
condensed-phase microparticle 78 having a surface coating
76 of the desired polymer.

V. Encapsulated Microparticle Composition
This section describes a particle composition for

rapid release of an entrapped compound at a target site,
and methods for producing the composition. The suspen-
sion is designed to release a particle-entrapped compound
when the particles of the composition are exposed to a
selected target condition related to pH, temperature, or
the presence or absence of a selected ligand, such as an
antigen or an antibody. According to an important
feature of the invention, the target condition is effec-
tive to trigger rapid release of the compound, by an
amplified or cascade ion influx mechanism.

The composition is formed of a suspension of encap-
sulated microparticles, such as microparticle particle 80
shown in Fig. 13. Each particle includes a polymer-
matrix microparticle 82 of the type described above, with
such in a condensed phase, and a lipid bilayer membrane
84 encapsulating the microparticle. The compound to be
released, such as indicated at 86, is entrapped in the
condensed particle matrix. The encapsulated contents of
the particle also includes a multivalent counterion at a
concentration sufficient to maintain the microparticle in

a condensed state. The lipid membrane has a surface
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coating of anti-ligand molecules, such as molecules 88,

as described below.

B. Preparing Encapsulated Microparticles

To prepare the particle composition, polyionic-fiber
microparticles of the type described above are prepared
or isolated. The sizes of the microparticles, in a
condensed state, are preferably in the size range 0.05 to
5 u for preparation of a diagnostic composition and 0.05
to 0.2 um for a drug-delivery composition. In preparing
particles in a decondensed state, the sizes of the
particles may be 2-3 times the desired condensed-state
size.

Methods of entrapping a selected compound, prefera-
bly a water-soluble compound, follow the same methods
discussed above in Section III and IV. For use in a
drug-delivery composition, the compound may be any
therapeutic compound suitable for entrappment in the
condensed-phase matrix. Exemplary compounds include
anti-tumor compounds, anti-bacterial, anti-viral, or
anti-fungal agents, immunosuppressant compounds, and
polypeptides, such as enzymes, cytokines, or peptide
hormones including water-soluble, amphipathic, or lipo-
philic drugs. Preferred compounds are those which are
ionizable or charged, and carry a charge opposite to that
of the matrix polymer filaments, allowing high partition-
ing of the compound into the matrix, as discussed above.

According to one advantage of the invention, the
drug in this mixture may be present in a partially
insoluble form, either because the drug is a lipophilic
compound having low aqueous solubility, or because the
drug, though hydrophilic, is present at a concentration
above its normal water solubility.

For preparing particles for use as a diagnostic
reagent composition, the compound may be a detectable
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reporter, such as a colored or fluorescent reporter, or
an enzyme, or may include one or more assay reagents,
such as ligands, antibodies, enzymes, and/or enzyme
substrates.

After mixing the compound(s) to be released and the
decondensed particles under conditions effective to
infuse the particle matrices with the compound, the
particles are transformed tc a condensed state by addi-
tion of multivalent counterion species, to a concentra-
tion sufficient to produce decondensing of the particle
matrices. If necessary, e.g., where the concentration of
monovalent counterions is relatively high, the particles
may be condensed by exchanging divalent for monovalent
cations in the mixture, e.g., by molecular sieve chroma-
tography or dialysis. The condensing step serves to trap
the matrix-infused drug in the particles.

The suspension of condensed particles is then
treated, for example, by washing and centrifugation, to
remove non-entrapped compound, and the washed particles
are resuspended in agqueous medium containing multivalent
counterions for maintaining the particles in their
condensed state.

A variety of methods are available for encapsulating
the condensed particles in lipid vesicle form (Szoka,
1980). Prior to forming the lipid coat, the condensed-
phase particles may be treated, as described in Section
III, to produce a hydrophilic coating on the particles.

In one lipid-coating method, liposomes containing a
desired lipid composition are sonicated extensively to
form small unilamellar vesicles (SUVs), preferably in the
30-70 nm size range, and the SUVs are lyophilized. A
concentrated suspension of condensed particles, prepared
as above, is added to this lyophilizate, preferably in an
amount estimated to provide an encapsulated vesicle

volume equal to the total microparticle volume.
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After allowing the vesicles to rehydrate in the
presence of the particle suspension, the vesicle/particle
suspension is subjected to several freeze-thaw cycles,
leading to larger uni- and oligolamellar vesicles encap-
sulating the microparticles. Nonencapsulated particles
can be separated, for example, by centrifugation, from
encapsulated microparticles. The encapsulated micropart-
icles may be further processed to remove larger-size
vesicles; e.g., those larger than 0.2-C.4 u, or to reduce
vesicle size by standard membrane extrusion methods
(Szoka, 1978).

Another method for encapsulating particles involves
a reverse phase evaporation method of liposome formation
(Szoka, 1980). To modify the method to the needs of the
present invention, a concentrated aqueous microparticle
suspension containing entrapped compound is emulsified in
a solution of phospholipids in a lipophilic solvent, such
as chloroform. The emulsion that forms is a water-in-oil
emulsion made up of individual microparticles, each
coated by a phospholipid monolayer. The emulsion is
reduced to an unstable lipid gel by solvent removal.

With mechanical agitation, either with or without
the addition of additional aqueous medium, the gel
collapses to form oligolamellar vesicles with encapsulat-
ed microparticles. Further treatment may involve liposo-
mes sizing, as by extrusion through a defined-pore size
polycarbonate membrane, and removal of nonencapsulated
particles.

In a third general method, the condensed microparti-
cles are suspended with membrane-forming lipids in an
aqueous solvent containing a bile salt, alcohol, or other
solvent components capable of destabilizing vesicle
membranes. The mixture of lipids and particles is then
treated, e.g., by dialysis, effective to remove the
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destabilizing solvent component, until stable 1lipid
bilayer membranes form about the condensed particles.

The suspension of encapsulated particles may be
further treated, e.g., by centrifugation or molecular
sieve chromatography, to remove undesired solvent compo-
nents or contaminants.

In a related method, the condensed microparticles
are mixed with a suspension lipid vesicles, under condi-
tions that promote lipid exchange between the vesicles
and particles. Typically, the mixing is carried out
above the phase-transition temperature of the lipids.
The reaction is continued until 1lipid bilayers have
formed about the particles.

As above, the vesicles may be further processed to
obtain desired sizes less than about 0.5 p, and to remove

non-encapsulated microparticles.

C. Vesicle Membrane Properties

The encapsulated microparticles constructed in
accordance with the invention are designed to allow
localized vesicle lysis and counterion exchange across
the vesicle membrane under selected target conditions.

In the embodiment of the invention illustrated in
Fig. 13, the microparticles have surface-attached anti-1-
igand molecules, such as antibodies 88, that are part of
a ligand-anti-ligand pair, where the antibody in the pair
may include a ligand-specific antibody fragment, such as
an F, fragment.

Methods for coupling anti-ligand molecules to lipid
bilayer surface groups are well known. Typically, the
bilayer membranes are formulated to include lipids, such
as phosphatidylcholine (PE), phosphatidylserine (PS), or
phosphatidylinositol (PI) with reactive polar-head

groups, such as amine, hydroxyl, or sugar groups, respec-
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tively. In one general approach, the anti-ligand mole-
cules are activated, such as by reaction with N-hydroxys-
uccinamide (NHS) or other activating agent, then reacted
with the particles, to covalently link the anti-ligand
molecules to the outer-surface lipid groups.

In another general embodiment, the anti-ligand
molecules are joined to the lipid membrane by reacting
the particles with the anti-ligand in the presence of a
condensing agent, such as dicyclocarbodiimide, or a
suitable bifunctional reagent.

Alternatively, the anti-ligand may be initially
conjugated to a lipid component, such as a phospholipid,
and this lipid thenr used in preparing lipid-encapsulated
particles. The anti-ligand in this embodiment is con-
tained on both sides of the lipid bilayers in the encap-
sulated particles.

In another general embodiment, the liposomes are
composed of lipids whose phase transition temperature is
slightly above a selected temperature. For example, when
designed for use in a drug-delivery composition, the
lipids may be selected for stability at normal body
temperature, but show increased leakiness at an above-
normal temperature, such that the particles are relative-
ly stable when administered in vivo, but are destabilized
by hyperthermic treatment, as described below.

In another general embodiment, the liposomes contain
lipids, such as 1lysolecithin, which can be readily
degraded by phosphclipase enzymes at a selected pH.

D. Amplified Compound Release
The encapsulating lipid membrane is designed to

respond to the selected target condition, by allowing an
influx of monovalent counterions, such as Na® present in

the environment, and an efflux of internal multivalent
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counterions, through localized areas of membrane lysis.

Figs. 14A-14C illustrate the mechanism of amplified,
cascade-type compound release from the particle composi-
tion of the invention. Fig. 14A shows an encapsulated
microparticle 90 similar to the one shown in Fig. 13,
having a condensed-phase microparticle 91 encapsulated in
a lipid bilayer membrane 92. Entrapped compound in the
condensed matrix is indicated at 93. The membrane has
surface-attached anti-liganC¢ antibody or F, antibody
fragments molecules 94 effective to bind to target-site
ligand molecules.

The target condition that stimulates compound
release from the particles is binding of the target-site
anti-ligand molecules, such as an antigen (An), to the
surface-bound antibodies. Where the composition is used
for in vivo delivery of a therapeutic compound, the
triggering binding event for compound release may occur
at a bloodstream target site, or at a tissue site, e.g.,
at a site involving cell- or tissue-specific surface
antigens.

Where the composition is designed to be used as a
homogeneous-assay diagnostic reagent, as described below,
the target site is a sample mixture containing a ligand
analyte in solution.

Binding of the antigen to the surface-bound anti-1-
igand molecules, in the presence of blood complement
components, leads to localized membrane lysis or rupture,
as indicated in Fig. 14B. The areas of localized lysis
allow influx of monovalent counterions, such as Na® and
K*, and efflux of encapsulated multivalent counterions,

*2 or histamine. The monovalent counterions are

such as Ca
present in a physiological environment, in a drug-deliv-
ery setting, or are included in the reaction medium, in

an analyte assay.
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This exchange of counterions across the membrane, at
the point of localized lysis, produces a rapid localized
decondensing of the encapsulated particle matrix, further
rupturing the vesicle membrane and leading to increased
counterion exchange.

The initial localized lysis thus sets off a cascade
of events which lead to rapid swelling i.e., decondensing
of the entire microparticle matrix, as illustrated in
Fig. 14C. This mechanism is an amplifiad or cascade type
mechanism, in that a small 1localized signal at the
vesicle membrane is amplified by localized matrix swell-
ing until the entire matrix has decondensed. The rapid
decondensing acts to expel a portion of the entrapped
compound and allows remaining drug molecules to diffuse
into the surrounding medium, as shown in Fig. 14C. The
series of events from localized lysis to complete swell-
ing of the encapsulated matrix, preferably occurs in a
period between about 1-10 sec or less.

Figs. 15A-15C illustrates rapid target-initiated
compound release from a composition particle 100 at a
target surface site, such as shown at 106. The encapsu-
lated microparticle is composed of a condensed-phase
matrix 102 having entrapped compound 108 and an encapsu-
lating lipid bilayer membrane 104. The membrane contains
surface bound anti-ligand molecules 110, such as antibody
or antibody fragment molecules.

The target surface shown here is a cellular surface
having surface-specific anti-ligand molecules 109, for
use in targeting an in vivo cell surface site. As
illustrated in Fig. 15B, this binding leads to localized
fusion of the particle membrane with the cell membrane.
The areas of localized lysis allow influx of monovalent
cations, such as Na* and K*, and efflux of encapsulated

divalent cations, such as Ca'*? or histamine, causing rapid
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decondensing of the encapsulated particle matrix, further
rupturing the vesicle membrane and leading to increased
cation exchange effects.

As above, initial localized lysis sets off a cascade
of cation influx and matrix swelling that leads to rapid
and complete expansion, i.e., decondensing of the microp-
article, as illustrated in Fig. 15C, expelling entrapped
drug into the target cell.

Where the composition is used as a diagnostic
reagent in a solid-phase assay, the binding surface in
Fig. 15A may be a solid-support surface having a surface-
bound anti-ligand molecules capable of binding to the
particle anti-ligand molecules, to bind the particles to
the surface, in proportion to the amount of analyte also
present in the reaction mixture. After washing the
surface, to remove non-specifically bound material, the
particles can then be lysed, e.g., by heating or hypoosm-
otic swelling, to release the compound, e.g., reporter

molecule, contained in the particles.

D. Drug-Release Composition
In one general embodiment, the composition is

designed as a drug delivery vehicle, for particle deliv-
ery to a selected in vivo site, with rapid release of the
entrapped therapeutic agent at the site. The site is
typically the bloodstream or a localized site accessible
by the bloodstream.

For use in treatment, a suspension of microparticle
vesicles of the type described above are administered,
typically by parenteral administration, to reach a
selected target site which can include circulating
antibodies, specific organs or tissues, or a solid tumor
site.

For parenteral administration, and in particular for

intravenous administration in bolus form, the method
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allows higher drug doses to be administered because the
drug may be present within the vesicles at concentration
well above the druy’s normal solubility, which may limit
drug dosage in free form, or in conventional liposome-
encapsulated form. Further, the drug is not released
until it reaches a target site, side effects due to
generalized distribution of free drug are reduced.

Another important advantage of the method is the
ability to achieve rapid, controlled drug release at a
target site. Following vesicle administration, a portion
of the vesicles localize at the target site in vivo,
where the vesicles undergo partial lysis in response to
selected conditions at the site, leading to a cascade of
monovalent cation influx and divalent cation efflux, as
described above, with rapid release of the entrapped drug
at the site. This is in contrast, for example, to
conventional lipid-vesicle drug delivery, where vesicles
disintegration and drug leakage occurs slowly over an
extended vesicle-circulation time.

D. Diagnostic Particle Composition and Method

In a second general embodiment, the composition is
designed for use as a diagnostic reagent, either for
assaying an analyte by a homogeneous assay, for use as a
reagent containing a selected assay component.

A homogeneous assay employing the composition is
illustrated in Figs. 14A-14C, described above. Here a
sample containing the analyte of interest (An in the
figures) 1is mixed with the particle composition in the
presence of blood complement. Binding of the analyte to
the particle-surface molecules 1leads to complement-
mediated lysis, initiating the cascade of events leading
to rapid matrix decondensation and release of entrapped

reporter compound.
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The following example illustrates a method for
isolating biological microparticles useful in the inven-

tion.

Isolation of Mast Cells

Mast cell secretory granules were prepared from
adult beige (bg'/bg’) mice (Jackson Laboratories, Bar
Harbor, ME) according to standard methods described by
Monck et al., (1991), and modified to increase the number
of intact isolated secretory granules. Cells were
obtained by peritoneal lavage with a solution of the
following composition (in mM): 136 NaCl, 1 MgCl,, 2 CacCl,,
22 NaHCO;, 0.4 KHPO,, 2 Glucose, 8.8 units/ml Heparin,
0.1% Bovine serum albumin (300 mOsm/kg, pH 7.3). Cells
were resuspended in 1 ml, layered on 2 ml 22.5% wt/vol
metrizamide and centrifuged at room temperature for 20
min. at 400g. The pellet was resuspended in 1 ml of a
ca?*, Mg’*-free sonication buffer of the following compo-
sition (in mM): 130 NaCl, 10 KCl, 22 NaHCO;, 0.3 K,HPO,,
0.1% Bovine serum albumin (390 Mosm/kg, pH 7.3). This
suspension of purified mast cells was subjected to 4
sonication pulses at 25% of maximum power (sonicator
model 45; Branson Sonic Power Co., Danbury, CT) and
plated onto glass bottomed chambers and stored at 37°C
under 5% CO, atmosphere until use. An average of about
200 intact secretory granules per mouse were routinely
obtained, that were osmotically stable with a half-life
of over 3h.

Isolated secretory granules were bathed in a stan-
dard solution containing (in mM): 25 NaCl, 125 Kcl, 2
caCl,, 1 MgCl,, 0.2 ATP, 10 HEPES (300 Mosm/kg, pH 7.3).

Alternatively, mast cells were collected in a
solution containing 150 mM NaCl, 10 mM Hepes, 3 mM KOH,
0.943 mM NaOH, 1 mM MgCl,, 2 mM CaCl,, and 12 mM glucose,
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310 mmol/kg, pH 7.3, at room temperature. Secretion was
stimulated by 10 ug/ml of compound 48/80 (Sigma Chemical
Co., St. Louis, MO). Swelling of secretory granules was
recorded using a Toshiba video camera (model IKC30M)
mounted on an IM35 microscope (Zeiss) equipped with
Nomarski optics including a 63x oil immersion Zeiss
objective. (3500x, final magnification). The diameter of
the granules was measured by single frame video image
analysis at a sample rate of 30 frames/sec. Single frame
images were played back from a VCR (BV-1000 Mitsubishi)
and sampled by a frame grabber (DT 2851, Data Transla-
tion) operated by the Image-Pro software package (Media
Cybernetics). Volumetric expansion was calculated
assuming a spherical shape for the secretory granules.
Size is conveniently expressed as a percent of final
decondensed volume after exocytosis in external solution
(PH 7.3). Granules were re-condensed to within 5% of
pre-secretion volume by bathing in a solution containing
50 mM histamine, pH 3, devoid of other ions.

While the invention has been described with respect
to particulaf compositions and method, it will be appre-
ciated that various changes and modifications may be made
without departing from the invention.



WO 94/17786

10

15

20

25

30

PCT/US94/01924

49

IT IS CLAIMED:

1. A particle composition for rapid release a
compound, when the composition is exposed to a selected
target condition related to pH, temperature, or the
presence of a selected ligand, comprising

encapsulated microparticles having an average size
in a selected size range between 0.05 and 5 microns, each
encapsulated microparticle being composed of

(i) an external lipid bilayer membrane effective to
allow influx of external cations into the particle
interior when exposed to the selected target condition,

(ii) encapsulated within the 1lipid membrane, a
condensed-phase microparticle which is composed of a
matrix of crosslinked polyionic polymer filaments, and
which is capable of decondensing to an expanded state
when selected multivalent counterions also present within
the matrix are replaced by monovalent counterions, and

(iii) the compound to be released entrapped in the
microparticle matrix, with such in its condensed phase,

whereby localized disruption of the lipid membrane,
and influx of monovalent counterions into the polymer
matrix, in response to the selected target condition,
causes rapid matrix swelling and compound release from

the particles.

2. The composition of claim 1, for use as a drug-
delivery composition, wherein the microparticles have an
average size in a selected size range between 0.05 and
0.5 microns, the compound is a therapeutic compound, and
the 1lipid membrane is effective to allow influx of
external counterions into the microparticle matrix when

exposed to a selected condition in vivo.
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3. The composition of claim 2, wherein the polymer
filaments forming the microparticle matrix are sulfated,
sulfonated, carboxylated, or polyphosphated polyanionic
polymers, and the multivalent counterion is a multivalent

cation.

4. The composition of claim 3, wherein the fila-
ments forming the microparticle matrix are comb-polymer
glycoprotein filaments.

5. The composition of claim 2, wherein the halflife
of matrix swelling, following localized disruption of the
membrane, is less than about 1 sec.

6. The composition of claim 2, wherein the encapsu-
lated microparticles contain a concentration of solute
molecules, including a therapeutic compound, that in the
absence of the matrix, would produce hypertonic swelling
of the encapsulated microparticle’s lipid membrane in a
physiological medjum.

7. The composition of claim 2, wherein the concen-
tration of therapeutic compound within the encapsulated
microparticles is greater than the solubility of the
compound in the aqueous medium within the microparticle

matrices.

8. The composition of claim 2, which further
includes anti-ligand molecules attached to the outer
lipid-membrane surfaces of said encapsulated micropartic-
les, for binding specifically to antigen or antibody

molecules present at such in vivo site.

9. The composition of claim 2, for delivering said
compound to a site that can be heated to an elevated
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temperature above normal body temperature, wherein the
encapsulated microparticles’ lipid membranes are formed
of lipids having a phase transition temperature between
the normal body temperature and the elevated temperature.

10. The composition of claim 1, for use as a
diagnostic assay reagent, wherein the 1lipid membrane
contains surface-bound anti~ligand molecules effective to
bind specifically and with high affinity to a selected
ligand analyte molecule, and the entrapped compound is a
detectable reporter compound.

11. A method of delivering a therapeutic compound
to an in _vivo target site having a selected pH, tempera-
ture, or binding-molecule characteristic, comprising

administering to a subject in need of such compound,

-the composition of claims 1-10, and

by said administering, causing rapid release of the

compound at the target site.

12. A homogenous assay reagent for detecting
analyte ligand molecules, said reagent comprising

a suspension of encapsulated microparticles having
an average size in a selected size range between 0.05 and
50 microns, each encapsulated microparticle being com-
posed of

(1) an external lipid bilayer membrane effective to
allow 1influx of external cations into the particle
interior when membrane lysis occurs,

(ii) encapsulated within the 1lipid membrane, a
condensed-phase microparticle which is composed of a
matrix of crosslinked polyidnic polymer filaments, and
which is capable of decondensing to an expanded state
when selected multivalent counterions also present within
the matrix are replaced by monovalent counterions, and
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(iii) a detectable reporter compound contained
entrapped within the microparticle matrix, with such in
its condensed phase, and

(iv) anti-ligand molecules bound to the exterior
surface of said membrane, where the ligand and anti-
ligand molecules are members of an antigen-antibody
binding pair,

wherein attachment of analyte ligand molecules to
said anti-ligand molecules, in the presence of comple-
ment, produces complement-mediated lysis of the membrane,
and influx of monovalent counterions into the polymer
matrix, with release the reporter molecules from the
matrix.

13. A method of storing a charged compound, com-
prising

infusing the compound in an medium into polymer
microparticles having selected sizes in the 0.02 to 50
micron size range, where each particle is composed of a
decondensed-phase matrix of crosslinked polyionic polymer
filaments, and is capable of contracting to a condensed
phase under selected ionic conditions requiring the
presence of multivalent counterions, where the charge of
the compound is opposite to that of polymer filament
charge,

after the compound has infused into the decondensed
microparticles, adding multivalent counterions to the
medium at a concentration effective to fully condense the
microparticles, thereby forming an aqueous suspension of
condensed-phase microparticles having entrapped compound,

processing the condensed-phase particles for stor-

age.
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14. The method of claim 13, wherein said processing
includes maintaining the condensed phase particles in an

agueous suspension.

15. The method of claim 13, wherein said processing
includes removing suspension medium, and maintaining the
condensed-phase particles in a partially hydrated state.

l6. The method of claim 16, wherein entrapped
compound is present in the suspension al a concentration
which is greater than its water solubility in the aqueous

medium forming the suspension.

17. The method of claim 13, wherein the compound is
a polypeptide.

18. The method of claim 13, wherein the polymer
filaments forming the microparticle matrix are sulfated,
sulfonated, carboxylated, or polyphosphated polyanionic
polymers, and the compound is cationic at the pH of the

suspension medium.

19. A compound-release composition comprising

a suspension of microparticles having average sizes
in a selected size range between 0.05 and 5.0 microns,
each microparticle being composed of

(i) a condensed-phase matrix of crosslinked polyio-
nic polymer filaments capable of expanding to a deconden-
sed phase in the presence of monovalent counterions,

(ii) small molecules entrapped in the microparticle
matrix, with such in its condensed state, and

(iii) entrapped in the condensed polymer, polyionic
counterions effective to delay the release of the small
molecules from the microparticles, when the micropartic-
les are exposed to monovalent counterions.
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20. The composition of claim 19, wherein the
polymer filaments forming the microparticle matrix are
sulfated, sulfonated, carboxylated, or polyphosphated
polyanionic polymers, and the polyionic molecules are
polycationic polymer molecules.

21. The composition of claim 19, wherein the small
molecules have the same charge as the counterion.

22. The composition of claim 20, wherein the
polyionic molecules are localized in an outer surface
region of the condansed-phase matrix.

23. The composition of claim 20, wherein the
polyionic molecules are polypeptides with a net charge.

24. The composition of claim 20, for use in paren-
teral administration of a therapeutic compound, wherein
the microparticles have sizes in a selected size range
between 0.05 and 0.5 um.

25. The composition of claim 24, wherein the
therapeutic peptidzss make up at least a portion of the
polyionic molecules.

26. The composition of claim 24, wherein the
therapeutic molecule is entrapped in the matrix, with
such in its condensed form.

27. The composition of claim 24, wherein the
therapeutic molecule is present at a concentration that
is substantially greater than the solubility concentra-

tion of the compound in the suspension.
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