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ANIONIC CHARGE-DYNAMIC POLYMERS
FOR RELEASE OF CATIONIC AGENTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. provisional
application Ser. No. 61/059,194, filed Jun. 5, 2008, which is
incorporated by reference in its entirety herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
contract number Al048717 awarded by the National Insti-
tutes of Health. The government has certain rights in this
invention.

BACKGROUND OF THE INVENTION

The present invention relates to dynamic charge state
anionic polymers that are useful for release of cationic mol-
ecules, polyelectrolyte multilayers fabricated from them and
methods of using the polymers.

Methods for the layer-by-layer assembly of multilayered
polyelectrolyte films (or ‘polyelectrolyte multilayers’) pro-
vide nanometer-scale control over the structures and compo-
sitions of thin films fabricated from a broad range of cationic
and anionic polymers.'™ An evolving understanding of the
structures and properties of these multilayered materials—
and the ways that they can be manipulated at various length
scales—has contributed to the design of functional thin films
of interest in a growing number of fundamental and applied
contexts.>'°

Owing to the polyvalent nature of the electrostatic interac-
tions in polyelectrolyte multilayers, these assemblies are fre-
quently regarded to be ‘stable’ in physiologically relevant
environments, i.e., the assemblies often do not dissolve
readily or undergo large changes in macroscopic film prop-
erties when incubated in physiological media.>->*” ® This gen-
eral stability confers several potential practical advantages,
and has contributed significantly to the development of poly-
electrolyte multilayers in biomedical and biotechnological
contexts.

The present invention relates to certain polyelectrolyte
multilayers and methods that can be used to disrupt electro-
static interactions in such multilayers and promote the con-
trolled disassembly of the multilayers in aqueous media ®'°
Methods that provide such control facilitate the development
of thin films and coatings that permit the release of precise
and well-defined quantities of chemical or biological agents
from the surfaces of macroscopic, microscopic, or nano-
scopic objects. The present invention provides a new
approach to the design of polyelectrolyte multilayers that
provides control over film erosion and the release of cationic
agents from film-coated surfaces.

Several past studies have reported that it is possible to
design polyelectrolyte multilayers that erode, degrade, or
disassemble in aqueous environments by fabricating them
using polyelectrolytes with functionality that can be cleaved
or degraded, for example, either hydrolytically,"*"*¢ enzy-
matically,'”*® or reductively.>>*' The incorporation of
degradable polyelectrolytes permits tunable and/or triggered
control over film disassembly and can be used to design films
that provide control over the release of a variety of different
agents.''"2' Additional details on these and other past
approaches to promoting film disruption can be found in
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several recent reviews.®'° The majority of past reports on the
incorporation of degradable polymers into multilayered films
have focused on the use of degradable cationic polymers and
thus, in general, on films designed to erode and control the
release anionic polyelectrolytes (e.g., DNA).%°

In principle, the fabrication of polyelectrolyte multilayers
using degradable anionic polymers would provide a platform
for the design of thin films that permit control over the release
of cationic agents (e.g., cationic proteins, peptides, polymers,
nanoparticles, etc.). There have been reports that enzymati-
cally degradable anionic polymers can be used to fabricate
multilayers that degrade in the presence of specific
enzymes'”*? or upon contact with cells.' > Progress toward
the fabrication of films using hydrolytically degradable
anionic polymers, however, has been limited by the dearth of
commercially available synthetic polymers that are both
anionic and degradable, and, more generally, by the chal-
lenges associated with the synthesis of such polymers. Thus,
there is a need in the art for synthetic polymers that are
anionic and degradable.

It has been reported®*>° recently that it is possible to
design ‘charge-shifting’ cationic polymers (that is, cationic
polymers that undergo dynamic reductions in their net
charge, which can also be called charge-dynamic polymers)
by designing polymers inter alia with amine-functionalized
side chains that can be cleaved hydrolytically. Polymer 1 (Eq
1) presents an example of this approach;** this polymer
undergoes a gradual reduction in net charge (e.g., from cat-
ionic to anionic) upon side chain hydrolysis. Polymer 1 can,
for example, be used to fabricate multilayers that release
plasmid DNA (negatively charged species) for up to three
months.

f ~< b

Polymer 1

Both film erosion and the release of DNA from mulitlayers
containing polymer 1 can be understood in terms of disrup-
tions in the ionic interactions in these assemblies that occur
upon polymer side chain hydrolysis.?* Published U.S. patent
application 2005/0027064 published Feb. 3, 2005 relates to
charge-dynamic polymers and delivery of anionic com-
pounds and provides additional examples of charge-dynamic
polymer structures and their applications.

SUMMARY OF THE INVENTION

The present invention provides materials and methods for
the generation of multilayers that erode and release cationic
film components. This approach is based on the design of
charge-dynamic anionic polymers.
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The present invention provides dynamic charge state
anionic polymers, or more simply polymers, that include a
polymeric backbone formed from one or more different
monomers. One or more removable functional group(s) is/are
attached to one or more repeat units of the polymeric back-
bone. The dynamic charge state anionic polymer has an
anionic charge density which is a characteristic of the poly-
meric backbone and the functional group or groups attached
to the polymeric backbone. The net charge of the dynamic
charge state anionic polymer increases when one or more of
the removable functional group(s) is/are removed from the
dynamic charge state anionic polymer. The present polymers
can also be part of a copolymer where one or more segments
of the copolymer are the dynamic charge state anionic poly-
mer.

In specific embodiments, the polymer contains side chains
having removable functional groups as defined herein, for
example, amide side chains. In specific embodiments, poly-
mers that have amide side chains can be synthesized from
polymers having amine side chains, including, among others,
poly(allyl amine), poly(vinyl amine), poly(ethylene imine),
poly(lysine), poly(amidoamine)dendrimers, and chitosan
into which amide side chains can be introduced. The poly-
meric backbone can be linear, branched or hyperbranched.

In some embodiments, at least one of the one or more
removable functional group(s) is a hydrolyzable group, such
as a pendant amide. The one or more removable functional
group(s) may also include a labile linkage, such as an ester, an
anhydride, an orthoester, a phosphoester, or an acetal. More
specifically, the one or more removable functional groups are
hydrolyzable under acidic conditions. The anionic polymer
may contain one or more different amide side groups or a
mixture of side groups of various chemical structure wherein
atleastaportion (atleast 10 mol percent) of the side chains are
amides.

In some embodiments, the polymer with amide side chains
is a block of a copolymer containing two or more blocks and
the other blocks have different, polymer backbones. In some
embodiments, the polymer of the invention is a copolymer,
including a block copolymer, comprising portions with dif-
ferent amide side chains. In other embodiments, the polymer
of'the invention is a copolymer, including a block copolymer,
comprising two or more different repeat units with different
polymer side chains of which at least one side chain is an
amide side chain. In specific embodiments, the polymer of the
invention is a copolymer, including a block copolymer, com-
prising two or more different repeat units where the two or
repeat units include those having different amide side chains
which hydrolyze at different rates on contact with an acidic
environment.

In some embodiments, the polymers of the invention are
biodegradable and biocompatible.

In the polymers of the present invention, the mole percent
of'the repeat units comprising the polymeric backbone which
are substituted with the one or more removable functional
group(s) range from 10 to 100 percent or from about 10
percent to about 100 percent. In additional embodiments, the
mole percent of the repeat units substituted with a removable
functional group may range from about 30 percent to about
100 percent, about 50 percent to about 100 percent or about
70 percent to about 100 percent. In specific embodiments, the
polymers of the present invention can on average have 5 or
more repeating units. In additional specific embodiments, the
polymers of the invention have 5 to several hundred thousand
repeating units. In more specific embodiments, polymers of
this invention have from 5-500,000 repeating units, from
5-300,000 repeating units, from 5-200,000 repeating units or
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from 5-100,000 repeating units. The polymers of the present
invention may have any desired molecular weight, such as
from 1,000 to 100,000 grams/mole, or from about 2,000 to
50,000 grams/mole.

The dynamic charge state anionic polymer can be associ-
ated with a ligand facilitating the delivery of the polymer to a
specific target, such as a target cell.

The present polymers can be part of a copolymer, which
can be composed of any other polymers, for example a poly-
mer such as PEG or PEO, which are commonly used to give
stability toward protein adsorption. The present polymer is
generally anionic, but different functional groups attached to
the polymer canrender the polymer zwitterionic. To impart an
anionic charge to the polymer, the attached functional groups
are negatively charged. The present polymer may also be
capable of buffering changes in pH which result from the
make-up of the polymer backbone and/or the attached func-
tional groups.

The present dynamic charge state anionic polymers may be
non-immunogenic, non-toxic or both nonimmunogenic and
non-toxic. In the present polymers, the polymeric backbone
canbe degradable or nondegradable. The present polymers do
not require that any degradation of the backbone occur at the
same time as the shift in anionic charge.

One skilled in the art will recognize that the measure of
degradability will be commensurate with the environmental
conditions and desired properties for any particular applica-
tion for the present polymers. As one non-limiting example,
for biomedical uses of the present polymers, the present
invention contemplates polymers that degrade in a desired
time frame (from an hour to a week to amonth to a year) under
physiological conditions typically found in the body or in a
cell or cell compartment (e.g., pH ranges from about 5.0 to
7.4, a temperature of about 37° C.) and an ionic strength of a
typical physiological solution (generally around 130-150
mM NaCl, for example). In the present invention, the degrad-
ability of the polymer can be measured by a variety of meth-
ods, including, but not limited to, GPC (gel permeation chro-
matography).

The present invention provides polyelectrolyte multilayers
which comprise at least one layer which is formed from a
dynamic charge state anionic polymer of the invention or
from a copolymer containing them. The polyelectrolyte mul-
tilayers comprise at least one and preferably more than one
layer formed from a dynamic charge state anionic polymer of
this invention. The polyelectrolyte multilayers in addition
may contain layers formed from polymers other than
dynamic charge state anionic polymers. For example, the
polyelectrolyte multilayers may contain one or more layers
formed from cationic polymers, anionic polymers, neutral
polymers or zwitterionic polymers in addition to one or more
layers formed from dynamic charge state anionic polymers.
The polyelectrolyte multilayer may contain an agent that is
intended to be selectively released from the polyelectrolyte
multilayer. That agent may be neutral, zwitterionic, anionic or
cationic and in specific embodiments is cationic. The agent
may be a therapeutic agent or a diagnostic agent and may be
selected among others from protein, peptide, and small mol-
ecules.

In specific embodiments, polyelectrolyte multilayers of
this invention comprise a plurality of cation/anionic polymer
bilayers, particularly wherein one or more cations or other
encapsulated species are to be released. In specific embodi-
ments, bilayers containing an active agent to be released are
optionally separated by one or more intermediate polyelec-
trolyte bilayers which do not contain an active ingredient to
be released. Each polyelectrolyte multilayer of the invention
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can optionally comprise one or more top protective bilayers
and/or one or more base bilayers. One or more base bilayers
can be formed, for example, between a substrate surface and
an cation/anionic polymer bilayer where the cation or cations
therein are intended for controlled release. A plurality of such
base layers may intervene between the substrate surface and
any cation /anionic polymer bilayers. Base layers, if present,
are the bottom most layers in a polyelectrolyte assembly
(those closest to the substrate or surface). An intermediate
bilayer or a plurality of intermediate layers may intervene
between bilayers or pluralities of bilayers of cation/anionic
polymers where the cation or cations are intended for con-
trolled release. One or more top protective bilayers can be
positioned as the top most bilayers in a polyelectrolyte mul-
tilayer. Intermediate, top protective and base bilayers can
comprise a anionic polymer of the invention and a cation
(including a cationic polymer) other than a cation, the release
of which is intended to be controlled. Intermediate, top pro-
tective and base bilayers can comprise a anionic or cationic
polymer other than those specifically described in the formu-
las herein, but which is degradable.

Polyelectrolyte multilayers can comprise a plurality of
bilayers containing different cations or different anionic poly-
mers. The layers containing the same or different cationic or
anionic components can be ordered in a variety of ways in the
multilayer. For example, a plurality of layers having the same
cations and anionic polymers can be ordered sequentially in
the multilayer. Alternatively, two or more layers containing
different cationic or different anionic components can be
layered sequentially in the multilayer.

The invention provides methods of forming such polyelec-
trolyte multilayers comprising a dynamic charge state anionic
polymer. The invention further provides methods of disrupt-
ing such polyelectrolyte multilayers by selectively changing
the net charge of the dynamic charge state anionic polymer in
the polyelectrolyte multilayer. The invention additionally
provides methods for release of one or more agents, particu-
larly therapeutic agents or diagnostic agents, from such poly-
electrolyte multilayers by selective disruption of the poly-
electrolyte multilayer by selectively changing the net charge
of the dynamic charge state anionic polymer. A selective
change in the net charge of the dynamic charge state anionic
polymer can be obtained by selective removal of one or more
anionic side chains of the dynamic charge state anionic poly-
mer.

The present invention also provides the present polymers
complexed with one or more cationic agents thereby forming
an interpolyelectrolyte complex. Suitable cationic agents
may be naturally-occurring, synthetic, or both. In some
embodiments, suitable examples of cationic agents include
proteins and polypeptides. In other embodiments, the cationic
molecule or agent may be a therapeutic molecule or a diag-
nostic molecule, and/or may be selected from a protein, pep-
tide or small molecule.

The interpolyelectrolyte complex may have any desired
size depending upon the intended use of the interpolyelectro-
Iyte complex. For example, when the interpolyelectrolyte
complex is used for delivery of a cationic agent to a cell, the
interpolyelectrolyte complex can be 50 nm to about 400 nm,
or from about 50 to about 250 nanometers, in size. In other
embodiments, the interpolyelectrolyte complex may be pro-
vided in a layered complex made up of one or more layers of
the dynamic charge state anionic polymer and one or more
layers of the cationic agent.
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Generally, the interpolyelectrolyte complex will be pre-
pared by mixing the dynamic charge state anionic polymer
with the cationic agent, thereby allowing formation of the
interpolyelectrolyte complex.

In some embodiments, the present polymer or interpoly-
electrolyte complex may be provided in a biologically com-
patible solution or a biological solution. Further, the polymer
may be provided with a pharmaceutically acceptable excipi-
ent or another completely different polymer (e.g., another
anionic polymer) which could be an “excipient” or could have
an added function. Accordingly, the present compounds
include pharmaceutical compositions that include any of the
polymers or mixtures described herein.

The present invention also provides methods for controlled
delivery or release of an agent which may be a therapeutic or
diagnostic agent and in specific embodiments is a cationic
agent. In specific embodiments, controlled delivery or release
may be to a cell or tissue. Controlled release or delivery may
be from a polyelectrolyte multilayer of this invention or from
an interpolyelectrolyte complex of this invention. Release or
delivery of the agent is controlled by selective change in the
net charge of a dynamic charge state anionic polymer as
described herein.

In the present methods, the target cell or tissue can be in
vitro or in vivo. Where the target cell or tissue is in vivo, the
polyelectrolyte multilayer or the interpolyelectrolyte com-
plex may be administered to a mammal, including a human.
Any suitable form of administration may be employed. In
some embodiments of the present methods, the tissue or cell
is a eukaryotic cell. In specific embodiments, the tissue or cell
is that of a mammal, including a human.

Inthe present methods and polymers, removal of the one or
more of the removable functional group(s) from the dynamic
charge state anionic polymer may be at least partially hydro-
Iytic, partially enzymatic and/or partially photolytic removal.
In a specific embodiment, removal of the one or more remov-
able functional groups is not enzymatic. In a specific embodi-
ment, removal of the one or more removable functional
groups is hydrolytic. The present polymers and methods may
also be designed so that the removal of the one or more of the
removable functional group(s) from the dynamic charge state
anionic polymer occurs at a substantially constant rate or does
not occur at a constant rate.

The present invention also provides kits containing one or
more polymers of this invention in combination with one or
more of one or more cationic species for inclusion in poly-
electrolyte multilayers and delivery to a target cell or tissue,
one or more substrates upon which polyelectrolyte multilay-
ers may be formed; one or more media for facilitating forma-
tion of polyelectrolyte multilayers; media and/or reagent for
triggering hydrolytic, enzymatic or other removal of removal
functional groups; or instructions for carrying out formation
of multilayers and/or degradation of multilayers. Kits may
include one or more individual containers having a selected
amount of the one or more anionic charge dynamic polymers
of'the invention to carry out a desired application for delivery
of a desired cationic species. Kits may include one or more
individual containers having a selected amount of one or
more cationic species for inclusion in polyelectrolyte multi-
layers and for release from such multilayers.

The invention also provides methods of preparing the poly-
mers of the invention and pharmaceutical compositions con-
taining the polymers and one or more therapeutic, diagnostic,
and/or prophylactic agent.

In yet another aspect of the invention, the polymers of this
invention are used to form nanometer-scale complexes with
cationic agents.
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In another aspect of the invention, the polymers are used to
encapsulate therapeutic, diagnostic, and/or prophylactic
agents. In other embodiments, the polymers of this invention
are employed to coat (e.g., to form one or more layers on)
particles, including microparticles and nanoparticles. This
coating of particles can include the formation of polyelectro-
lyte multilayers on microparticles or nanoparticles. Hollow
multilayer capsules can also be formed employing one or
more dynamic charge state anionic polymers of this inven-
tion. Microcapsules and/or nanocapsules can be formed by
initial formation of a multilayer or polyelectrolyte multilayer
comprising a dynamic charge state anionic polymer on a
sacrificial particle, either microparticle or nanoparticle,
which serves as a template. The sacrificial particle is thereaf-
ter degraded, as is known in the art, leaving the microcapsule.
The coated microparticles and capsules can range from 1
micrometer to 500 micrometers, for example. Coated nano-
particles are generally less than 1 micron. In some such
embodiments, the coated particles or capsules allow for the
delivery of small molecules, proteins, and/or peptides. Micro-
particles and nanoparticles may be prepared using any of the
techniques known in the art to make such particles, such as,
for example, double emulsion and spray drying. In some
embodiments, coated particles and hollow capsules may be
used for pH-triggered delivery of the encapsulated contents
due to the pH-responsive nature of the polymers.

In another aspect of the invention, the polymers are used to
encapsulate a cationic agent which is to be delivered selec-
tively in response to a trigger or delivered in a controlled
manner over time. The cationic agent can for example be
comprised in a multilayer film which also comprises one or
more anionic charge dynamic polymers of this invention. In a
specific embodiment, the cationic agent can be released from
the film on contact with an environment of appropriate pH,
e.g., acidic pH. The contact with the environment may be
contact with an aqueous solution of appropriate pH.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1: Exemplary illustration of the method of this inven-
tion for controlled film erosion. Top: Hydrolysis of the citra-
conic amide side chains of anionic ‘charge-shifting’ polymer
2 under acidic conditions yields cationic poly(allylamine).
Bottom: Polymer 2 (grey) is anionic and can be used to
fabricate polyelectrolyte multilayers. Time-dependent
changes in the net charge of polymer 2 result in changes in the
nature of the ionic interactions in the multilayers and promote
film disruption and the release of cationic film components
(red). Polymer 2 and PAH are shown as being completely
ionized for illustrative purposes (see text).

FIG. 2: Kinetics of side chain amide hydrolysis at 37° C.
for polymer 2 in deuterated phosphate buffer (500 mM,
pH=7.4, W) and acetate buffer (500 mM, pH=5.0, &), respec-
tively, as determined by 1H NMR spectroscopy. Data
depicted with dashed lines correspond to the kinetics of the
proximal (A) and distal () side chain isomers of polymer 2
atpH 5.0.

FIG. 3: Plot of ellipsometric thickness versus the number
of PAH/polymer 2 bilayers (Hl, solid lines) or PAH/polymer 3
bilayers (A, dashed lines) deposited on bare silicon sub-
strates.

FIG. 4: Plot of film erosion versus time for multilayered
films fabricated from fluorescently labelled PAH and polymer
2 (solid lines) incubated at 37° C. at pH 7.4 (W) and pH 5.0
(). This plot also includes erosion profiles for films fabri-
cated from polymer 3 (dashed lines) incubated at 37° C. at pH
7.4 (A) and pH 5.0 (A). Film thicknesses were determined
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using ellipsometry at each time point and are expressed as
percentages of the original thicknesses of each film.

FIG. 5: Plot of coumarin fluorescence versus time showing
the release of coumarin labeled PAH from multilayered films
fabricated from using polymer 2 (solid lines) incubated at 37°
C. at pH 7.4 (B) and pH 5.0 (OJ). This plot also includes
release profiles for films fabricated from polymer 3 (dashed
lines) incubated at 37° C. at pH 7.4 (A) and pH 5.0 (A).

DETAILED DESCRIPTION OF THE INVENTION

The general approach of the present invention is based on
the synthesis of anionic polymers that undergo dynamic
changes in charge states (i.e., from anionic to “less anionic” or
to zwitterionic or cationic) to trigger the disruption of multi-
layers and/or interpolyelectrolyte complexes and the release
of agents (particularly therapeutic or diagnostic agents),
including among others, proteins, peptides, polymers or
nanoparticles which may be cationic.

In one embodiment, the invention makes use of methods
developed for the reversible conversion of amine functional-
ity to carboxylic acid functionality by treatment with c.-me-
thyl derivatives of maleic anhydride.>® Past studies have
demonstrated, for example, that the addition of citraconic
anhydride (10) to primary amines results in the formation of
a citraconic amide, and that citraconic amides can be hydro-
lyzed readily under acidic conditions to regenerate primary
amine functionality (Eq 2).>°

(Eq2)
O
RNH, + 5 —=
6]
10
(€] (€]
NHR H' OH
— = RNH, +
OH OH
(6] (6]
15
While the hydrolysis of amide bonds in aqueous media

generally occurs very slowly, the hydrolysis of citraconic
amides (e.g., 15) occurs rapidly under acidic conditions
owing to intramolecular catalysis facilitated by the neighbor-
ing carboxylic acid group, which is maintained in close prox-
imity to the amide bond by the conformational rigidity of the
nearby double bond.*°*! The kinetics and mechanism of this
reaction have been investigated using small-molecule model
systems,*°! and this general approach has been applied to
the chemical modification of proteins (e.g., by reaction with
surface-accessible lysine residues) as a means to reversibly
manipulate protein charge 3”-3°

Anionic polymers of the invention can be generated gen-
erally by the reaction of small-molecule anhydrides with
amine side chains on a polymer backbone. In specific
embodiments, anionic polymers of the invention are prepared
by the reaction of anhydrides of formulas I-IV, below, with
primary amine side chains on a polymer backbone,
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I
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X
O or

where n is 0 or 1 and where dotted lines indicate optional

bonds, if R, and R, are absent the bond in the ring is a

double bond; and
where R, R,, and R; and R, (if present) are not particularly

limited except that these groups should not significantly
interfere with the ability of the anhydride to react with
primary amines and further that these groups should not
contain cationic moieties which decrease the anionic

charge state of the polymer. In specific embodiments, R,

R,,and R, and R, are selected from optionally substituted

alkyl, alkenyl, alkynyl, aryl, heteroaryl, carbocyclic and

heterocyclic groups. In addition, R, and R, can together
form a 5-10 member carbocyclic or heterocyclic ring
which may be aryl or heteroaryl or which can contain one
or two double bonds. X represents substitution on the indi-
cated ring with one to four substituents selected from
hydrogen, halogen, hydroxyl, alkyl, alkenyl, alkynyl, aryl,

heteroaryl, carbocyclic or heterocyclic groups and two X

substituents can together form a 5-10 member carbocyclic

or heterocyclic ring which may be aryl or heteroaryl or

which can contain one or two double bonds. R;, R,, and R,

and R, groups and X substituents which are alkyl, alkenyl,

alkynyl, aryl, heteroaryl, carbocyclic or heterocyclic
groups are optionally substituted with one or more halo-
gens, hydroxyl, —CN, alkoxyl, —COOH (or —COO"),

—COOR, or —CON(R"),, where R is alkyl, alkenyl, alky-

nyl, aryl, heteroaryl, carbocyclic or heterocyclic and each

R' is hydrogen or R.

In specific embodiments, R; and R, are absent and the
indicated ring contains a double bond. In further embodi-
ments, R, -R, are optionally substituted alkyl groups. In fur-
ther embodiments, R; and R, are absent, the indicated ring
contains a double bond and R, and R, are optionally substi-
tuted alkyl groups. In further embodiments, Ry and R, are
absent, the indicated ring contains a double bond, one of R, or
R, is a hydrogen and the other of R, or R, is an optionally
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substituted alkyl group. In a specific embodiment, X repre-
sents hydrogen substitutents on the indicated ring. In a spe-
cific embodiment, X represents one to four halogen substitu-
ents on the indicated ring. In a specific embodiment, nis 1. In
another specific embodiment, n is 1, R; and R, are absent and
the indicated ring contains a double bond. In another specific
embodiment, n is 1, R; and R, are absent, the indicated ring
contains a double bond and R, and R, are optionally substi-
tuted alkyl groups. In specific embodiments one or both of R
and R, are methyl groups.

In specific embodiments, the anionic polymers of this
invention comprise amide side chains which carry a double
bond as illustrated in formulas V, VI, VII and polymer 2.
Reaction of the anhydride with a polymer or copolymer hav-
ing primary amine functionality results in the formation of
side chain amides and presents a straightforward and modular
approach to the generation of ‘charge-shifting’ anionic poly-
mers, or anionic polymers capable of undergoing changes in
net charge (i.e., from net anionic to neutral or net cationic)
upon side chain amide hydrolysis.

Several recent reports have demonstrated the application of
this approach to the design of polymer-based carrier systems
for the delivery of nucleic acids,****3> proteins,>® or small

molecules®®  that create  disruptive  electrostatic
interactions,>*-® unmask other disruptive
functionality,>*>**** or shed functionality that is no longer

needed®® upon exposure to low pH environments (e.g., such
as those found in cell endosomes or lysosomes or other extra-
cellular environments).

In specific embodiments, the invention provides anionic
polymers of formula V:

where r is an integer ranging from 5 to 100,000, x and y are
numbers representing the mole percent of the indicated side
chains in the polymer where y represents from 10 to 100 mole
percent of amide side chain and x+y is 1. Additionally R | -R,,
n and dotted lines are as defined above and the wavy line
represents a linker which covalently attaches the primary
amine or the amide to the polymer backbone. Note also that
the polymer can contain one or more than one different amide
side chains. The number y represents the total mole percent of
amide side chains e.g., y1+y2+y3+y4 ... +yn, where y1 to yn
represent the individual mole percent of different amide side
chains. When there are more than one different amide side
chains the variables R,-R, in the different amides can be
different, n may be different or the optional double bond in the
amide may be present or absent. In specific embodiments, all
amide side chains in the polymer are the same. In other
specific embodiments, there are two or more different amide
side chains. In additional embodiments, there are two, three,
four, five or six different amide side chains. In other specific
embodiments, there are two different amide side chains
which are stereoisomers of each other. In specific embodi-
ments, y ranges from 0.1 to 0.3 (from 10-30 mole percent). In
other embodiments, y ranges from 0.20 to 0.5 representing 20
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to 50 mole percent. In additional embodiments, y ranges from
25 to 100 mole percent. In other embodiments, y is 100 mole
percent.

The primary amine or amide is linked to the polymer back-
bone by a linker moiety which in specific embodiments is an
alkylene, or alkyleneoxy linker containing from 1 to 10 car-
bon atoms. In a specific embodiment, the linker is an alkylene
linker. In a specific embodiment, the linker is an alkylene
linker of formula —(CH,),—, where m is an integer that
ranges from 1 to 10 and preferably ranges from 1 to 6 and in
specific embodiments is 1, 2 or 3. In a specific embodiment,
the linker is an alkyleneoxy linker of formula —(CH,),,,—

O—(CH,),2— —(CH,),,;—O0—(CH,),,,—O0—
(CHy),5—  —(CHy),,;—O-—(CH,),,—O-—(CH,),.s—
O—(CH,),.s— or —(CH,),,;,—O—(CH,),,,—O—

(CH,),,,s—0—(CH,),~—0O(CH,),,s—, where m1, m2, and
m3, m4, and mS5, if present, are integers and m1+m2+m3+
m4+m5=2-10. In more specific embodiments, m1 and m2 and
m3, m4, and m5, if present, are the same; m1 and m2 and m3,
m4, and m5, if present are all 2 or all 3 or all 4; or m1 and m2
and m3, m4, and m5, if non-zero, are different.

The polymer of formula V is a generic formula for an
initially anionic charge dynamic polymer of this invention in
which the charge can be shifted from anionic, to zwitterionic,
to cationic, by hydrolysis of amide groups. These anionic
charge dynamic polymers can be used to destabilize polyelec-
trolyte multilayers and promote the release of agents, particu-
larly cationic agents, from surfaces coated with the multilay-
ers in aqueous media. The hydrolysis can be triggered by
decreasing the pH of the medium to which the multilayers or
the polymer is contacted.

In a more specific embodiment, the invention provides
polymer VI and even more specifically polymer 2.

VI
¥ 2
M
(Cle)m (THz)m
NH NH
O O
(@) / (@) / R
€] (€]
O Ry O

where r, y1, y2, m and R, are as defined above. In a specific
embodiment of formula VI, R, is selected from optionally
substituted alkyl or phenyl groups. In more specific embodi-
ments, R, is an unsubstituted alkyl group having 1 to 6 carbon
atoms or having 1 to 3 carbon atoms. In a specific embodi-
ment, y1 ranges from 0.1 to 0.9. In another embodiment, y1
ranges from 0.25 to 0.75. In another embodiment, yl ranges
from 0.60 to 0.80. In specific embodiments yl1/y2is 2t0 3. In
specific embodiments, y1/y2 is 2.3.
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In another embodiment, the invention provides polymer
VIIL:

VII
yl 32 3
”
(THZ)M (THz)m (THz)m
NH NH NH
0 0 0 R;
o) 0 R, O R,
! N\_/ -
(] @ Q
o R, O o

where r, m, and R, are as defined above and y1, y2 and y3 are
numbers representing the mole percent of the indicated side
group where yl1+y2+y3 is 1; In a specific embodiment, R is
an optionally substituted C1-C6 alkyl group. In another spe-
cific embodiment m is 1-6 or m is 1, 2 or 3. In specific
embodiments y3 ranges from 0.01 to 0.90, y3 ranges from
0.251t00.50 ory 3 ranges from 0.1 to 0.25. In specific embodi-
ments y1/y2 is 2 to 3. In specific embodiments, y1/y2 is 2.3.

In specific embodiments, the polymer of the above formu-
las is a block of a block copolymer. In specific embodiments,
the copolymer comprises one or more blocks of PEG or PEO.

In specific embodiments, the polymers of the above for-
mulas are employed to form multiple layer polyelectrolyte
films. Each layer of such films comprises a bilayer compris-
ing one or more cations and one or more anionic polymers. In
aspecific embodiment, the one or more than one of the cations
can be a cationic polymer. In a specific embodiment, a bilayer
can comprise a plurality of cations each carrying 1-4 positive
charges for each anionic polymer of this invention therein. In
a specific embodiment, a bilayer can comprise a polycation
carrying a plurality of positive charges and an anionic poly-
mer of this invention. In specific embodiments, a bilayer can
comprise two or more different cations or polycations. In
specific embodiments, a bilayer can comprise two or more
different charge dynamic anionic polymers of this invention.
In specific embodiments, a multiple layer polyelectrolyte film
can further comprise one or more layers that do not contain a
charge dynamic anionic polymer. In specific embodiments, a
multiple layer polyelectrolyte film can further comprise one
or more layers that contain a neutral, zwitterionic or cationic
polymer which is not derived by removal of groups from a
dynamic anionic polymer.

Initial studies ofthe formation of multilayers employing an
anionic charge dynamic polymer used polymer 2 as described
in the Examples.

(Eq3)

NH,
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-continued
0.7 0.3
NH NH
(@] (@]
0O (@)
/ /
og g
Polymer 2

The present polymers are dynamic charge state anionic
polymers that have anionic charge which is a characteristic of
the polymeric backbone and the functional groups attached to
the polymeric backbone. Anionic charge may be distributed
throughout the polymer or in portions of the polymer, for
example, in certain blocks of a block copolymer. Anionic
charge may be on the polymer backbone as well as in the
functional groups on the polymer, some or all of the anionic
functional groups may be removable. The polymers are
designed such that the net charge of the dynamic charge state
anionic polymer increases when one or more of the remov-
able functional group(s), e.g., amides, is removed from the
dynamic charge state anionic polymer.

Based on these criteria, the polymer backbone is not par-
ticularly limited, so long as a portion of the repeat units of the
polymer have removable side chains that allow for charge
shifting as defined herein, for example, amide side chains.
Polymers of the invention can be prepared, for example, from
a starting polymer in which a portion of the repeating units
have primary amine side chains that can be converted to
amides. In some embodiments, the polymer backbone is not
charged. Generally speaking, the charge of the polymer is
measured under conditions in which it will be used. In some
cases the charge of the polymer is measured at physiological
pH. In general, suitable polymeric backbones for dynamic
charge state anionic polymers of the invention are any natural
or synthetic polymers or copolymers having primary amine
groups or which can be modified to incorporate primary
amine groups. Specific examples of such suitable polymeric
backbones include, among others, poly(allylamine), poly(vi-
nylamine), branched poly(ethylene imine), poly(lysine) or
more generally polypeptides which contain lysine, poly(ami-
doamine) dendrimers, polysaccharides having amine groups
or side groups with amine groups, such as chitosan. In the
present polymers, the polymeric backbone may be linear,
branched or hyperbranched. Note that generally, amide
groups can be introduced into polymers containing a primary
amine group employing reaction with anhydrides as exem-
plified in equation 3 above.

The present polymer is generally anionic, but different
functional groups attached to the polymer can render the
polymer zwitterionic. The present polymer may also be
capable of buffering changes in pH which results from the
make-up of the polymer backbone and/or the attached func-
tional groups.

Similar to the backbone, the identity of the one or more
removable functional group(s) of the present polymers is not
particularly limited as long as removal of the one or more
removable functional group(s) decreases the anionic charge
density of the polymer. As used herein, “removable functional
group” means a chemical group that, upon removal, will
decrease the anionic charge density of the polymer. In a
specific embodiment, the functional group that is removed is
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a group that is not a polymer which contains a plurality of
repeating units. In a specific embodiment, the removable
functional group is not PEG. The functional group may, how-
ever, be an oligomer having 2 to 10 repeating units, such as a
disaccharide or oligosaccharide having 2-10 monosaccha-
rides or an oligopeptide having 2 to 10 amino acids. As will be
apparent to the skilled artisan, polymers whose anionic
charge decreases (i.e., becomes less anionic) in this manner
can have a variety of features. For example, the removable
functional group may be negatively charged so that removal
of'the removable functional group increases net charge. Addi-
tionally removal of the removable functional group may
result in generation of a positively charged side chain further
increasing net charge. One example of such a scheme is
provided when the removable group contains an anionic
group linked to the polymer backbone via a hydrolyzable
amide linkage. Other configurations that achieve the charge
shifting properties of the present polymers will be apparent to
those skilled in the art. When removable functional groups
provide a positively charged species after removal from the
polymer backbone and the backbone itself is neutral, then the
present polymers can shift from being anionic to cationic
when the removable functional group is removed.

In the present polymers, the mole percent of the repeat
units comprising the polymeric backbone substituted with the
one or more removable functional group(s) ranges from about
10 percent to about 100 percent or from 10 percent to 100
percent. In additional embodiments, the mole percent of the
repeat units attached to the one or more removable functional
group may range from about 30 percent to about 100 percent,
from about 50 percent to about 100 percent, or from about 70
percent to about 100 percent. The polymers of the present
invention may have any desired molecular weight, such as
from 1,000 to 100,000 grams/mole, or from about 2,000 to
50,000 grams/mole in some embodiments.

The present dynamic charge state anionic polymers can be
non-immunogenic, non-toxic or both nonimmunogenic and
non-toxic. In the present polymers, polymeric backbone can
be degradable or nondegradable. In some embodiments, the
polymers of the invention are biodegradable and biocompat-
ible.

The molecular weights of the polymers may range from
5,000 g/mol to over 100,000 g/mol in some embodiments and
from 4,000 g/mol to 50,000 g/mol in other embodiments. In
some embodiments, the polymers are relatively non-cyto-
toxic. In other embodiments, the polymers are biocompatible
and biodegradable.

Synthesis of Polymers

The polymers of this invention may be prepared by any
method known in the art. In some embodiments, the polymers
are prepared from commercially available starting materials.
In other embodiments, the polymers are prepared from easily
and/or inexpensively prepared starting materials. Methods
described herein can be employed to prepare anionic poly-
mers of this invention.

The synthesized polymer may be purified by any technique
known in the art including, but not limited to, precipitation,
crystallization, chromatography, etc. In some embodiments,
the polymer need not be purified. In some embodiments, the
polymer is purified through repeated precipitations from an
organic solvent (e.g., diethyl ether, hexane, etc.). In some
embodiments, the polymer is isolated as a salt, such as a
hydrochloride salt or a pharmaceutically acceptable salt. As
would be appreciated by one of skill in this art, the molecular
weight of the synthesized polymer and the extent of cross-
linking may be determined by the reaction conditions (e.g.,
temperature, starting materials, concentration, order of addi-
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tion, solvent, etc.) used in the synthesis (Odian Principles of
Polymerization 3rd Ed., New York: John Wiley & Sons, 1991;
Stevens Polymer Chemistry: An Introduction 2nd Ed., New
York: Oxford University Press, 1990; each of which is incor-
porated herein by reference).

In one embodiment, a library of different polymers is pre-
pared in parallel. A different amount of the one or more
removable functional groups is added to each vial in a set of
vials used to prepare the library. The array of vials is incu-
bated at a temperature and length of time sufficient to allow
functionalization of the polymers to occur. The polymers may
then be isolated and purified using techniques known in the
art. The polymers may then be screened using high-through-
put techniques to identify polymers with a desired character-
istic (e.g., solubility in water, solubility at different pH, ability
to bind small molecules, ability to form microparticles or
nanoparticles, etc.).

Interpolyelectrolyte Complexes

The present invention also provides the present polymers
complexed with one or more cations thereby forming an
interpolyelectrolyte complex. In the interpolyelectrolyte
complexes of the present invention, the cation bound by the
polymer is not particularly limited. In some embodiments, the
cation need only have a single positive charge. In specific
embodiments, the cation is a cation other than a metal cation.
In specific embodiments, the cation is an organic species
having 6-50 or 6-100 carbon atoms. In some embodiments,
the cation need only have at least two positive charges. Suit-
able examples of cationic molecules include, among others,
proteins, peptides, therapeutic molecules or agents, diagnos-
tic molecules or agents, natural or synthetic polymers, pro-
phylactic agents, small molecules, organometallic com-
pounds, drugs, vaccines, immunological agents, and the like.

The cations may be naturally occurring or synthetic as
synthetic polycations may also be used to form interpolyelec-
trolyte complexes of the invention. In some embodiments, the
polymers of the invention are complexed to a cationic mol-
ecule.

The present invention also provides polyelectrolyte multi-
layers which can be employed, for example, for controlled
release or delivery of agents, particularly therapeutic, diag-
nostic or prophylactic agents. In general any species that it is
desired to be released or delivered can be incorporated into
polyelectrolyte multilayers. In specific embodiments, the
agent is cationic. In other embodiments, the agent is an agent
other than a cationic agent (e.g., anionic, neutral or zwitteri-
onic). The agent can be selected from proteins, peptides,
polysaccharides, saccharides, therapeutic molecules, diag-
nostic molecules, prophylactic molecules, small molecules,
natural polymers, synthetic polymers, organometallic com-
pounds, drugs, vaccines, immunological agents and more
specifically includes enzymes, structural proteins, receptors,
soluble receptors, ion channels, pharmaceutically active pro-
teins, cytokines, interleukins, antibodies, antibody frag-
ments, antigens, coagulation factors, albumin, growth fac-
tors, hormones, insulin, and the like. Polyelectrolyte
multilayers of this invention are formed as is known in the art
having at least one layer (i.e., polyelectrolyte bilayer) that is
formed using a dynamic charge state anionic polymer or
copolymer of this invention.

Cationic agents or molecules can, among others, be small
molecules, natural polymers or synthetic polymers. More
specifically cationic agents can be proteins which may be
enzymes, structural proteins, receptors, soluble receptors, ion
channels, pharmaceutically active proteins, cytokines, inter-
leukins, antibodies, antibody fragments, antigens, coagula-
tion factors, albumin, growth factors, hormones, insulin, etc.
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Microparticles and Nanoparticles

The polymers of the present invention may also be used to
form drug delivery devices. The polymers may be used to
encapsulate cationic compounds including small molecules,
proteins, peptides, metals, organometallic compounds, and
the like. The polymers may be used to encapsulate a mixture
of cationic species with neutral, zwitterionic or anionic spe-
cies. Some of the present polymers possess one or more
properties that make them particularly suitable in the prepa-
ration of drug delivery devices. Such properties may include
1) the ability of the polymer to complex and protect labile
agents; and 2) the ability to neutralize the charge on positively
charged agents. In some embodiments, the polymers are used
to coat (form one or more layers on) particles containing the
agent to be delivered (the layers may also contain the same or
a different agent to be delivered.) In some such embodiments,
the diameter of coated microparticles ranges from 500 nm to
50 micrometers, from 1 micrometer to 20 micrometers, or
from 1 micrometer to 10 micrometers. In other embodiments,
the coated microparticles range from 1-5 micrometers. In
other embodiments, the coated particles are less than 1
micrometer (nanoparticles). The polymers of this invention
can be employed to form microcapsules or nanocapsules
which may contain an agent to be delivered. The capsules are
formed from polyelectrolyte multilayers in which are least
one layer is formed from a dynamic charge state anionic
polymer or copolymer of this invention. Capsules can be
formed, for example, by initial formation of polyelectrolyte
multilayers on a particle and thereafter degrading the particle.
Both micro- and nanoparticles can be formed. Methods for
deposition of films onto particles, are well-known in the art™.

The polymer of this invention may be combined with other
polymers (e.g., PEG, PLGA) to form the microspheres. Meth-
ods for the formation of microspheres are well-known in the
art. Microparticles may be prepared using various methods.
Examples of such methods include, but are not limited to,
spray drying, single and double emulsion solvent evapora-
tion, solvent extraction, phase separation, simple and com-
plex coacervation, and other methods well known to those of
ordinary skill in the art. In some embodiments, the methods
for preparing the particles are the double emulsion process
and spray drying methods. The conditions used in preparing
the microparticles may be altered to yield particles of a
desired size or property (e.g., hydrophobicity, hydrophilicity,
external morphology, “stickiness”, shape, etc.). The method
of preparing the particle and the conditions (e.g., solvent,
temperature, concentration, air flow rate, etc.) used may also
depend on the agent being encapsulated and/or the composi-
tion of the polymer matrix.

Methods developed for making microparticles for delivery
of encapsulated agents are described in the literature (for
example, please see Doubrow, M., Ed., “Microcapsules and
Nanoparticles in Medicine and Pharmacy,” CRC Press, Boca
Raton, 1992; Mathiowitz and Langer, J. Controlled Release
5:13-22, 1987; Mathiowitz et al. Reactive Polymers 6:275-
283, 1987; Mathiowitz et ai. J. Appl. Polymer Sci. 35:755-
774, 1988; each of which is incorporated herein by refer-
ence). Nanoparticles likewise can be formed by methods that
are well-known in the art.

Ifthe particles prepared by any of the above methods have
a size range outside of the desired range, the particles can be
sized, for example, using a sieve.

Polyelectrolyte multilayers may be formed, for example,
as described in Vazquez et al., J. Am. Chem. Soc. 124, 13992
(2002). The number of layers in such multilayers is not par-
ticularly limited. Additionally, different layers of these mul-
tilayers can contain different polymers and/or anions. The
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present invention contemplates that these multilayer struc-
tures can be used for controlled release of a desired agent or
delivery of multiple agents. As is understood by the skilled
artisan, the film growth of the layered structure is primarily
dictated by electrostatic interactions, hydrophobic interac-
tions, hydrogen bonding, salt concentration, and solution pH.
The polyelectrolyte multilayers can also be used to deliver
cations to a selected environment, including delivery to a cell
or tissue.

Agent

The agents to be delivered by the systems of the present
invention may be therapeutic, diagnostic, or prophylactic
agents. Any cationic chemical compound to be administered
to an individual may be delivered using the interpolyelectro-
lyte complex. The agent may be a small molecule, natural
polymer, synthetic polymer, organometallic compound, pro-
tein, peptide, polynucleotide, metal, an isotopically labeled
chemical compound, drug, vaccine, immunological agent, or
the like. Any chemical compound to be administered to an
individual or for which controlled release or delivery is
desired can be released or delivered employing polyelectro-
lyte multilayers of this invention.

In some embodiments, the agents are organic compounds
with pharmaceutical activity. In another embodiment of the
invention, the agent is a clinically used drug. In some such
embodiments, the drug is an antibiotic, anti-viral agent, anes-
thetic, steroidal agent, anti-inflammatory agent, antineoplas-
tic agent, antigen, vaccine, antibody, decongestant, antihy-
pertensive, sedative, birth control agent, progestational agent,
anti-cholinergic, analgesic, anti-depressant, anti-psychotic,
p-adrenergic blocking agent, diuretic, cardiovascular active
agent, vasoactive agent, non-steroidal anti-inflammatory
agent, nutritional agent, or the like, or combinations thereof.

In some embodiments of the present invention, the agent to
be delivered or released may be a mixture of agents. For
example, a local anesthetic may be delivered or released in
combination with an anti-inflammatory agent such as a ste-
roid. Local anesthetics may also be administered with vaso-
active agents such as epinephrine. As a further example, an
antibiotic may be combined with an inhibitor of the enzyme
commonly produced by bacteria to inactivate an antibiotic
(e.g., penicillin and clavulanic acid). A neutral, zwitterionic
or anionic species which may be a therapeutic, diagnostic or
prophylactic agent may be delivered or released from the
multilayer along with a cationic species. In specific embodi-
ments, the cationic species employed with the charge
dynamic anionic polymer of this invention to form multilay-
ers need not itself be the agent that is to be delivered, a neutral
Zwitterionic or anionic species also encapsulated in the poly-
electrolyte multilayer may be the agent that is to be released
or delivered.

Diagnostic agents include gases; metals; commercially
available imaging agents used in positron emissions tomog-
raphy (PET), computer assisted tomography (CAT), single
photon emission computerized tomography, x-ray, fluoros-
copy, and magnetic resonance imaging (MRI); and contrast
agents. Examples of suitable materials for use as contrast
agents in MRI include gadolinium chelates, as well as iron,
magnesium, manganese, copper, and chromium. Examples of
materials useful for CAT and x-ray imaging include iodine-
based materials.

Prophylactic agents of the invention include, but are not
limited to, antibiotics, nutritional supplements, and vaccines.
Vaccines may comprise isolated proteins or peptides, inacti-
vated organisms and viruses, dead organisms and viruses,
genetically altered organisms or viruses, and cell extracts.
Prophylactic agents may be combined with interleukins,
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interferon, cytokines, and adjuvants such as cholera toxin,
alum, Freund’s adjuvant, etc. Prophylactic agents include
antigens of such bacterial organisms as Streptococccus preu-
moniae, Haemophilus influenzae, Staphylococcus aureus,
Streptococcus pyrogenes, Corynebacterium diphtheriae,
Listeria monocytogenes, Bacillus anthracis, Clostridium
tetani, Clostridium botulinum, Clostridium perfringens,
Neisseria meningitidis, Neisseria gonorrhoeae, Streptococ-
cus mutans, Pseudomonas aeruginosa, Salmonella typhi,
Haemophilus parainfluenzae, Bordetella pertussis, Fran-
cisella tularensis, Yersinia pestis, Vibrio cholerae, Legionella
preumophila, Mycobacterium tuberculosis, Mycobacterium
leprae, Treponemapallidum, Leptospirosis interrogans, Bor-
relia burgdorferi, Camphylobacter jejuni, and the like; anti-
gens of such viruses as smallpox, influenza A and B, respira-
tory syncytial virus, parainfluenza, measles, HIV, varicella-
zoster, herpes simplex 1 and 2, cytomegalovirus, Epstein-
Barr virus, rotavirus, rhinovirus, adenovirus, papillomavirus,
poliovirus, mumps, rabies, rubella, coxsackieviruses, equine
encephalitis, Japanese encephalitis, yellow fever, Rift Valley
fever, hepatitis A, B, C, D, and E virus, and the like; antigens
of fungal, protozoan, and parasitic organisms such as Cryp-
tococcus neoformans, Histoplasma capsulatum, Candida
albicans, Candida tropicalis, Nocardia asteroides, Rickettsia
ricketsii, Rickettsia typhi, Mycoplasma pneumoniae,
Chlamydial psittaci, Chlamydial trachomatis, Plasmodium
Jfalciparum, Trypanosoma brucei, Entamoeba histolytica,
Toxoplasma gondii, Trichomonas vaginalis, Schistosoma
mansoni, and the like. These antigens may be in the form of
whole killed organisms, peptides, proteins, glycoproteins,
carbohydrates, or combinations thereof.

Targeting Agents or Ligands

The polymers and multilayer structures (e.g., coated par-
ticles and capsules) of the invention may be modified to
include one or more targeting agents or ligands, since it is
often desirable to target a particular cell, collection of cells, or
tissue. A variety of targeting agents that direct pharmaceutical
compositions to particular cells are known in the art (see, for
example, Cotten et al. Methods Enzym. 217:618, 1993; incor-
porated herein by reference). The targeting agents may be
included throughout the particle or may be only on the sur-
face. The targeting agent may be a protein, peptide, carbohy-
drate, glycoprotein, lipid, small molecule, antibody, antibody
fragment, receptor or the like. The targeting agent may be
used to target specific cells or tissues or may be used to
promote endocytosis or phagocytosis of the particle.
Examples of targeting agents include, but are not limited to,
antibodies, fragments of antibodies, low-density lipoproteins
(LDLs), transferring, asialycoproteins, gp120 envelope pro-
tein of the human immunodeficiency virus (HIV), carbohy-
drates, receptor ligands, sialic acid, and the like. If the target-
ing agent is included throughout the structure, the targeting
agent may be included in the mixture that is used to form the
particles. If the targeting agent is only present on the surface,
the targeting agent may be associated with (i.e., by covalent,
hydrophobic, hydrogen boding, van der Waals, or other inter-
actions) the formed particles using standard chemical tech-
niques.

The amine groups on a given polymer can also be conju-
gated either directly to the amine groups or via spacer mol-
ecules, with targeting ligands and the like. Preferably, only a
portion of the available amine groups are coupled to the
ligand or spacer ligand such that the net charge of the polymer
is anionic. The target ligands conjugated to the polymer direct
the polymer-nucleic acid/drug complex to bind to specific
target cells and penetrate into such cells (tumor cells, liver
cells, heamatopoietic cells, and the like). The target ligands
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can also be an intracellular targeting element, enabling the
transfer of the nucleic acid/drug to be guided towards certain
favored cellular compartments (mitochondria, nucleus, and
the like). In certain embodiments, the ligands can be sugar
moieties coupled to the amino groups. Such sugar moieties
are preferably mono- or oligo-saccharides, such as galactose,
glucose, fucose, fructose, lactose, sucrose, mannose, cello-
biose, nytrose, triose, dextrose, trehalose, maltose, galac-
tosamine, glucosamine, galacturonic acid, glucuronic acid,
and gluconic acid.

The conjugation of an acid derivative of a sugar with the
polymer is preferred in some embodiments. In some such
embodiments of the present invention, lactobionic acid (4-0-
~-D-galactopyranosyl-D-gluconic acid) is coupled to the
polymer. The galactosyl unit of lactose provides a convenient
targeting molecule for hepatocyte cells because of the high
affinity and avidity of the galactose receptor on these cells.

Other types of ligands that may be used include peptides
such as antibodies or antibody fragments, cell receptors,
growth factor receptors, cytokine receptors, transferrin, epi-
dermal growth factor (EGF), insulin, asialoorosomucoid,
mannose-6-phosphate (monocytes), mannose (macrophage,
some B cells), Lewisx and sialyl Lewisx (endothelial cells),
N-acetyllactosamine (T cells), galactose (colon carcinoma
cells), and thrombomodulin (mouse lung endothelial cells),
fusogenic agents such as polymixin Band hemaglutinin HAI,
lysosomotrophic agents, nucleus localization signals (NLS)
such as T-antigen, and the like.

Pharmaceutical Compositions

Once the polymer, interpolyelectrolyte complex, e.g. poly-
mer complexed with cationic molecule or compound) or mul-
tilayer structure (coated micorparticle or microcapsule) have
been prepared, they may be combined with one or more
pharmaceutical excipients to form a pharmaceutical compo-
sition that is suitable to administer to animals. Animals
include humans as well as non-human animals, including, for
example, mammals, birds, reptiles, amphibians, and fish.
Preferably, the nonhuman animal is a mammal (e.g., arodent,
a mouse, a rat, a rabbit, a monkey, a dog, a cat, a primate, or
a pig). An animal may be a transgenic animal. As would be
appreciated by one of skill in this art, the excipients may be
chosen based on the route of administration as described
below, the agent being delivered, time course of delivery of
the agent, or other factors.

Pharmaceutical compositions of the present invention and
for use in accordance with the present invention may include
a pharmaceutically acceptable excipient or carrier. As used
herein, the term “pharmaceutically acceptable carrier” means
a non-toxic, inert solid, semi-solid or liquid filler, diluent,
encapsulating material or formulation auxiliary of any type.
Some examples of materials which can serve as pharmaceu-
tically acceptable carriers are sugars such as lactose, glucose,
and sucrose; starches such as corn starch and potato starch;
cellulose and its derivatives such as sodium carboxymethyl
cellulose, ethyl cellulose, and cellulose acetate; powdered
tragacanth; malt; gelatin; talc; excipients such as cocoa butter
and suppository waxes; oils such as peanut oil, cottonseed oil;
safflower oil; sesame oil; olive oil; corn oil and soybean oil;
glycols such as propylene glycol; esters such as ethyl oleate
and ethyl laurate; agar; detergents such as Tween 80; bufter-
ing agents such as magnesium hydroxide and aluminum
hydroxide; alginic acid; pyrogen-free water; isotonic saline;
Ringer’s solution; ethyl alcohol; and phosphate buffer solu-
tions, as well as other non-toxic compatible lubricants such as
sodium lauryl sulfate and magnesium stearate, as well as
coloring agents, releasing agents, coating agents, sweetening,
flavoring and perfuming agents, preservatives and antioxi-
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dants can also be present in the composition, according to the
judgment of the formulator. The pharmaceutical composi-
tions of this invention can be administered to humans and/or
to animals, orally, rectally, parenterally, intracisternally,
intravaginally, intranasally, intraperitoneally, topically (as by
powders, creams, ointments, or drops), bucally, or as an oral
or nasal spray.

Liquid dosage forms for oral administration include phar-
maceutically acceptable emulsions, microemulsions, solu-
tions, suspensions, syrups, and elixirs. In addition to the
active ingredients (i.e., microparticles, nanoparticles, poly-
nucleotide/polymer complexes), the liquid dosage forms may
contain inert diluents commonly used in the art such as, for
example, water or other solvents, solubilizing agents and
emulsifiers such as ethyl alcohol, isopropyl alcohol, ethyl
carbonate, ethyl acetate, benzyl alcohol, benzyl benzoate,
propylene glycol, 1,3-butylene glycol, dimethylformamide,
oils (in particular, cottonseed, groundnut, corn, germ, olive,
castor, and sesame oils), glycerol, tetrahydrofurfuryl alcohol,
polyethylene glycols and fatty acid esters of sorbitan, and
mixtures thereof. Besides inert diluents, the oral composi-
tions can also include adjuvants such as wetting agents, emul-
sifying and suspending agents, sweetening, flavoring, and
perfuming agents.

Injectable preparations, for example, sterile injectable
aqueous or oleaginous suspensions may be formulated
according to the known art using suitable dispersing or wet-
ting agents and suspending agents. The sterile injectable
preparation may also be a sterile injectable solution, suspen-
sion,or emulsion in a nontoxic parenterally acceptable diluent
or solvent, for example, as a solution in 1,3-butanediol.
Among the acceptable vehicles and solvents that may be
employed are water, Ringer’s solution, U.S.P. and isotonic
sodium chloride solution. In addition, sterile, fixed oils are
conventionally employed as a solvent or suspending medium.
For this purpose any bland fixed oil may be employed includ-
ing synthetic mono- or diglycerides. In addition, fatty acids
such as oleic acid may be used in the preparation of
injectables. In some embodiments, the particles are sus-
pended in a carrier fluid comprising 1% (w/v) sodium car-
boxymethyl cellulose and 0.1% (v/v) Tween 80.

The injectable formulations can be sterilized, for example,
by filtration through a bacteria-retaining filter, or by incorpo-
rating sterilizing agents in the form of sterile solid composi-
tions which can be dissolved or dispersed in sterile water or
other sterile injectable medium prior to use.

Compositions for rectal or vaginal administration are pref-
erably suppositories which can be prepared by mixing the
particles with suitable non-irritating excipients or carriers
such as cocoa butter, polyethylene glycol, or a suppository
wax which are solid at ambient temperature but liquid at body
temperature and therefore melt in the rectum or vaginal cavity
and release the microparticles or nanoparticles.

Solid dosage forms for oral administration include cap-
sules, tablets, pills, powders, and granules. In such solid dos-
age forms, the particles are mixed with at least one inert,
pharmaceutically acceptable excipient or carrier such as
sodium citrate or dicalcium phosphate and/or a) fillers or
extenders such as starches, lactose, sucrose, glucose, manni-
tol, and silicic acid, b) binders such as, for example, car-
boxymethylcellulose, alginates, gelatin, polyvinylpyrrolidi-
none, sucrose, and acacia, ¢) humectants such as glycerol, d)
disintegrating agents such as agar-agar, calcium carbonate,
potato or tapioca starch, alginic acid, certain silicates, and
sodium carbonate, e) solution retarding agents such as paraf-
fin, f) absorption accelerators such as quaternary ammonium
compounds, g) wetting agents such as, for example, cetyl
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alcohol and glycerol monostearate, h) absorbents such as
kaolin and bentonite clay, and 1) lubricants such as talc, cal-
cium stearate, magnesium stearate, solid polyethylene gly-
cols, sodium lauryl sulfate, and mixtures thereof. In the case
of capsules, tablets, and pills, the dosage form may also
comprise buffering agents.

Solid compositions of a similar type may also be employed
as fillers in soft and hard-filled gelatin capsules using such
excipients as lactose or milk sugar as well as high molecular
weight polyethylene glycols and the like.

The solid dosage forms of tablets, dragees, capsules, pills,
and granules can be prepared with coatings and shells such as
enteric coatings and other coatings well known in the phar-
maceutical formulating art. They may optionally contain
opacifying agents and can also be of a composition that they
release the active ingredient(s) only, or preferentially, in a
certain part of the intestinal tract, optionally, in a delayed
manner. Examples of embedding compositions which can be
used include polymeric substances and waxes.

Solid compositions of a similar type may also be employed
as fillers in soft and hard-filled gelatin capsules using such
excipients as lactose or milk sugar as well as high molecular
weight polyethylene glycols and the like.

Dosage forms for topical or transdermal administration of
an pharmaceutical composition include ointments, pastes,
creams, lotions, gels, powders, solutions, sprays, inhalants, or
patches. The particles are admixed under sterile conditions
with a pharmaceutically acceptable carrier and any needed
preservatives or buffers as may be required. Ophthalmic for-
mulation, ear drops, and eye drops are also contemplated as
being within the scope of this invention.

The ointments, pastes, creams, and gels may contain, in
addition to the particles of this invention, excipients such as
animal and vegetable fats, oils, waxes, paraffins, starch, traga-
canth, cellulose derivatives, polyethylene glycols, silicones,
bentonites, silicic acid, talc, and zinc oxide, or mixtures
thereof.

Powders and sprays can contain, in addition to the particles
of'this invention, excipients such as lactose, talc, silicic acid,
aluminum hydroxide, calcium silicates, and polyamide pow-
der, or mixtures of these substances. Sprays can additionally
contain customary propellants such as chlorofluorohydrocar-
bons.

Transdermal patches have the added advantage of provid-
ing controlled delivery of a compound to the body. Such
dosage forms can be made by dissolving or dispersing the
microparticles or nanoparticles in a proper medium. Absorp-
tion enhancers can also be used to increase the flux of the
compound across the skin. The rate can be controlled by
either providing a rate controlling membrane or by dispersing
the particles in a polymer matrix or gel.

The present invention also provides methods of adminis-
tering the present polymers and complexes. Generally, these
methods can involve contacting an interpolyelectrolyte com-
plex of the present invention with one or more cells, such as
those that make up a tissue. In one embodiment, the inter-
polyelectrolyte complex is administered to an animal. The
interpolyelectrolyte complex can be administered in any suit-
able manner, such as in the manner and formulations
described above. In some embodiments, in solution the side
chain esters slowly hydrolyze, resulting in the release of the
cationic component that is bound electrostatically to the poly-
mer.

The present invention also provides methods for delivering
a cationic compound to a cell or tissue. In one aspect the
present methods involve contacting a composition that
includes a interpolyelectrolyte complex of the invention with
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a target cell thereby allowing the target cell to uptake the
composition. The polymer of the present invention is
designed such that when the interpolyelectrolyte complex
enters the target cell, one or more of the removable functional
group(s) is removed from the dynamic charge state anionic
polymer which increases the cationic charge density (or
decreased the anionic charge density) of the dynamic charge
state anionic polymer. The decrease in the anionic charge of
the polymer is caused by the removal of anionic charges
which promotes dissociation of the interpolyelectrolyte com-
plex into the dynamic charge state anionic polymer and the
cationic molecule, allowing for release of the cationic mol-
ecule or in particular the delivery of the cationic molecule to
the target cell or cell compartment, such as an endosome,
cytosol or nucleus of the cell. In some methods, at least one of
the one or more of the removable functional group(s) is
removed from the dynamic charge state anionic polymer in a
nucleus, endosome or cytosol of the target cell. In this man-
ner, the interpolyelectrolyte complex can dissociate primarily
in the desired compartment of the target cell and deliver the
cationic molecule to the target cell compartment. The present
methods can also involve providing the interpolyelectrolyte
complex and/or preparing the interpolyelectrolyte complex.
Generally, the interpolyelectrolyte complex will be prepared
by mixing the dynamic charge state anionic polymer with the
cationic molecule thereby allowing formation of the inter-
polyelectrolyte complex.

In another aspect, the present methods involve bringing a
polyelectrolyte multilayer film or coating into contact with an
environment, including tissue or cells to which or into which
an agent is to delivered or released. The multilayer includes at
least one layer (i.e., a bilayer) comprising a charge dynamic
anionic polymer of this invention and at least one cationic
species and preferably comprises a plurality of such layers.
The polymer of the present invention is designed such that
when one or more of the removable functional group(s) is
removed from the dynamic charge state anionic polymer the
anionic charge of the dynamic charge state anionic polymer
decreases (or the cationic charge of the polymer increases).
The decrease in the anionic charge of the polymer is caused
by the removal of anionic charges which promotes dissocia-
tion of polyelectrolyte layers in the multilayer allowing for
release of the cationic species and/or a neutral, zwitterionic or
anionic agent also comprised in the multilayer. The present
methods can also involve providing the polyelectrolyte mul-
tilayer. The environment into which the agent is released can
be a biological environment, which for example can be
human or animal tissue.

In the present methods, the target cell or tissue can be in
vitro or in vivo. Where the target cell or tissue is in vivo, the
interpolyelectrolyte complex can be administered to a mam-
mal. In some embodiments of the present methods, the cell is
a eukaryotic cell.

Inthe present methods and polymers, removal of the one or
more of the removable functional group(s) from the dynamic
charge state anionic polymer can be at least partially hydro-
Iytic, partially enzymatic and/or partially photolytic removal.
The present polymers and methods can also be designed so
that removal of the one or more of the removable functional
groups from the dynamic charge state anionic polymer occurs
at a substantially constant rate or does not occur at a constant
rate. Accordingly, in the present methods, the majority, or
substantially all, of the cations can be delivered to a desired
environment, which may be a part of the cell, such as the
nucleus, endosome or cytosol.

The present invention also provides kits for carrying out the
methods described herein. Kits generally contain one or more
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anionic charge dynamic polymers of the invention. In one
embodiment, the kit comprises instructions for carrying out
any of the methods described herein. The instructions can be
provided in any intelligible form through a tangible medium,
such as printed on paper, computer readable media, or the
like. The present kits can also include one or more reagents,
buffers, media, agents and/or disposable equipment in order
to readily facilitate implementation of the present methods.
Examples of kit components can be found in the description
above and in the following examples. Such kits may be used
in hospitals, clinics, physician’s offices or in patients’ homes
to facilitate the co-administration of the enhancing and target
agents. The kits may also include as an insert printed dosing
information for the co-administration of the enhancing and
target agents.

These and other aspects of the present invention will be
further appreciated upon consideration of the following
Examples, which are intended to illustrate certain particular
embodiments of the invention but are not intended to limit its
scope, as defined by the claims.

Definitions

The following are terms used in the present application:

The term “alkyl” as used herein refers to saturated,
straight- or branched-chain hydrocarbon radicals derived
from a hydrocarbon moiety containing between one and
twenty carbon atoms by removal of a single hydrogen atom.
In some embodiments, alkyl groups have from 1 to 12, from
1 to 8 carbon atoms, from 1 to 6 or 1 to 3 carbon atoms.
Examples of alkyl radicals include, but are not limited to,
methyl, ethyl, propyl, isopropyl, n-butyl, tert-butyl, n-pentyl,
neopentyl, n-hexyl, n-heptyl, n-octyl, n-decyl, n-undecyl, and
dodecyl. A “cycloalkyl” group is a cyclic alkyl group typi-
cally containing from 3 to 8 ring members such as, but not
limited to, a cyclopropyl, cyclobutyl, cyclopentyl, cyclo-
hexyl, cycloheptyl, or cyclooctyl group.

The term “alkoxy” as used herein refers to an alkyl group,
as previously defined, attached to the parent molecular moi-
ety through an oxygen atom. Examples include, but are not
limited to, methoxy, ethoxy, propoxy, isopropoxy, n-butoxy,
tert-butoxy, neopentoxy, and n-hexoxy groups.

The term “alkenyl” denotes a monovalent group derived
from a hydrocarbon moiety having at least one carbon-carbon
double bond by the removal of a single hydrogen atom. Alk-
enyl groups include, for example, ethenyl, propenyl, butenyl,
I-methyl-2-buten-1-yl, and the like. Alkenyl groups include
those having from 2-12 carbon atoms, those having 2-8, and
those having 2-6 carbon atoms.

The term “alkynyl” as used herein refers to a monovalent
group derived form a hydrocarbon having at least one carbon-
carbon triple bond by the removal of a single hydrogen atom.
Representative alkynyl groups include ethynyl, 2-propynyl
(propargyl), I-propynyl, and the like. Alkynyl groups include
those having from 2-12 carbon atoms, those having 2-8, and
those having 2-6 carbon atoms.

The term “aryl” as used herein refers to carbocyclic ring
systems having at least one aromatic ring including, but not
limited to, phenyl, naphthyl, tetrahydronaphthyl, indanyl, and
indenyl groups, and the like. Aryl groups can beunsubstituted
or substituted with substituents selected from the group con-
sisting of branched and unbranched alkyl, alkenyl, alkynyl,
haloalkyl, alkoxy, thioalkoxy, amino, alkylamino, dialky-
lamino, trialkylamino, acylamino, cyano, hydroxy, halo, mer-
capto, nitro, carboxyaldehyde, carboxy, alkoxycarbonyl, and
carboxamide. In addition, substituted aryl groups include
tetrafluoropheny! and pentatluorophenyl.

The term “alkylene” refers to a diradical of a branched or
unbranched saturated hydrocarbon chain, preferably having
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from 1 to 10 carbon atoms, including 1-6 carbon atoms, and
2-4 carbon atoms. This term is exemplified by groups such as
methylene (—CH,—), ethylene (—CH,CH,—), more gen-
erally —(CH,),,— where n is and integer from 1-about 20,
including 1-10, 1-6 or 2, 3 or 4. Alkylene groups may be
branched. Alkylene groups may be optionally substituted.
Alkylene groups may have up to two non-hydrogen substitu-
ents per carbon atoms which do not interfere with removal of
removable functional groups. Alkylene groups are useful as
linker groups herein.

The term “alkyleneoxy” refers to an alkylene group ads
described above in which one or more non-neighboring
—CH—, —CH,— or substituted —C— are replaced with an
oxygen atoms, e.g., —CH,—CH,—O—CH,—CH,—,
—0—CH,—CH,—, —CHCH;—0—CH,—CH,—. The
alkyleneoxy group can be branched or unbranched. The car-
bons of alkyleneoxy groups are optionally substituted with
non-hydrogen substituents which do not interfere with
removal of removable functional groups. Alkyleneoxy groups
are useful as linker groups herein.

The term carbocyclic is used generally herein to refer to
groups containing one or more carbon rings. The groups may
be aromatic or aryl groups. Rings may contain 3-10 carbon
atoms and one, two or three double bonds or a triple bond.
These groups may include single rings of 3 to 8 atoms in size
and bi- and tri-cyclic ring systems which may include aro-
matic six-membered aryl or aromatic groups fused to a non-
aromatic ring.

The terms “heterocyclic” and “heterocyclyl”, are used
broadly herein to refer to an aromatic, partially unsaturated or
fully saturated 3- to 1 0-membered ring system, which
includes single rings of 3 to 8 atoms in size and bi- and
tri-cyclic ring systems which may include aromatic six-mem-
bered aryl or aromatic heterocyclic groups fused to a non-
aromatic ring. These heterocyclic and heterocyclyl rings and
groups include those having from one to three heteroatoms
independently selected from oxygen, sulfur, and nitrogen, in
which the nitrogen and sulfur heteroatoms may optionally be
oxidized and the nitrogen heteroatom may optionally be qua-
ternary.

The terms “aromatic heterocyclic” or “heteroaryl” as used
herein, refer to a cyclic aromatic radical having from five to
12 ring atoms of which one ring atom is selected from sulfur,
oxygen, and nitrogen; zero, one, or two ring atoms are addi-
tional heteroatoms independently selected from sulfur, oxy-
gen, and nitrogen; and the remaining ring atoms are carbon,
the radical being joined to the rest of the molecule via any of
the ring atoms. The term includes heteroaromatic rings fused
to aryl ring or to carbocylci rings. Examples of such aromatic
heterocyclyl groups include, but are not limited to, pyridyl,
pyrazinyl, pyrimidinyl, pyrrolyl, pyrazolyl, imidazolyl, thia-
zolyl, oxazolyl, isooxazolyl, thiadiazolyl, oxadiazolyl,
thiophenyl, furanyl, quinolinyl, and isoquinolinyl groups,
and the like.

Specific heterocyclic and aromatic heterocyclic groups
that may be included in the compounds of the invention
include: 3-methyl-4-(3-methylphenyl)piperazine, 3-meth-
ylpiperidine, 4-(bis-(4-fluorophenyl)methyl)piperazine,
4-(diphenylmethyl)piperazine, 4-(ethoxycarbonyl)pipera-
zine, 4-(ethoxycarbonylmethyl)piperazine, 4-(phenylm-
ethyl)piperazine, 4-(1-phenylethyl)piperazine, 4-(1,1-dim-
ethylethoxycarbonyl)piperazine, 4-(2-(bis-(2-propenyl)
amino)ethyl)piperazine, 4-(2-(diethylamino)ethyl)
piperazine, 4-(2-chlorophenyl)piperazine, 4-(2-
cyanophenyl)piperazine, 4-(2-ethoxyphenyl)piperazine,
4-(2-ethylphenyl)piperazine, 4-(2-fluorophenyl)piperazine,
4-(2-hydroxyethyl)piperazine, 4-(2-methoxyethyl)pipera-
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zine, 4-(2-methoxyphenyl)piperazine, 4-(2-methylphenyl)
piperazine, 4-(2-methylthiophenyl) piperazine, 4-(2-nitro-
phenyl)piperazine, 4-(2nitrophenyl) piperazine, 4-(2-
phenylethyl)piperazine, 4-(2pyridyl) piperazine, 4-(2-
pyrimidinyl)piperazine, 4-(2,3dimethylphenyl) piperazine,
4-(2,4-difluorophenyl) piperazine, 4-(2,4-dimethoxyphenyl)
piperazine, 4-(2,4-dimethylphenyl) piperazine, 4-(2,5-dim-
ethylphenyl)piperazine, 4-( 2,6-dimethylphenyl)piperazine,
4-(3-chlorophenyl)piperazine, 4-(3-methylphenyl)pipera-
zine, 4-(3-trifluoromethylphenyl)piperazine, 4-(3,4-dichlo-
rophenyl)piperazine,  4-3,4-dimethoxyphenyl)piperazine,
4-(3,4-dimethylphenyl)piperazine, 4-(3,4-methylenediox-
yphenyl)piperazine, 4-(3,4,5-trimethoxyphenyl)piperazine,
4-(3,5-dichlorophenyl)piperazine, 4-( 3,5-dimethoxyphenyl)
piperazine, 4-(4-(phenylmethoxy)phenyl)piperazine, 4-(4-
(3,1-dimethylethyl)phenylmethyl)piperazine, 4-(4-chloro-
trifluoromethylphenyl)piperazine, 4-(4-chlorophenyl)-3-

methylpiperazine,  4-(4-chlorophenyl)piperazine, 4-(4-
chlorophenyl)piperazine, 4-(4-chlorophenylmethyl)
piperazine, 4-(4-fluorophenyl)piperazine, 4-(4-

methoxyphenyl)piperazine, 4-(4-methylphenyl)piperazine,
4-(4-nitrophenyl)piperazine,  4-(4-trifluoromethylphenyl)
piperazine, 4-cyclohexylpiperazine, 4-ethylpiperazine, 4-hy-
droxy-4-(4-chlorophenyl)methylpiperidine,  4-hydroxy-4-
phenylpiperidine, 4-hydroxypyrrolidine,
4-methylpiperazine, 4-phenylpiperazine, 4-piperidinylpip-
erazine, 4-(2-furanyl)carbonyl)piperazine, 4-((1,3-dioxolan-
5-yDmethyl)piperazine-, 6-fluoro-1,2,3,4-tetrahydro-2-me-
thylquinoline, 1,4-diazacylcloheptane, 2,3-dihydroindolyl,
3,3-dimethylpiperidine, 4,4-ethylenedioxypiperidine, 1,23,
4-tetrahydroisoquinoline, 1,2,3,4tetrahydroquinoline, azacy-
clooctane, decahydroquinoline, piperazine, piperidine, pyr-
rolidine, thiomorpholine, and triazole.

The term “hydrocarbon”, as used herein, refers to any
chemical group comprising hydrogen and carbon. The hydro-
carbon may be substituted or unsubstituted. The hydrocarbon
may be unsaturated, saturated, branched, unbranched, cyclic,
polycyclic, or heterocyclic. Illustrative hydrocarbons
include, for example, methyl, ethyl, n-propyl, iso-propyl,
cyclopropyl, allyl, vinyl, n-butyl, tert-butyl, ethynyl, cyclo-
hexyl, methoxy, diethylamino, and the like. As would be
known to one skilled in this art, all valencies must be satisfied
in making any substitutions.

The terms “substituted”, whether preceded by the term
“optionally” or not, and “substituent”, as used herein, refer to
the ability, as appreciated by one skilled in this art, to change
one functional group for another functional group provided
that the valency of all atoms is maintained. When more than
one position in any given structure may be substituted with
more than one substituent selected from a specified group, the
substituent may be either the same or different at every posi-
tion. The substituents may also be further substituted (e.g., an
aryl group substituent may be further substituted. For
example, a non limiting example is an aryl group that may be
further substituted with, for example, a fluorine group at one
or more position.

When two entities are “associated with” one another as
described herein, they are linked by a direct or indirect cova-
lent or non-covalent interaction. Preferably, the association is
covalent. Desirable non-covalent interactions include hydro-
gen bonding, van der Waals interactions, hydrophobic inter-
actions, magnetic interactions, electrostatic interactions, etc.

Asusedherein, “biodegradable” compounds are those that,
when introduced into cells, are broken down by the cellular
machinery or by hydrolysis into components that the cells can
either reuse or dispose of, in some cases without significant
toxic effect on the cells (e.g., fewer than about 20% of the
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cells are killed when the components are added to cells in
vitro). The components preferably do not induce inflamma-
tion or other adverse effects in vivo. In certain embodiments,
the chemical reactions relied upon to break down the biode-
gradable compounds are uncatalyzed.

“labile bond” is a covalent bond that is capable of being
selectively broken. That is, a labile bond may be broken in the
presence of other covalent bonds without the breakage of
other covalent bonds. For example, a disulfide bond is capable
of' being broken in the presence of thiols without cleavage of
any other bonds, such as carbon-carbon, carbon-oxygen, car-
bon-sulfur, carbon-nitrogen bonds, which may also be
present in the molecule. “Labile” also means cleavable.

A “labile linkage” is a chemical compound that contains a
labile bond and provides a link or spacer between two other
groups. The groups that are linked may be chosen from com-
pounds such as biologically active compounds, membrane
active compounds, compounds that inhibit membrane activ-
ity, functional reactive groups, monomers, and cell targeting
signals. The spacer group may contain chemical moieties
chosen from a group that includes alkanes, alkenes, esters,
ethers, glycerol, amide, saccharides, polysaccharides, and
heteroatoms such as oxygen, sulfur, or nitrogen. The spacer
may be electronically neutral, may bear a positive or negative
charge, or may bear both positive and negative charges with
an overall charge of neutral, positive or negative.

In general, the “effective amount™ of an active agent in a
composition or drug delivery device refers to the amount
necessary to elicit the desired biological response. As will be
appreciated by those of ordinary skill in this art, the effective
amount of an agent or device may vary depending on such
factors as the desired biological endpoint, the agent to be
delivered, the composition of the encapsulating matrix, the
target tissue, etc. For example, the effective amount of micro-
or nanoparticles containing an antigen to be delivered to
immunize an individual is the amount that results in an
immune response sufficient to prevent infection with an
organism having the administered antigen.

As used herein, “peptide”, means peptides of any length
and includes proteins. The terms “polypeptide” and “oli-
gopeptide” are used herein without any particular intended
size limitation, unless a particular size is otherwise stated.
The only limitation to the peptide or protein drug which may
be utilized is one of functionality. The terms “protein” and
“peptide” may be used interchangeably. Peptide may refer to
an individual peptide or a collection of peptides. peptides
preferably contain only natural amino acids, although non-
natural amino acids (i.e., compounds that do not occur in
nature but that can be incorporated into a polypeptide chain;
see, for example, http://www.cco.caltech.edu/.about.da-dgr-
plUnnatstruct.gif, which displays structures of non-natural
amino acids that have been successfully incorporated into
functional ion channels) and/or amino acid analogs as are
known in the art may alternatively be employed. Also, one or
more of the amino acids in an peptide may be modified, for
example, by the addition of a chemical entity such as a car-
bohydrate group, a phosphate group, a farnesyl group, an
isofarnesyl group, a fatty acid group, a linker for conjugation,
functionalization, or other modification, etc. In some embodi-
ments, the modifications of the peptide lead to a more stable
peptide (e.g., greater half-life in vivo). These modifications
may include cyclization of the peptide, the incorporation of
D-amino acids, etc. Typical of peptides that can be utilized are
those selected from the group consisting of oxytocin, vaso-
pressin, adrenocorticotrophic hormone, epidermal growth
factor, prolactin, luliberin or luteinising hormone releasing
hormone, growth hormone, growth hormone releasing factor,
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insulin, somatostatin, glucagon, interferon, gastrin, tetragas-
trin, pentagastrin, urogastroine, secretin, calcitonin, enkepha-
lins, endorphins, angiotensins, renin, bradykinin, bacitracins,
polymixins, colistins, tyrocidin, grarnicidines, and synthetic
analogues, modifications and pharmacologically active frag-
ments thereof, monoclonal antibodies and soluble vaccines.

Asused herein, the term “small molecule” refers to organic
compounds, whether naturally-occurring or artificially cre-
ated (e.g., via chemical synthesis) that have relatively low
molecular weight and that are not proteins, polypeptides, or
nucleic acids. Typically, small molecules have a molecular
weight of less than about 1500 g/mol. Also, small molecules
typically have multiple carbon-carbon bonds. Known natu-
rally-occurring small molecules include, but are not limited
to, penicillin, erythromycin, taxol, cyclosporin, and rapamy-
cin. Known synthetic small molecules include, but are not
limited to, ampicillin, methicillin, sulfamethoxazole, and sul-
fonamides.

As used herein, “administering”, and similar terms means
delivering the composition to the individual being treated. In
some instances the composition of the invention is capable of
being circulated systemically where the composition binds to
a target cell and is taken up by endocytosis. Thus, the com-
position is preferably administered to the individual systemi-
cally, typically by subcutaneous, intramuscular, intravenous,
or intraperitoneal administration. Injectables for such use can
be prepared in conventional forms, either as a liquid solution
or suspension, or in a solid form that is suitable for prepara-
tion as a solution or suspension in a liquid prior to injection,
or as an emulsion. Suitable excipients include, for example,
water, saline, dextrose, glycerol, ethanol, and the like; and if
desired, minor amounts of auxiliary substances such as wet-
ting or emulsifying agents, buffers, and the like can be added.

In some instances compositions, such as a polyelectrolyte,
may be applied or formed on a surface from which one or
more active agents are released on disruption of the layers of
the multilayer. The composition can be administered by plac-
ing the surface in contact with the environment to which the
agent is to be released or delivered. For example the coated
surface may be placed in contact with tissue or other environ-
ment. The surface may the surface of'a device, e.g., a medical
device, which can be implanted in tissue or in contact with
skin, for example. The type of surface is not particularly
limited and may include glass, silicon, quartz, plastic, poly-
mer, metal or ceramic, or any biocompatible surface.

A “pharmaceutically acceptable salt” includes a salt with
an inorganic base, organic base, inorganic acid, organic acid,
or basic or acidic amino acid. As salts of inorganic bases, the
invention includes, for example, alkali metals such as sodium
or potassium; alkaline earth metals such as calcium and mag-
nesium or aluminum; and ammonia. As salts of organic bases,
the invention includes, for example, trimethylamine, triethy-
lamine, pyridine, picoline, ethanolamine, diethanolamine,
and triethanolamine. As salts of inorganic acids, the instant
invention includes, for example, hydrochloric acid, hydrobo-
ric acid, nitric acid, sulfuric acid, and phosphoric acid. As
salts of organic acids, the instant invention includes, for
example, formic acid, acetic acid, trifiuoroacetic acid,
fumaric acid, oxalic acid, lactic acid, tartaric acid, maleic
acid, citric acid, succinic acid, malic acid, methanesulfonic
acid, benzenesulfonic acid, and p-toluenesulfonic acid. As
salts of basic amino acids, the instant invention includes, for
example, arginine, lysine and ornithine. Acidic amino acids
include, for example, aspartic acid and glutamic acid. Anionic
charge dynamic polymers, cationic species or other agents of
the compositions of this invention may be in the form of
pharmaceutically acceptable salts.
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THE EXAMPLES

General Considerations. 'H and *C nuclear magnetic
resonance (NMR) spectra were recorded on Bruker AC+300
(300.135 MHz) and Varian UNITY 500 (499.896 MHz) spec-
trometers. Chemical shift values are given in ppm and are
referenced with respect to residual protons from solvent. Sili-
con substrates (e.g., 0.5x3.5 cm?) used for the fabrication of
multilayered films were cleaned with methylene chloride,
ethanol, methanol, and deionized water, and dried under a
stream of filtered compressed air. Surfaces were then acti-
vated by etching with oxygen plasma for 5 min (Plasma Etch,
Carson City, Nev.) prior to film deposition. The optical thick-
nesses of films deposited on silicon substrates were deter-
mined using a Gaertner LSE ellipsometer (632.8 nm, incident
angle=70°). Data were processed using the Gaertner Ellip-
someter Measurement Program. Relative thicknesses were
calculated assuming an average refractive index of 1.577 for
the multilayered films. Thicknesses were determined in at
least five different standardized locations on each substrate
and are presented as an average (with standard deviation) for
each film. All films were dried under a stream of filtered
compressed air prior to measurement. The pH of buffers used
for erosion and hydrolysis experiments was recorded using a
pH meter and, for the preparation of deuterated buffers, is
reported as pH. Fluorescence measurements of solutions used
to erode multilayered films fabricated from fluorescently
labeled polymers were made using a Fluoromax-3 fluorim-
eter (Jobin Yvon, Edison, N.J.). Film topography and surface
roughness were obtained from height data imaged in tapping
mode on a Nanoscope Multimode atomic force microscope
(Digital Instruments, Santa Barbara, Calif.), using scan rates
of 10-20 um/s to obtain 256x256 pixel images. Silicon can-
tilevers with a spring constant of 40 N/m and a radius of
curvature of <10 nm were used (model NSC15/NoAl, Mik-
roMasch USA, Inc., Portland, Oreg.). For each sample, at
least two different 10 umx10um scans were obtained at ran-
domly chosen points near the center of the film at each time
point. Height data were flattened using a 2"“-order fit. Root-
mean squared surface roughness (R,,,.) was calculated over
the scan area using the NanoScope® software package.

Materials. Test grade n-type silicon wafers were purchased
from Si-Tech, Inc. (Topsfield, Mass.). Poly(allylamine hydro-
chloride) (PAH, MW=60,000) was obtained from Alfa Aesar
Organics (Ward Hill, Pa.). Citraconic anhydride and succinic
anhydride were purchased from Aldrich Chemical Co. (Mil-
waukee, Wis.). 7-dimethylaminocoumarin-4-acetic acid, suc-
cinimidyl ester (NHS-activated coumarin) was purchased
from Invitrogen (Carlsbad, Calif.). All other materials were
used as received without further purification unless otherwise
noted. Deionized water (18 M(Q2) was used for washing steps
and to prepare all polymer solutions. Solutions of cationic
polymers used for dipping (20 mM with respect to the
molecular weight of the polymer repeat unit) were prepared
in 18 MQ water and pH was adjusted to pH~7 by using 1 N
NaOH. Solutions of anionic polymers (20 mM with respect to
the molecular weight of the polymer repeat unit) were pre-
pared in 18 MQ water and pH was adjusted to pH~S8. All
buffers and polymer solutions were filtered through a 0.2-pm
membrane syringe filter prior to use unless otherwise noted.

Synthesis of Citraconic Amide-Substituted Polymer 2.
PAH (100 mg) was dissolved in 1.0 N NaOH (3 mL) and
stirred overnight. Citraconic anhydride (400 pl., ~2 equiva-
lents relative to amine functionality in PAH) was added drop-
wise to the PAH solution, and the reaction mixture was stirred
overnight at room temperature. During the reaction, aqueous
NaOH (6.0 N) was added as necessary to maintain the pH of
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the reaction solution above pH 8. The resulting reaction mix-
ture was dialyzed (SpectraPor, MWCO=3500) against water
(adjusted to pH>7 using NaOH) for 24 hours and lyophilized
to yield the final product as a white powdery solid in near
quantitative yield. The addition of citraconic anhydride to a
primary amine leads to two isomers, one with a methyl group
proximal to the newly generated amide bond, and one with the
methyl group distal to the newly generated amide bond (see
structure in text). The ratio of distal to proximal isomers
formed under the conditions outlined above was determined
to be ~7:3 using 'H NMR spectroscopy. 'H NMR data for the
final product: (D,0) & (ppm)=1.2 (2H, br, CH,CHCH,NH),
17 (H, ©br, CH,CHCH,NH), 193 (3H, s,
COCHCCH,COONa), 3.1 (2H, br, CH,CHCH,NH), 5.6
(proximal isomer, 0.3H, s, COCCH;CHCOONa), 5.8 (distal
isomer, 0.7H, s, COCHCCH,COONa).

Synthesis of Succinic Amide-Substituted Polymer 3. PAH
(100 mg) was dissolved in 1.0 N NaOH (3 mL) and stirred
overnight. Succinic anhydride (400 pg, ~2 equivalents rela-
tive to amine functionality in PAH) was added dropwise to the
PAH solution, and the reaction mixture was stirred overnight
at room temperature. During the reaction, aqueous NaOH
(6.0 N) was added as necessary to maintain the pH of the
reaction solution above pH 8. The resulting reaction mixture
was dialyzed (SpectraPor, MWCO=3500) against water (ad-
justed to pH>7 using NaOH) for 24 hours and lyophilized to
yield the final product as a white powdery solid in near quan-
titative yield. 'H NMR data for the final product: (D,0)
(ppm)=1.2 (2H, br, CH,CHCH,NH), 1.7 (1H, br,
CH,CHCH,NH), 2.5 (4H, s, COCH,CH,COONa), 3.1 (2H,
br, CH,CHCH,NH).

Synthesis of Coumarin-Labeled Poly(allylamine hydro-
chloride). PAH (550 mg) was dissolved in methanol (~5 wt %
in methanol) and 1 mL. of a sodium methoxide solution (35 wt
% in methanol) was added. The resulting reaction mixture
was stirred for 4 hr at 45° C., precipitated NaCl was removed
by filtration, and NHS-activated coumarin (9.5 mg, 0.5 mol %
relative to the amine repeat units in PAH) was added and the
reaction mixture was stirred overnight at room temperature.
One equivalent of HCl was added to the reaction mixture, and
the resulting reaction product was concentrated by rotary
evaporation. The crude product was dissolved in water and
purified by dialysis (SpectraPor, MWCO=3500) against
deionized water at ambient temperature for three days. The
resulting solution was lyophilized to yield a yellow solid that
was used without further purification.

Characterization of Side-Chain Amide Hydrolysis. 'H
NMR experiments used to characterize the kinetics of side
chain hydrolysis for functionalized polymers were conducted
in the following general manner. Polymer (~10 mg) was
dissolved in either deuterated phosphate buffer (0.6 mL, 0.5
M, pH=7.4) or deuterated acetate buffer (0.6 mL, 0.5 M,
pH=5). 3-(trimethylsilyl)- 1-propanesul fonic acid sodium salt
(~3 mg) was added as an internal standard, and the resulting
solution was placed in a glass NMR tube. The NMR tube was
keptina37° C. incubator and removed periodically for analy-
sis by "H NMR spectroscopy. The disappearance of the
a-proton of the side chains at 5.6 and 5.8 ppm was monitored
and integrated versus the trimethylsilyl protons of the internal
standard.

Fabrication of Multilayered Films. Multilayered films
were fabricated on planar silicon substrates using an alternate
dipping procedure according to the following general proto-
col: (1) Substrates were submerged in a solution of polycation
for 5 min, (2) substrates were removed and immersed in an
initial water bath for 1 min followed by a second water bath
for 1 min, (3) substrates were submerged in a solution of
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polyanion for 5 min, and (4) substrates were rinsed in the
manner described above. This cycle was repeated until the
desired number of polycation/polyanion bilayers (typically
20) had been deposited. For experiments designed to charac-
terize film growth profiles by ellipsometry, films were dried
after every five cycles of the above procedure using filtered
compressed air. Films to be used in erosion and release
experiments were either used immediately after fabrication or
dried under a stream of filtered compressed air and stored in
a vacuum desiccator until use. All films were fabricated at
ambient room temperature.

Characterization of Film Erosion and Release Kinetics.
Experiments designed to investigate film erosion and release
kinetics were performed in the following general manner:
Film-coated substrates were placed in a plastic UV-transpar-
ent cuvette, and either 1.0 mL of HEPES buffer (pH=7.4) or
1.0 mL of acetate buffer (pH=5.0) was added to cover com-
pletely the film-coated portion of the substrates. These
samples were incubated at 37° C. and removed at predeter-
mined intervals for characterization by ellipsometry. Films
were rinsed under deionized water and dried under a stream of
filtered compressed air prior to measurement. Values of opti-
cal film thickness were determined in at least five different
predetermined locations on the substrate by ellipsometry and
the samples were returned immediately to the buffer solution.
For experiments designed to monitor the concentrations of
fluorescently labeled PAH released into solution, fluores-
cence measurements were made using the solution used to
incubate the sample (excitation wavelength=376 nm; emis-
sion wavelength=470 nm).

Citraconic amide-functionalized polymer 2 was synthe-
sized by the ring-opening addition of citraconic anhydride to
PAH in analogy to methods described previously for the
functionalization of  small-molecule amines and
polyamines.>*-*® Treatment of PAH with an excess of citra-
conic anhydride in an aqueous NaOH solution at room tem-
perature resulted in exhaustive functionalization with citra-
nonic amide-functionalized side chains, as determined by 'H
NMR spectroscopy (Eq 3). The addition of citraconic anhy-
dride to a primary amine can lead to the generation of two
isomers, one with a methyl group distal to the newly gener-
ated amide bond, and one with the methyl group proximal to
the newly generated amide bond (e.g., see Eq 3). The ratio of
distal to proximal side chain isomers in

(Eaq3)
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+ O _—
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¢}
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samples of polymer 2 used in this study was determined to be
~7:3 by integration of the a-protons of the side chains using
'H NMR spectroscopy. Polymer 2 was isolated as a solid in
near quantitative yield and was soluble in aqueous buffers at
all concentrations required for subsequent experiments
described below.

As described above, past studies report that citraconic
amides are relatively stable in alkaline media, but they hydro-
lyze readily in acidic media.30-35 Characterization of the
kinetics of hydrolysis of the side chains of polymer 2 upon
incubation in deuterated phosphate buffer (pH=7.4) at 37° C.
using 1H NMR spectroscopy demonstrated that side chain
hydrolysis occurred slowly at near-neutral pH. As shown in
FIG. 2 (closed squares), only ~25% of the side chains of
polymer 2 were hydrolyzed after incubation in phosphate
buffer for eight days. However, the side chains of polymer 2
were hydrolyzed rapidly when the polymer was incubated at
lower pH. For example, as shown in FIG. 2 (closed triangles),
~55% of side chains were hydrolyzed within the first five
hours when polymer 2 was incubated in deuterated acetate
buffer (pH=5.0). These pH-dependent results are consistent
with the results of past studies.30-35

The addition of citraconic anhydride to poly(allylamine)
results in the formation of two side chain isomers (see Eq 2).
Further inspection of the data in FIG. 2 reveals that the rate of
hydrolysis of the side chains of polymer 2 that have the
methyl group distal to the amide bond is significantly greater
than the rate of hydrolysis of the side chains having the methyl
group proximal to the amide bond (FIG. 2, dashed lines;
individual data for hydrolysis at pH 7.4 not shown). Hydroly-
sis of the distal isomer occurs very rapidly (e.g., ~70% con-
version; open diamonds) within the first five hours and is
>95% complete after 70 hours. By contrast, hydrolysis of the
proximal isomer occurs much more slowly, and is only ~20%
complete after incubation for eight days. These large difter-
ences in rate are consistent with the results of past studies
reporting the significant influence of substituent effects on the
hydrolysis of amides formed using a.-methyl derivatives of
maleic anhydride. In the context of this current investigation,
these results, when combined, demonstrate that polymer 2 is
converted over a period of several days to a polymer that
contains a majority of side chains that are cationic (i.e., pri-
mary amines, with the remainder being citraconic amide
proximal isomers that continue to hydrolyze more slowly)
upon incubation in acidic media. In general, the actual net
charge of polymer 2 would depend upon a number of different
factors, including the extent of side chain hydrolysis as well
as environmental factors such as solution pH and ionic
strength (the relative net charges and extents of reaction
depicted in FIG. 1 are indicated for illustrative purposes
only).

Fabrication and Characterization of Polyelectrolyte Mul-
tilayers Fabricated Using Polymer 2.

A series of experiments was performed to determine
whether polymer 2 could be used to fabricate polyelectrolyte
multilayers using PAH and an alternate dipping procedure
similar to that used in numerous past studies.'** For these and
all subsequent experiments described below, multilayered
films were fabricated layer-by-layer directly on the surfaces
of'planar silicon substrates to facilitate the characterization of
film growth and increases or decreases in film thickness using
ellipsometry.

FIG. 3 shows a plot of optical film thickness versus the
number of PAH/polymer 2 layer pairs (referred to hereafter as
‘bilayers’) deposited. Inspection of these data (filled squares)
reveals an average final film thickness of ~90 nm after the
deposition of 20 bilayers. Film thickness increased in a man-
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ner that was supra-linear, rather than linear, with respect to the
number of bilayers deposited. This film growth behavior is
similar to that reported recently for the ‘exponential’ growth
of polyelectrolyte multilayers fabricated from a variety of
different weak polycation/polyanion pairs,***** and could
result from the ability of one or both polyelectrolytes to
diffuse within these films during assembly.*® Characteriza-
tion of the surface of a film 20 bilayers thick using atomic
force microscopy revealed these films to be continuous with a
root-mean squared (R,,,.) surface roughness of ~13 nm.

Time-dependent hydrolysis of the amide functionality in
the side chains of anionic polymers of this invention, particu-
larly polymer 2 [which, ultimately, results in the conversion
of'the anionic polymer to a cationic poly(amine)]| can be used
to (i) change the nature of the electrostatic interactions in
multilayered assemblies, and (ii) promote film disruption and
disassembly in ways that can be used to provide control over
the release of cationic film components.

To demonstrate this, a series of experiments were per-
formed using films fabricated from polymer 2 and PAH
labeled with a fluorescent coumarin derivative (PAH;).
PAH,, was used in these experiments to facilitate character-
ization of the time-dependent release of PAH from films
incubated in aqueous environments (described below). The
growth profiles of films fabricated using polymer 2 and
PAH,; did not vary significantly from the growth profile
shown in FIG. 3 using polymer 2 and unlabeled PAH (as
determined by ellipsometry, data not shown).

The stability (or instability) of films fabricated from poly-
mer 2 and PAH, in near-neutral or acidic media was inves-
tigated by incubating these assemblies in HEPES buffer
(pH=7.4) or acetate buffer (pH=5.0) at 37° C. FIG. 4 shows a
plotof decreases in optical film thickness as a function of time
measured during the incubation of films fabricated from 20
bilayers of polymer 2 and PAH; (~90 nm thick). Inspection
of these data reveals these films to be stable (that is, they do
not decrease significantly in optical thickness) upon incuba-
tion at pH 7.4 for approximately seven days (closed squares),
but that these films decrease in thickness completely, and with
a profile that is essentially linear, over a period of 48 hours
when incubated at pH 5.0 (open squares).

The large, pH-dependent differences in the stability and
erosion profiles of the PAH,;/polymer 2 films shown in FIG.
4 are consistent with the large and pH-dependent differences
in the relative rates of solution-phase amide side chain
hydrolysis shown in FIG. 2. These observations, when com-
bined, provide general support for the view that polymer 2
destabilizez multilayers and promotes film disassembly
through a time-dependent ‘charge-shifting” mechanism that
involves polymer side-chain hydrolysis.

The erosion of these materials at pH 5.0 could also arise
from other factors, such as changes in the percent ionization
of polymer 2 that could occur when these films are incubated
in acidic environments. Several past studies have demon-
strated, for example, that polyelectrolyte multilayers fabri-
cated from weak polyacids [e.g., poly(acrylic acid), poly
(methacrylic acid), etc.] can be dissolved and ‘erased”*®->° or
transformed physically in other ways>'->* when exposed to
changes in pH that change the ionic character of the polymers
and disrupt interpolyelectrolyte interactions (e.g., by proto-
nation or deprotonation of anionic carboxylate functionality).
In general, past reports describing film dissolution in multi-
layers fabricated using weak polyelectrolytes describe trans-
formations that often occur very rapidly (e.g., on the order of
minutes),*>*?->2 rather than over the period of ~2 days as
observed in our experiments.
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To provide additional support for the charge-shifting
hypothesis, an additional series of experiments were con-
ducted using films fabricated from PAH and succinic amide-
functionalized polymer 3. Polymer 3 is an analog of polymer
2 synthesized by the ring-opening addition of succinic anhy-
dride to PAH (Eq 4). Polymer 3 is particularly useful as a
control in these experiments for several reasons: (i) because
succinic anhydride does not contain the double bond func-
tionality present in citraconic anhydride, succinic amides are
more conformationally flexible than citraconic amides, (ii)
the terminal carboxylate functionality of succinic amides is
thus not maintained in close proximity to the amide group,
and, as a result (iii) rates of hydrolysis of succinic amides are
much slower than the corresponding rates of hydrolysis of
citraconic amides.>?

Eq4)

0 /(?)/
NH
+ O —_— ©
NH,

e}

0

Og

Polymer 3

FIG. 3 (dashed line) shows a plot of film thickness for a
PAH/polymer 3 film versus the number of bilayers of polymer
3 and PAH deposited, and demonstrates that the conforma-
tional flexibility of the polymer side chain does not influence
film growth significantly relative to films fabricated from
polymer 2. However, striking differences in the stability of
films fabricated from polymer 3 were observed when these
films were incubated in aqueous media. Inspection of the data
in FIG. 3 (dashed lines) reveals that films fabricated from
polymer 3 are stable and do not decrease in optical thickness
for up to seven days upon incubation at either pH 7.4 or pH
5.0. These results provide additional strong support for the
view that the erosion of films fabricated from polymer 2
occurs as a result of the hydrolysis of the side chains in
polymer 2 (and a concomitant change in the net charge of the
polymer), and not as a result of other factors (such as changes
in pH, ionic strength, or the percent ionization of the polymer)
that could occur during the incubation of these films in acidic
environments.

The gradual erosion of films fabricated from polymer 2 and
PAH,, in acidic environments results in the gradual and con-
trolled release of PAH; into solution. FIG. 4 shows a plot of
solution fluorescence intensity versus time measured during
the film incubation and erosion experiments described above
in FIG. 3. Inspection of these data reveals that PAH, was
released gradually into solution for up to ~100 hours (open
squares) when films fabricated from polymer 2 were incu-
bated at pH 5.0. By contrast, levels of solution fluorescence
observed during the incubation of these films at pH 7.4
(closed squares) were very low over the entire course of the
experiment.

These data are consistent with the pH-dependent results of
film erosion discussed above and demonstrate that polymer 2
can be used to design polyelectrolyte multilayers that are
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stable at neutral or near-neutral pH, but permit control over
the surface-mediated release of a cationic agent for approxi-
mately four days under acidic conditions. On the basis of
these solution fluorescence measurements, it is estimated that
films 20 bilayers thick contained approximately 20 pg of
PAH,., per cm?. Because layer-by-layer assembly can be used
to exert precise control over film thickness and, thus, the
amount of PAH incorporated (e.g., by controlling the number
of layers of polymer deposited), this general approach can be
used to increase (or decrease) the amounts of PAH or other
functional cationic agents incorporated into and released
from these materials. Finally, the remaining data in FIG.
5(dashed lines) correspond to cumulative amounts of solution
fluorescence measured during the incubation of control films
fabricated from PAH,; and polymer 3. These data demon-
strate that these films do not release significant amounts of
PAH,; and are consistent with the results of the erosion
experiments described above.

The use of ‘charge-shifting” anionic polymers provides
control over the disruption of ultrathin multilayered polyelec-
trolyte films in aqueous environments. The addition of certain
anhydrides to poly(alkeneamine), and particularly the use of
citraconic anhydride to poly(allylamine), a commercially-
available polyamine used widely to fabricate polyelectrolyte
multilayers, yields an anionic, carboxylate-functionalized
polymer (e.g., polymer 2) that can be converted readily back
to cationic poly(alkeneamine) in acidic environments (e.g.,
pHS5). The incorporation of such polymers, e.g., polymer 2, as
ananionic component in polyelectrolyte multilayers provides
an approach to the fabrication of films that are relatively
stable at neutral pH (e.g., pH ~7) but that erode over a period
of'time, in some cases over several days, when exposed to low
pH environments (e.g., pH ~5). Control experiments using a
structural analog of polymer 2 functionalized with carboxy-
late side chains that do not hydrolyze as readily as those of
polymer 2 provided support that the disruption of these films
occurred as a result of polymer side chain hydrolysis (and a
resulting change in the net charge of the polymer) and not as
a result of other factors, such as changes in pH or ionic
strength, that could occur upon the incubation of these assem-
blies. These results also indicate that the rate of disruption of
such multilayer films can be controlled by selection of the
amide groups attached to the polymer backbone. For
example, the relative amounts of amide side chains having
double bonds and those not having double bonds can be
varied to vary the rate and extent of side chain hydrolysis and
the rate and extent of film disruption.

Because the method of this invention is based upon the use
of anionic polymers to induce film instability, it provides a
platform for the design of polyelectrolyte multilayers that can
be used to provide control over the release of cationic film
components. In a specific embodiment, ultrathin films (e.g.,
~100 nm thick) fabricated using polymer 2 sustain the release
of fluorescently labeled PAH for up to four days when incu-
bated at pH 5.0.

The work described here differs fundamentally from
approaches that have been reported previously for the disrup-
tion of polyelectrolyte multilayers using degradable cationic
polymers, significantly expands the range of different cat-
ionic agents (e.g., cationic proteins, peptides, polymers,
nanoparticles, etc.) that can be released or delivered from
surfaces using polyelectrolyte multilayers.

In addition, the synthetic approach used here is modular
and can be used to introduce anionic ‘charge-shifting” char-
acter to a broad range of other primary amine-functionalized
polymers. The method of this invention can be used to tune
the ‘charge-shifting’ character of these polymers over a broad
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range of times, and for a broad range of potential applications,
by varying either the numbers or the structures of the ‘charge-
shifting’ anionic side chains incorporated. The relative insta-
bility of these materials at pH values representative of those
found in the endosomes and lysosomes of cells also suggests
opportunities to design film-coated particles or hollow mul-
tilayer microcapsules designed for the intracellular delivery
of therapeutic macromolecules.>>

The present methods may be carried out by performing any
of' the steps described herein, either alone or in various com-
binations. The present compounds may also have any or all of
the components described herein. One skilled in the art will
recognize that all embodiments of the present invention are
capable of use with all other embodiments of the invention
described herein. Additionally, one skilled in the art will
realize that the present invention also encompasses variations
of the present methods and compositions that specifically
exclude one or more of the steps, components or groups
described herein.

As will be understood by one skilled in the art, for any and
all purposes, particularly in terms of providing a written
description, all ranges disclosed herein also encompass any
and all possible subranges and combinations of subranges
thereof. Any listed range can be easily recognized as suffi-
ciently describing and enabling the same range being broken
down into at least equal halves, thirds, quarters, fifths, tenths,
etc. As a non-limiting example, each range discussed herein
can be readily broken down into a lower third, middle third
and upper third, etc. As will also be understood by one skilled
in the art all language such as “up to,” “at least,” “greater
than,” “less than,” “more than” and the like include the num-
ber recited and refer to ranges which can be subsequently
broken down into subranges as discussed above. In the same
manner, all ratios disclosed herein also include all subratios
falling within the broader ratio.

Accordingly, for all purposes, the present invention
encompasses not only the main group, but also the main
group absent one or more of the group members. The present
invention also envisages the explicit exclusion of one or more
of any of the group members in the claimed invention.

When a group of substituents is disclosed herein, it is
understood that all individual members of that group and all
subgroups, including any isomers, enantiomers, and diaste-
reomers of the group members, are disclosed separately.
When a Markush group or other grouping is used herein, all
individual members of the group and all combinations and
subcombinations possible of the group are intended to be
individually included in the disclosure. A number of specific
groups of variable definitions have been described herein. Itis
intended that all combinations and subcombinations of the
specific groups of variable definitions are individually
included in this disclosure. Accordingly, for all purposes, the
present invention encompasses not only the main group, but
also the main group absent one or more of the group mem-
bers. The present invention also envisages the explicit exclu-
sion of one or more of any of the group members in the
claimed invention.

Compounds described herein may exist in one or more
isomeric forms, e.g., structural or optical isomers. When a
compound is described herein such that a particular isomer,
enantiomer or diastereomer of the compound is not specified,
for example, in a formula or in a chemical name, that descrip-
tion is intended to include each isomers and enantiomer (e.g.,
cis/trans isomers, R/S enantiomers) of the compound
described individual or in any combination. Additionally,
unless otherwise specified, all isotopic variants of compounds
disclosed herein are intended to be encompassed by the dis-
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closure. For example, it will be understood that any one or
more hydrogens in a molecule disclosed can be replaced with
deuterium or tritium. Isotopic variants of a molecule are gen-
erally useful as standards in assays for the molecule and in
chemical and biological research related to the molecule or its
use. Isotopic variants, including those carrying radioisotopes,
may also be useful in diagnostic assays and in therapeutics.
Methods for making such isotopic variants are known in the
art. Specific names of compounds are intended to be exem-
plary, as it is known that one of ordinary skill in the art can
name the same compounds differently.

Molecules disclosed herein may contain one or more ion-
izable groups [groups from which a proton can be removed
(e.g., —COOH) or added (e.g., amines) or which can be
quaternized (e.g., amines)]. All possible ionic forms of such
molecules and salts thereof are intended to be included indi-
vidually in the disclosure herein. With regard to salts of the
compounds herein, one of ordinary skill in the art can select
from among a wide variety of available counterions those that
are appropriate for preparation of salts of this invention for a
given application. In specific applications, the selection of a
given anion or cation for preparation of a salt may result in
increased or decreased solubility of that salt. Every formula-
tion or combination of components described or exemplified
herein can be used to practice the invention, unless otherwise
stated.

Whenever a range is given in the specification, for
example, a temperature range, a time range, or a composition
or concentration range, all intermediate ranges and sub-
ranges, as well as all individual values included in the ranges
given are intended to be included in the disclosure. It will be
understood that any subranges or individual values in a range
or subrange that are included in the description herein can be
excluded from the claims herein.

All patents and publications mentioned in the specification
are indicative of the levels of skill of those skilled in the art to
which the invention pertains. References cited herein are
incorporated by reference herein in their entirety to indicate
the state of the art as of their publication or filing date and it
is intended that this information can be employed herein, if
needed, to exclude specific embodiments that are in the prior
art. For example, when composition of matter are claimed, it
should be understood that compounds known and available in
the art prior to Applicant’s invention, including compounds
for which an enabling disclosure is provided in the references
cited herein, are not intended to be included in the composi-
tion of matter claims herein.

Asused herein, “comprising” is synonymous with “includ-
ing,” “containing,” or “characterized by,” and is inclusive or
open-ended and does not exclude additional, unrecited ele-
ments or method steps. As used herein, “consisting of”
excludes any element, step, or ingredient not specified in the
claim element. As used herein, “consisting essentially of”
does not exclude materials or steps that do not materially
affect the basic and novel characteristics of the claim. The
broad term comprising is intended to encompass the narrower
consisting essentially of and the even narrower consisting of.
Thus, in any recitation herein of a phrase “comprising one or
more claim element” (e.g., “comprising A and B), the phrase
is intended to encompass the narrower, for example, “consist-
ing essentially of A and B” and “consisting of A and B.” Thus,
the broader word “comprising” is intended to provide specific
support in each use herein for either “consisting essentially
of” or “consisting of.” The invention illustratively described
herein suitably may be practiced in the absence of any ele-
ment or elements, limitation or limitations which is not spe-
cifically disclosed herein.
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One of ordinary skill in the art will appreciate that starting
materials, catalysts, reagents, synthetic methods, purification
methods, analytical methods, and assay methods, other than
those specifically exemplified can be employed in the practice
of' the invention without resort to undue experimentation. All
art-known functional equivalents, of any such materials and
methods are intended to be included in this invention. The
terms and expressions which have been employed are used as
terms of description and not of limitation, and there is no
intention that in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention
claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by
examples, preferred embodiments and optional features,
modification and variation of the concepts herein disclosed
may be resorted to by those skilled in the art, and that such
modifications and variations are considered to be within the
scope of this invention as defined by the appended claims.

All references cited herein are hereby incorporated by ref-
erence to the extent that there is no inconsistency with the
disclosure of this specification. Some references provided
herein are incorporated by reference to provide details con-
cerning sources of starting materials; alternative starting
materials, reagents, methods of synthesis, purification meth-
ods, and methods of analysis; as well as additional uses of the
invention.

Unless otherwise specified, “a”
more”.

While certain specific embodiments have been illustrated
and described, it should be understood that changes and
modifications can be made therein in accordance with ordi-
nary skill in the art without departing from the invention in its
broader aspects as defined in the following claims.
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We claim:

1. A method for controlled delivery of a neutral, zwitteri-
onic, anionic, or cationic agent to a selected environment
which comprises the steps of:

forming a polyelectrolyte multilayer comprising one or

more cations, an anionic polymer and a neutral, zwitte-
rionic, anionic, or cationic agent, where the polyelectro-
lyte multilayer is in contact with the selected environ-
ment; and

selectively removing one or more functional groups from

the anionic polymer, thereby decreasing the anionic
charge ofthe polymer, disrupting atleast one layer of the
multilayer and releasing the one or more cations and the
neutral, zwitterionic, anionic, or cationic agent into the
selected environment;

wherein the anionic polymer comprises a polymeric back-

bone formed from repeat units, and one or more remov-
able functional groups attached to the polymeric back-
bone and distributed throughout the anionic polymer,
wherein the anionic polymer has an anionic charge den-
sity which decreases when one or more of the removable
functional groups is removed from the dynamic charge
state anionic polymer and wherein the anionic polymer
is a polymer other than poly(lysine).

2. The method of claim 1 wherein the selected environment
is human or animal tissue.

3. The method of claim 1 wherein the one or more remov-
able functional groups are anionic.

4. The method of claim 1 wherein the one or more remov-
able anionic functional groups are linked to the polymer
backbone by an amide linkage.

5. A method for controlled delivery of a neutral, zwitteri-
onic, anionic, or cationic agent to a selected environment
which comprises the steps of:

forming a polyelectrolyte multilayer comprising one or

more cations, an anionic polymer and a neutral, zwitte-
rionic, anionic, or cationic agent, where the polyelectro-
lyte multilayer is in contact with the selected environ-
ment; and

selectively removing one or more functional groups from

the anionic polymer, thereby decreasing the anionic
charge ofthe polymer, disrupting atleast one layer of the
multilayer and releasing the one or more cations and the
neutral, zwitterionic, anionic, or cationic agent into the
selected environment;

wherein the anionic polymer comprises a polymeric back-

bone formed from repeat units, and one or more remov-
able functional groups attached to the polymeric back-
bone, and wherein the anionic polymer has an anionic
charge density which decreases when one or more of the
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removable functional groups is removed from the
dynamic charge state anionic polymer, wherein the
anionic polymer has the formula:

where r is an integer ranging from 5 to 100,000, x and y are
numbers representing the mole percent of the indicated
side chains in the polymer where x+y is 1 and y repre-
sents from 10 to 100 mole percent of amide side chain,
wherein x can be zero, the wavy line represents a linker
which covalently attaches the primary amine or the
amide to the polymer backbone, nis O or 1, dotted lines
indicate optional bonds, if R; and R, are absent the bond
in the ring is a double bond; and where R,, R,, and R,
and R, are selected from optionally substituted alkyl,
alkenyl, alkynyl, aryl, heteroaryl, carbocyclic and het-
erocyclic groups and wherein R, and R, can together
form an optionally substituted 5-10 member carbocyclic
or heterocyclic ring which may be aryl or heteroaryl or
which can contain one or two double bonds, where
optional substituents include one or more halogen,
hydroxyl, alkyl, alkenyl, alkynyl, aryl, heteroaryl, car-
bocyclic or heterocyclic groups —CN, alkoxyl,
—COOH (or —COO7™), —COOR, or —CON(R"),,
where R is alkyl, alkenyl, alkynyl, aryl, heteroaryl, car-
bocyclic or heterocyclic and each R' is hydrogen or R,
and wherein the anionic polymer contains two or more
different amide side chains, where any of the variables
R,-R, in the different amide side chains are different, n
is different or the optionally double bond in the amide is
present or absent.

6. The method of claim 5 wherein the linker to the polymer
backbone is an alkylene or allkyleneoxy linker.

7. The method of claim 5 wherein the anionic polymer has
two different amide side chains.

8. The method of claim 7 wherein the two different amide
side chains of the anionic polymer are stereoisomers.

9. The method of claim 5 wherein x is zero in the anionic
polymer.

10. A method for controlled delivery of a neutral, zwitte-
rionic, anionic, or cationic agent to a selected environment
which comprises the steps of:

forming a polyelectrolyte multilayer comprising one or

more cations, an anionic polymer and a neutral, zwitte-
rionic, anionic, or cationic agent, where the polyelectro-
lyte multilayer is in contact with the selected environ-
ment; and

selectively removing one or more functional groups from

the anionic polymer, thereby decreasing the anionic
charge ofthe polymer, disrupting atleast one layer ofthe
multilayer and releasing the one or more cations and the
neutral, zwitterionic, anionic, or cationic agent into the
selected environment;

wherein the anionic polymer comprises a polymeric back-

bone formed from repeat units, and one or more remov-
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able functional groups attached to the polymeric back-
bone, and wherein the anionic polymer has an anionic
charge density which decreases when one or more of the
removable functional groups is removed from the
dynamic charge state anionic polymer; wherein the
anionic polymer has the formula:

1 2],
(CHa)p (CH)y,
- -
0 0
o) o) R
/ J
°4 R, o4

where r is an integer ranging from 5 to 100,000, m is an
integer ranging from 1 to 10, y* and y* are each integers
representing the mole percent of the indicated side
chains compared to the total of y* +y? in the polymer and
R, is selected from optionally substituted alkyl, alkenyl,
alkynyl, aryl, heteroaryl, carbocyclic and heterocyclic
where optional substituents include one or more halo-
gen, hydroxyl, alkyl, alkenyl, alkynyl, aryl, heteroaryl,
carbocyclic or heterocyclic groups, —CN, alkoxyl,
—COOH (or —COO7), —COOR, or —CON(R"),,
where R is alkyl, alkenyl, alkynyl, aryl, heteroaryl, car-
bocyclic or heterocyclic and each R' is hydrogen or R.

11. The method of claim 10 wherein in the anionic polymer
R, is an alkyl group having 1 to 3 carbon atoms.

12. The method of claim 10 wherein in the anionic polymer
R, is an alkyl group having 1 to 3 carbon atoms and mis 1,2
or 3.

13. The method of claim 1 wherein the anionic polymer is
a copolymer.

14. The method of claim 1 wherein the anionic polymer is
a block copolymer wherein at least one block comprises a
polymeric backbone formed from repeat units, and one or
more removable functional groups attached to the polymeric
backbone.

15. The method of claim 10 wherein the anionic polymer
has the formula:

1 2],
(CH2)m (CHy)m
- -
0 0
0 o) R
/ J
°4 R, °4

where r is an integer ranging from 5 to 100,000, mis 1-6, y*
and y* are numbers representing the mole percent of the
indicated side group where y'+y* is 1; and R, is an
optionally substituted C1-C6 alkyl group.

16. The method of claim 15 wherein y* ranges from 0.1 to

0.9 in the anionic polymer.
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17. The method of claim 1 wherein the anionic polymer has
the formula:

yl 32 3
”
(THz)m (Cle)m (Cle)m
NH NH NH
0 0 0 R;
0 0 R, O R
) N/ -
(S] S] (©]
0 R, O 0

where r is an integer ranging from 5 to 100,000, m is 1-6,
y', y? and y> are numbers representing the mole percent
of the indicated side group where y'+y*+y” is 1; and R,
is an optionally substituted C1-C6 alkyl group.

18. The method of claim 17, wherein y> ranges from 0.01 to
0.90 in the anionic polymer.

19. The method of claim 17 wherein y° ranges from 0.25 to
0.50 in the anionic polymer.

20. The method of claim 1 wherein the one or more agents
are a protein, peptide, a small molecule, a natural polymer or
a synthetic polymer.

21. The method of claim 1 wherein the one or more agents
are nanoparticles.

22. The method of claim 1 wherein the one or more agents
are therapeutic, diagnostic or prophylactic agents.

23. The method of claim 1 wherein the one or more agents
is a cationic agent.

24. The method of claim 1 wherein the one or more agents
is a neutral, zwitterionic or anionic agent.

25. A method for delivery of one or more cationic or
anionic agents to a cell or tissue which comprises the steps of:

forming an interpolyelectrolyte complex between anionic
species and cationic species wherein the anionic species
includes an anionic polymer and the anionic species or
cationic species includes one or more anionic or cationic
agents, wherein the anionic polymer comprises a poly-
meric backbone formed from repeat units, and one or
more removable functional groups attached to the poly-
meric backbone and distributed throughout the anionic
polymer, wherein the anionic polymer has an anionic
charge density which decreases when one or more of the
removable functional groups is removed from the
dynamic charge state anionic polymer and wherein the
anionic polymer is a polymer other than poly(lysine);

contacting the cell or tissue with the interpolyelectrolyte
complex; and

removing one or more functional groups from the anionic

polymer to release the one or more anionic or cationic
agents.

26. A method for delivery of one or more cationic or
anionic agents to a cell or tissue which comprises the steps of:

forming an interpolyelectrolyte complex between anionic
species and cationic species wherein the anionic species
includes an anionic polymer and the anionic species or
cationic species includes one or more anionic or cationic
agents, wherein the anionic polymer comprises a poly-
meric backbone formed from repeat units, and one or
more removable functional groups attached to the poly-
meric backbone, wherein anionic charge is distributed
throughout the anionic polymer, wherein the anionic



US 8,324,333 B2

43

polymer has an anionic charge density which decreases
when one or more of the removable functional groups is
removed from the dynamic charge state anionic poly-
mer;

contacting the cell or tissue with the interpolyelectrolyte 3
complex; and

removing one or more functional groups from the anionic
polymer to release the one or more anionic or cationic
agent wherein the anionic polymer has the formula:

2
. (CHyy, 15
<TH2>,” }llH
NH o
0 0 / R, %
\ /7
eO
O]
0 R,
25

where r is an integer ranging from 5 to 100,000, mis 1-6, y*
and y* are numbers representing the mole percent of the

44
indicated side group where y'+y” is 1; and R, is an
optionally substituted C1-C6 alkyl group.

27. The method of claim 1 wherein the polyelectrolyte
multilayer comprises more than one layer.

28. The method of claims 1 wherein the polyelectrolyte
multilayer is formed from one or more cationic polymers and
the anionic polymer.

29. The method of claim 5 wherein the anionic polymer has
the formula:

wherein any of the variables R,-R,, in the different amide
side chains are different, n is different or the optionally
double bond in the amide is present or absent.

#* #* #* #* #*
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