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(57) Abstract: Disclosed are systems and methods that can be utilized to define and control the delivery rate of a biological agent
from a carrier matrix such as a biocompatible hydrogel. The carrier matrices of the present invention can include ligands incorporated

within the matrix at a predetermined concentration level (Cpp). In addition, the ligands within the matrix can display a particular,

& predetermined affinity for the biologically active agents to be delivered by the system. In particular, the affinity between the ligand
& and the biologically active agent can have a known predetermined dissociation constant (Kp). When utilizing the system, the agent
can be incorporated within the matrix due to association of the agent with the ligand. In addition, the agent can be protected from side
reactions due to the association of the agent with the ligand. Through particular selection of the parameters Cir and Kp, the rate of
release of the biologically active agent from the matrix can be controlled. The disclosed methods and systems can be advantageously
used in bothin vivo clinical settings and ex vivo settings, such as tissue engineering applications.
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LIGAND-MEDIATED CONTROLLED DRUG DELIVERY

Background of the Invention

[001] In an attempt to develop sustained release delivery systems,
polymeric matrices have been widely investigated as possible carriers of a variety
of biologically active agents. Problems in forming viable polymeric systems for
delivery of many types of agents have been difficult to overcome, however. For
example, polymeric carrier matrices have often been loaded with biologically active
agents by either development of a crosslinked matrix in the presence of the agent
or by swelling a pre-formed, crosslinked polymer in a solution of the agent.
Problems with such systems include reaction and subsequent inactivation of the
unprotected agent during and following gel loading as well as problems due to
solubility limitations, as many biologically active agents are only sparingly soluble
in aqueous environments and thus must be loaded into a pre-existing hydrogel in a
non-aqueous environment. Unfortunately, many of the biologically active agents of
interest will be denatured or otherwise inactivated in such a non-aqueous
environment.

[002] Usefulness of existing matrix delivery systems in achieving slow and
controlled release of loaded materials has also been limited. For instance, delivery
rates of the loaded materials from existing systems have been estimated based
primarily upon diffusion rates of the biologically active agents within the
encapsulating matrix and/or degradation rate of the matrix itself. Due to the
extreme sensitivities of solute diffusivities to various matrix and solute properties
as well as system variations that can occur during matrix fabrication, poor control
over delivery rates of agents from existing systems has been obtained. Problems
with existing systems include initial ‘bursts’ of drugs released in large and
uncontrollable quantities; non-constant or pulsatile delivery of materials from the
carrier matrix; continuously decreasing release rates (first-order release profiles);
unacceptably fast delivery of materials from the carrier matrix; and/or low release
efficiency due to reaction of the materials with the matrix components.

[003] Methods have been attempted to slow the release of the agents from
the matrices. Development of matrix networks with smaller mesh sizes and
therefore lower solute permeabilities has been examined in an attempt to slow the
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release rates of the agents encapsulated within the networks. The releasable

solute itself has also been modified in attempts to slow its release. For example,
chemical derivatization of the agents in the form of ‘prodrugs’ has been used to
bind as well as to protect the agent within the matrix. Other methods have
included development of a two-phase carrier matrix with the active agent
sequestered within one of the phases as well as development of particular network
characteristics in the carrier matrix. For example, utilization of heparin
incorporation into a drug delivery matrix has been suggested in U.S. Patent
Application Publication 2003/0187232 to Hubbell, et al., and U.S. Patent 6,723,344
to Sakivama-Elbert, et al., so as to non-covalently bind a drug to the heparin and

slow the diffusion rate of the drug within the matrix. However, the disclosed
processes often involve chemical derivatization of the drugs so as to develop the
necessary heparin-binding capability in the materials. In addition, while such
systems may slow drug delivery as compared to pure, diffusion-based drug
delivery, they still do not provide any methods for controlling or predetermining a
particular drug delivery rate. In effect, such systems provide at most an inherent
drug delivery rate with little or no control options.

[004] Other problems exist with existing systems, as well. For example,
derivatization of a biologically active agent is undesirable due to the unpredictable
effect of the chemical change on agent toxicity and overall pharmacokinetics of the
derivatized agents. Development of two-phase networks or networks formed of
polymers including very particular blocks or materials can get expensive and
complicated, and these networks are often limited to utilization with quite small
biologically active agents. Development of small mesh sizes in carrier matrices
also presents formation difficulties. For example, compact networks display
increased hydrophbbicity, which can increase the immune response of an
individual to the carrier.

[005] What is needed in the art are methods and systems that can provide
controlled, sustained release of a biologically active agent from a carrier matrix
with a predetermined and controllable rate of release without necessity of
modifying the chemical or physical nature of the deliverable agent.
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Summary of the Invention

[006] In general, the present invention is directed to methods and systems
that can be utilized for delivering a biologically active agent from a polymeric matrix
with a predetermined rate of release. According to the presently disclosed
methods, a ligand can be selected that has an affinity for the biologically active
agent to be delivered by the system. In particular, the ligand can be selected
according to a predetermined dissociation constant (Kp) describing this affinity and
the ligand can be incorporated into the polymeric matrix at a predetermined
concentration level. The rate of release of the biologically active agent from the
polymeric matrix established upon incorporation of the agent into the matrix can
then be controlled according to these particular parameters, i.e., Kp and the
concentration of the ligand. For instance, in one embodiment, Ky can be less than
about 1.0E+1mM. In another embodiment Kp can be less than about 1.0E-5mM,
for example, between about 1.0E-9mM and about 1.0E-5mM.

[007] The polymeric matrix can generally be any suitable carrier matrix and
selection can usually depend upon the final use of the system. For example, in
one embodiment the matrix can be a hydrogel matrix. This hydrogel matrix can be
in the form of a thin film or slab, injectable microspheres or nanospheres, or an
arbitrarily shaped drug depot that can be formed, for example, in situ after being
injected into a void or defect site. If desired, the matrix can be a degradable
hydrogel matrix, such as may be used for in vivo drug delivery. In one
embodiment, the rate of degradation of the hydrogel matrix can also be a
determining factor in the release rate of the biologically active agent from the
matrix.

[008] In one embodiment, the polymeric matrix can be a tissue-engineering
scaffold. For example, the polymeric matrix can also encapsulate living cells, and
the biologically active agents carried in the matrix can be delivered from the matrix
to the living cells at the interface of the matrix with the cells. According to one
embodiment, the maitrix can also include cell membrane receptor ligands having
an affinity for the living cells encapsulated by the matrix so as to encourage the
healthy development of the cells held in the matrix.

[009] In one embodiment, the polymeric matrix of the invention can define a
homogeneous gel with relatively large mesh or pore size, for example, many times
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greater than the size of the therapeutic agent (e.g., greater than 5nm in one

embodiment). In another embodiment, the polymeric matrix of the invention can
define a heterogeneous network including pore sizes on the order of microns, for
example between approximately 1um and about 100um. According to certain
embodiments, the disclosed methods and systems may be particularly suitable for
delivery of macromolecular biologically active agents with molecular weights
ranging from 1kDa to 200kDa. For instance entire proteins can be carried and
delivered from the systems in a controlled fashion, and in one particular
embodiment, entire unmodified protein therapeutics can be carried and delivered
according to the invention.

[0010] The ligands that can be bound within the polymeric matrix can be
natural or synthetic ligands (or chimeras thereof). For example, in one
embodiment, a synthetic ligand comprising a particular peptide sequence can be
constructed according to a combinatorial synthesis method so as to display a
particular dissociation constant with the agent to be delivered from the system. A
particular ligand with a predetermined, pre-selected affinity for the releasable drug
can be constructed in this manner and incorporated into systems for releasing the
drug at a predetermined, controllable rate.

[0011] Through utilization of the disclosed methods and systems, the
release profile of the biologically active agent can be defined and controlled. For
example, in one embodiment, the release of the agent can be extended over a
much longer timeframe than has been possible with previously known systems. In
another embodiment, a zero order release profile can be designed through
particular selection of the type and concentration of the ligand included in the
matrix. In another embodiment, the rate of release of the agent from the matrix
can describe a biphasic release profile. |

[0012] In one embodiment of the invention, a ligand/agent complex can be
formed and the biologically active agent can be incorporated into the carrier matrix
in the complex form. According to this embodiment, not only can the release rate
of the agent from the ligand be controlled as described, but the agent can also be
protected from reaction with the matrix and/or the matrix components during the
formation and/or delivery process. For instance, in one particular embodiment, the
drug release efficiency of the agent from the system can be increased due to the
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formation of the complex and the associated protection of the agent from
detrimental interaction with the matrix and/or matrix components.

[0013] In one embodiment, the methods and systems of the invention can
be utilized to deliver two or more biologically active agents from a single matrix,
and each agent can be delivered according to its own release rate, one or both of
which can be independently controlled through selection of the type and
concentration of the ligand used to hold each agent in the matrix.

Brief Description of the Drawings

[0014] A full and enabling disclosure of the present invention, including the
best mode thereof, to one of ordinary skill in the art, is set forth more particularly in
the remainder of the specification, including reference to the accompanying
figures, in which:

[0015] Figure 1 shows the predicted effect of the strength of drug-ligand
binding (quantified through its dissociation constant, Kp) on the percent drug
binding to a non-degradable or substantially non-degradable matrix;

[0016] Figure 2 shows the predicted effect of decreasing Kp on the release
rate of materials from otherwise identical carrier matrices;

[0017] Figure 3 shows the predicted effect of changing the total ligand
concentration on the percent of drug initially bound to the matrix at various values
of Kp;

[0018] Figure 4 illustrates the predicted change in drug release rate for
various concentrations of total ligand at a constant Kp;

[0019] Figure 5 illustrates the combined effects of the examined drug
release parameters on the release rate of a drug from a non-degradable or
substantially non-degradable hydrogel matrix of any given thickness and
permeability;

[0020] Figure 6 illustrates the predicted release rates of two different
bioactive agents from a single carrier matrix according to one embodiment of the
invention;

[0021] Figure 7 illustrates one embodiment of the present invention
exhibiting bi-phasic release behavior of biologically active agents from a carrier
matrix;
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[0022] Figure 8 graphically illustrates the cumulative percentage release of

bovine serum albumin (BSA) and Immunoglobulin G (IgG) from 10wt% PEG 3400
DA gel with a 5wt% drug loading and no ligand included in the gel;

[0023] Figure 9 graphically illustrates the release profiles of Figure 8 plotted
against time to the 2 power to demonstrate diffusion-controlled release of bovine
serum albumin (BSA) and immunoglobulin G (IgG);

[0024] Figure 10 graphically illustrates the cumulative percentage release of
IgG from 10wt% PEG 3400 DA gel with a 5wt% drug loading at three different
ligand/drug molar concentration ratios;

[0025] Figure 11 illustrates the normalized experimental release
percentages of Figure 10 and compares the values obtained experimentally with
theoretical predictions based on predetermined values of C, and Kp (solid lines);

[0026] Figure 12 graphically illustrates the cumulative percentage release of
BSA from 10wt% PEG 3400 DA gel with a 5wt% drug loading at three different
ligand/drug molar concentration ratios and repi'esents a control study of the
experiment described in Figure 10;

[0027] Figure 13 graphically illustrates the cumulative percentage release of
BSA from PEG hydrogel with various molar ratios of soluble iminodiacetic acid
(IDA) ligand at 10wt% protein loading; and

[0028] Figure 14 graphically illustrates the systems of Figure 13 with the
inclusion of copper ions in the hydrogels.

Definitions of Terms

[0029] "Peptide" and “polypeptide” are herein defined to indicate a
molecular chain of amino acids and does not refer to a specific length of the
product. Thus, peptides, oligopeptides and proteins are included within the
definition of polypeptide. This term is also intended to include polypeptides that
have been subjected to post-expression modifications such as, for example,
glycosylations, acetylations, phosphorylations and the like.

[0030] For purposes of this disclosure, the term “protein” is herein defined to
include any molecular chain of amino acids that is capable of interacting
structurally, enzymatically or otherwise with other proteins, polypeptides or any
other organic or inorganic molecule.
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[0031] The term “oligonucleotide” is herein defined to indicate a molecular

chain of nucleic acids, and does not refer to a specific length of product nor to any
specific backbone construction. In particular, the present invention is not limited to
oligonucleotides constructed in the fashion of naturally occurring oligonucleotides,
i.e., DNA and RNA constructions. For instance, in certain embodiments,
oligonucleotides which include a variety of different backbone modifications can be
utilized. In general, any oligonucleotide which can form the DNA-like hydrogen
base pair recognition interaction is included in the term.

[0032] According to the present disclosure, the term “small molecule” in
reference to a biologically active agent is herein defined as any agent with a
molecular weight less than approximately 500Da that can be used to obtain a
beneficial therapeutic effect. The term encompasses small molecule drugs (i.e.,
low molecular weight therapeutic agents), imaging agents, and other low molecular
weight chemical compounds used in medical technologies. In particular, the term
is not intended to be limited to only therapeutic agents, but is intended to
encompass any low molecular weight agent that can exhibit a beneficial biological
activity.

Detailed Description of the Invention

[0033] Reference will now be made in detail to various embodiments of the
invention, one or more examples of which are set forth below. Each embodiment
is provided by way of explanation of the invention, ndt limitation of the invention. In
fact, it will be apparent to those skilled in the art that various modifications and
variations may be made in the present invention without departing from the scope
or spirit of the invention. For insténce, features illustrated or described as part of
one embodimeht, may be used in another embodiment to yield a still further
embodiment. Thus, it is intended that the present invention cover such
modifications and variations as come within the scope of the appended claims and
their equivalents.

[0034] The present invention is generally directed to methods that can be
utilized to define and control the delivery rate of a biological agent from a carrier
matrix and systems incorporating the control mechanisms. The ability to provide
controlled, sustained delivery of biologically active agents to a biological system
such as may be provided by the present invention is desirable to better regulate
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the pharmacodynamics and efficacy of therapeutic agents delivered in clinical

settings as well as to encourage healthy tissue growth and formation in tissue
engineering applications. For instance, sustained release delivery methods and
systems such as those disclosed herein that can protect drugs from in vivo
degradation and/or provide slow, well-controiled, and localized drug delivery to
individual patients have numerous advantages over more traditional delivery
methods. For example, such systems can increase the time between necessary
treatments, maintain proper drug concentrations in the patient’s blood or at the
effect site between treatments, and increase the percentage of drug delivered in
the appropriate therapeutic window. These advantages can in turn minimize the
number of treatments, decrease patient discomfort and increase patient
compliance with treatment protocols.

[0035] According to the present invention, drug delivery systems are
provided that can include ligands incorporated within a matrix at a predetermined
concentration level (Crt). In addition, the ligands within the matrix can display a
particular affinity for the biologically active agents to be delivered by the system. In
particular, a ligand can be selected that describes a known, predetermined
dissociation constant (Kp) with the biologically active agent at the equilibrium
condition of the complex formed upon the association of the ligand with the agent.
According to one embodiment, the agent can be incorporated within the matrix at a
concentration, Cpr, through a non-covalent, reversible association of the agent
with the ligand. The release rate of the biologically active agent from ligand, and,
in certain embodiments, from the matrix itself, can be predetermined and
controlled according to the values of the particular parameters C1/Cpr and Kp.
For instance, according to embodiments of the present invention, the release rate
of a biologically active agent from a carrier matrix can be designed so as to
approach a zero-order release profile.

[0036] In addition, as the ligand is selected based upon its particular affinity
with the biologically active agent to be delivered by the system, the agent can be
associated with the ligand in an unmodified state, with no potentially detrimental
chemical derivatization of the agent required in order to provide an artificial affinity
between the two components. Moreover, in certain embodiments, during the time
that the biologically active agent is associated with the ligand, it can be held in an
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essentially unreactive state to the matrix materials. Thus, through the ligand

selection, an unmodified agent can be protected from side reaction during
formation of the system as well as during the delivery process. As such, the agent
can maintain its known and desired bioactivity during and following the delivery
process and improved drug release efficiency can be attained from the disclosed
systems.

[0037] The methods and systems of the invention are suitable for both in
vivo and in vitro applications. For instance, in one embodiment, the disclosed
systems can be utilized in treatment or prevention of disease in an individual,
providing sustained, controlled delivery of an agent to a patient and, optionally,
targeting delivery of the agent to a particular cell type or tissue type. The disclosed
systems and methods can be particularly effective for in vivo utilization with
hydrophilic, macromolecular, and environmentally sensitive agents such as peptide
and protein therapeutics as well as biologically active agents such as
oligonucleotides and polysaccharides.

[0038] In another embodiment, the disclosed invention can be utilized in
vitro, for instance in tissue engineering applications. For example, the systems
and methods of the invention can be utilized to provide for the controlled release of
nutrient and growth materials or specific biologically active molecules to a
developing cellular system that can be held in or associated with the matrix. The
release rate control provided by the invention can be beneficial even when utilizing
a highly permeable or porous carrier matrix such as the highly swollen and
hydrophilic hydrogel networks that are becoming particularly attractive in the field
of tissue generation and tissue regeneration.

[0039] The polymeric carrier matrix of the disclosed systems can, in one
embodiment, be a biocompatible matrix as is generally known in the art. For
instance, in one embodiment, the carrier matrix can be a single-phase
biocompatible carrier matrix. Moreover, the carrier matrix can be either a
homogeneous matrix or a heterogeneous matrix, as desired.

[0040] In one embodiment, the carrier matrix can be hydrophilic in nature.
This can be preferred when utilizing the invention in an aqueous-based system, for
example in a clinical setting, as a hydrophilic matrix can be less likely to provoke
an immuno-suppression response to the matrix by a patient. This is not a
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requirement of the invention, however, and in other embodiments, the carrier

matrix can be a hydrophobic polymeric matrix.

[0041] In one embodiment of the invention, the carrier matrix can be a
hydrogel. For instance, the carrier matrix can be a biocompatible hydrogel.
Hydrogels are herein defined to include polymeric matrices that can be highly
hydrated while maintaining structural stability. Suitable hydrogel matrices can
include un-crosslinked and crosslinked hydrogels. In addition, crosslinked
hydrogel carrier matrices of the invention can optionally include hydrolyzable
portions, such that the matrix can be degradable when utilized in an aqueous
environment. For example, in one embodiment, the carrier matrix can include a
cross-linked hydrogel including a hydrolyzable cross-linking agent, such as
polylactic acid, and can be degradable in an aqueous environment.

[0042] Hydrogel carrier matrices of the present invention can include natural
polymers such as glycosaminoglycans, polysaccharides, proteins, and the like, as
well as synthetic polymers, as are generally known in the art. A non-limiting list of
hydrophilic polymeric materials that can be utilized in forming hydrogels of the
present invention can include dextran, hyaluronic acid, chitin, heparin, collagen,
elastin, keratin, albumin, polymers and copolymers of lactic acid, glycolic acid,
carboxymethyl cellulose, polyacrylates, polymethacrylates, epoxides, silicones,
polyols such as polypropylene glycol, polyvinyl alcohol and polyethylene glycol and
their derivatives, alginates such as sodium alginate or crosslinked alginate gum,
polycaprolactone, polyanhydride, pectin, gelatin, crosslinked proteins peptides and
polysaccharides, and the like.

[0043] Hydrogel matrices of the present invention can be formed according
to any method as is generally known in the art. For instance, the hydrogel can
self-assemble upon mere contact of the various components or upon contact in
conjunction with the presence of particular external conditions (such as
temperature or pH). Alternatively, assembly can be induced according to any
known method following mixing of the components. For example, step-wise or
chain polymerization of multifunctional monomers or macromers can be induced
via photopolymerization, temperature dependent polymerization, and/or chemically
activated polymerization. Optionally, the hydrogel can be polymerized in the
presence of an initiator. For example, in one embodiment, the hydrogel can be
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photopolymerized in the presence of a suitable initiator such as Irgacure® or

Darocur® photoinitiators available from Ciba Specialty Chemicals. In another
embodiment, a cationic initiator can be present. For example, a polyvalent
elemental cation such as Ca®*, Mg?*, AI**, La®, or Mn®" can be used. In another
embodiment, a polycationic polypeptide such as polylysine or polyarginine can be
utilized as an initiator.

[0044] The components of the carrier matrix can also be designed so as to
provide a self-assembling carrier matrix. For example, in one embodiment, a
hydrogel precursor can be administered to a patient, and the hydrogel matrix can
self-assemble at physiological conditions following administration of the precursor.
For instance, the hydrogel precursor can include self-assembling biopolymers such
as collagens, laminins, pro-elastin peptides, and the like. Optionally, a self-
assembling hydrogel precursor can include synthetic polymers that can array
themselves according to domains, as is generally known in the art. For example,
hydrophilic, relatively charge-neutral synthetic polypeptides such as polyglycine or
polylysine can be modified to function in this capacity. Polypeptides can be
crosslinked by using carboxy-activating crosslinking agents such as water-soluble
carbodiimides. Such cross-linking agents can be used to attach self-assembling
proteins or other self-assembling macromolecules to the polypeptides. One
example of this approach includes formation of a carbodiimide linkage of collagen
or laminin with polylysine. Other hydroxylated entities can be linked in a similar
manner. For example, in one embodiment, polyviny! alcohol can be linked with
polypeptides using an epoxy-activation approach or crosslinked via polymerizable
methacrylate groups along its side chains, as is known in the art.

[0045] In another embodiment, a self-assembling hydrogel can be
generated by use of precursors that have been derivatized to contain favorably
reactive groups. For example, a hydrogel of this type could be assembled using a
first precursor derivatized with a particular reactive moiety and a second precursor
derivatized with or comprising a second moiety that can preferentially react with
the first moiety on the first precursor. Likewise, other such hydrogels could be
generated using such reactive pairs wherein the two moieties that react to form the

bond are each conjugated to the same or a different type of polymer. For
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example, the pairs can be antibody-antigen pairs or avidin-biotin (e.g. streptavidin-

biotin).

[0046] In other embodiments the carrier matrix need not be a self-
assembling matrix. For example, in other embodiments a hydrogel matrix for use
in vivo can be administered to a patient according to a suitable administration
method (e.g., orally or percutaneously) following assembly of the hydrogel. In
other embodiments of the invention, the disclosed systems can be utilized in ex
vivo applications, for example in tissue engineering applications, and as such, the
carrier matrix of the invention need not be a self-assembling matrix.

[0047] In one embodiment of the present invention, the carrier matrix can be
a highly porous matrix. For example, a hydrogel can be formed with mesh size, &,
much larger than the size of the biologically active agent to be carried and
delivered by the system. More specifically, the initial mesh size of a degradable
matrix, or the constant mesh size of a non-degradable matrix, can be considerably
larger than the size of the biologically active agent to be carried by and delivered
from the matrix. For example, in one embodiment, the mesh size of a hydrogel
carrier can be large enough to allow free diffusion of a macromolecular protein
therapeutic agent through the hydrogel. In one particular embodiment, the carrier
matrix can be formed to have a mesh size, &, between about 5 and about 50 nm.

[0048] In one embodiment, the carrier matrix can be formed to have a mesh
size that is smaller than the ligand/drug complex and yet larger than the drug itself.
According to this particular embodiment, the drug can be held within the matrix
through purely physical constraints as long as it is associated with the ligand, and
can become free to diffuse through the matrix upon dissociation of the drug from
the ligand. Any particular mesh size is not a requirement of the present invention,
however, and the selection of any particular mesh size can generally depend at
least in part upon the size of the biologically active materials to be delivered by the
system.

[0049] In accord with the present invention, the carrier matrices can include
a ligand within the matrix. In particular, the ligand included in the matrix can have
a pre-selected affinity for a biologically active agent that can be carried by and
delivered from the matrix. Through inclusion in the carrier matrix of the particular

ligand at a predetermined loading concentration, it has been discovered that the
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release rate of the agent from the matrix can be controlled. In addition, it has been

discovered that through association of the agent with a chosen ligand, the agent
can be held in a protective complex throughout the delivery process such that
detrimental reaction of the agent with the carrier matrix can be avoided. In one
embodiment, the predetermined affinity between the ligand and releasable agent
can be sensitive to external conditions such as temperature or pH that could allow
stimuli-sensitive release of the agent. For example, a system with pH-sensitive
binding affinity may be designed for drug delivery from the matrix into an
environment at high pH values, e.g., the intestines.

[0050] As used herein, the term ‘ligand’ can include any molecular group
that can be included within the matrix that can have a specific or psuedo-specific
reversible, non-covalent binding affinity for a biologically active agent to be carried
by and delivered from the disclosed system. In addition, while the ligands of the
disclosed system can, in one embodiment, be covalently bound within the matrix,
this is not a requirement of the invention. For example, in other embodiments, the
ligands can be held within the matrix through hydrogen or ionic bonding, though
the bond strength of the bond holding the ligand in the matrix can, in one
embodiment, be greater than that of the ligand/drug complex. In another
embodiment the ligand, a ligand-protein complex, or a poly(ligand-protein) complex
may be physically entrapped within the network due merely to its size, with no
bonding between the complex and the polymeric matrix. In another embodiment
the ligand may be immobilized onto a separate network as part of a
(semi)interpenetrating network (IPN).

[0051] In one embodiment, the ligand need not be bound or otherwise held
within the matrix itself. According to this embodiment, the ligand may serve merely
as a protective associate to the agent to be delivered. For instance, in this
particular embodiment, the agent can be held in a ligand/agent reversible
association and thereby prevented from reaction with matrix components. Thus,
due to the protective nature of the complex formation in this embodiment, an
increase in drug delivery efficiency can be brought about as compared to systems
in which the drug or agent is unprotected. In these unprotected systems, a large

amount of the agent can be irretrievably bound or otherwise lose therapeutic value
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due to reaction with the carrier itself or with carrier components during matrix

formation and/or drug delivery.

[0052] The methods and systems of the present invention recognize that the
rate of release of a biologically active agent from the carrier matrix can depend not
only upon the rate of diffusion of the agent through the matrix, which has been
recognized and utilized in the past, but can also depend upon the equilibrium
characteristics of the drug/ligand complex within the carrier matrix. This invention
thus pertains in one embodiment to the fabrication and use of drug-delivery
systems in which the drug release rates are not merely diffusion controlled. This
characteristic allows release profiles other than those resembling first-order kinetic
behavior to be designed. It also permits the release rate and cumulative release of
the drug to be independent of the size and shape of the delivery matrix. In
particular, according to the present invention, the percentage of the drug held in
the matrix in the drug/ligand complex during the delivery period and hence the
percentage of the drug available to be delivered from the system to a biological
system can be controlled through design and/or selection of the type and loading
concentration of the ligand irregardiess of matrix shape and/or permeability.

[0053] The affinity that a ligand has for a biologically active agent can be
described by the apparent equilibrium dissociation constant, Kp. In one particular
example,

_[C,IIC,]
P ICw]
where C_ is the concentration of the free ligand in the matrix
Cp is the concentration of the free drug in the matrix and
Cup is the concentration of the ligand/drug complex in the
matrix. Of course, as is generally known in the art, Kp may be expressed in other
more complex forms for particular drug-ligand combinations.

[0054] Simple material balances of the drug and ligand concentrations

within the matrix can be expressed as:
Cr=C_+Cpand
Cor=Cp+Cip
where C;, Cp, and Cip are as defined above and
Cvr is the total concentration of the ligand in the matrix and
14
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Cor is the total concentration of the drug in the matrix
[0055] Thus, through combination of these equations, the following
quantitative relationship can be obtained for a system with the simple binding
interactions and Kp described above:

K. = (CLT - CLD )(CDT - CLD)
D
CLD

[0056] This equation can be solved for the concentration of ligand-drug
complex (Cip), which can be readily expressed in the form of percent drug bound
by dividing it with the total concentration of drug (Cpr) inside the matrix:

(%)xlOO:SOx[b— b2—4ij
% Drug Bound = \ 72T br

where
b= [1 + Cur + ﬁ}
Cpr Cpr

[0057] Thus, the percentage of drug bound at any time depends primarily
upon three parameters: (i) the strength of the interaction between the ligand and
the drug (Kp), (ii) the total concentration of the drug present in the network (Cpr),
and (iii) the ratio of the total concentration of the ligand to the total concentration of
the drug (C.1/Cpr). During the release process from a non-degradable or
substantially non-degradable matrix, the concentrations of total drug (Cpr),
unbound drug (Cp) and bound drug (C,p) present in the matrix can change with
time while the total concentration of the ligand (Ct) can remain the same. (For
purposes of this disclosure, the term ‘substantially non-degradable’ is herein
defined to mean that the degradation rate of the matrix is at least one order of
magnitude less than the delivery rate of the drug from the matrix.)

[0058] During release of the agent from a degradable matrix, C.7 can vary
with time, but this variation can be a known relationship. In this case, Ct will
decrease at a rate commensurate with the rate of matrix degradation, which is a
known quantity. Thus, in either case, while the percent drug bound is a function of
time, it can be affected and controlled by controlling the other known parameters,
Kb, Cv1, and matrix degradation rate.
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[0059] A numerical model using a finite-difference method to simulate the

release behavior of various model large macromolecular protein agents from a
slab-shaped hydrogel matrix has been used to examine the effect of the ligand
concentration and dissociation constant parameters on the release rate of a solute
from the matrix. The model, in addition to accounting for the strength of the
ligand/drug interaction and the amount of ligand present in the network, also
accounts for the effects of mesh size and drug size chosen, as well as diffusion
characteristics of the free drug through the matrix. It should be understood,
however, that, while the model systems discussed below have been developed as
systems designed for delivery of macromolecular protein materials, the methods
and systems of the present invention are equally suitable to smaller biologically
active agents and/or networks of proportionally smaller mesh sizes.

[0060] For the discussed model calculations, the mesh size or pore size of
the homogeneous polymer network was determined using the equations described
by Canal and Peppas (T. Canal and N.A. Peppas, ‘Correlation between mesh size
and equilibrium degree of swelling of polymeric networks’, J. Biomed. Mater. Res.
23(10) (1989) 1183-1193, which is incorporated herein by reference), and in
general was at least twice as large as the average diameter of the material to be

delivered from the system (i.e., greater than about 5nm). An estimation of the drug
diffusivity in dilute aqueous solution was calculated using the Stokes-Einstein
equation, and the diffusivity within the crosslinked hydrogel network was related to
this diffusivity in solution by the free volume approach developed by Lustig and
Peppas (Lustig S.R., Peppas N.A., Solute diffusion in swollen membranes. IX.
Scaling laws for solute diffusion in gels’, J. Appl. Polym. Sci., 36(4) (1988) 735-
747, which is incorporated herein by reference). In addition, the model assumed

that all ligand present in the gel was bound completely to the network throughout
the release time, and the drug molecules in the free state were assumed to diffuse
freely, while the free ligand and bound ligand/drug complex were assumed to be
immobilized and not diffuse. Two boundary conditions were used to solve the
model equations: (i) the concentration of diffusible species (i.e., free drug) outside
the gel was assumed to be zero (infinite sink assumption) and (ii) diffusion was
symmetric about the center of the gel. A high aspect ratio was imposed on the gel
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and thus one-dimensional diffusion was assumed to take place according to Fick’s

law.

[0061] Figure 1 shows the predicted effect of Kp on the percent drug binding
to a non-degradable or substantially non-degradable matrix. Referring to Figure 1,
as the dissociation constant (Kp) decreases, the concentration of the bound, non-
diffusible drug increases and the concentration of freely diffusible, unbound drug
(Cp) decreases. As can be seen, the effect can be broadly classified into three
regimes: (regime ) low Kp values where the binding strength is very high and
most of the drug molecules are immobilized onto the ligands at any given time;
(regime ) high Kp values where the strength of binding is too low to immobilize
any significant portion of the drug molecules; and (regime lll) intermediate Kp
values where the percentage of drug molecules bound to the network increases
with an increase in the strength of interaction (i.e. decrease in Kp) in a sigmoidal
fashion. Particular values defining regimes |, Il, and Il for any particular system
can vary depending upon the other system parameters, specifically, Cpr and
C.1/Cpr. For example, in one exemplary embodiment, regime | can include those
systems with Kp values lower than about 1.0E-5mM, regime Ill can include those
systems with Kp values between about 1.0E-5mM and about 1.0E+1mM, and
regime Il can include those systems with Kp values greater than about 1.0E+1mM.

[0062] Thus, for the system described in Figure 1, at Kp values below about
1.0E+1 mM, a decrease in Kp decreases the amount of freely diffusible drug inside
the matrix. This result leads to a decrease in the concentration gradient of
diffusible drug between the matrix and the environment surrounding the matrix,
resulting in slower drug release rates, as can be seen by reference to Figure 2.

[0063] In regime | of Figure 1, where the binding strength is high (i.e., Kp
less than about 1.0E-5 mM), a slight change in Kp can lead to a large variation in
the overall time for 100% release of drug. According to one embodiment of the
present invention, ligands can be selected for the disclosed systems that exhibit a
relatively low Kp with the agent to be delivered from the matrix so as to beneficially
take advantage of the sensitivity and high binding capabilities of ligand/agent
complexes in this regime. For example, in one embodiment, a ligand can be
selected or manufactured that has a Kp with the agent to be delivered from the
matrix of less than about 1.0E-5mM. In one embodiment, the disclosed systems
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can include a ligand that exhibits a Kp with the agent to be delivered from the

matrix of between about 1.0E-5mM and about 1.0E-O9mM. According to one
embodiment, the release rate of the agent from the matrix can be almost entirely
controlled by the equilibrium conditions of the complex, as at suitably high ligand
concentrations most of the drug in the matrix at any time can be held in the form of
the ligand/drug complex and thus prevented from diffusing out of the matrix.

[0064] Many ligand-drug combinations of various Kp values are readily
available from the field of affinity chromatography. Thus, according to one
embodiment of the present invention, an existing ligand for a particular bioactive
agent can be selected and incorporated into the carrier matrix according to the
known Kp of the known ligand/agent complex. For example, a metal-chelating
agent such as imino(diacetic acid) can be selected that can exhibit the
predetermined desired reversible affinity for a protein bearing an exposed histidine
amino acid in its native sequence or a poly-histidine tag engineered onto either
protein-chain terminus.

[0065] Optionally, a ligand can be manufactured to exhibit a particular Kp
with an agent. In particular, according to one embodiment of the present invention,
a ligand for a biologically active agent to be delivered from the system can be
designed to exhibit a particular affinity for that agent as well as containing a
particular derivatization that can be used for incorporation of the ligand into the
carrier matrix. For example, a ligand can be particularly designed, such as through
utilization of a bacterial phage display or another combinatorial synthesis
technique, as is generally known in the art, so as to exhibit a target Kp value with
the agent to be delivered from the carrier matrix. In addition, a pre-designed ligand
can include a particular moiety to covalently or otherwise bind the ligand within the
matrix. The ligand can then be incorporated within the carrier matrix at the
designated concentration level to provide a system exhibiting a predetermined
release rate of the agent from the ligand-functionalized carrier.

[0066] It should be understood, however, that while particularly designed
and constructed artificial ligands can be advantageously utilized in one preferred
embodiment of the present invention, this is not a requirement of the invention. In
other embodiments, naturally occurring ligands can be utilized. For example,
naturally occurring ligands from a protein/ligand pair can be incorporated within the
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carrier matrix and utilized to carry and deliver the protein of the pair to a biological

system. Optionally, a chimera and/or a fragment of a naturally occurring ligand
can be incorporated in the matrix to carry the biologically active agent. For
example, in one embodiment the naturally occurring ligand, or a fragment thereof,
can be derivatized at a sight suitably distant from the segment where the ligand
can bind with the biologically active agent in order to be incorporated into the
matrix via the derivatization segment. According to this embodiment of the
invention, the Kp of the ligand/protein binding pair in the matrix can be engineered
to be similar or even identical to that of the pair in its natural setting.

[0067] The predetermination of the concentration of ligand contained within
the carrier matrix can be utilized in cooperation with the dissociation constant value
to affect the delivery rate of the agent from the system. In particular, for a chosen
drug-ligand combination at a given loading concentration of the drug (i.e., Kp and
Cpr are fixed) the amount of drug initially bound to the ligands can increase with an
increase in total ligand concentration (C.1). Thus, increasing the number of
ligands bound within the carrier matrix can immobilize more molecules in order to
maintain binding equilibrium, resulting in a higher binding percentage and a slower
drug delivery rate. However, this effect is prominent only when the Kp value is low
enough to see an appreciable interaction between the ligand and the bioactive
agent molecules (e.g., Kp value is present in regime | or Ill).

[0068] Referring to Figure 3, illustrated is the effect of changing the total
ligand concentration on the percentage of drug bound to the ligand for systems of
various affinities. As can be seen, for Kp values greater than 1.0E+1 mM, the
effect of increasing the ligand concentration on the amount of ligand-drug binding
is negligible while for drug/ligand combinations with Kp values falling in regimes |
and Ill, the percentage of drug molecules binding to the network increases with an
increase in C.1/Cor ratio for a given Cpr (i.€., an increase in Ct). However, it is
noteworthy that at Kp values less than 1.0E-5 mM (regime 1), drug molecules can
be immobilized in a stoichiometric ratio to the number of ligands due to the strong
affinity between the two. As expected, this increase in percent binding leads to a
decrease in the drug release rates. Figure 4 illustrates the predicted decrease in
solute release rates as the C.1/Cpr ratio is increased for a system in which the Kp
value falls in regime 1l (i.e., between about 1.0E-5mM and about 1.0E+1mM) at a
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Cpr of 0.16mM. Obviously, the particular concentration of drug to be delivered

from the disclosed systems, and hence a possible range for an absolute value of
the ligand concentration to be incorporated into the disclosed matrices can vary
widely depending upon the type of drug, the drug delivery method (e.g, ingestion
vs. subdermal or muscular injection), the application (e.g., in vivo vs. in vitro), the
weight of the patient, along with many other different parameters. Thus, the range
of ligand concentration that can be incorporated into the disclosed systems has
been described throughout much of this discussion in terms of the concentration of
the drug to be delivered by the system (i.e., C.1t/Cpr). For instance, in one
embodiment, the ratio of the ligand concentration to the drug concentration loaded
into the disclosed systems can be between about 1:10 and about 10:1. In another
embodiment, the ratio of the concentration of ligand to drug‘ incorporated into the
carrier matrix can be between about 1:5 and about 2:1.

[0069] Thus, according to one embodiment of the present invention, a drug
delivery system can be designed by choosing or manufacturing a ligand for a
particular bioactive agent to be delivered from the system in which the ligand-agent
association exhibits a particular, predetermined Kp at equilibrium, and tailoring the
release profile by incorporating a particular, predetermined concentration of ligand
(Cvur) into the matrix for a given amount of drug (Cpr) at t=0 (i.e. prior to any
diffusion of material from the system) to obtain the particular release rate desired.

[0070] According to another embodiment, however, the converse method
can optionally be ufilized in designing the disclosed systems. That is, a system
incorporating a known concentration of ligands can be designed, and the release
profile of the drug can be tailored by designing a synthetic ligand or choosing a
naturally occurring ligand that has a particular Kp with the drug to be delivered. Of
course, a combination of the two approaches can be used as well.

[0071] Figure 5 illustrates the combined effects of the drug release
parameters Kp and C1/Cpr on the release rate of a drug from a non-degradable or
substantially non-degradable hydrogel matrix of any given thickness and
permeability via their impact on the percent of solute (drug) initially immobilized
with the ligand. In obtaining Figure 5, simulations were performed to estimate the
time for 90% release of a macromolecular protein drug from non-degradable or
substantially non-degradable hydrogel matrices of various thicknesses and
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permeabilities with varied combinations of Kp and C 1/Cpt. The time for release of

90% of the material from a system with no ligand (i.e., C.t = 0) is represented by tp
while the time for 80% of the material to be released from a similar system but
incorporated with ligands is represented by t.. The percentage of drug initially
bound to the network was determined for each of these cases and plotted against
the (t/tp) ratio. Thus, for a given matrix, tp will be fixed and t_ varies with Kp and
C.1/Cor. .

[0072] As can be seen, an increase in the percentage of drug bound to the
network at t=0 increases the time for drug release (i.e., t_ increases). In systems
with no ligands or with ligands exhibiting very weak interaction with the releasable
drug, the time for release can depend solely on the diffusion coefficient of the drug
within the gel. The dimensionless parameter (./tp) for these systems where the
rate of release is completely diffusion controlled would be unity (i.e., t. = tp). Atthe
other end of the binding spectrum, the rate of release can be controlled by the
equilibrium state of the ligand/drug complex, and the release time (t.) becomes
very sensitive to the percent drug bound at percentages approaching 100% (i.e.,
high C_t/Cpt and/or low Kp). This result is expected since complete (100%)
binding of the drug leads to an infinite amount of time for release.

[0073] It should be understood that while the above discussion in general
and Figure 5 in particular is directed toward a non-degradable or substantially non-
degradable network, the disclosed methods and systems can additionally be
utilized with degradable networks. In particular, when considering degradable
networks, the degradation rate of the matrix can be incorporated as an additional
control parameter to control the release rate of the biologically active material from
the matrix. For instance, when considering a degradable network, the effect of the
degradation of the matrix can decrease the total concentration of the ligand over
time in a known fashion (since the degradation rate of the matrix is known) and
can lead to a release profile that deviates from first-order behavior. For example,
absolute release rate of the drug from the matrix may remain constant over time
(zero-order release profile) or even increase with time.

[0074] Beneficially, the disclosed invention can be utilized for delivery of
practically any unmodified biologically active agents. For example, the disclosed
systems can be utilized to deliver pharmaceutically useful drugs in the treatment or
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prevention of disease. In addition, the systems can be utilized to deliver diagnostic

agents within a system, including imaging agents, as well as growth and nutrient
agents, to encourage the healthy development of a biological system, including the
development of individual cells in tissue engineering applications. As such, the
terms “drug” and “biologically active agent” are often used interchangeably in this
disclosure though the term “biologically active agent” is not intended to be limited
to known drugs or therapeutic agents. A non-limiting list of exemplary types of
materials that can be considered as biologically active agents in the disclosed
invention can include, for instance, proteins, peptides, oligonucleotides,
polysaccharide, and biologically active small molecules.

[0075] Due to the beneficial design of the present invention, the ligand itself
and the incorporated ligand concentration can be selected or designed for the
disclosed systems based upon the characteristics of the particular agent to be
delivered. In the past, the opposite approach was taken. That is, in the past, a
carrier matrix was first designed, and then a drug to be delivered by the matrix
would be altered as necessary to be carried by the matrix. For example, in the
past, a drug could be altered such as through derivatization or alteration in size
(e.g., delivering only a particular polypeptide sequence of a larger protein
therapeutic) so as to chemically and physically cooperate with the carrier.
Unfortunately, this approach cannot work with many drugs, and particularly with
many larger, macromolecular protein therapeutics due to, for example, size
constraints and deactivation of the therapeutics due to the alteration of the
materials. In the present system, in contrast, the carrier can be designed with the
unmodified agent in mind, rather than the other way around. For example, an
artificial ligand can be selected or constructed according to the particulaf Kb
desired for the unmodified drug. As such, the disclosed system can be utilized for
delivery of unmodified protein therapeutics for treatment of multiple diseases
including, for example, autoimmune diseases such as rheumatoid arthritis,
ulcerative colitis, Crohn’s disease, and AIDS; chronic diseases such as cystic
fibrosis, muscular dystrophy, Parkinson’s Disease, dwarfism, anemia, and
diabetes; viral infectious diseases such as hepatitis; and cancer.

[0076] In addition, due to the predetermined affinity of the chosen ligand for
the agent, the disclosed methods and systems can also be utilized to beneficially
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protect the agents to be carried by and delivered from the carrier matrices from

possible side reactions prior to delivery. in particular, according to one
embodiment of the invention, the agent/ligand complex can be established prior to
or during incorporation of the ligand into the matrix or prior to possible contact
between the biologically active agent and other materials with which the agent
could react in a detrimental fashion. For example, the protective association can
be established so as to hold the agent in an unreactive state and thus protect the
agent from side reaction with the components forming the matrix, from side
reaction with the formed matrix itself, as well as from side reaction with certain
materials the loaded matrix may encounter prior to delivery of the agent from the
matrix (e.g., active materials within a biological system that has received the
loaded matrix). According to this embodiment, the agent can be protected from
side reactions until the agent is released from the ligand according to the control
mechanism based upon the predetermined release profile. For example, in those
embodiments wherein Kp of the agent/ligand complex falls into Regime |, the agent
can be particularly well protected from possible side-reactions prior to delivery due
to the high affinity of the agent for the ligand held in the matrix.

[0077] Thus according to one aspect of the present invention, systems and
methods are provided that can protect an underivatized or unaltered biologically
active agent from side reactions, and in particular, from side reactions that could
effect the efficacy of the agent, during formation and loading of a carrier matrix as
well as during utilization of the matrix up to and including the time of delivery of the
drug from the ligand and/or from the matrix to a target tissue. In particular, the
agents can be protected from side reactions due to association with the chosen
ligand, wherein Kp of the association is predetermined as is the loading
concentration of the ligand so as to define a particular release profile for the drug
from the ligand. Following release of the drug from the ligand according to the
predetermined release profile, the drug can be available in the unaltered,
unassociated state for interaction with a target cell or tissue.

[0078] In one embodiment, the present invention is directed to systems and
methods that can incorporate both aspects of the disclosed invention. That is, the
biologically active agent to be delivered can be protected from side reactions due
to the association of the biologically active agent with the ligand. In addition, in this
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embodiment, the ligand can also be incorporated into the carrier matrix in a

substantially permanent fashion (e.g., the ligand can be bound to or held in the
matrix with a much stronger affinity than that forming the ligand/drug complex).
According to this embodiment, the disclosed invention can provide a
predetermined release rate profile of the drug from the carrier matrix itself in
addition to providing protection of the underivatized drug from side-reactions prior
to release.

[0079] In one embodiment, the systems and methods of the present
invention can be utilized to control the drug delivery rate of materials from carrier
matrices having large mesh sizes. In particular, as the type and concentration of
ligand loaded into the matrix can be utilized to control the release rate of the drug
carried by the matrix, other, previously utilized control parameters, such as mesh
size, for example, which have been utilized to control the diffusion rate of the drug
from the matrix, need no longer be of primary importance. Utilizing the disclosed
systems and methods, delayed and controlled release rates can be obtained even
with highly porous networks (large &) through selection of ligand concentration and
through selection of a system exhibiting a particular ligand/drug affinity.

[0080] In addition, unlike traditional encapsulating hydrogels which offer
limited control over the release rate of a drug from the hydrogel at only relatively
small mesh sizes (e.g., mesh size near the average drug size), systems of the
present invention can offer precise control over the release rates of drugs over a
wide range of desired release rates. In particular, the release of macro-molecules
from homogeneous matrices with extremely large mesh sizes or heterogeneous
matrices with large pores can be controlled leading to sustained release of these
molecules over therapeutically relevant timescales. In addition, in traditional gels,
decreasing the mesh size to obtain sustained release makes the gels compact and
increases the hydrophobicity of the network. This increase in hydrophobicity of the
system can destroy the advantageous stealth character offered by highly
biocompatible matrices such as hydrophilic PEG systems and activate an immune
response towards the gel.

[0081] According to one embodiment of the present invention, the disclosed
systems and methods can be beneficially utilized for release of multiple drugs at
independently controlled rates from a single carrier matrix. For example,

24



10

15

20

25

30

WO 2006/076344 PCT/US2006/000794
according to this particular embodiment, two or more drugs can be immobilized
into a single carrier matrix by incorporating the same different ligands that show
specific interactions with the corresponding drug molecules. Release of each drug
can then be determined and controlled by the strength of the specific drug-ligand
interaction and the concentration of ligand displaying that interaction, and release
of the different agents can thus be controlled independently.

[0082] Figure 6 illustrates the varying release rates of two different bioactive
agents from a single carrier matrix according to theoretical predictions based on
this particular embodiment of the invention. In particular, Figure 6 illustrates the
predicted release rates of materials from a system that is incorporated with two
ligands, Zn-ethylenediamine tetraacetic acid (Zn-EDTA) and histidine, which
exhibit specific interactions with human growth hormone (hGH) and
immunoglobulin G (IgG), respectively. According to the present invention, release
rates of these protein therapeutics can be controlled independently based on the
amounts of ligands and the strengths of interaction between corresponding ligand-
drug combinations. As can be seen in the Figure, due primarily to the weak
interaction between hGH and Zn-EDTA (Kp = 3.8E-1mM) compared to the
interaction between IgG and histidine (Kp = 1.8E-3mM) as well as the size
difference between the drug molecules, the release of hGH is predicted to occur
significantly faster from the matrix than does IgG.

[0083] This method can be particularly effective for delivering multiple
specialized growth factors to cells encapsulated within highly porous networks in a
way that mimics the native extracellular matrix, i.e., in tissue engineering
applications.

[0084] According to yet another embodiment of the present invention,
systems can be designed exhibiting a bi-phasic release behavior. In particular, a
bi-phasic release behavior can be designed through utilization of Ct/Cpr ratio less
than unity. For purposes of this disclosure, bi-phasic release behavior is herein
defined as a release that occurs in two distinct phases including different release
rates in each phase. |

[0085] Figure 7 illustrates one particular embodiment of the present
invention exhibiting bi-phasic release behavior. According to this particular
embodiment, the amount of drug that is released during the first phase can be
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controlled by varying the C,1/Cpr ratio, while the rate of release during the second
phase can be tailored by varying Kp. Biphasic behavior can become more
prominent as the interaction force between ligand and drug increases (i.e., as Kp
decreases). In particular, during the first phase of release, as the Cy1/Cpr ratio
decreases, the amount of drug immobilized onto the network decreases, as
described above. This can lead to a faster overall release due to a higher amount
of free drug (i.e., higher concentration gradient). This first phase of the release is
thus primarily diffusion controlled while the second phase of the release is
controlled by the reaction equilibrium maintained between the ligand and drug.

[0086] The carrier matrices of the present invention can include additional
materials as well, in addition to the drug/ligand complexes of the present invention.
For example, in one embodiment, the carrier matrix can include live cells or
agglomerations of live cells, for instance in tissue engineering applications.
According to this embodiment, the biologically active materials to be delivered by
the system can include growth and development factors for delivery to the living
cells held within the matrix itself. In addition, in this particular embodiment, the
matrix can include cell membrane receptor ligands within the hydrogel that can
stimulate adhesion, spreading, and growth of cells. As such the matrix, or in this
case, the tissue engineering scaffold, can more closely resemble the extracellular
matrix of a living organism, and thus encourage the healthy development of the
cells held in the matrix.

[0087] Other materials that can be included in the matrix can include
materials for targeting the matrix to particular cell or tissue types such as during in
vivo utilization of the materials. For example, according to one embodiment of the
invention, the matrix can include one member of a particular protein-ligand pair. In
particular, either the protein or the ligand of a protein-ligand pair can be present at
the exterior surface of the carrier matrix. Accordingly, the matrix can specifically
associate with a cell or tissue that comprises the other member of the protein-
ligand pair. Similarly, a cell or tissue which includes either the protein or the ligand
of the protein-ligand pair at the exterior surface of the material can specifically
associate with a carrier matrix that comprises the other member of the protein-

ligand pair. Thus, the carrier matrix can be targeted to a particular type of cell or
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tissue or vice versa, and the drug carried by the matrix can be delivered from the
matrix while the matrix is associated with that particular cell or tissue.

[0088] The disclosed invention may be better understood by reference to
the examples, below.

Example 1

[0089] Two macromolecular solutes, bovine serum albumin (BSA) and
immunoglobulin G (IgG), were released from PEG 3400 DA (di-acrylated
poly(ethylene glycol)) gels fabricated under identical conditions. The gels were
formed by polymerization of a 10wt% PEG 3400 DA solution in buffer. Once
equilibrated in a large excess of buffer, the volumetric swelling ratios of the
polymerized release matrices were observed to remain identical in all the cases
indicating no degradation. The mesh size of the gels was estimated to be 140A

based on the average measured mass swelling ratios of the gels (Qn = 13.241.7).

[0090] Both BSA and IgG protein molecules chosen were smaller than the
mesh size of the 10 wt% PEG 3400 DA gels and, thus, were expected to readily
diffuse out of the hydrogel driven by a concentration gradient. The method of

release of protein in this example was thus diffusion controlled and depended

solely on the relative sizes of the network mesh (&) and encapsulated protein
molecules (rs).

[0091] The effect of drug size on cumulative percentage release profiles for
gels fabricated with a 5% loading of drug was studied individually and results are
shown in Figure 8. The release profiles for both BSA and IgG showed a relatively
low initial burst (~22 % for BSA and ~12% for IgG). This burst was followed by a
period of decreasing release rate for a total release period of about 8 hours. This
approximately exponential decrease in release rate is typical of that observed in
the past for the diffusion-controlled, first-order release of macromolecules from
hydrogels.

[0092] As can be seen in Figure 8, protein release occurred rapidly, at least
initially, followed by a period of continuously decreasing release rates. As the
concentration of readily available drug present on the surface layers of the gels
depleted, the rate of drug release became more dependant on the decreasing
concentration gradient affecting the drug deep inside the polymer network,
resulting in a corresponding decrease in release rate.
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[0093] As can be seen in the Figure, incomplete release profiles were
obtained in both the release experiments (i.e., not all of the encapsulated protein
was released). One possible explanation for this behavior was the permanent
immobilization of the drug molecules through a conjugate addition reaction
between the double bonds present on any unreacted PEG DA macromers present
inside the hydrogel and the thiol or amine groups present on the protein surface.
These undesirable reactions can immobilize the drug within the hydrogel resulting
in a permanent and incomplete protein release. Finally, any side reactions
occurring during network formation involving the encapsulated proteins may lead
to the denaturing of those proteins and a loss of signal during quantification.

[0094] The percent drug release for both BSA and IgG were also plotted
against time”. Results are graphically illustrated in Figure 9. As can be seen, in
this system, the percent release rates remained constant with respect to the
square root of time, clearly illustrating, and in accord with systems exhibiting
Fickian Diffusion, that the dominant physical mechanism controlling drug release
from these hydrogels was diffusion.

Example 2

[0095] Release studies described in Example 1 were extended by
copolymerizing 2-methacryloaminohistidine (MAH) into the 10% PEG 3400 DA
gels of Example 1 to investigate ligand-drug binding effects on release rates of
BSA and IgG. Figure 10 shows the cumulative release percentage of 1gG from a
hydrogel (5 wt% drug loading) incorporated with MAH at ligand-drug molar ratios of
(A) 0.0 (B) 0.5 and (C) 2.0. Incomplete release profiles observed in this study
were again attributed to side reactions involving the protein during hydrogel
formation. As can be seen, IgG was released fastest from the MAH-free hydrogel,
with the release becoming slower as the ligand-drug molar ratio increased. The
release in the first case was controlled only by diffusion while release profiles in
the second and third cases was governed by both (i) ligand-drug reversible
interaction and (ii) subsequent diffusion of free IgG. (For the current example, it
was assumed that after interaction with MAH, IgG was released in its unmodified
state.)The histidine amino acid at the end of the MAH ligand_is known to participate
in a reversible interaction with the F. segment of IgG with the known dissociation
constant Kp = 1.8 E-6 mM (as described in ‘Interaction of human immunoglobulin
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G with I-histidine immobilized onto poly(ethylene vinyl alcohol) hollow-fiber
membranes,” Haupt, K., et al., J. Chrom. B, 1995, 674, 13-21, which is
incorporated herein by reference).Thus, copolymerization of MAH within the PEG
hydrogel served to immobilize freely diffusible IgG dispersed inside the gel to
create a non-diffusible complex in an amount governed by the interaction
equilibrium. This immobilization reduced the concentration gradient of the freely
diffusible drug and resulted in a corresponding decrease in the release rate of IgG.
This effect became more prominent as the amount of MAH relative to IgG
molecules increased, as shown in Figure 10.

[0098] As can be seen with reference to Figure 10, the initial release burst
was lowered significantly by the incorporation of MAH into the hydrogel. This
result was attributed to the reversible interactions exhibited by the MAH present in
the layers closer to the surface that minimized the immediate release of IgG
present on the surface and layers close to the surface.

[0099] Figure 11 shows the release profiles normalized against the
cumulative release of IgG obtained by the end of the first 6 hours from the gel
containing no ligand (Fractional release of ~28%). This plot represents the
fractional release of IgG that was not immobilized permanently inside the hydrogel
via undesirable side reactions and was released solely based on the effects of
ligand-drug interaction and diffusion through the polymer matrix. As can be seen,
IgG release rate was highly dependant upon the relative amount of MAH ligand
present in the network. In addition, the experimentally determined data closely
match the predicted values shown by the solid lines that were obtained according
to the release model described in this invention.

Example 3

[00100] Experiments were also performed to check the specificity of MAH
towards IgG. Release experiments were performed in a manner similar to those
described in Example 2 but with IgG replaced by BSA. Figure 12 shows the
release profiles for BSA from hydrogels functionalized with MAH at ligand-drug
ratios of 0.0, 0.5 and 2.0.

[00101] Incomplete release of the drug was observed again, which was
attributed to side reactions within the network. However, the presence of MAH did

not affect the release rates of BSA significantly. The histidine tag on MAH
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exhibited affinity only to the Fc fragment of IgG and was hypothesized to remain
inert or non-adhesive to BSA. Thus, the presence of MAH did not affect the
release of BSA from the ligand-incorporated PEG gels. The release here was
once again controlled only by diffusion, and the release rates were dependant on
the relative sizes of drug and the network mesh.

Example 4

[00102] Di-acrylated poly (ethylene glycol) (PEGDA) was used as a
macromer to form a hydrogel network via photopolymerization. PEGDA (10 wt %),
BSA (10 wt %) and the photoinitiator Iracure 2959 (1-2959, 0.2 wt %) were mixed
together in phosphate buffer solution (PBS, pH7.4). The mixed solution was
exposed to UV radiation at a wavelength of 365nm to rapidly form a protein-loaded
hydrogel network of desired dimensions in a single step.

[00103] After photopolymerization, gels were placed in pH 7.4 PBS for in
vitro protein release. Supernatant solution was sampled to quantify BSA
cumulative release. The protein concentration was determined by fluorescamine
staining.

[00104] Photopolymerization is a simple yet effective method for preparing
protein-loaded hydrogels. However, during hydrogel fabrication, the protein is
subjected to UV and free-radical exposure. Without proper protection, a
substantial portion of the protein (e.g. 60% of the BSA as shown in Figure 13) can
be irreversibly immobilized within the hydrogel networks.

[00105] To increase the amount of the protein available for delivery and
therefore improve therapeutic efficacy, iminodiacetic acid (IDA), which has an
affinity for BSA, was incorporated as a protecting agent to prevent BSA from
becoming denatured and/or permanently immobilized within the network. As
shown in Figure 13, when IDA was added into the mixed solution prior to
photopolymerization, BSA released from the crosslinked hydrogel was enhanced
to a final value of 70% as a function of IDA concentration.

[00106] Moreover, when Cu?*, which facilitates tighter protein-ligand
binding, was added into the pre-polymerization mixture, the cumulative release of
BSA was further increased to effectively 100% (as can be seen in Figure 14). The
increased amount of BSA released was mainly due to the affinity between BSA
and IDA. The addition of the divalent copper ion further increased the affinity.
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Note that in these cases, neither IDA nor the copper ions were immobilized into the
network and therefore, as expected, did not affect BSA release rate from the
matrix itself.

[00107] Thus, the formation of the ligand/drug complex as herein described
can be used to protect the drug from side reactions prior to delivery of the drug to
the target tissue. In addition, in those embodiments wherein the diffusion of the
complex through the carrier matrix is prevented, such as through incorporation of
the ligand within the matrix, the delivery rate of the drug from the matrix can be
controlled due to the formation of the ligand/drug complex.

[00108] It will be appreciated that the foregoing examples, given for
purposes of illustration, are not to be construed as limiting the scope of this
invention. Although only a few exemplary embodiments of this invention have
been described in detail above, those skilled in the art will readily appreciate that
many modifications are possible in the exemplary embodiments without materially
departing from the novel teachings and advantages of this invention. Accordingly,
all such modifications are intended to be included within the scope of this invention
that is defined in the following claims and all equivalents thereto. Further, it is
recognized that many embodiments may be conceived that do not achieve all of
the advantages of some embodiments, yet the absence of a particular advantage
shall not be construed to necessarily mean that such an embodiment is outside the
scope of the present invention.
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WHAT IS CLAIMED IS:

1. A method for providing a predetermined rate of release of a
biologically active agent from a carrier matrix comprising:
providing a biologically active agent;
selecting a ligand having an affinity for the biologically active agent,
wherein the ligand is selected according to a predetermined dissociation constant
describing the affinity of the biologically active agent for the ligand;
incorporating the ligand into a polymeric matrix at a predetermined
concentration; and
incorporating the biologically active agent into the polymeric matrix,
wherein the predetermined rate of release of the biologically active agent from the
polymeric matrix is established upon incorporation of the biologically active agent
into the polymeric matrix, the predetermined rate of release being dependent upon
the values of the dissociation constant and the ligand concentration.
2. The method according to claim 1, wherein the dissociation constant
is less than about 1.0E+1mM.

3. The method according to claim 1, wherein the polymeric matrix is a
hydrogel.

4, The method according to claim 3, wherein the hydrogel is a
degradable hydrogel.

5. The method according to claim 4, wherein the rate of release is also

dependent upon the degradation rate of the hydrogel.

6. The method according to claim 1, wherein the ligand is a naturally
occurring ligand or a chimera of a naturally occurring ligand.

7. The method according to claim 1, wherein the ligand is a synthetic
ligand, the method further comprising forming the synthetic ligand according to a
combinatorial synthesis method.

8. The method according to claim 1, wherein the rate of release of the
biologically active agent from the polymeric matrix describes a zero order release
profile.

9. The method according to claim 1, wherein the rate of release of the
biologically active agent from the polymeric matrix describes a biphasic release
profile.
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10. The method according to claim 1, further comprising:

providing a second biologically active agent;

incorporating the second biologically active agent into the polymeric
matrix; and

wherein a predetermined rate of release of the second biologically
active agent from the polymeric matrix is established upon incorporation of the
second biologically active agent into the polymeric matrix, the rate of release of the
second biologically active agent from the polymeric matrix being independent of
the rate of release of the first biologically active agent from the polymeric matrix.

11.  The method according to claim 10, wherein the second biologically
active agent has an affinity for the first ligand described by a second
predetermined dissociation constant, wherein the rate of release of the second
biologically active agent from the polymeric matrix is dependent upon the values of
the second dissociation constant and the ligand concentration.

12.  The method according to claim 10, further comprising selecting a
second ligand having an affinity for the second biologically active agent, wherein
the second ligand is selected according to a predetermined dissociation constant
describing the affinity of the second biologically active agent for the second ligand,
wherein the rate of release of the second biologically active agent from the
polymeric matrix is dependent upon the values of the dissociation constant
describing the affinity of the second ligand for the second biologically active agent
and the concentration of the second ligand.

13.  The method according to claim 1, further comprising releasing the
biologically active agent from the polymeric matrix when the polymeric matrix is
adjacent a living cell. ‘

14.  The method according to claim 13, wherein the living cell is
encapsulated by the polymeric matrix.

15. The method according to claim 1, further comprising binding the
ligand to the polymeric matrix, wherein the affinity of the ligand for the polymeric
matrix is greater than the affinity of the ligand for the biologically active agent.

16. The method according to claim 15, wherein the ligand is covalently
bound to the polymeric matrix.
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17.  The method according to claim 1, further comprising forming a

complex comprising the ligand and the biologically active agent, wherein the
complex is formed prior to incorporation of the ligand and biologically active agent
into the polymeric matrix such that the ligand and the biologically active agent are
incorporated into the polymeric matrix together in the complex.

18. A drug delivery method comprising:

providing a biologically active agent;

selecting a ligand having an affinity for the biologically active agent,
wherein the ligand is selected according to a predetermined dissociation constant
describing the affinity of the biologically active agent for the ligand;

providing the ligand at a predetermined ligand concentration;

forming é complex comprising the ligand non-covalently and
reversibly bound to the biologically active agent; and

incorporating the complex into a polymeric matrix, wherein a
predetermined rate of release of the biologically active agent from the ligand is
established upon incorporation of the complex into the polymeric matrix, the rate of
release being dependent upon the predetermined dissociation constant and the
ligand concentration, wherein the biologically active agent is nonreactive to the
matrix and to the matrix components while held in the complex.

19.  The method according to claim 18, wherein the efficiency of the
release of the biologically active agent from the matrix is increased upon formation
of the complex.

20. The method according to claim 18, wherein the dissociation constant
is less than about 1.0E+1mM.

21.  The method according to claim 18, wherein the ligand is a naturally
occurring ligand or a chimera of a naturally occurring ligand.

22. The method according to claim 18, wherein the ligand is a synthetic
ligand, the method further comprising forming the synthetic ligand according to a
combinatorial synthesis method.

23. The method according to claim 18, wherein the polymeric matrix is a
hydrogel.

24. The method according to claim 18, wherein the complex can freely
diffuse through the polymeric matrix.
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25.  The method according to claim 18, further comprising releasing the
biologically active agent from the ligand when the polymeric matrix is adjacent a
living cell.

26. The method according to claim 23, wherein the living cell is
encapsulated by the polymeric matrix.

27. A drug delivery system configured to provide a predetermined rate of
release of a biologically active agent comprising:

a polymeric matrix;

a ligand incorporated into the polymeric matrix at a predetermined
concentration, the ligand having an affinity for a biologically active agent, the
affinity being described by a predetermined dissociation constant; and

the biologically active agent incorporated into the polymeric matrix by
association with the ligand according to the affinity between the biologically active
agent and the ligand; and

wherein the predetermined rate of release of the biologically active
agent from the polymeric matrix is dependent upon the values of the dissociation
constant and the ligand concentration.

28. The system of claim 27, wherein the dissociation constant is less
than about 1.0E+1mM.

29. The system of claim 27, wherein the dissociation constant is less
than about 1.0E-5mM.

30. The system of claim 27, wherein the dissociation constant is between
about 1.0E-9mM and about 1.0E-5mM.

31.  The system of claim 27, wherein the polymeric matrix is a hydrogel.

32. The system of claim 31, wherein the hydrogel is a poly(ethylene
glycol) based hydrogel.

33.  The system of claim 27, wherein the polymeric matrix has a mesh
size greater than the average size of the biologically active agent.

34. The system of claim 27, wherein the polymeric matrix has a mesh
size smaller than the average size of a complex comprising the ligand in
association with the biologically active agent.

35. The system of claim 27, wherein the ligand is a naturally occurring
ligand or a chimera of a naturally occurring ligand.
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36.  The system of claim 27, wherein the ligand is a synthetic ligand.

37.  The system of claim 27, wherein the rate of release of the biologically
active agent from the polymeric matrix describes a zero order release profile.

38.  The system of claim 27, wherein the rate of release of the biologically
active agent from the polymeric matrix describes a biphasic release profile.

39.  The system of claim 27, wherein the biologically active agent is
selected from the group consisting of a protein, a polypeptide, an oligonucleotide,
and a small molecule.

40.  The system of claim 27, further comprising a second biologically
active agent incorporated into the polymeric matrix, wherein the rate of release of
the second biologically active agent from the polymeric matrix that is independent
of the rate of release of the first biologically active agent from the polymeric matrix.

41.  The system of claim 27, wherein the polymeric matrix is a tissue-
engineering scaffold.

42.  The system of claim 41, wherein the polymeric matrix further
comprises living cells encapsulated by the matrix.

43.  The system of claim 42, wherein the polymeric matrix further
comprises cell membrane receptor ligands with affinity for the living cells
encapsulated by the matrix.

44.  The system of claim 27, wherein the ligand is bound to the polymeric
matrix, wherein the affinity of the ligand for the polymeric matrix is greater than the
affinity of the ligand for the biologically active agent.

45.  The system of claim 44, wherein the ligand is covalently bound to the
polymeric matrix.

46.  The system of claim 27, wherein the biologically active agent is
nonreactive to the matrix and to the matrix components when the biologically
active agent is associated the ligand.

47.  The system of claim 27, wherein the biologically active agent is a
macromolecular biologically active agent having a molecular weight between about
1kDa and about 200kDa.
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