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IMMOBILIZATION OF AN ACTIVE AGENT ON A SUBSTRATE USING
COMPOUNDS INCLUDING TRIHYDROXYPHENYL GROUPS

Names of Parties to a Joint Research Agreement

[0001] The claimed invention was made as a result of activities undertaken within the
scope of a joint research agreement between Baxter Healthcare Corporation and

Northwestern University.

Field of the Invention

[0002] The invention relates generally to the immobilization of an active agent on a
substrate. More particularly, the invention relates to methods of immobilizing an active
agent on a substrate through the coupling of a compound including a trihydroxyphenyl
group, having an active agent coupled thereto, with/to the substrate, substrates with active
agents immobilized thereto, and medical devices comprising substrates with active agents

immobilized thereto.

Brief Description of Related Technology

[0003] Medical devices and medical device components that are used for hemodialysis
or other applications that involve contact between physiologic fluids, such as blood, or
tissue and the medical device or device component are known to become fouled with
protein, cell, and/or bacterial deposits from the contact. The deposition of protein from
the blood onto medical devices or medical device components is problematic for a
number of materials commonly used as substrates for medical devices and medical device
components, especially polysulfone, polycarbonate, and silicone. In many cases, the
fouling can impair function or lead to failure of the medical device. This problem is
particularly significant for extracorporeal blood circuits and components thereof such as

the tubing used in a hemodialysis set.

[0004] Coating substrates with active agents, for example, antifouling/antimicrobial
agents, is known in the art. For example, 3,4-dihydroxyphenylalanine (DOPA) has been
used to synthesize dihydroxyphenyl containing polymers which can be used as adhesive
polymers which also provide antifouling/antimicrobial coatings, as described in U.S.
Patent No. 7,618,937, and U.S. Patent Application Publication Nos. 2010/0028719,
2009/0123652, 2008/0247984, 2008/0169059, and 2006/0009550. Typically, the
polymers derived from DOPA comprise anchor moieties comprised of peptides, such as
lysine, copolymerized with DOPA, as shown in structure (I) below, which can be costly

to mass produce. It is believed that a peptide or peptoid moiety, coupled to the anchor
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moiety is generally resistant to, or inhibits protein adsorption, or cell fouling of the

surfaces onto which the composition is coated or attached.

I\L\ gOH am gm
o s (D)

[0005] Alternatively, U.S. Patent No. 7,622,533 and U.S. Patent Application
Publication No. 2010/0197868 describe an adhesive polymer including pendant DOPA
groups or dihydroxyphenyl (DHDP) derivatives attached thereto to form adhesive

polymers capable of binding to a dissimilar substrate, as shown in structure (II) below.

.
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[0006] However, with both approaches, leaching of the DOPA from the polymer is a

significant toxicity concern.

Summary
[0007] The invention provides methods of immobilizing an active agent on a substrate

surface, including the steps of providing a substrate, contacting the substrate with a
solution of a compound including a trihydroxyphenyl group thereby coupling the
trihydroxyphenyl group to the substrate to provide a trihydroxyphenyl-treated substrate,
and contacting the trihydroxyphenyl treated-substrate with an active agent, to couple the
active agent to the trihydroxyphenyl treated substrate thereby immobilizing the active
agent on the substrate surface. The method can optionally include a step of activating the
substrate so as to introduce a reactive moiety on a surface of the substrate, prior to
contacting the substrate with the solution of the compound including a trihydroxyphenyl

group. The compound including a trihydroxyphenyl group can be a small molecule or a
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polymer including a trihydroxyphenyl group. The polymer can be a polymer including
the trihydroxyphenyl group in the backbone of the polymer, or alternatively a polymer

including at least one monomer having a pendant trihydroxyphenyl group.

[0008] In arelated aspect, the invention further provides methods of immobilizing an
active agent on a substrate, including the steps of providing a substrate, combining in
solution a compound including a trihydroxyphenyl group and an active agent, thereby
forming a solution of an active agent-trihydroxyphenyl conjugate, and contacting the
substrate with the solution of the active agent-trihydroxyphenyl conjugate thereby
coupling the trihydroxyphenyl group of the active agent-trihydroxyphenyl conjugate to
the substrate, and immobilizing the active agent on the substrate surface. The method can
optionally include a step of activating the substrate so as to introduce a reactive moiety on
a surface of the substrate, prior to contacting the substrate with the active agent-
trihydroxyphenyl conjugate. The compound including a trihydroxyphenyl group can be a
small molecule or a polymer including a trihydroxyphenyl group. The polymer can be a
polymer including the trihydroxyphenyl group in the backbone of the polymer, or
alternatively a polymer including at least one monomer having a pendant

trihydroxyphenyl group.

[0009] In another related aspect, the invention provides substrates having an active
agent immobilized on a surface thereof, the substrate having a compound including a
trihydroxyphenyl group coupled to the substrate surface, wherein the compound includes
an active agent coupled thereto so as to immobilize the active agent on the substrate. The
compound including a trihydroxyphenyl group can be a small molecule or a polymer
including a trihydroxyphenyl group. The polymer can be a polymer including the
trihydroxyphenyl group in the backbone of the polymer, or alternatively a polymer

including at least one monomer having a pendant trihydroxyphenyl group.

[0010] In another related aspect, the invention provides medical devices including a

substrate according to the invention.

[0011] Further aspects of the invention may become apparent to those skilled in the art
from a review of the following detailed description, taken in conjunction with the
appended claims. While the invention is susceptible of embodiments in various forms,

described hereinafter are specific embodiments of the invention with the understanding
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that the disclosure is illustrative, and is not intended to limit the invention to specific

embodiments described herein.

Detailed Description

[0012] The invention provides substrates with an active agent advantageously and
securely immobilized on a surface thereof and methods for forming same. The substrates
with an active agent immobilized thereto are particularly advantageous in that they can be
produced relatively inexpensively, particularly relative to prior art substrates coated with
adhesive polymers derived from peptide-DOPA copolymers. The substrates with active
agents immobilized thereto can also be particularly advantageous in that they demonstrate
low toxicity, particularly relative to prior art substrates coated using DOPA-based

adhesive polymers.

[0013] The invention provides methods of immobilizing an active agent on a substrate
surface, including the steps of providing a substrate, contacting the substrate with a
solution of a compound including a trihydroxyphenyl group to couple the
trihydroxyphenyl group to the substrate, to provide a trihydroxyphenyl-treated substrate,
and contacting the trihydroxyphenyl-treated substrate with an active agent to couple the
active agent to the trihydroxyphenyl-treated substrate, thereby immobilizing the active
agent on the substrate. The method can optionally include a step of activating the
substrate so as to introduce a reactive moiety on a surface of the substrate, prior to
contacting the substrate with the solution of the compound include a trihydroxyphenyl
group. The methods can further include the step of contacting the trihydroxyphenyl-
treated substrate with a solution of a linker compound thereby coupling the linker
compound to the trihydroxyphenyl group of the trihydroxyphenyl-treated substrate, prior

to contacting the trihydroxyphenyl-treated substrate with the active agent.

[0014] Optionally, the methods include the methods of immobilizing an active agent on
a substrate having a metallic surface. Typically, while not intending to be bound by
theory, it is believed that the trihydroxyphenyl group of the compound including the
trihydroxyphenyl group is coupled to the metallic substrate by forming two or more
bonds between the trihydroxyphenyl group and a metal ion of the metallic substrate
surface, thereby chelating the trihydroxyphenyl group to the metallic substrate surface
(and thus essentially the substrate itself). As used herein, “substrate having a metallic

surface” encompasses a substrate that includes a coating of a metal, for example, a
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substrate that has been metallized, as well as a substrate consisting essentially of metal.
The metallic surface can be a metal oxide surface. The metallic and/or metal oxide

surface generally includes metal ions.

[0015] As used herein, “immobilizing” or “immobilized” encompasses any of securing,
attaching, affixing, connecting, and/or joining, an active agent to a substrate surface.
Immobilization of the active agent to the substrate surface can be confirmed using a
number of different techniques. For example, the immobilization of the active agent can
be confirmed by demonstrating that the activity of the active agent is present using assays
known in the art. The activity of the active agent can be assessed with functional assays.
For example, a thrombogenic assay can be used to detect anti-thrombogenic agents such
as heparin, 4-hydroxycoumarin, and the like. Further, for example, the active agent may
be labeled with a fluorescent dye, an isotopic label, or a radiolabel that can be detected on
the substrate when the active agent is immobilized thereto. The presence of the active
agent can also be determined with surface spectroscopies such as x-ray photoelectron
spectroscopy (XPS), Fourier transform infrared reflection-absorption spectroscopy
(FTIRRAS), and Raman spectroscopy. Further, cationic stains can be used to
confirm/detect the presence of anionic active agents, for example, Alcian blue and

Toluidine blue form a complex with anionic active agents such as heparin.

[0016] As used herein, “chelation” and “chelating” encompasses the formation or
presence of two or more separate bonds between a polydentate ligand, such as a
trihydroxyphenyl group, and a single metal ion via the hydroxyls of the trihydroxyphenyl
group. The two or more separate bonds are generally considered to be ionic bonds and
can include coordinate bonds, dative bonds, dipolar bonds, and the like. The chelation of
the hydroxyls of the trihydroxyphenyl group to a metal ion of the metallic substrate
surface can be confirmed by providing a thin film, such as a monolayer of the compound
including the trihydroxyphenyl group, on the substrate having a metallic surface and
using Fourier transform infrared spectroscopy (FTIR), Fourier transform infrared
reflection-absorption spectroscopy (FTIRRAS), Raman spectroscopy, or cyclic
voltammetry to confirm chelation. When the compound including the trihydroxyphenyl
group is coupled to the metallic surface at a thickness greater than one monolayer, it is
expected that the first monolayer of the compound including the trihydroxyphenyl group

will chelate to the surface in the same way as a thin film prepared with only a monolayer.
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[0017]  As used herein, “coupling” and “couple” encompass any of covalent bond
formation, hydrogen bond formation, ionic bond formation (e.g., electrostatic attraction),
and van der Waals interactions, for example, through which the compound including a
trihydroxyphenyl group can adsorb to/ adhere to/ couple to/ associate with a substrate
surface or a linker compound, and through which the active agent can adsorb to/ adhere
to/ couple to/ associate with a compound including a trihydroxyphenyl group or a linker

compound.

[0018] As used herein, “compound including a trihydroxyphenyl group” encompasses
small molecule compounds, polymers including trihydroxyphenyl groups, and
trihydroxyphenyl-linker conjugates. The polymers including trihydroxyphenyl groups
include polymers wherein the trihydroxyphenyl group is in the polymer backbone and

polymers including at least one monomer having a pendant trihydroxyphenyl group.

[0019] As used herein, “trihydroxyphenyl group” refers to a compound comprising a
phenyl ring substituted with at least three hydroxyls. The trihydroxyphenyl group
therefore includes compounds comprising a phenyl ring substituted with three hydroxyls,
and even with four hydroxyls. Generally, compounds comprising a phenyl ring
substituted with three hydroxyls are preferred. Compounds comprising a phenyl ring
substituted with three hydroxyls are advantageous because in addition to the three
hydroxyl groups, such compounds have three potential sites of reactivity available, which
sites can be selected from but are not limited to unsubstituted carbons of the phenyl
moiety of the trihydroxyphenyl group and other reactive covalently bonded to the phenyl
moiety of the trihydroxyphenyl group. For example, two unsubstituted carbons and/or
reactive groups can couple the compound including a trihydroxyphenyl group to a
substrate surface and an active agent, a substrate and a linker compound, or to two
additional compounds including a trihydroxyphenyl group via sites of reactivity on the
additional trihydroxyphenyl groups (i.e., resulting in polymer formation). A compound
with a third site of reactivity, in addition to the coupling that can be done with two sites of
reactivity, can advantageously also couple to a linker compound, an active agent, or
another compound including a trihydroxyphenyl, and can be particularly advantageous
for crosslinking of polymers including trihydroxyphenyl groups. Further, without
intending to be bound by any particular theory, it is believed that compounds comprising
a phenyl ring substituted with three hydroxyls are advantageous over compounds having

one or two hydroxyls because typically the unsubstituted carbons on the phenyl moiety of
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the compounds comprising three hydroxyls are relatively more reactive. For example, as
the number of hydroxyls on the phenyl ring increases, the rate of oxidation generally
increases and thus it is relatively easier for compounds containing

trihydroxyphenyl groups to form quinone-like species than corresponding compounds
having phenyl groups substituted with only one or two hydroxyls. Consequently,
compounds comprising a phenyl ring substituted with at least three hydroxyls typically
have unsubstituted carbons that are relatively more reactive than the unsubstituted
carbons on corresponding compounds having phenyl groups substituted with only one or

two hydroxyls.

[0020] As used herein, “sites of reactivity” or “reactive sites” on the compound
including a trihydroxyphenyl group do not refer to the hydroxyl moieties themselves, but
refer to any other site on the compound including a trihydroxyphenyl group through
which an active agent, linker compound, or additional compound including a
trihydroxyphenyl group can couple to the compound including a trihydroxyphenyl group.
For example, sites of reactivity can include unsubstituted carbons of the phenyl moiety of
the trihydroxyphenyl group and reactive groups covalently bonded to the phenyl moiety
of the trihydroxyphenyl group which can include, but are not limited to, carboxyls,

carboxylates, amides, acyl halides, aldehydes, ketones, and esters.

[0021] As used herein, “polymer” encompasses any compound with two or more repeat
units, for example, dimers, trimers, and higher oligomers. The repeat units can be the
same such that a homopolymer is provided, or different such that a copolymer is

provided.

[0022] As used herein, “active agent” encompasses active agents (including those

specifically mentioned herein) and active agent-linker conjugates.

[0023] As used herein, “linker compound” encompasses any compound that has at least
two end groups such that the linker compound can couple to and thereby connect two
separate molecules. For example, the linker compound can couple to either a reactive
group and/or an unsubstituted carbon of the trihydroxyphenyl group through a first end
group and to a polymerizable moiety through a second end group, so as to form a
polymerizable monomer. Alternatively, the linker compound can couple to couple to

either a reactive group and/or an unsubstituted carbon of the trihydroxyphenyl group
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through a first end group and to an active agent through a second end group so as to form

a trihydroxyphenyl-linker-active agent conjugate.

[0024]  As used herein, “conjugate” refers to the species that results from the coupling
together of two or more of a compound including a trihydroxyphenyl group, a linker
compound, and/or an active agent. The species that have been conjugated are provided
immediately before the term “conjugate.” The conjugate can be formed by coupling the

two species that are to form a conjugate, as defined above.

[0025] In arelated aspect, the invention further provides methods of immobilizing an
active agent on a substrate, including the steps of providing a substrate, combining in
solution a compound including a trihydroxyphenyl group and an active agent to couple
the compound including a trihydroxyphenyl group and the active agent, thereby forming a
solution of an active agent-trihydroxyphenyl conjugate, and contacting the substrate with
the solution of the active agent-trihydroxyphenyl conjugate to couple the
trihydroxyphenyl group of the active agent-trihydroxyphenyl conjugate to the substrate
and thereby immobilize the active agent on the substrate. The compound including a
trihydroxyphenyl group can be a small molecule or a polymer including a
trihydroxyphenyl group. The polymer can be a polymer including the trihydroxyphenyl
group in the backbone of the polymer, or alternatively a polymer including at least one

monomer having a pendant trihydroxyphenyl group.

[0026] The active agent-trihydroxyphenyl conjugate can be provided as an active agent
that is coupled to a linker compound that is further coupled to the trihydroxyphenyl group
of the compound including the trihydroxyphenyl group.

[0027] The combining and contacting steps can be conducted simultaneously such that
compound including the trihydroxyphenyl group and the active agent are combined in the
presence of the substrate, or alternatively the combining and contacting steps can be
conducted separately and in sequence. Optionally, the substrate treated with the methods
according to the invention is a substrate having a metallic surface. Typically, while not
intending to be bound by theory, it is believed that the trihydroxyphenyl group is coupled
to a metallic substrate by forming two or more bonds between the trihydroxyphenyl group
and a metal ion of the metallic substrate surface, thereby chelating the trihydroxyphenyl

group to the metallic substrate surface (and thus essentially the substrate itself).



WO 2014/197768 PCT/US2014/041240

-9

[0028] In another related aspect, the invention provides substrates having an active
agent immobilized on a surface thereof, the substrate having a compound including a
trihydroxyphenyl group coupled to the substrate surface, wherein the trihydroxyphenyl
group includes an active agent coupled thereto so as to immobilize the active agent on the
substrate. The compound including a trihydroxyphenyl group can be a small molecule or
a polymer including a trihydroxyphenyl group. The polymer can be a polymer including
the trihydroxyphenyl group in the backbone of the polymer, or alternatively a polymer
including at least one monomer having a pendant trihydroxyphenyl group. The active
agent can be coupled to the trihydroxyphenyl group via a linker compound, so as to
immobilize the active agent on the substrate. Optionally, the substrate is a substrate
having a metallic surface. Typically, while not intending to be bound by theory, it is
believed that the trihydroxyphenyl group is chelated to the metallic substrate surface such
that there are two or more bonds between the trihydroxyphenyl group and a metal ion of

the metallic surface of the substrate.

[0029] In another related aspect, the invention provides medical devices including a
substrate according to the invention. Medical devices and medical device components
comprising substrates according to the invention can include active agents that
advantageously render the device or device component antibacterial, antifouling, and/or
antithrombogenic. Of course, the active agents can demonstrate other therapeutic or

beneficial activities.

[0030] The medical devices and medical device components comprising active agents
immobilized thereto can be particularly advantageous because the medical device or
device component can be effectively “coated” by immobilizing an active agent on/to a
(substrate) surface thereof, and thereby reduce the need to treat a patient with the (same or
similar) active agent. For example, patients whose treatment requires an extracorporeal
blood circuit, such as for hemodialysis, apheresis, or coronary bypass, are often
administered heparin (or similar acting active agents) prior to the procedure so as to
prevent blood clot formation in the blood circuit pumps and tubings. However, in
addition to inhibiting clot formation, administration of significant amounts of heparin can
render the patient susceptible to bleeding after the treatment. Therefore, it would be
advantageous to use blood circuit devices with heparin immobilized thereto, thereby

reducing the amount of heparin needed for treatment prior to the procedure and the
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attendant risk of the patient experiencing bleeding problems and/or needing extended

hospitalization or medical care subsequent to the procedure.

[0031] In general, the methods according to the invention result in an active agent
immobilized on a substrate surface through the use of a compound including a
trihydroxyphenyl group that can couple to the substrate surface. The methods described
herein can include the use of solutions of compounds including trihydroxyphenyl groups
(e.g., solutions of trihydroxyphenyl-linker conjugates, solutions of small molecule
compounds including trihydroxyphenyl groups such as gallic acid, and solutions of
polymers including trihydroxyphenyl groups such as polygallic acid), solutions of linker
compounds, solutions of active agents (including solutions of discrete active agents as
well as active agent-linker conjugates), and solutions of active agent-trihydroxyphenyl
conjugates. The solvents used to prepare the solutions of compounds including
trihydroxyphenyl groups, solutions of linker compounds, solutions of active agents, and
solutions of active agent-trihydroxyphenyl conjugates can be any solvent suitable to act as
a carrier for the compounds including a trihydroxyphenyl group, linker compounds,
active agents, and/or active agent-trihydroxyphenyl conjugates. For example, the
solutions described herein can comprise aqueous solutions, other solvents including but
not limited to, alcohols, diols, organosulfurs such as sulfolane, ethers, such as diethyl
ether and tetrahydrofuran, alkanes, aromatics, halocarbons, such as chloroform and
dichloromethane, and combinations of the foregoing. When the term “solution” is used
herein, it is not necessary that the components contained therein completely dissolve.
Thus, as used herein, the term solution encompasses both dispersions in which
components are dispersed and solutions in which components are substantially or even
completely dissolved. In general, complete dissolution of the component is preferred.

Further, as used herein, the term “solution’ includes aerosolized solutions.

[0032] In one aspect of the invention, the method of immobilizing the active agent on
the substrate includes the steps of:

(a) providing a substrate with a surface;

(b) contacting the substrate with a compound including a trihydroxyphenyl group thereby
coupling the trihydroxyphenyl group to the substrate surface to provide a
trihydroxyphenyl-treated substrate; and

(c) contacting the trihydroxyphenyl-treated substrate with an active agent to couple the
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active agent to the trihydroxyphenyl group, thereby immobilizing the active agent on the

substrate.

[0033] In another aspect of the invention, the method of immobilizing the active agent
on the substrate includes the steps of:

(a) providing a substrate with a surface;

(b) combining in solution a compound including a trihydroxyphenyl group and an active
agent to couple the trihydroxyphenyl group and the active agent, thereby forming a
solution of an active agent-trihydroxyphenyl conjugate; and

(c) contacting the substrate with the solution of the active agent-trihydroxyphenyl
conjugate, thereby coupling the trihydroxyphenyl group of the active agent-
trihydroxyphenyl conjugate to the substrate surface and immobilizing the active agent on

the substrate.

[0034] In refinements of the aforementioned embodiments, the methods further include
washing the trihydroxyphenyl-treated substrate with water, thereby forming a washed
trihydroxyphenyl-treated substrate, and optionally flowing an inert gas such as nitrogen
over the washed trihydroxyphenyl-treated substrate, prior to contacting the

trihydroxyphenyl-treated substrate with the solution of an active agent.

[0035] In another refinement of the aforementioned embodiments, the methods further
include washing the substrate with the active agent immobilized on a surface thereof with
water, thereby forming a washed substrate with the active agent immobilized on a surface
thereof and optionally flowing an inert gas such as nitrogen over the washed substrate

with the active agent immobilized on the surface thereof.

[0036] In yet another refinement of the foregoing embodiments, the methods further
include the step of contacting the trihydroxyphenyl-treated substrate with a solution of a
linker compound thereby coupling the linker compound to the trihydroxyphenyl group of
the trihydroxyphenyl-treated substrate, prior to contacting the trihydroxyphenyl-treated

substrate with the solution of active agent.

[0037] The method can be selected such that the density of the active agent-
trihydroxyphenyl conjugates coupled to the substrate surface can be controlled. Without
intending to be limited by any particular theory, it is believed that when the
trihydroxyphenyl group is coupled to the substrate surface prior to coupling the active

agent to the trihydroxyphenyl group, the resulting trihydroxyphenyl-treated substrate has
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a relatively dense covering of trihydroxyphenyl groups coupled to the surface. Itis
further believed that when an active agent-trihydroxyphenyl conjugate is formed prior to
coupling the trihydroxyphenyl group to the substrate surface, the resulting substrate with
an active agent immobilized thereto has a relatively lower density of active agent-
trihydroxyphenyl conjugates coupled to the surface, when compared to the
trihydroxyphenyl-treated substrate prepared prior to coupling the active agent to the
trihydroxyphenyl group. When the active agent-trihydroxyphenyl conjugate is formed
prior to coupling the trihydroxyphenyl group to the substrate, the conditions can be easily
controlled by one of ordinary skill in the art such that the coupling of unsubstituted
carbons of the trihydroxyphenyl group to the substrate surface is favored over the
coupling of any potential binding sites present on the active agent or reactive groups on

the trihydroxyphenyl group to the substrate surface.

Substrates

[0038] In general, the substrate to which the active agent is (or will be) immobilized
can be any substrate. Suitable substrates can include, but are not limited to, inorganic
oxides (e.g., silicas, materials conventionally known as glass), ceramics, metals including
metal oxides, semiconductors, and/or polymeric substrates. Metal substrates include
substrates that include a coating of a metal, for example, a substrate that has been
metallized, as well as substrates consisting essentially of metal. As used herein, a
“metallized substrate” refers to a substrate that has been fully or partially coated with a
metal (including but not limited to non-metal substrates which have been modified to
include a metal coating). Suitable metal substrates can include, but are not limited to,
stainless steel, cobalt, titanium, nickel, zirconium, tantalum, chromium, tungsten,
molybdenum, manganese, iron, vanadium, niobium, hafnium, aluminum, tin, palladium,
ruthenium, iridium, rhodium, gold, silver, platinum, oxides of the foregoing, alloys of the
foregoing, and combinations of the foregoing. Suitable methods for forming metallized
coatings on substrates include sputtering, thermal evaporation, electron beam evaporation,
electroless deposition, and chemical vapor deposition. Suitable polymer substrates can
include, but are not limited to, acrylonitrile butadiene styrenes, polyacrylonitriles,
polyamides, polycarbonates, polyesters, polyetheretherketones, polyetherimides,
polyethylenes, polyethylene terephthalates, polylactic acids, polymethyl methacrylates,
polypropylenes, polystyrenes, polyurethanes, polyvinyl chloride, polyvinylidene

chlorides, polyethers, polysulfones, silicones, polydimethylsiloxanes,
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polytetrafluoroethylene, polyisoprenes, and blends and copolymers thereof. In one
aspect, the substrate has a surface including a suitable reactive moiety ab initio.
Substrates of the invention also include those that have surfaces that have been activated
(or modified) to include a reactive moiety. Reactive moieties are useful in that they can
be used to covalently bond trihydroxyphenyl groups to the substrate surface, typically via
bond formation between a nucleophile on the substrate surface and an unsubstituted
carbon of the trihydroxyphenyl group. Such reactive moieties, however, need not be
present as the trihydroxyphenyl groups of the compounds will still adsorb to/ adhere to/
couple to/ associate with the substrate in the absence of reactive moieties on the substrate

surface.

[0039] The substrate according to the invention can be used to provide one or more
surfaces of a medical device or medical device component. The medical device or
medical device component can be any medical device or medical device component that
may benefit from having an active agent immobilized on the surface thereof, particularly
medical devices which are in regular contact with the biological fluids of a patient.
Medical devices or medical device components can include, but are not limited to,
instruments, apparatuses, implements, machines, contrivances, implants, and components
and accessories thereof, intended for use in the diagnosis, cure, mitigation, treatment, or
prevention of disease or other condition in humans or other animals, or intended to affect
the structure or any function of the body of humans or other animals. Exemplary medical
devices can include, but are not limited to, extracorporeal blood circuit devices such as
hemodialysis and coronary bypass pumps and components thereof. Autotransfusion,
apheresis, hemofiltration, plasmapheresis, and extracorporeal membrane oxygenation also
involve the use of an extracorporeal blood circuit for removing blood from a patient’s
circulation and applying a process thereto prior to returning the blood to the patient’s

circulation.

[0040] Specific medical devices and/or medical device components that include
substrates that benefit from having an active agent immobilized on the surface thereof
include, but are not limited to, tubing; fluid bags; septa; stopcocks; clamps; filters;
catheters, such as venous catheters, urinary catheters, Foley catheters, intraurethral
catheters, intra-arterial catheters, intraosseous catheters, intrathecal catheters, intra-
pulmonary catheters and pain management catheters; tracheal tubes; nasogastric tubes;

dialysis sets; dialysis connectors; stents; abdominal plugs; feeding tubes; indwelling
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devices; surgical tools; needles; cannulae; medical pumps; pump housings; gaskets such
as silicone O-rings; syringes; surgical sutures; filtration devices; drug reconstitution
devices; implants; metal screws; and metal plates. Additional exemplary medical devices
include, but are not limited to, invasive medical devices, durable medical devices,
medical fluid containers, medical fluid flow systems, infusion pumps, patient monitors,
and any other medical devices which regularly come into contact with a patient’s

biological fluids.

[0041] Examples of durable medical devices include intravenous (I.V.) pumps, patient
monitors, and the like. Examples of medical fluid flow systems include LV. sets,
intraperitoneal sets, and components thereof, such as, for example, luer access devices. A
typical 1. V. set uses plastic tubing to connect a phlebotomized subject to one or more
medical fluid sources, such as intravenous solutions or medicament containers. LV. sets
optionally include one or more access devices providing access to the fluid flow path to
allow fluid to be added to or withdrawn from the IV tubing. Access devices
advantageously eliminate the need to repeatedly phlebotomize the subject and allow for
immediate administration of medication or other fluids to the subject, as is well known.
Access devices can be designed for use with connecting apparatus employing standard
luers, and such devices are commonly referred to as "luer access devices," "luer-activated
devices," or "LADs." LADs can be modified with one or more features such as antiseptic
indicating devices. Various LADs are illustrated in U.S. Pat. Nos. 5,242,432, 5,360,413,
5,730,418, 5,782,816, 6,039,302, 6,669,681, and 6,682,509, and U.S. Patent Application
Publication Nos. 2003/0141477, 2003/0208165, 2008/0021381, and 2008/0021392, the

disclosures of which are hereby incorporated by reference in their entireties.

[0042] LV. sets or intraperitoneal sets can incorporate additional optional components
including, for example, septa, stoppers, stopcocks, connectors, protective connector caps,
connector closures, adaptors, clamps, extension sets, filters, and the like. Thus, additional
suitable medical devices and medical device components which may be benefit from the
invention include, but are not limited to: I.V. tubing, I.V. fluid bags, I.V. set access
devices, septa, stopcocks, I.V. set connectors, L. V. set connector caps, I.V. set connector
closures, I.V. set adaptors, clamps, L.V, filters, I.V. pumps, L.V. poles, catheters, needles,
cannulae, stethoscopes, patient monitors, intraperitoneal tubing, intraperitoneal fluid bags,
access devices for intraperitoneal sets, intraperitoneal set connectors, intraperitoneal set

adaptors, and intraperitoneal filters. Representative access devices include, but are not
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limited to: luer access devices including, but not limited to, needleless luer access

devices. The surface of the medical device can be any substrate as described herein.

[0043] Substrate surfaces can be activated (or modified) to include a reactive moiety by
any suitable mechanism known in the art. Suitable reactive moieties on the surface of the
substrates of the invention can include, but are not limited to, nucleophilic groups.
Nucleophilic groups are well known in the art and can include, but are not limited to,
hydroxyl, alkoxides, amines, nitrite, thiol, thiolates, imidazoles, and combinations

thereof.

[0044] Plasma treatments, including but not limited to, argon or corona treatments,
chemical treatments, including but not limited to oxidation treatments, acid treatments,
base treatments, and the like can be used to activate or modify a substrate surface to
include a reactive moiety. Suitable methods of oxidizing substrate surfaces such that the
substrate surface includes a hydroxyl group are known in the art and can include, for
example, treatment of the substrate surface with any oxidation agent, including, but not
limited to hydrogen peroxide, inorganic peroxides, permanganates, including the
potassium, sodium, ammonium, and calcium salts, osmium tetroxide, and combinations
of the foregoing. As another example, polyester substrates can be activated or modified
to include a hydroxyl group by treating the substrate with an acid treatment, a base
treatment, or an argon plasma. Suitable methods to activate or modify the substrate to
include an amine include treating a polyamide substrate with an acid treatment, a base
treatment, or an argon plasma. Suitable methods to modify the substrate to include a thiol
include treating a polythioester substrate with an acid treatment, a base treatment, or an
argon plasma. Plasma treatments can be followed by exposing the plasma treated
substrate to a gas to generate reactive moieties. For example, plasmas can be used to
generate radicals and then followed to generate reactive moieties by exposure to gases
such as oxygen, ammonia, and hydrogen sulfide and thereby generate hydroxyl, amine,

and thiol, respectively.

[0045] Suitable plasmas can be generated from various inert gases and reactive gases,
as well as mixtures of inert gases, mixtures of reactive gases, and/or mixtures of inert
gases and reactive gases. Plasmas for use in accordance with the present methods can be
generated by various known methods, such as by the application of electric and/or

magnetic fields. Various types of power sources can be used to generate suitable plasmas
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for use in the disclosed methods; typical power sources include direct current (DC),
radiofrequency (RF), microwave, and laser power sources. A parallel-plate plasma
source, for example, uses a RF power source to generate plasma through gas discharge.
Another example of an RF power source is an inductive coupling plasma source which
uses an inductively coupled RF source to generate plasma. The RF power source can
operate at 13.56 MHz or at another suitable frequency readily determined by one of
ordinary skill. Microwave power sources include, for example, the electron cyclotron
resonance (ECR) source. The microwave frequency can be 2.45 GHz or another suitable
frequency readily determined by one of ordinary skill. Plasmas can be generated at
various pressures, and suitable plasma pressures can be readily determined by one of
ordinary skill. Plasma can be generated, for example, at atmospheric pressure or under
vacuum. Damage to the substrate can be more prevalent at higher pressures compared to
lower pressures. Thus, the use of lower pressures can prevent or reduce damage to the
substrate, thereby allowing increased exposure times and/or increased power levels to be
used. Typical pressures at which plasma can be generated include pressures of about
0.001 Torr to about 760 Torr, for example, about 0.01 Torr to about 100 Torr, about 0.05
Torr to about 50 Torr, and/or about 0.1 Torr to about 10 Torr, but higher and lower

pressures also can be used.

[0046] In a further embodiment of the invention, the substrate surface can be modified
to include a radical as a reactive moiety by UV irradiation and/or heat treatment (for
example, at about 40 to about 110 °C) of the substrate in the presence of an initiator to
create radicals on the surface of the substrate. The initiator can be any initiator known in
the art capable of forming a radical when subjected to UV irradiation and/or elevated
temperatures, for example, between about 40 and about 110°C. Suitable initiators can
include, but are not limited to, benzophenone, peroxides, including but not limited to
hydrogen peroxide, benzoyl peroxide, acetyl peroxide, lauryl peroxide, t-butyl peracetate,
t-butyl hydroperoxide, and di-t-butyl peroxide, nitrogen dioxide, azobisisobutyronitrile
(AIBN), and 2,2-dimethoxy-2-phenylacetophenone (DMPA). As mentioned above, a
radical generated on the substrate surface can be converted to reactive moieties such as
hydroxyl, amine, and thiol by exposure to gases such as oxygen, ammonia, and hydrogen

sulfide, respectively.

[0047] Once a substrate surface has been modified to include a reactive moiety such as

a hydroxyl, the substrate surface can be further modified such that one reactive moiety is



WO 2014/197768 PCT/US2014/041240

-17 -

replaced with a different reactive moiety. For example, a thiol can be replaced by a

hydroxyl, or vice versa.

[0048] The reactive moiety on the substrate surface can be coupled to a compound
including a trihydroxyphenyl group. As explained above, the compound including a
trihydroxyphenyl group adsorbs to/ adheres to/ couples to/ associates with the substrate
surface through covalent bond formation, hydrogen bond formation, ionic bond
formation, van der Waals interactions, or combinations of the foregoing; when a reactive
moiety is present on the substrate surface, the trihydroxyphenyl group advantageously
adsorbs to/ adheres to/ couples to/ associates with the reactive moiety. Typically, the
compound including a trihydroxyphenyl group is coupled to the substrate surface by
forming one or more covalent bonds with the reactive moieties on the substrate surface
through an unsubstituted carbon on the trihydroxyphenyl group or through a reactive
group on the trihydroxyphenyl group, as described below. In embodiments wherein the
substrate has a metallic substrate surface, without intending to be bound by theory, it is
believed that the compound including a trihydroxyphenyl group is chelated to a metal ion
of the metallic substrate surface so as to form two or more bonds between the
trihydroxyphenyl group and a metal ion of the metallic substrate surface. The compound
including a trihydroxyphenyl group is further coupled to an active agent (either before or
after coupling of the compound including a trihydroxyphenyl group to the substrate)
through an unsubstituted carbon on the trihydroxyphenyl group or through a reactive
group on the compound including a trihydroxyphenyl group, ultimately forming a
substrate with an active agent immobilized thereto. The compound including a
trihydroxyphenyl group adsorbs to / adheres to/ couples to/ associates with the active
agent through covalent bond formation, hydrogen bond formation, ionic bond formation,
van der Waals interactions, or combinations of the foregoing. Typically, the compound
including a trihydroxyphenyl group is coupled to the active agent by forming one or more

covalent bonds with the active agent.

Compound including a trihydroxyphenyl group

[0049] The substrate is contacted with a compound including a trihydroxyphenyl group
in order to couple the trihydroxyphenyl group to the substrate surface. As previously
described, the compound including a trihydroxyphenyl group adsorbs to/ adheres to/

couples to/ associates with the substrate surface through covalent bond formation,
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hydrogen bond formation, ionic bond formation, van der Waals interactions, or
combinations of the foregoing. Typically, when a reactive moiety is present, the
trihydroxyphenyl group is coupled to the reactive moiety on the substrate by forming one
or more covalent bonds with the reactive moiety. When a metal ion of a metallic surface
is present, it is believed that the compound including a trihydroxyphenyl group is coupled
to the metallic substrate surface by chelation. The trihydroxyphenyl group therefore,
typically has two of the hydroxyls of the trihydroxyphenyl group provided such that they
are ortho or meta to one another, i.e., the hydroxyls are provided on directly adjacent
carbons of the phenyl right or are provided with one, typically unsubstituted, carbon atom
there between. As described above, the compound including a trihydroxyphenyl group
encompasses small molecule compounds, polymers including trihydroxyphenyl groups,
and trihydroxyphenyl-linker conjugates. The polymers including trihydroxyphenyl
groups include polymers wherein the trihydroxyphenyl group is in the polymer backbone
as well as polymers including pendant trihydroxyphenyl groups. The trihydroxyphenyl-
linker conjugates include small molecule or polymer compounds including a

trihydroxyphenyl group coupled to a linker compound.

[0050] Generally, suitable trihydroxyphenyl groups have at least two sites of reactivity
such that the trihydroxyphenyl group can couple to the substrate, thereby forming a
trihydroxyphenyl-treated substrate, and also to at least one of the active agent, another
compound including a trihydroxyphenyl group, a linker compound, and/or combinations
of the foregoing. Suitable small molecule compounds including a trihydroxyphenyl
group include, but are not limited to gallic acid, phloroglucinol carboxylic acid,
gallamide, 5-methyl-benzene-1,2,3-triol, 3,4,5-trihydroxybenzaldehyde, 2,3,4-
trihydroxybenzaldehyde, gallacetophenone, 3,4,5-trihydroxybenzamide, 2,3,4-
trihydroxybenzoic acid, 5-hydroxydopamine hydrochloride, methyl gallate, pyrogallol,
derivatives thereof and salts of the foregoing. The aforementioned small molecule

compounds can also be used to prepare polymers comprising trihydroxyphenyl groups.

[0051] As anon-limiting example, gallic acid, through at least the two unsubstituted
carbons on its trihydroxyphenyl group phenyl ring, is able to bind to two of a substrate
surface reactive moiety, an active agent, another gallic acid, a linker compound, and
combinations of the foregoing, thereby immobilizing the active agent on the substrate
surface. Gallic acid is also able to bind to a substrate surface reactive moiety, an active

agent, another gallic acid, or a linker compound via its carboxylic acid moiety, as
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described below for a linker compound. Thus, gallic acid advantageously has three
hydroxyls as well as three sites of reactivity that may participate in and facilitate the
immobilization of an active agent on the substrate surface. Other compounds including a
trihydroxyphenyl group necessarily include at least two sites of reactivity, for example, at
least two unsubstituted carbons on the phenyl ring and/or reactive groups (such as the
aforementioned carboxylic acid moiety) in order to also be able to couple to two of a
substrate surface reactive moiety, an active agent, another compound including a
trihydroxyphenyl group, a linker compound, and combinations of the foregoing, thereby
immobilizing an active agent on the substrate surface. Suitable reactive groups on the
phenyl ring of the trihydroxyphenyl group include, but are not limited to, carboxyls,

carboxylates, amides, acyl halides, aldehydes, ketones and esters.

Linker compounds

[0052] The compound including a trihydroxyphenyl group can be coupled to a linker
compound thereby forming a trihydroxyphenyl-linker conjugate. The compound
including a trihydroxyphenyl group adsorbs to/ adheres to/ couples to/ associates with the
linker compound through covalent bond formation, hydrogen bond formation, ionic bond
formation, van der Waals interactions, or combinations of the foregoing. Typically, the
trihydroxyphenyl group is coupled to the linker compound by forming a covalent bond
with the linker compound through an unsubstituted carbon on the trihydroxyphenyl group
or through a reactive group on the trihydroxyphenyl group. The reactive group on the
trihydroxyphenyl group can be any reactive group that can react with a nucleophile on a
linker compound. Suitable reactive groups on the trihydroxyphenyl group include, but
are not limited to, carboxyls, carboxylates, amides, acyl halides, aldehydes, and esters.
The reactive group on the trihydroxyphenyl group can couple to the linker compound, for
example, by transesterification or transamidification. The transesterification or
transamidification can optionally be promoted by an activator compound such as N,N’-
dicyclohexylcarbodiimide (DCC), N,N’-diisopropylcarbodiimide (DIC),
hydroxybenzotriazole (HOBt), or 1-hydroxy-7-azabenzotriazole (HOAt). Of course, like
the linker compound, an active agent including a nucleophilic group can also couple to
the reactive group of the trihydroxyphenyl group by transesterification or

transamidification.
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[0053] The linker compound can be any suitable compound that has a first end group
and a second end group that enables the linker to couple to either a reactive group and/or
an unsubstituted carbon of the trihydroxyphenyl group and to a polymerizable moiety, so
as to form a polymerizable monomer, or to couple to either a reactive group and/or an
unsubstituted carbon of the trihydroxyphenyl group and to an active agent so as to form a
trihydroxyphenyl-linker-active agent conjugate. Polyethylene glycols, diamines, diols,
and dithiols are all useful representative linker compounds. In one aspect, suitable linker

compounds include, but are not limited to, compounds according to formula (I):

R' R
AMA

wherein n is an integer of at least 1, R is any nucleophilic group, including but not limited

R R" W

,s

to hydroxyl, alkoxide, amine, nitrite, thiol, thiolate, imidazole, and amino oxy, R""is R or
a reactive group including, but not limited to, carboxyls, carboxylates, amides, acyl
halides, aldehydes, and esters, and wherein each R” is the same or different and can be
selected from the group consisting of H and substituted or unsubstituted lower alkyl, for
example, C1 to about C5 alkyl. When aqueous solutions are used, n is typically about 1
to 5 (as long as solubility is achieved in the selected aqueous system); when organic
solvents are used, n can be about 1 to 10. For example, suitable linker compounds can
include, but are not limited to, linear bis-amines comprising first and second amine end
groups, such as 1,3-diaminopropane, 1,4-diaminobutane, 1,5-diaminopentane, and/or 1,6-

diaminohexane.

[0054]  Suitable linker compounds further include any compound that has two or more
terminal functional groups that can couple to either a reactive group and/or an
unsubstituted carbon of the trihydroxyphenyl group, a polymerizable moiety, and/or an
active agent. As used herein, “terminal” refers to the final functional group of any carbon
chain or branch, including, the end groups of linear compounds as well as any branch
ends of branched compounds. Typically, the functional groups will be nucleophiles.
Nucleophilic groups are well known in the art and can include, but are not limited to,
hydroxyl, alkoxide, amine, nitrite, thiol, thiolate, imidazole, aminooxy, and combinations
thereof. For example, suitable linker compounds can include, but are not limited to

branched polyethylene glycol molecules wherein each branch is terminated with a
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nucleophilic group (including, but not limited to, 8-Arm PEG-aminooxy, §-Arm PEG-
thiol, 8-Arm PEG-amine, 8-Arm PEG-hydroxyl, 4-Arm PEG-aminooxy, 4-Arm PEG-
thiol, 4-Arm PEG-amine, 4-Arm PEG-hydroxyl, and the like), dithiols, bisamines, and
other polynucleophiles.

[0055] Itis believed that upon contacting in solution a compound including a
trihydroxyphenyl group and a linker compound, any reactive group(s) and/or
unsubstituted carbon(s) on the trihydroxyphenyl group can couple to the linker compound
thereby forming a trihydroxyphenyl-linker conjugate. The linker compound adsorbs to/
adheres to/couples to/ associates with the trihydroxyphenyl group through covalent bond
formation, hydrogen bond formation, ionic bond formation, van der Waals interactions, or
combinations of the foregoing. Typically the linker compound is coupled to the
trihydroxyphenyl group by forming one or more covalent bonds with the
trihydroxyphenyl group. Generic trihydroxyphenyl-linker conjugates can be represented
by formulae (Ila), (IIb), and (Ic):

x—" X R
7 \(\OH)3(Ha) Z \(\OH)3(IIb) 7 \(\OH)3(HC)

wherein X can be halogen, amine, thiol, aldehyde, carboxylic acid, carboxylate, acyl
halide, ester, acrylate, vinyl, C1 to C10 branched or linear alkyl amine, C1 to C10
branched or linear alkyl thiol, C1 to C10 branched or linear alkyl aldehyde, C1 to C10
branched or linear alkyl carboxylic acid, C1 to C10 branched or linear alkyl carboxylate,
C1 to C10 branched or linear alkyl acyl halide, C1 to C10 branched or linear alkyl ester,
or C1 to C10 branched or linear alkyl acrylate and R is a linker compound. With respect
to the length of the carbon chains of the listed substituents, the chain length is typically
C1 to C5 when aqueous solutions are used (as long as solubility is achieved in the
selected aqueous system); when organic solvents are used, the chain length can be C1 to
C10. In accordance with compounds (1la), (IIb), and (Ilc) the three hydroxyl groups can
be provided on any three of C,, Cs, Cy4, Cs, and Cg. For example, when the compound
including a trihydroxyphenyl group is carboxylic acid such as gallic acid (and thus X is

carboxyl), the trihydroxyphenyl-linker conjugate can be of formula (Ila) or formula (IIb):
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X | \ﬁ
7 \(\OH)%na) Ao, (IIb)

wherein, as above, R is the linker compound. Further, when the trihydroxyphenyl-linker

conjugate is a gallic acid-linker conjugate according to (Ila) and (IIb), the three hydroxyl
groups are provided on Cs, Cq4, and Cs, and the linker, R, is provided on the carboxyl
group (IIa) or one of C; or C¢ (IIb). When the compound including a trihydroxyphenyl
group is pyrogallol, the pyrogallol-linker conjugate can be of formula (Ilc):

R

X

7 \(\OH)3 (Ilc)

wherein R is the linker compound and the three hydroxyl groups can be provided on any

consecutive three of C,, Cs, Cy4, Cs, and Cg.

[0056] The linker compound can be coupled to a compound including a
trihydroxyphenyl group prior to contacting a substrate with the compound including a
trihydroxyphenyl group. Alternatively, a trihydroxyphenyl-treated substrate may be
contacted with a solution of linker compound, thereby coupling the linker compound to
the trihydroxyphenyl group. The linker end group that is distal from the trihydroxyphenyl
group can couple to an active agent, thereby forming a trihydroxyphenyl-linker-active

agent conjugate, or to a polymerizable moiety, so as to form a polymerizable monomer.

Polymerizable monomers/polymers having pendant trihydroxvphenyl groups

[0057] In embodiments wherein the compound including a trihydroxyphenyl group is a
polymer, the polymer can include at least one monomer having a pendant
trihydroxyphenyl group. A polymer having a pendant trihydroxyphenyl group can be
polymerized from polymerizable monomers prepared from a small molecule compound
including a trihydroxyphenyl group that has been modified to include a linker compound

that includes a polymerizable moiety.
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[0058] The polymerizable monomer can be formed by coupling a polymerizable
moiety to a trihydroxyphenyl-linker conjugate. The trihydroxyphenyl-linker conjugate
includes a linker end group distal from the trihydroxyphenyl group. The distal end group

of the linker can form a covalent bond with a polymerizable moiety.

[0059] In general, the polymerizable moiety can be any functional group that includes
a polymerizable o, unsaturated end group. Suitable polymerizable moieties include, but
are not limited to, acrylate, methacrylate, acrylamide, methacrylamide, vinyl acetate, and
esters of the foregoing. The covalent bond between the linker compound and the
polymerizable moiety may be formed by transesterification or transamidification and may
be promoted by an activator compound such as N,N’-dicyclohexylcarbodiimide (DCC),
N,N’-diisopropylcarbodiimide (DIC), hydroxybenzotriazole (HOBt), or 1-hydroxy-7-

azabenzotriazole (HOAL).

[0060] In some embodiments, a polymerizable monomer including a trihydroxyphenyl
group can also be formed by coupling a reactive group and/or unsubstituted carbon of the
phenyl ring of the trihydroxyphenyl group with a linker compound having a first end
group and a second end group, wherein the first end group is a nucleophilic group and the
second end group is a polymerizable o,f unsaturated end group. Suitable linker
compounds of this embodiment include, but are not limited to, 2-hydroxyethyl acrylate,
2-hydroxyethyl methacrylate, 3-hydroxypropyl acrylate, 3-hydroxypropyl methacrylate,
4-hydroxybutyl acrylate, 4-hydroxybutyl methacrylate, 6-hydroxyhexyl acrylate, 6-
hydroxyhexyl methacrylate, N-(3-hydroxy-propyl)methacrylamide, N-(4-
hydroxybutyl)acrylamide, N-(4-hydroxybutyl)methacrylamide, N-(6-hydroxyhexyl)-
acrylamide, N-(6-hydroxyhexyl)methacrylamide, N-methyl-N-(2-
hydroxyethyl)acrylamide, N-methyl-N-(2-hydroxyethyl)methacrylamide, N-methyl-N-(3-
hydroxypropyl)acrylamide, N-methyl-N-(3-hydroxypropyl)methacrylamide, N-methyl-N-
(4-hydroxybutyl)acrylamide, N-methyl-N-(4-hydroxybutyl)methacrylamide, N-methyl-N-
(6-hydroxyhexyl)acrylamide, N-methyl-N-(6-hydroxyhexyl)methacrylamide, and 4-
aminobutylacrylamide. Generally, suitable linker compounds of this embodiment can

include, but are not limited to, compounds according to formula (III):
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R'\WR
n

wherein n is O or an integer of at least 1, R is any nucleophilic group, including but not

(1)

limited to hydroxyl, alkoxide, amine, nitrite, thiol, and thiolate, and R’ can be selected
from the group consisting of oxygen, NR”, and CR,"", and each R”” can be the same or
different and can be selected from the group consisting of H, and substituted or

unsubstituted lower alkyl, for example C1 to about C5 alkyl.

[0061] Generic polymerizable monomers including a trihydroxyphenyl group are

represented by formula (IVa), (IVb), and (IVec):

v
x~ FL X "

$ 3 >
A \(\0“)3(1\731) 7 \(\OH)3(IVb) | Z \(\O“)%IVC)

wherein X can be halogen, amine, thiol, aldehyde, carboxylic acid, carboxylate, acyl
halide, ester, acrylate, vinyl, C1 to C10 branched or linear alkyl amine, C1 to C10
branched or linear alkyl thiol, C1 to C10 branched or linear alkyl aldehyde, C1 to C10
branched or linear alkyl carboxylic acid, C1 to C10 branched or linear alkyl carboxylate,
C1 to C10 branched or linear alkyl acyl halide, C1 to C10 branched or linear alkyl ester,
or C1 to C10 branched or linear alkyl acrylate, Y can be a polymerizable moiety such as
acrylate, methacrylate, acrylamide, methacrylamide, vinyl acetate, and esters of the
foregoing, and R is a linker compound. With respect to the length of the carbon chains of
the listed substituents, the chain length is typically C1 to C5 when aqueous solutions are
used (as long as solubility is achieved in the selected aqueous system); when organic
solvents are used, the chain length can be C1 to C10. In accordance with compounds
(IVa), (IVDb), and (IVc) the three hydroxyl groups can be provided on any three of C;, Cs,

C., Cs, and Ce. For example, when the compound including a trihydroxyphenyl group is
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a carboxylic acid such as gallic acid (and thus X is carboxyl), the polymerizable monomer

including a trihydroxyphenyl group can be of formula (Ila) or formula (IIb):

@) R——Y
[ N
|
7 \(\OH)3(IVa) 23 v

wherein R is the linker compound, and Y is the polymerizable moiety. Further, when the
compound including a trihydroxyphenyl group is gallic acid, the polymerizable monomer
according to (IVa) and (IVb) comprises the three hydroxyl groups on Cs, C4, and Cs, and
the linker, R, is provided on the carboxyl group (IVa) or one of C; or C¢ (IVb). When the
compound including a trihydroxyphenyl group is pyrogallol, the polymerizable monomer

can be of formula (IVc¢):

Y
R/

§
o), (IVe)

wherein R is the linker compound, Y is the polymerizable moiety, and the three hydroxyl

groups can be provided on any consecutive three of C,, Cs, C4, Cs, and Cs.

[0062] The polymerizable monomer including a trihydroxyphenyl group is
polymerized to form a homopolymer or is copolymerized with one or more secondary
polymerizable monomers (including polymerizable groups) to form a polymer containing
at least one monomer having a pendant trihydroxyphenyl group. Copolymers containing
pendant trihydroxyphenyl groups and one or more secondary polymerizable monomers
can be polymerized to form random copolymers and/or block copolymers, as is known in
the art. Suitable secondary polymerizable monomers can be any monomer comprising a
polymerizable moiety. Secondary polymerizable monomers may have a pendant
nucleophile (i.e., a nucleophile that will be pendant from the monomer after
polymerization), such as an amine, hydroxyl, or thiol, such that when the secondary
monomer is incorporated into the polymer containing at least one monomer having a
pendant trihydroxyphenyl group, the pendant nucleophile can facilitate coupling to the
substrate, and thereby formation of the trihydroxyphenyl-treated substrate. Secondary

polymerizable monomers may alternatively have a pendant reactive group (i.e., a reactive
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group that will be pendant from the monomer after polymerization), including but not
limited to N-hydroxysuccinimide, succinimide, and the like, such that when the secondary
monomer is incorporated into the polymer containing at least one monomer having a
pendant trihydroxyphenyl group the pendant reactive group can couple to the active
agent, thereby forming an active agent-trihydroxyphenyl conjugate, or the pendant
reactive group can couple to the substrate, thereby forming a trihydroxyphenyl-treated

substrate.

[0063] Suitable radical initiators for initiating polymerization of the polymerizable
monomer having the trihydroxyphenyl group, and optionally a secondary monomer,
include, but are not limited to, azo compounds, organic peroxides, and combinations
thereof. Suitable azo compounds include, but are not limited to, azobisisobutyronitrile
(AIBN), and 1,1-azobis(cyclohexanecarbonitrile) (ABCN). Suitable organic peroxides
include, but are not limiited to, cyelic peroxides, diacyl peroxides, dialkyl peroxides,
hydroperoxides, peroxycarbonates, peroxydicarbonates, peroxyesters, and peroxyketals.
Suitable cyclic peroxides include, but are not limited to, 3,6,9-triethyl-3,6,9-trimethyl-
1,4, 7-triperoxonane. Suitable diacyl peroxides include, but are not himited to, di(3,5,5-
trimethythexanoyl) peroxide. Suitable dialkyl peroxides inclhude, but are not limited to,
2,5-dimethyl-2,5-di(tert-butylperoxy)hexane; 2,3-dimethyl-2,5-di(tert-
butylperoxyyhexvyne-3: di-tert-amyl peroxide; di-tert-butyl peroxide; and tert-butyl cumyl
peroxide. Suitable hydroperoxides inchude, but are not limited to, tert-Amyl
bydroperoxide; and 1,1.3,3-tetramethylbutyl hydroperoxide. Suitable peroxycarbonates
include, but are not limited to, tert-butylperoxy 2-ethylhexyl carbonate; tert-amylperoxy
Z2-ethylhexyl carbonate; and tert-butylperoxy isopropyl carbonate. Suitable
peroxydicarbonates include, but are not limited to, di(2-ethylhexyl) peroxydicarbonates;
and di-sec-butyl peroxydicarbonates, Suitable peroxyesters inchide, but are not limited
to, tert-amyl peroxy-2-ethylhexaneate; tert-amyl peroxynecdecanoate; tert-amyl
peroxypivalate; tert-amyl peroxybenzoate; tert-amyl peroxyacetate; 2,5-dimethyl-2,5-
di(2-ethylhexanoylperoxyihexane; tert-butyl peroxy-2-ethylhexanoate; tert-butyl
peroxyneodecanoate; tert-butyl peroxyneocheptanecate; tert-butyl peroxypivalate tert-butyl,
peroxydiethvlacetate; tert-butyl peroxyisobutyrate; 1,1,3,3-tetramethylbutyl peroxy-2-
ethylthexanoate; 1,1,3,3-tetramethyibutyl peroxynecdecanoate; 1,1,3,3-tetramethylbutyl
peroxypivalate; tert-butyl peroxy-3,5,5-trirnethythexanoate; curayl peroxyuneodecanoate;

tert-butyl peroxybenzoate; and tert-butyl peroxyacetate. Suitable peroxyketals include,
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but are not limited to, 1,1-di{tert-amylperoxy)eycichexane; 1,1-di{tert-
butylperoxyicyclohexane; 1,1-di{tert-butylperoxy)-3,3,5-trimethylcyclohexane; and 2,2-

di{tert-butylperoxy)butane.

[0064] Ranges may be expressed herein as from “about” or “approximately” one
particular value and/or to “about” or “approximately” another particular value. When
such a range is expressed, another embodiment according to the invention includes from
the one particular value and/or to the other particular value. Similarly, when particular

29 ¢k

values are expressed as approximations, but use of antecedents such as “about,” “at least
about,” or “less than about,” it will be understood that the particular value forms another

embodiment.

[0065] The optional secondary monomer can be included in a copolymer with the
monomer having the trihydroxyphenyl group in an amount of up to about 95 mol%, for
example, about 0.5 to about 95 mol%, about 0.5 to about 90 mol%, about 1 to about 90
mol%, about 1 to about 85 mol%, about 5 to about 85 mol%, about 5 to about 80 mol%,
about 10 to about 80 mol%, about 10 to about 75 mol%, about 15 to about 75 mol%,
about 5 to about 70 mol%, about 10 to about 70 mol%, about 15 to about 70 mol%, about
15 to about 65 mol%, about 20 to about 65 mol%, about 20 to about 60 mol%, about 25 to
about 60 mol%, about 25 to about 55 mol%, about 30 to about 55 mol%, about 30 to
about 50 mol%, about 35 to about 50 mol%, about 35 to about 45 mol%, and/or about 35

to about 40 mol%.

[0066] Polymers containing a pendant trihydroxyphenyl group can be terminated with
a reactive group through which an active agent can couple to the polymer. The reactive
group can be any reactive group as previously described herein, including, but not limited
to, carboxyls, carboxylates, amides, acyl halides, aldehydes, and esters. The reactive
group can be included in a compound that can act as a chain transfer agent in
polymerizations. Suitable chain transfer agents with reactive groups can include, but are
not limited to 3-mercaptopropionic acid, isooctyl 3-mercaptopropionate, and
combinations of the foregoing. Alternatively, the active agent will couple to the polymer
through an unsubstituted carbon on the pendent trihydroxyphenyl groups and, therefore,

the chain end of the polymer need not be able to couple to the active agent.

[0067] As described above, compounds including a trihydroxyphenyl group that are

polymers containing at least one monomer having a pendant trihydroxyphenyl group can
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be coupled to a further linker compound, thereby forming a trihydroxyphenyl-linker
conjugate that can couple to an active agent. The linker compound adsorbs to/ adheres/
couples to/ associates with the trihydroxyphenyl group through covalent bond formation,
hydrogen bond formation, ionic bond formation, van der Waals interactions, or
combinations of the foregoing. Typically, the linker compound is coupled to the
trihydroxyphenyl group by forming one or more covalent bonds with the unsubstituted

carbons of the trihydroxyphenyl group.

Polymers having trihyvdroxyphenvyl groups in the backbone

[0068] In alternative embodiments wherein the compound including a
trihydroxyphenyl group is a polymer, the trihydroxyphenyl group can be in the backbone
of the polymer. A polymer having the trihydroxyphenyl groups in the backbone can be
polymerized from a small molecule compound including a trihydroxyphenyl group that
has at least two sites of reactivity. Without intending to be bound by any particular
theory, it is believed that, the small molecule compounds including a trihydroxyphenyl
group can self polymerize from a quinone-like species, shown below, by the formation of
covalent bonds between unsubstituted carbon atoms in the phenyl rings of two or more

adjacent trihydroxyphenyl groups.

[0069] The trihydroxyphenyl groups of the compounds including a trihydroxyphenyl
group of the invention are generally considered to be in a pH dependent equilibrium with
a quinone-like species when in solution. For example, the equilibrium between gallic
acid (Compound A) and the quinone-like species (Compound B) is shown below. It is

believed that the equilibrium favors the trihydroxylated species, Compound A, at a more

acidic pH.
OH
HO OH HO 0
—_— W
-_—
HO O HO 6}
Compound A Compound B

[0070] After the compound including a trihydroxyphenyl group has come into contact

with the substrate surface, the trihydroxyphenyl group can covalently bind or otherwise
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couple to a reactive moiety presented by/ on the substrate surface through an
unsubstituted carbon of the phenyl ring of the trihydroxyphenyl group, thereby forming a
trihydroxyphenyl-treated substrate. Alternatively, after the compound including a
trihydroxyphenyl group has come into contact with a metallic substrate surface, the
trihydroxyphenyl group can chelate or otherwise couple to the substrate surface through
one or more available hydroxyl groups on the trihydroxyphenyl ring, thereby forming a

trihydroxyphenyl-treated substrate.

[0071] The small molecule compound including a trihydroxyphenyl group can also self
polymerize in situ to form polymers containing repeat units of the trihydroxyphenyl group
in the polymer backbone. Without intending to be bound by any particular theory, it is
believed that, the trihydroxyphenyl group can self polymerize from the quinone-like
species by the formation of covalent bonds between unsubstituted carbon atoms in the
phenyl rings of two or more adjacent trihydroxyphenyl groups. Thus, in one
embodiment, the unsubstituted carbon of the phenyl ring to which an active agent can
couple can be the terminal trihydroxyphenyl group of a polymer chain that is coupled to
the substrate surface. Further, when the compound including a trihydroxyphenyl group is
a polymer including pendant trihydroxyphenyl groups, it is believed that the unsubstituted
carbons of the phenyl rings of the pendant trihydroxyphenyl groups can internally cross-
link if in close proximity with other pendant trihydroxyphenyl groups on the polymer

chain or can cross-link multiple polymer chains.

Active Agents

[0072] The active agent can include, but is not limited to antimicrobial agents, such as
antibacterial agents, antifouling agents, anti-inflammatory agents, such as complement
inhibitors, including but not limited to C1 inhibitors, e.g., eculizumab, and C5 inhibitors,
antithrombogenic agents, such as anticoagulating agents, and combinations thereof. For
example, the active agent can include, but is not limited to, chitosan, dextran, linear
polyethylene glycol (PEG), looped polyethylene glycol (PEG), polyethylene glycol
derivatives including, but not limited to thiol-terminated PEG, N-
hydroxysuccinimide(NHS)-terminated PEG and amine-terminated PEG, poly(N-
vinylpyrrolidone)(PVP) and PVP derivatives including, but not limited to, thiol-
terminated PVP, amine-terminated PVP, and carboxyl-terminated PVP, heparin,

including but not limited to, fractionated heparin, unfractionated heparin, and heparin
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derivatives, said heparin derivatives including but not limited to, enoxaparin, dalteparin,
and tinzaparin, quaternary ammonium polymers, albumin, polyethylenimine, 4-
hydroxycoumarin derivatives such as warfarin, coumatetralyl, phenprocoumon,
acenocoumarol, dicoumarol, tioclomarol, and brodifacoum, and combinations of the
foregoing. In embodiments comprising polyethylene glycol, chitosan, or heparin, the
molecular weight can be in a range of about 500 Da to about 1,000,000 Da, about 1000
Da to about 500,000 Da, about 2000 Da to about 500,000 Da, about 2000 Da to about
250,000 Da, and/or about 2000 Da to about 100,000 Da. In general, the active agent
includes a functional group. Suitable functional groups include, but are not limited to,
nucleophilic groups. Nucleophilic groups are well known in the art and can include, but
are not limited to, hydroxyl, alkoxide, amine, nitrite, thiol, thiolate, imidazole, and
combinations thereof. Nucleophilic groups on chitosan include amine and hydroxyl
groups; nucleophilic groups on PEG and/or PEG derivatives include hydroxyl groups,
thiol groups, amine groups; nucleophilic groups on PVP derivatives include carboxyl
groups, thiol groups, amine groups; nucleophilic groups on heparin and heparin
derivatives include hydroxyl, carboxylate, and sulfate. The thiol, amine, and carboxyl-
terminated PVP derivatives can be prepared by terminating PVP polymerization with an
appropriate chain transfer agent such as, for example, mercaptoacetic acid or
mercaptoethylamine, or by further derivitizing a carboxyl-terminated PVP such as, for
example, by reacting the carboxyl-terminated PVP with cysteamine followed by a

reducing agent such as tris(2-carboxyethyl)phosphine (TCEP) or dithiothreitol (DTT).

Coupling of a compound including a trihydroxyphenyl group and a substrate

[0073] In one embodiment of the invention, the compound including a
trihydroxyphenyl group is coupled to a substrate surface by contacting the substrate with
a solution of the compound including a trihydroxyphenyl group. The substrate can be
completely immersed in the solution of the compound including a trihydroxyphenyl
group, for example, by dip coating. Alternatively, a solution of the compound including a
trihydroxyphenyl group can be sprayed or cast onto the substrate, for example, by spin
casting or spraying a solution such as an aerosolized solution. For substrates having an
interior lumen, such as tubing, the solution can be flowed into the lumen to coat the
interior thereof. The solvent can be any solvent that is capable of serving as a carrier for
the compound including a trihydroxyphenyl group. For example, most frequently water

is used, but organic solvents including but not limited to alcohols, diols, organosulfurs
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such as sulfolane, ethers, such as diethyl ether and tetrahydrofuran, alkanes, aromatics,
halocarbons, such as chloroform and dichloromethane, and combinations of the foregoing
can be used. In embodiments of the methods disclosed herein, the solution comprising
the compound including a trihydroxyphenyl group is at a pH in a range of about 7.5 to
about 9.5, about 8 to about 9, and/or about 8.5 so the equilibrium is not biased toward
either direction of the equilibrium as mentioned above. The solution of the compound
including a trihydroxyphenyl group may further include a buffer in order to maintain the
pH within the foregoing ranges, including, but not limited to, N,N-bis(2-
hydroxyethyl)glycine (Bicine), 3-{[tris(hydroxymethyl)methyl]amino }propanesulfonic
acid (TAPS), tris(hydroxymethyl)methylamine (Tris), and N-
tristhydroxymethyl)methylglycine (Tricine). Of course, one or more of carbonate,
phosphate and other known buffer systems for maintaining relatively high pH values can

also be used.

[0074] The concentration of the compound including a trihydroxyphenyl group in the
solution of the compound including a trihydroxyphenyl group can generally be any
concentration. The concentration is typically chosen such that the compound including a
trihydroxyphenyl group is fully soluble in a chosen solvent, without forming a saturated
solution of the compound including a trihydroxyphenyl group. Further, because the
trihydroxyphenyl group can self-polymerize in situ, the concentration of the compound
including a trihydroxyphenyl group is typically selected such that the compound
including a trihydroxyphenyl group will be provided to the substrate at an acceptable rate,
desirably without excessive self-polymerization or cross-linking, and therefore gelling, of
the solution. Exemplary concentrations of compounds including a trihydroxyphenyl
groups in solution can be in a range of about 0.0001 to about 100 mg/ml, about 0.001 to
about 100 mg/ml, about 0.01 to about 100 mg/ml, about 0.05 to about 100 mg/ml, 0.0001
to about 90 mg/ml, about 0.0001 to about 80 mg/ml, about 0.0001 to about 70 mg/ml,
about 0.0001 to about 60 mg/ml, about 0.0001 to about 50 mg/ml, about 0.001 to about
50 mg/ml, about 0.001 to about 40 mg/ml, about 0.001 to about 30 mg/ml, about 0.01 to
about 30 mg/ml, about 0.01 to about 20 mg/ml, about 0.01 to about 15 mg/ml, about 0.01
to about 10 mg/ml, about 0.01 to about 5 mg/ml, and/or about 0.05 to about 5 mg/ml, for

example, about 1 mg/ml, and/or about 5 mg/ml.

[0075] The substrate can be contacted with and/or immersed in the solution of the

compound including a trihydroxyphenyl group for any duration of time suitable for
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coupling the compound including a trihydroxyphenyl group to the substrate. For
example, the substrate can be contacted with and/or immersed in the solution of the
compound including a trihydroxyphenyl group for any duration of time suitable for
forming one or more covalent bonds between a reactive moiety on the substrate (when
present) and the compound including a trihydroxyphenyl group. Alternatively, the
substrate can be contacted with and/or immersed in the solution of the compound
including a trihydroxyphenyl group for any duration of time suitable for chelating a metal
ion of a metallic substrate (when present) and the compound including a trihydroxyphenyl
group. The rate of the coupling of the compound including a trihydroxyphenyl group on
the substrate can depend, in part, on the concentration of the compound including a
trihydroxyphenyl group in the compound including a trihydroxyphenyl group solution,
the substrate surface to solution volume ratio, the ionic strength of the solution, the pH of
the solution, and the temperature. The duration of contact of the substrate with the
solution of compound including a trihydroxyphenyl group can be varied for any suitable
time period for coupling the compound including the trihydroxyphenyl group to the
substrate, for example, when using dip coating, for example, about 10 seconds to about 24
hours. When the duration of contact of the substrate with the solution of the compound
including a trihydroxyphenyl group increases above 24 hours (and one of the foregoing
exemplary concentrations of the compound including a trihydroxyphenyl group is used),
little difference in the amount of compound including a trihydroxyphenyl group coupled
to the substrate is expected (relative to a 24 hour exposure time). Without intending to be
bound by theory, while it is believed that after 24 hours the compound including the
trihydroxyphenyl group may continue to be coupled to the substrate, it is expected that
the amount of the compound including the trihydroxyphenyl group provided after 24
hours will have little effect on the amount of active agent that is ultimately immobilized
on the substrate surface, and further, it is believed that the likelihood of the compound
including a trihydroxyphenyl group self-polymerizing or cross-linking in solution, even at

low concentrations, increases with time.

[0076] In embodiments of the invention where the compound including a
trihydroxyphenyl group comprises a trihydroxyphenyl-linker conjugate, a
trihydroxyphenyl-linker conjugate is initially formed by coupling the trihydroxyphenyl
group of a small molecule or polymer compound including a trihydroxyphenyl group with

a nucleophile on a linker compound via an unsubstituted carbon or reactive group on the
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phenyl ring of the trihydroxyphenyl group, and is typically followed by contacting the
substrate with a solution of the trihydroxyphenyl-linker conjugate. The
trihydroxyphenyl-linker conjugate can be formed by combining in solution a compound
including a trihydroxyphenyl group and a linker compound. The solution of the
compound including a trihydroxyphenyl group and/or the linker compound can be
prepared in any solvent capable of acting as a carrier for the compound including a
trihydroxyphenyl group and/or the linker compound. For example, most frequently water
is used, but other solvents including but not limited to, alcohols, diols, organosulfurs such
as sulfolane, ethers, such as diethyl ether and tetrahydrofuran, alkanes, aromatics,
halocarbons, such as chloroform and dichloromethane, and combinations of the foregoing

can also be used.

[0077] In refinements of the aforementioned embodiment, the solutions of compounds
including a trihydroxyphenyl group and linker compounds are maintained at a pH in a
range of about 7.5 to about 9.5, or about 8 to about 9, or about 8.5. The solution of
compound including a trihydroxyphenyl group and/or solution of linker compound may
further include a buffer in order to maintain the pH within the foregoing ranges,
including, but not limited to, N,N-bis(2-hydroxyethyl)glycine (Bicine), 3-

{ [tristhydroxymethyl)methyl]amino } propanesulfonic acid (TAPS),
tris(hydroxymethyl)methylamine (Tris), and N-tristhydroxymethyl)methylglycine
(Tricine). Of course, one or more of carbonate, phosphate and other known buffer

systems can also be used.

[0078] The concentrations of the compound including a trihydroxyphenyl group and
linker compound in solution can be any concentration. The concentrations are typically
chosen such that the compound including a trihydroxyphenyl group and/or linker
compound are fully soluble in a chosen solvent, without forming saturated solutions.
Exemplary compound including a trihydroxyphenyl group and/or linker compound
concentrations can be in a range of about 0.0001 to about 100 mg/ml, about 0.001 to
about 100 mg/ml, about 0.01 to about 100 mg/ml, about 0.05 to about 100 mg/ml, 0.0001
to about 90 mg/ml, about 0.0001 to about 80 mg/ml, about 0.0001 to about 70 mg/ml,
about 0.0001 to about 60 mg/ml, about 0.0001 to about 50 mg/ml, about 0.001 to about
50 mg/ml, about 0.001 to about 40 mg/ml, about 0.001 to about 30 mg/ml, about 0.01 to
about 30 mg/ml, about 0.01 to about 20 mg/ml, about 0.01 to about 15 mg/ml, about 0.01
to about 10 mg/ml, about 0.01 to about 5 mg/ml, about 0.05 to about 5 mg/ml, and/or
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about 0.05 to about 3 mg/ml, for example, about 1 mg/ml, about 1.5 mg/ml and/or about 3
mg/ml. The ratio of compound including a trihydroxyphenyl group to linker compound
can be in a range of about 1:8 to about 8:1, about 1:7 to about 7:1, about 1:6 to about 6:1,
about 1:5 to about 5:1, about 1:4 to about 4:1, about 1:3 to about 3:1, and/or about 1:2 to

about 2:1, for example about 1:1.

[0079] The trihydroxyphenyl-linker conjugate can be coupled to the substrate by
contacting the substrate with a solution of trihydroxyphenyl-linker conjugate. The
substrate can be completely immersed in the solution of the trihydroxyphenyl-linker
conjugate, for example, by dip coating. Alternatively, a solution of the trihydroxyphenyl-
linker conjugate can be sprayed or cast onto the substrate, for example, by spin casting or
spraying a solution such as an aerosolized solution. For substrates having an interior
lumen, such as tubing, the solution can be flowed into the lumen to coat the interior

thereof.

[0080] The concentration of the trihydroxyphenyl-linker conjugate in the
trihydroxyphenyl-linker conjugate solution can be any concentration. The concentration
of the trihydroxyphenyl-linker conjugate is typically chosen such that the
trihydroxyphenyl-linker conjugate is fully soluble in a chosen solvent, without forming a
saturated solution. Exemplary trihydroxyphenyl-linker conjugate concentrations can be
in a range of about 0.0001 to about 100 mg/ml, about 0.001 to about 100 mg/ml, about
0.01 to about 100 mg/ml, about 0.05 to about 100 mg/ml, 0.0001 to about 90 mg/ml,
about 0.0001 to about 80 mg/ml, about 0.0001 to about 70 mg/ml, about 0.0001 to about
60 mg/ml, about 0.0001 to about 50 mg/ml, about 0.001 to about 50 mg/ml, about 0.001
to about 40 mg/ml, about 0.001 to about 30 mg/ml, about 0.01 to about 30 mg/ml, about
0.01 to about 20 mg/ml, about 0.01 to about 15 mg/ml, about 0.01 to about 10 mg/ml,
about 0.01 to about 5 mg/ml, about 0.05 to about 5 mg/ml, and/or about 0.05 to about 3

mg/ml, for example, about 1 mg/ml, about 1.5 mg/ml or about 3 mg/ml.

[0081] The substrate can be contacted with and/or immersed in the solution of the
trihydroxyphenyl-linker conjugate for any duration suitable to couple the
trihydroxyphenyl-linker conjugate to the substrate. It is believed that the
trihydroxyphenyl-linker conjugate can couple to the substrate through either one or both
of the end group of the linker compound distal from the trihydroxyphenyl group and any

residual reactive groups on the trihydroxyphenyl group. For example, in embodiments of
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the invention the duration of contact can be any duration of time suitable for forming a
covalent bond between one or more of the linker or trihydroxyphenyl group with a
reactive moiety (when present) on the substrate surface. The rate of the coupling of the
trihydroxyphenyl-linker conjugate and the substrate can depend, in part, on the
concentration of the trihydroxyphenyl-linker conjugate solution thereof, the substrate
surface to solution volume ratio, the ionic strength of the solution, the pH of the solution,
and the temperature. The duration of contact of the substrate with the solution of
trihydroxyphenyl-linker conjugate can be varied for any suitable time period for coupling
the trihydroxyphenyl-linker conjugate to the substrate, for example, when using dip
coating, from about 10 seconds to about 24 hours. When the duration of contact of the
substrate with the solution of trihydroxyphenyl-linker conjugate increases above 24 hours
(and one of the foregoing exemplary concentrations of trihydroxyphenyl-linker conjugate
is used), little difference in the amount of trihydroxyphenyl-linker conjugate coupled to
the substrate surface is expected (relative to a 24 hour exposure time). Without intending
to be bound by theory it is believed that while the trihydroxyphenyl-linker conjugate may
continue to be coupled to the substrate after 24 hours, it is expected that the amount of the
trihydroxyphenyl-linker conjugate provided after 24 hours will have little effect on the
amount of active agent that is ultimately immobilized on the substrate surface, and
further, it is believed that the likelihood of the trihydroxyphenyl group self-polymerizing
or cross-linking, and therefore gelling of the solution, even at low concentrations,

increases with time.

Coupling of a trihydroxyphenyl-treated substrate and an active agent

[0082] Itis believed that, upon exposure of the trihydroxyphenyl-treated substrate to an
active agent, any sites of reactivity available on the trihydroxyphenyl group (i.e., reactive
groups and/or unsubstituted carbons on the phenyl ring), or linker compound thereon, can
couple to the active agent, thereby immobilizing the active agent on the substrate surface.
The active agent adsorbs to/ adheres to/ couples to/ associates with the trihydroxyphenyl
group through covalent bond formation, hydrogen bond formation, ionic bond formation,
van der Waals interactions, or combinations of the foregoing. Typically, the active agent
is coupled to the compound including a trihydroxyphenyl group by forming one or more
covalent bonds with an unsubstituted carbon on the trihydroxyphenyl group or through a
reactive group on the trihydroxyphenyl group. The reactive group on the

trihydroxyphenyl group can be any reactive group that can react with a nucleophile on an
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active agent. Suitable reactive groups on the trihydroxyphenyl group include, but are not
limited to, carboxyls, carboxylates, amides, acyl halides, aldehydes, and esters. The
reactive group on the trihydroxyphenyl group can couple to the linker compound, for
example, by transesterification or transamidification. The transesterification or
transamidification can optionally be promoted by an activator compound such as N,N’-
dicyclohexylcarbodiimide (DCC), N,N’-diisopropylcarbodiimide (DIC),
hydroxybenzotriazole (HOBt), or 1-hydroxy-7-azabenzotriazole (HOAt). In
embodiments wherein a covalent bond forms between the active agent and an
unsubstituted carbon of the phenyl ring of the trihydroxyphenyl group, it is believed the
covalent bond may be formed by Michael addition. For example, the active agent
chitosan can couple to a trihydroxyphenyl group through a hydroxyl or amine group on
the active agent that covalently binds with an unsubstituted carbon on the phenyl ring of
the trihydroxyphenyl group. Other suitable active agents necessarily include a similar
nucleophilic group and therefore can also couple to the compound including a

trihydroxyphenyl group in a similar fashion as chitosan.

[0083] In one embodiment of the invention, the active agent is coupled to the
trihydroxyphenyl-treated substrate surface by contacting the trihydroxyphenyl-treated
substrate surface with an active agent. The active agent can be provided in solution or, if
the active agent is a liquid, the active agent can be provided neat. The trihydroxyphenyl-
treated substrate can be completely immersed in the active agent or solution of the active
agent, for example, by dip coating. Alternatively, the active agent or a solution of active
agent can be sprayed or cast onto the trihydroxyphenyl-treated substrate, for example, by
spin casting or spraying a solution such as an aerosolized solution. For substrates having
an interior lumen, such as tubing, the solution can be flowed into the lumen to coat the

interior thereof.

[0084] The active agent solution solvent can be any solvent that is capable of serving
as a carrier for the active agent. For example, most frequently water is used, but organic
solvents including but not limited to, alcohols, diols, organosulfurs such as sulfolane,
ethers such as diethyl ether and tetrahydrofuran, alkanes, aromatics, halocarbons such as
chloroform and dichloromethane, and combinations of the foregoing can also be used. In
one embodiment of the methods disclosed herein, the solution of active agent is at a pH in
arange of about 5.5 to about 8.5, or about 6 to about &, or about 7.5, when coupling the

active agent to a trihydroxyphenyl group or a linker compound. The solution of the active
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agent may further include a buffer in order to maintain the pH within the foregoing ranges
as is well known in the art. Suitable buffers for maintaining such a pH, include, but are
not limited to, N,N-bis(2-hydroxyethyl)glycine (Bicine), 3-

{ [tris(hydroxymethyl)methyl]amino }propanesulfonic acid (TAPS),
tris(hydroxymethyl)methylamine (Tris), 4-2-hydroxyethyl-1-piperazineethanesulfonic
acid (HEPES), and N-tris(hydroxymethyl)methylglycine (Tricine). Of course, one or
more of carbonate, phosphate and other known buffer systems for maintaining relatively

higher pH values can also be used.

[0085] In alternative embodiments, the trihydroxyphenyl-treated substrate can be
contacted with solutions of active agents having a lower pH. For example, the solution of
active agent can be maintained at a pH in a range of about 4 to about 5.5, for example,
about 4.0, about 4.1, about 4.2, about 4.3, about 4.4, about 4.5, about 4.6, about 4.7, about
4.8, about 4.9, about 5, about 5.1, about 5.2, about 5.3, about 5.4, and/or about 5.5, when
coupling the active agent to a trihydroxyphenyl group or a linker compound. Suitable
active agents for coupling at lower pH include, but are not limited to, heparin and
chitosan. The solution of the active agent may further include a buffer in order to
maintain the pH within the foregoing ranges as is well known in the art. Suitable buffers
for maintaining such a pH include one or more of acetate, citrate, lactate, phosphate and

other known buffer systems can also be used.

[0086] The concentration of the active agent in the active agent solution can generally
be any concentration. The concentration of the active agent is typically chosen such that
the active agent is fully soluble in a chosen solvent, without forming a saturated active
agent solution. Higher concentrations are generally preferred to reduce the time needed
to couple the active agent to the trihydroxyphenyl group. Exemplary active agent
concentrations can be in a range of about 0.0001 to about 100 mg/ml, about 0.001 to
about 100 mg/ml, about 0.01 to about 100 mg/ml, about 0.05 to about 100 mg/ml, 0.0001
to about 90 mg/ml, about 0.0001 to about 80 mg/ml, about 0.0001 to about 70 mg/ml,
about 0.0001 to about 60 mg/ml, about 0.0001 to about 50 mg/ml, about 0.001 to about
50 mg/ml, about 0.001 to about 40 mg/ml, about 0.001 to about 30 mg/ml, about 0.01 to
about 30 mg/ml, about 0.01 to about 20 mg/ml, about 0.01 to about 15 mg/ml, about 0.01
to about 10 mg/ml, about 0.01 to about 5 mg/ml, about 0.05 to about 5 mg/ml, and/or
about 0.05 to about 3 mg/ml, for example, about 1 mg/ml, about 1.5 mg/ml or about 3

mg/ml.
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[0087] The trihydroxyphenyl-treated substrate can be contacted with and/or immersed
in the active agent or solution of active agent for any duration of time suitable to couple
the active agent and the trihydroxyphenyl group of the trihydroxyphenyl-treated substrate.
The rate of the coupling of the active agent to the trihydroxyphenyl-treated substrate can
depend, in part, on the concentration of the active agent in the active agent solution, the
substrate surface to solution volume ratio, the ionic strength of the solution, and the
temperature. The duration of contact of the trihydroxyphenyl-treated substrate with the
active agent or solution of active agent can be varied for any suitable time period for
providing a layer on a substrate, for example when using dip coating from about 10
seconds to about 24 hours. When the duration of contact of the trihydroxyphenyl-treated
substrate with the solution of active agent increases above 24 hours (and one of the
foregoing exemplary concentrations of active agent is used), little difference in the
amount of active agent immobilized to the substrate surface is expected (relative to a 24
hour exposure time). Without intending to be bound by theory, while it is believed that
the active agent may continue to be immobilized on the trihydroxyphenyl-treated
substrate, it is expected that the amount of the active agent immobilized after 24 hours
will have little effect on the activity (antibacterial, antimicrobial, etc.) of the resulting

substrate having an active agent immobilized thereto.

[0088] In embodiments of the invention where the compound including a
trihydroxyphenyl group comprises a trihydroxyphenyl-linker conjugate, the active agent
can adsorb to/ adhere to/ couple to/ associate with a linker coupled to the
trihydroxyphenyl group through covalent bond formation, hydrogen bond formation,
ionic bond formation, van der Waals interactions, or combinations of the foregoing.
Typically, the active agent is coupled to the linker that is coupled to a trihydroxyphenyl
group by forming one or more covalent bonds with the end group of the linker compound
distal from the trihydroxyphenyl group. When the group of the linker compound that will
couple to the active agent is a reactive group including, but not limited to, carboxyl,
carboxylate, amide, acyl halides, aldehydes, and esters, it is believed that the linker is
coupled to the active agent through the reactive group on the linker and a nucleophilic
group on the active agent. It is further believed that when the end group of the linker that
will couple to the active agent is a nucleophile such as hydroxyl, alkoxide, amine, nitrite,
thiol, and thiolate, the linker can couple to an active agent, including but not limited to

heparin, chitosan, quaternary chitosan, etc.
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[0089] As described above, “active agent” encompasses active agent-linker conjugates.
In embodiments of the invention where the active agent comprises an active agent-linker
conjugate, an active agent-linker conjugate is initially formed by coupling a nucleophile
on the linker compound with a reactive group of an active agent or by coupling a
nucleophile on an active agent with a reactive group on a linker compound, followed by
contacting the trihydroxyphenyl-treated substrate with a solution of the active agent -
linker conjugate. The active agent adsorbs to/ adheres to/ couples to/ associates with a
linker compound through covalent bond formation, hydrogen bond formation, ionic bond
formation, van der Waals interactions, or combinations of the foregoing. The linker
compound can be any linker compound as previously described herein. Typically, the
active agent is coupled to a linker compound by forming one or more covalent bonds with
an end group of the linker compound. It is believed that when the linker couples to the
active agent through a reactive group including, but not limited to carboxyls,
carboxylates, amides, acyl halides, aldehydes, and esters, the linker is coupled to the
active agent through the reactive group on the linker and a nucleophilic group on the
active agent. It is further believed that when the reactive group of the linker is a
nucleophile such as hydroxyl, alkoxide, amine, nitrite, thiol, and thiolate, the linker can
couple to a reactive group of an active agent, including but not limited to heparin,
chitosan, quaternary chitosan, etc., through the nucleophilic group on the linker

compound.

[0090] The active agent-linker conjugate can be formed by combining in solution a
linker compound and an active agent. In embodiments of the invention wherein the
active agent is a liquid, the active agent can be the solvent (or medium) in which the
active agent-linker conjugate is formed. In embodiments of the invention wherein a
solution of an active agent is combined with a solution of a linker compounds, the
solutions of the active agents and the linker compounds can be prepared in any solvent
capable of acting as a carrier for the active agent and/or the linker compound. For
example, most frequently water is used, but organic solvents including but not limited to,
alcohols, diols, organosulfurs such as sulfolane, ethers, such as diethyl ether and
tetrahydrofuran, alkanes, aromatics, halocarbons, such as chloroform and

dichloromethane, and combinations of the foregoing can also be used.

[0091] In refinements of the aforementioned embodiment, the solutions of active agent

and/or linker compound is at a pH in a range of about 5.5 to about 9.5, or about 8 to about
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9, or about 8.5, or about 6 to about 8, or about 7.5. The solution of active agent and/or
solution of linker compound may further include a buffer in order to maintain the pH
within the foregoing ranges, including, but not limited to, N,N-bis(2-
hydroxyethyl)glycine (Bicine), 3-{[tris(hydroxymethyl)methyl]amino } propanesulfonic
acid (TAPS), tristhydroxymethyl)methylamine (Tris), and N-
tristhydroxymethyl)methylglycine (Tricine). Of course, one or more of carbonate,
phosphate and other known buffer systems for maintaining relatively higher pH values

can also be used.

[0092] In alternative embodiments, the solutions of active agent and/or linker
compound can be maintained at a lower pH. For example, acetate buffered solutions can
be used, having a pH in a range of about 4 to about 5.5, for example, about 4.0 about 4.1,
about 4.2, about 4.3, about 4.4, about 4.5, about 4.6, about 4.7, about 4.8, about 4.9, about
S, about 5.1, about 5.2, about 5.3, about 5.4, and/or about 5.5, when coupling the active
agent to the linker compound to form the active agent-linker conjugate. Suitable active
agents for coupling to linker compounds at lower pH include, but are not limited to,
heparin and chitosan. The solutions of active agent and/or linker compound may further
include a buffer in order to maintain the pH within the foregoing ranges as is well known
in the art. Suitable buffers for maintaining such a pH include one or more of acetate,

citrate, lactate, phosphate and other known buffer systems can also be used.

[0093] The concentrations of the active agent and linker compound in solution can be
any concentration. In some embodiments, the active agent can be directly added to a
solution of the linker compound, without first forming an active agent solution. In
alternative embodiments, the active agent can be provided to a solution of the linker
compound in an active agent solution. The concentrations are typically chosen such that
the active agent and/or linker compound are fully soluble in a chosen solvent, without
forming saturated solutions. Exemplary active agent and/or linker compound
concentrations can be in a range of about 0.0001 to about 100 mg/ml, about 0.001 to
about 100 mg/ml, about 0.01 to about 100 mg/ml, about 0.05 to about 100 mg/ml, 0.0001
to about 90 mg/ml, about 0.0001 to about 80 mg/ml, about 0.0001 to about 70 mg/ml,
about 0.0001 to about 60 mg/ml, about 0.0001 to about 50 mg/ml, about 0.001 to about
50 mg/ml, about 0.001 to about 40 mg/ml, about 0.001 to about 30 mg/ml, about 0.01 to
about 30 mg/ml, about 0.01 to about 20 mg/ml, about 0.01 to about 15 mg/ml, about 0.01
to about 10 mg/ml, about 0.01 to about 5 mg/ml, about 0.05 to about 5 mg/ml, and/or
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about 0.05 to about 3 mg/ml, for example, about 1 mg/ml, about 1.5 mg/ml and/or about 3
mg/ml. The ratio of active agent to linker compound can be in a range of about 1:8 to
about 8:1, about 1:7 to about 7:1, about 1:6 to about 6:1, about 1:5 to about 5:1, about 1:4

to about 4:1, about 1:3 to about 3:1, and/or about 1:2 to about 2:1, for example about 1:1.

[0094] The active agent-linker conjugate can be coupled to the trihydroxyphenyl-
treated substrate by contacting the trihydroxyphenyl-treated substrate with a solution of
active agent-linker conjugate. The trihydroxyphenyl-treated substrate can be completely
immersed in the solution of the active agent-linker conjugate, for example, by dip coating.
Alternatively, a solution of the active agent-linker conjugate can be sprayed or cast onto
the substrate, for example, by spin casting or spraying a solution such as an aerosolized
solution. For substrates having an interior lumen, such as tubing, the solution can be

flowed into the lumen to coat the interior thereof.

[0095] The concentration of the active agent-linker conjugate in the active agent-linker
conjugate solution can be any concentration. The concentration of the active agent-linker
conjugate is typically chosen such that the active agent-linker conjugate is fully soluble in
a chosen solvent, without forming a saturated solution. Exemplary active agent-linker
conjugate concentrations can be in a range of about 0.0001 to about 100 mg/ml, about
0.001 to about 100 mg/ml, about 0.01 to about 100 mg/ml, about 0.05 to about 100
mg/ml, 0.0001 to about 90 mg/ml, about 0.0001 to about 80 mg/ml, about 0.0001 to about
70 mg/ml, about 0.0001 to about 60 mg/ml, about 0.0001 to about 50 mg/ml, about 0.001
to about 50 mg/ml, about 0.001 to about 40 mg/ml, about 0.001 to about 30 mg/ml, about
0.01 to about 30 mg/ml, about 0.01 to about 20 mg/ml, about 0.01 to about 15 mg/ml,
about 0.01 to about 10 mg/ml, about 0.01 to about 5 mg/ml, about 0.05 to about 5 mg/ml,
and/or about 0.05 to about 3 mg/ml, for example, about 1 mg/ml, about 1.5 mg/ml or

about 3 mg/ml.

[0096] The trihydroxyphenyl-treated substrate can be contacted with and/or immersed
in the solution of the active agent-linker conjugate for any duration suitable to couple the
active agent-linker conjugate to the trihydroxyphenyl-treated substrate. It is believed that
the active agent-linker conjugate can couple to the trihydroxyphenyl-treated substrate
through either or both of the end group of the linker compound distal from the active
agent and residual nucleophilic groups on the active agent. In embodiments of the

invention the duration of contact can be any duration of time suitable for forming a
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covalent bond between one or more of the linker or active agent with the
trihydroxyphenyl group of the trihydroxyphenyl-treated substrate. The rate of the
coupling of the active agent-linker conjugate to the trihydroxyphenyl-treated substrate can
depend, in part, on the concentration of the active agent-linker conjugate solution thereof,
the substrate surface to solution volume ratio, the ionic strength of the solution, the pH of
the solution, and the temperature. The duration of contact of the trihydroxyphenyl-treated
substrate with the solution of active agent-linker conjugate can be varied for any suitable
time period for coupling the active agent-linker conjugate to the trihydroxyphenyl-treated
substrate, for example, when using dip coating, from about 10 seconds to about 24 hours.
When the duration of contact of the substrate with the solution of active agent-linker
conjugate increases above 24 hours (and one of the foregoing exemplary concentrations
of active agent-linker conjugate is used), little difference in the amount of active agent
immobilized to the substrate surface is expected (relative to a 24 hour exposure time).
Without intending to be bound by theory, while it is believed that the active agent-linker
conjugate may continue to be immobilized on the substrate, it is expected that the amount
of the active agent immobilized after 24 hours will have little effect on the activity
(antibacterial, antimicrobial, etc.) of the resulting substrate having an active agent

immobilized thereto.

Active agent-trihydroxyphenyl conjugates with optional linker

[0097] In embodiments of the invention, an active agent-trihydroxyphenyl conjugate is
initially formed by coupling a nucleophile of the active agent with a reactive group on the
trihydroxyphenyl group or by coupling a nucleophile of the trihydroxyphenyl group with
a reactive group of the active agent, followed by contacting the substrate with a solution
of the active agent-trihydroxyphenyl conjugate. The active agent-trihydroxyphenyl
conjugate can be formed by combining in solution a compound including a
trihydroxyphenyl group and an active agent. As described previously, the compound
including a trihydroxyphenyl group includes trihydroxyphenyl-linker conjugates.
Therefore, the active agent-trihydroxyphenyl conjugate encompasses active agents
coupled to linker compounds that are further coupled to trihydroxyphenyl groups. Active
agents coupled to linker compounds can be formed as described above for active agent-
linker conjugates and compounds including trihydroxyphenyl groups coupled to linker
compounds can be formed as described above for trihydroxyphenyl-linker conjugates.

These can then be further reacted with a compound including trihydroxyphenyl group or
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active agent, respectively, to form active agent-trihydroxyphenyl conjugates. Generic
trihydroxyphenyl-active agent conjugates can be represented by formulae (Va-c) and

(Vla-c):

Actlve Agent
ACtIVG Agent Active Agent
OH OH O
3 (Va) 3 (Vb) (Ve)
/ Active Agent X
X
R Active Agent
N

= \(\OH)3 (VIa) = \(\OH)3 (VIb)
o
= \¢OH)3 (VIc)

wherein X can be halogen, amine, thiol, aldehyde, carboxylic acid, carboxylate, acyl

Active Agent

halide, ester, acrylate, vinyl, C1 to C10 branched or linear alkyl amine, C1 to C10
branched or linear alkyl thiol, C1 to C10 branched or linear alkyl aldehyde, C1 to C10
branched or linear alkyl carboxylic acid, C1 to C10 branched or linear alkyl carboxylate,
C1 to C10 branched or linear alkyl acyl halide, C1 to C10 branched or linear alkyl ester,
or CI to C10 branched or linear alkyl acrylate, and R is a linker compound. With respect
to the length of the carbon chains of the listed substituents, the chain length is typically
C1 to C5 when aqueous solutions are used (as long as solubility is achieved in the
selected aqueous system); when organic solvents are used, the chain length can be C1 to
C10. In accordance with compounds (Va-c) and (Vla-c), the three hydroxyl groups can
be provided on any three of C,, Cs, C4, Cs, and Cg. For example, when the compound
including a trihydroxyphenyl group is a carboxylic acid such as gallic acid (and thus X is
carboxyl), the active agent-trihydroxyphenyl conjugate can be of formula (Va), (Vb),
(VIa), or (VIb):
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Active Agent o oH
\ \/Active Agent
| Ej
Ao (Va) Yo (Vb)
0 OH

Active Agent
5 \/jR—Actlve Agent
OH
(V1a) (VIb)

wherein R is the the linker compound and Active Agent denotes an active agent. Further,
when the compound including a trihydroxyphenyl group is gallic acid, consistent with the
active agent-trihydroxyphenyl conjugates according to (Va), (Vb), (VIa), and (VIb), the
three hydroxyl groups are provided on Cs, C4, and Cs, and the linker is provided on the
carboxyl group (IVa) or one of C, or Cs (IVb). When the compound including a
trihydroxyphenyl group is pyrogallol, the active agent-trihydroxyphenyl conjugate can be
of formula (Ve¢) or (VIc):

R——Active Agent

Active Agent
X X

= \to“) 3 (Ve) = \(\O”)3 (VIc)

wherein R is the linker compound and the three hydroxyl groups can be provided on any

consecutive three of C,, Cs, Cy4, Cs, and Cg.

[0098] In embodiments of the invention wherein the active agent is provided as a neat
liquid, the active agent can be the solvent in which the active agent-trihydroxyphenyl
conjugate is formed. In embodiments of the invention wherein a solution of an active
agent is combined with a solution of a compound including a trihydroxyphenyl group, the
solution of the active agent and/or the compound including a trihydroxyphenyl group can
be prepared in any solvent capable of acting as a carrier for the active agent and/or the
compound including a trihydroxyphenyl group. For example, most frequently water is
used, but organic solvents including but not limited to, alcohols, diols organosulfurs such

as sulfolane, ethers, such as diethyl ether and tetrahydrofuran, alkanes, aromatics,
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halocarbons, such as chloroform and dichloromethane, and combinations of the foregoing

can also be used.

[0099] In refinements of the aforementioned embodiment, the solution of active agent
and/or solution of compound including a trihydroxyphenyl group is at a pH in a range of
about 7.5 to about 9.5, or about 8 to about 9, or about 8.5. The solution of active agent
and/or solution of compound including a trihydroxyphenyl group may further include a
buffer in order to maintain the pH within the foregoing ranges, including, but not limited
to, N,N-bis(2-hydroxyethyl)glycine (Bicine), 3-

{ [tris(hydroxymethyl)methyl]amino } propanesulfonic acid (TAPS),
tristhydroxymethyl)methylamine (Tris), and N-tristhydroxymethyl)methylglycine
(Tricine). Of course, one or more of citrate, carbonate, lactate, phosphate and other
known buffer systems can also be used. In alternative embodiments, solution of active
agent and/or solution of compound including a trihydroxyphenyl group can have a lower
pH. For example, acetate buffered solutions can be used for deposition of active agents at
a pH in a range of about 4 to about 5.5, for example, about 4.0, about 4.1, about 4.2, about
4.3, about 4.4, about 4.5, about 4.6, about 4.7, about 4.8, about 4.9, about 5, about 5.1,
about 5.2, about 5.3, about 5.4, and/or about 5.5. Suitable active agents for coupling to a
compound including a trihydroxyphenyl group in solution at lower pH include, but are

not limited to, heparin.

[0100] The concentrations of the active agent and compound including a
trihydroxyphenyl group in solution can generally be any concentration. In some
embodiments, the active agent can be directly added to a solution of the compound
including a trihydroxyphenyl group, without first forming an active agent solution. In
alternative embodiments, the active agent can be provided to a solution of the compound
including a trihydroxyphenyl group in an active agent solution. The concentrations are
typically chosen such that the active agent and/or compound including a trihydroxyphenyl
group are fully soluble in a chosen solvent, without forming saturated solutions.
Exemplary active agent and/or compound including a trihydroxyphenyl group
concentrations can be in a range of about 0.0001 to about 100 mg/ml, about 0.001 to
about 100 mg/ml, about 0.01 to about 100 mg/ml, about 0.05 to about 100 mg/ml, 0.0001
to about 90 mg/ml, about 0.0001 to about 80 mg/ml, about 0.0001 to about 70 mg/ml,
about 0.0001 to about 60 mg/ml, about 0.0001 to about 50 mg/ml, about 0.001 to about
50 mg/ml, about 0.001 to about 40 mg/ml, about 0.001 to about 30 mg/ml, about 0.01 to
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about 30 mg/ml, about 0.01 to about 20 mg/ml, about 0.01 to about 15 mg/ml, about 0.01
to about 10 mg/ml, about 0.01 to about 5 mg/ml, about 0.05 to about 5 mg/ml, and/or
about 0.05 to about 3 mg/ml, for example, about 1 mg/ml, about 1.5 mg/ml and/or about 3
mg/ml. The ratio of active agent to compound including a trihydroxyphenyl group can
vary depending on if the active agent is a small molecule or a polymer, as well as if the
compound including a trihydroxyphenyl group is a small molecule or a polymer. For
example, when the active agent is a polymer and the compound including a
trihydroxyphenyl group is a small molecule, one active agent could couple to thousands
of compounds including a trihydroxyphenyl group. Alternatively, when the active agent
is a small molecule and the compound including a trihydroxyphenyl group is a polymer,
one compound including a trihydroxyphenyl group could couple to thousands of active
agents. Suitable ratios of active agents to compounds including a trihydroxyphenyl can,
therefore, be in a range of about 1:5,000 to about 5,000:1, including all intermediate
ranges, such as about 1:5 to about 5:1, about 1:4 to about 4:1, about 1:3 to about 3:1,

and/or about 1:2 to about 2:1, for example about 1:1.

Coupling of the active agent-trihydroxyphenyl conjugate and the substrate

[0101] The active agent-trihydroxyphenyl conjugate can be coupled to the substrate by
contacting the substrate with a solution of active agent-trihydroxyphenyl conjugate. The
substrate can be completely immersed in the solution of the active agent-
trihydroxyphenyl conjugate, for example, by dip coating. Alternatively, a solution of the
active agent-trihydroxyphenyl conjugate can be sprayed or cast onto the substrate, for
example, by spin casting or spraying using a solution such as an aerosolized solution. For
substrates having an interior lumen, such as tubing, the solution can be flowed into the

lumen to coat the interior thereof,

[0102] The concentration of the active agent-trihydroxyphenyl conjugate in the active
agent-trihydroxyphenyl conjugate solution can be any concentration. The concentration
of the active agent-trihydroxyphenyl conjugate is typically chosen such that the active
agent-trihydroxyphenyl conjugate is fully soluble in a chosen solvent, without forming a
saturated solution. Exemplary active agent-trihydroxyphenyl conjugate concentrations
can be in a range of about 0.0001 to about 100 mg/ml, about 0.001 to about 100 mg/ml,
about 0.01 to about 100 mg/ml, about 0.05 to about 100 mg/ml, 0.0001 to about 90
mg/ml, about 0.0001 to about 80 mg/ml, about 0.0001 to about 70 mg/ml, about 0.0001 to
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about 60 mg/ml, about 0.0001 to about 50 mg/ml, about 0.001 to about 50 mg/ml, about
0.001 to about 40 mg/ml, about 0.001 to about 30 mg/ml, about 0.01 to about 30 mg/ml,
about 0.01 to about 20 mg/ml, about 0.01 to about 15 mg/ml, about 0.01 to about 10
mg/ml, about 0.01 to about 5 mg/ml, about 0.05 to about 5 mg/ml, and/or about 0.05 to

about 3 mg/ml, for example, about 1 mg/ml, about 1.5 mg/ml or about 3 mg/ml.

[0103] The substrate can be contacted with and/or immersed in the solution of the
active agent-trihydroxyphenyl conjugate for any duration of time suitable to couple the
trihydroxyphenyl group of the active agent-trihydroxyphenyl conjugate to the substrate
surface. In embodiments of the invention, the substrate can be contacted with and/or
immersed in the solution of the active agent-trihydroxyphenyl conjugate for any duration
of time suitable to form covalent bonds between the trihydroxyphenyl group and a
reactive moiety (when present) on the substrate surface. In alternative embodiments, the
substrate can be contacted with and/or immersed in the solution of the active agent-
trihydroxyphenyl conjugate for any duration of time suitable to chelate the
trihydroxyphenyl group of the active agent-trihydroxyphenyl conjugate to a metal ion of a
metallic substrate surface. The rate of the coupling of the active agent-trihydroxyphenyl
conjugate and the substrate can depend, in part, on the concentration of the active agent-
trihydroxyphenyl conjugate in the active agent-trihydroxyphenyl conjugate solution, the
substrate surface to solution volume ratio, the ionic strength of the solution, the pH of the
solution, and the temperature. The duration of contact of the substrate with the solution
of active agent-trihydroxyphenyl conjugate can be varied for any suitable time period for
coupling the trihydroxyphenyl group with the substrate surface, for example, when using
dip coating, from about 10 seconds to about 24 hours. When the duration of contact of
the substrate with the solution of active agent-trihydroxyphenyl conjugate increases above
24 hours (and one of the foregoing exemplary concentrations of active agent-
trihydroxyphenyl conjugate is used), little difference in the amount of active agent
immobilized to the substrate surface is expected (relative to a 24 hour exposure time).
Without intending to be bound by theory, while it is believed that the active agent-
trihydroxyphenyl conjugate may continue to be immobilized on the substrate, it is
expected that the amount of the active agent immobilized after 24 hours will have little
effect on the activity (antibacterial, antimicrobial, etc.) of the resulting substrate having

an active agent immobilized thereto.
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[0104] The methods, substrates, and medical devices in accordance with the invention
can be better understood in light of the following examples, which are merely intended to
illustrate the methods, substrates, and medical devices and are not meant to limit the

scope thereof in any way.

Examples
Example 1

Immobilization of Polyethylenimine to Stainless Steel Substrate by Coupling with
Pyrogallol

[0105] A model antimicrobial active agent, polyethylenimine (denoted PEI in Table 1),
was immobilized onto a stainless steel (SS) substrate. The substrate was put into a
container, rinsed with isopropanol for about 5 min and then rinsed well with filtered,
distilled water. The substrate was then exposed to a pyrogallol solution having a
pyrogallol concentration of 2.5 mg/mL in 0.1M bicine (pH of 8) by adding 3 mL of
solution to the substrate container to form a pyrogallol-treated substrate. The pyrogallol-
treated substrate was put on a shaker at room temperature for about 24 hours. The
substrate was then rinsed with filtered, distilled water. Based on the silver nitrate test,
data not shown (see also Example 16), we concluded that any material remaining on the
pyrogallol-treated substrate after agitation and rinsing was attributable to pyrogallol
coupled to the substrate. 3 mL of a 2.5% PEI in 0.1M bicine (pH of 8) solution was
added to the substrate, and the substrate was put on a shaker for about 24 hours. The
substrate was then rinsed with filtered, distilled water several times. As a result of the
preceding agitation and rinsing, and in view of the acid orange testing discussed below,
we concluded that any material remaining on the substrate (relative to a negative control)

corresponds to PEI coupled to the pyrogallol treated substrate.

[0106] The substrate was then tested to corroborate that the PEI was immobilized on
the surfaces of the substrates. 2 mL of 500 pmol/L acid orange solution (pH or 3) was
added to the substrate container the substrate was put on a shaker for about 24 hours. The
free dissolved acid orange was then removed with an aqueous rinse (pH of 3). Following
this rinse, 2 mL of a basic aqueous solution (pH of 12) was added to the container to
solubilize the surface bound acid orange dye from the substrate. A 200 pL aliquot of the
basic solution was pipetted from the container and transferred to a 96 well plate. The
absorbance was read on a UV/VIS spectrophotometer at 492 nm. The absorbance value

was corrected by subtracting the absorbance corresponding to a similarly treated
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container which contained no substrate. The corrected absorbance was found to be 0.396.
This value corroborates our conclusion that the immobilization of PEI on a stainless steel
substrate using pyrogallol is accomplished under the conditions described herein. An
absorbance value above 0.1 is considered to demonstrate successful immobilization of the
active agent to the substrate. The acid orange test is specific for amine and imine
functionality and the successful formation of a colorimetric solution using this agent is
indicative of the presence of amine/imine functionality and therefore corroborates that

PEI is coupled to the trihydroxyphenyl-treated substrate.

[0107] Thus, Example 1 illustrates the immobilization of polyethylenimine onto
stainless steel according to the invention using a compound including a trihydroxyphenyl

group, pyrogallol, according to the invention.
Example 2

Immobilization of Polyethylenimine to Activated Stainless Steel Substrate by
Coupling with Phloroglucinol

[0108] A model antimicrobial active agent, polyethylenimine (denoted PEI in Table 1),
was immobilized onto a stainless steel (SS) substrate. The substrate was put into a
container, rinsed with isopropanol for about 5 min and then rinsed well with filtered,
distilled water. The substrate was activated with an air plasma for 2 minutes. The
substrate was then exposed to a phloroglucinol solution having a phloroglucinol
concentration of 2.5 mg/mL in 0.1M bicine (pH of 8) by adding 3 mL of solution to the
substrate container to form a phloroglucinol-treated substrate. The phloroglucinol-treated
substrate was put on a shaker at room temperature for about 24 hours. The substrate was
then rinsed with filtered, distilled water. We concluded that any material remaining on
the substrate after agitation and rinsing was attributable to phloroglucinol coupled to the
substrate. 3 mL of a 2.5% PEIl in 0.1M bicine (pH of 8) solution was added to the
substrate, and the substrate was put on a shaker for about 24 hours. The substrate was
then rinsed with filtered, distilled water several times. As a result of the preceding rinses,
we concluded that any material remaining on the substrate (relative to a negative control)

corresponds to PEI coupled to the phloroglucinol-treated substrate.

[0109] The substrate was then tested to corroborate that the PEI was immobilized on
the surfaces of the substrate. 2 mL of 500 umol/L acid orange solution (pH or 3) was

added to the substrate container the substrate was put on a shaker for about 24 hours. The
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free dissolved acid orange was then removed with an aqueous rinse (pH of 3). Following
this rinse, 2 mL of a basic aqueous solution (pH of 12) was added to the container to
solubilize the surface bound acid orange dye from the substrate. A 200 puL aliquot of the
basic solution was pipetted from the container and transferred to a 96 well plate. The
absorbance was read on a UV/VIS spectrophotometer at 492 nm. The absorbance value
were corrected for controls by subtracting the absorbance corresponding to a similarly
treated container which contained no substrate. The corrected absorbance was found to
be 0.111. This value corroborates our conclusion that PEI is immobilized to activated

stainless steel using phloroglucinol under the conditions described herein.

[0110] Thus Example 2 illustrates the immobilization of polyethylenimine onto
activated stainless steel according to the invention using a compound including a

trihydroxyphenyl group, phloroglucinol, according to the invention.
Example 3

Immobilization of Polyethylenimine to Activated Nickel Substrate by Coupling with
Various Compounds Including a Trihydroxyphenyl Group

[0111] A model antimicrobial active agent, polyethylenimine (denoted PEI in Table 1),
was immobilized onto nickel (Ni) substrates. The substrates were put into separate
containers, rinsed with isopropanol for about 5 min and then rinsed well with filtered,
distilled water. The substrates were activated with an air plasma for 2 minutes. The
substrates was then exposed to one of a gallic acid, pyrogallol, benzenetriol, or
phloroglucinol solution having a concentration of 2.5 mg/mL compound including a
trihydroxyphenyl group in 0.1M bicine (pH of 8) by adding 3 mL of solution to each
substrate container, so as to form a trihydroxyphenyl treated substrate. The
trihydroxyphenyl-treated substrates were put on a shaker at room temperature for about
24 hours. The substrates were then rinsed with filtered, distilled water. Based on the
silver nitrate test, data not shown (see also Example 16), we concluded that any material
remaining on the pyrogallol-treated substrate after agitation and rinsing was attributable
to pyrogallol coupled to the substrate. 3 mL of a 2.5% PEl in 0.1M bicine (pH of 8)
solution was added to the trihydroxyphenyl-treated substrates, and the substrates were put
on a shaker for about 24 hours. The substrates were then rinsed with filtered, distilled
water several times. As a result of the preceding rinses, and in view of the acid orange

testing discussed below, we concluded that any material remaining on the substrates
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(relative to a negative control) corresponds to PEI coupled to the trihydroxyphenyl-

treated substrate.

[0112] The substrates were then tested to corroborate that the PEI was immobilized on
the surfaces of the substrate. 2 mL of 500 umol/L acid orange solution (pH or 3) was
added to each substrate container the substrates were put on a shaker for about 24 hours.
The free dissolved acid orange was then removed with an aqueous rinse (pH of 3).
Following this rinse, 2 mL of a basic aqueous solution (pH of 12) was added to the
containers to solubilize the surface bound acid orange dye from the substrates. A 200 pL
aliquot of the basic solution was pipetted from each container and transferred to a 96 well
plate. The absorbance was read on a UV/VIS spectrophotometer at 492 nm. The
absorbance values were corrected for controls by subtracting the absorbance
corresponding to a similarly treated container which contained no substrate. The
absorbance data is found in Table 1. These values corroborates our conclusion that PEI is
immobilized to activated nickel using various compounds including a trihydroxyphenyl

group under the conditions described herein.

Table 1
Absorbances- corrected Ni
Plasma/Gallic acid/PEI 0.092
Plasma/Pyrogallol/PEI 0.126

Plasma/Benzenetriol/PEl | 0.165
Plasma/Phloroglucinol/PEI | 0.012

[0113] Thus Example 3 illustrates the immobilization of polyethylenimine onto
activated nickel according to the invention using various compounds including a

trihydroxyphenyl group according to the invention.
Example 4

Immobilization of Polyethylenimine to Titanium Substrates by Coupling with
Various Compounds Including a Trihydroxyphenyl Group

[0114] A model antimicrobial active agent, polyethylenimine (denoted PEI in Table 1),
was immobilized onto titanium (Ti) substrates. All substrates were put into separate
containers, rinsed with isopropanol for about 5 min and then rinsed well with filtered,
distilled water. The substrates were then exposed to one of a gallic acid, pyrogallol,

benzenetriol, or phloroglucinol solution having a concentration of 2.5 mg/mlL. compound
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including a trihydroxyphenyl group in 0.1M bicine (pH of 8) by adding 3 mL of solution
to each substrate container, so as to form a trihydroxyphenyl treated substrate. The
trihydroxyphenyl treated substrates were put on a shaker at room temperature for about
24 hours. Each the substrates was then rinsed with filtered, distilled water. Based on the
silver nitrate test, data not shown (see also Example 16), we concluded that any material
remaining on the pyrogallol-treated substrate after agitation and rinsing was attributable
to pyrogallol coupled to the substrate. 3 mL of a 2.5% PEI in 0.1M bicine (pH of 8)
solution was added to each substrate, and the trihydroxyphenyl substrates were put on a
shaker for about 24 hours. The substrates were then rinsed with filtered, distilled water
several times. As a result of the preceding agitation and rinsing, and in view of the acid
orange testing discussed below, we concluded that any material remaining on the
substrates (relative to a negative control) corresponds to PEI coupled to the

trihydroxyphenyl treated substrates.

[0115] The substrates were then tested to corroborate that the PEI was immobilized on
the surfaces of the substrates. 2 mL of 500 pmol/L acid orange solution (pH or 3) was
added to each substrate container the substrates were put on a shaker for about 24 hours.
The free dissolved acid orange was then removed with an aqueous rinse (pH of 3).
Following this rinse, 2 mL of a basic aqueous solution (pH of 12) was added to each
container to solubilize the surface bound acid orange dye from the substrate. A 200 uLL
aliquot of the basic solution was pipetted from each container and transferred to a 96 well
plate. The absorbance was read on a UV/VIS spectrophotometer at 492 nm. The
absorbance values were corrected for controls by subtracting the absorbance
corresponding to a similarly treated container which contained no substrate. The
absorbance data is shown in Table 2. The obtained values corroborate our conclusion that
PEI is immobilized to titanium substrates using various compounds including a

trihydroxyphenyl group under the conditions described herein.

[0116] In this example, the conditions for coupling the compound including a
trihydroxyphenyl group to the substrate were the same for each compound including a
trihydroxyphenyl group that was tested. However, we expect that the optimization of the
pH of the buffer for each compound including a trihydroxyphenyl group and/or the
concentration of the solutions of compounds including a trihydroxy group and/or active

agents would lead to further enhanced results, particularly for compounds including a
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trihydroxyphenyl group where relatively small absorbance values were observed and/or

no coating was apparently formed (e.g., benzenetriol).

Table 2
Absorbances- corrected Ti
Gallic acid/PEI 0.825
Pyrogallol/PEI 0.035
Benzenetriol /PEI 0
Phloroglucinol/PEI 0.627

[0117] Thus Example 4 illustrates the immobilization of polyethylenimine onto
titanium substrates according to the invention using various compounds including a

trihydroxyphenyl group according to the invention.
Example 5

Immobilization of Polyethylenimine to Silica Substrates by Coupling with Various
Compounds Including a Trihydroxyphenyl Group

[0118] A model antimicrobial active agent, polyethylenimine (PEI), was immobilized
onto silicon dioxide glass microscope slides of about 1.5 cm x 1.5 cm. All substrates
were put into individual containers, rinsed with isopropanol for about 5 min and then
rinsed well with filtered, distilled water. The substrates were then exposed to one of a
gallic acid, pyrogallol, benzenetriol, or phloroglucinol solution having a concentration of
2.5 mg/mL compound including a trihydroxyphenyl group in 0.1M bicine (pH of §) by
adding 3 mL of solution to each container so as to form trihydroxyphenyl-treated
substrates. The trihydroxyphenyl treated substrates were put on a shaker at room
temperature for about 24 hours. Each of the substrate containers were then rinsed with
filtered, distilled water several times. Based on the silver nitrate test, data not shown (see
also Example 16), we concluded that any material remaining on the pyrogallol-treated
substrate after agitation and rinsing was attributable to pyrogallol coupled to the substrate.
3 mL of a 2.5% PEI in 0.1M bicine (pH of 8) solution was added to each container and
the substrates were put on a shaker for about 24 hours. The substrates were then rinsed
with filtered, distilled water several times. As a result of the preceding agitation and
rinsing, and in view of the acid orange testing discussed below, we concluded that any
material remaining on the substrate (relative to a negative control) corresponds to PEI

coupled to the trihydroxyphenyl treated substrates.
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[0119] The substrates were then tested to corroborate that the PEI was immobilized on
the surfaces of the substrates. 2 mL of 500 pmol/L acid orange solution (pH or 3) was
added to each substrate and the substrates were put on a shaker for about 24 hours. The
free dissolved acid orange was then removed with an aqueous rinse (pH of 3). Following
this rinse, 2 mL of a basic aqueous solution (pH of 12) was added to each substrate to
solubilize the surface bound acid orange dye from the substrate. A 200 pL aliquot of the
basic solution was pipetted from each container and transferred to a 96 well plate. The
absorbance was read on a UV/VIS spectrophotometer at 492 nm. The absorbance values
were corrected for controls by subtracting the absorbance corresponding to a similarly
treated container which contained no substrate. The absorbance data is shown in Table 3.
The obtained values (other than the value for phloroglucinol, discussed in further detail
below) corroborate our conclusion that PEI is immobilized to silica substrates using
various compounds including a trihydroxyphenyl group under the conditions described

herein.

[0120] In this example, the conditions for coupling the compound including a
trihydroxyphenyl group to the substrate were the same for each compound including a
trihydroxyphenyl group that was tested. However, the inventors expect that the
optimization of the pH of the buffer for each compound including a trihydroxyphenyl
group and/or concentration of the solutions of compounds including a trihydroxy group
and/or active agents would lead to further enhanced results, particularly for compounds
including a trihydroxyphenyl group where relatively small absorbance values were

observed and/or no coating was apparently formed (e.g., phloroglucinol)..

Table 3
Absorbances- corrected Glass
Gallic acid/PEI 0.665
Pyrogallol/PEI 0.467
Benzenetriol/PEIl 0.041
Phloroglucinol/PEI 0

[0121] Thus Example 5 illustrates the immobilization of polyethylenimine onto silica
substrates of the invention through coupling with various compounds including a

trihydroxyphenyl group of the invention.

Example 6
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Immobilization of Polyethylenimine to Polymer Substrates by Coupling with
Various Compounds Including a Trihydroxyphenyl Group

[0122] A model antimicrobial active agent, polyethylenimine (PEI), was immobilized
onto one of a polyisoprene (PI) (1.5cm x 1.5 cm squares), polycarbonate (PC) (received
and used as small circles), or polysulfone (PS) (received and used as small squares)
substrate. All substrates were put into individual containers, rinsed with isopropanol for
about 5 min and then rinsed with filtered, distilled water. The substrates were then
exposed to one of a gallic acid, pyrogallol, benzenetriol, or phloroglucinol solution
having a concentration of 2.5 mg/mL compound including a trihydroxyphenyl group in
0.1M bicine (pH of 8) by adding 3 mL of solution to each substrate container so as to
form trihydroxyphenyl treated substrates. The containers were put on a shaker at room
temperature for about 24 hours. Each of the substrates were then rinsed with filtered,
distilled water. Based on the silver nitrate test, data not shown (see also Example 16), we
concluded that any material remaining on the pyrogallol-treated substrate after agitation
and rinsing was attributable to pyrogallol coupled to the substrate. 3 mL of a 2.5% PEI in
0.IM bicine (pH of 8) solution was added to each substrate, and the substrates were put
on a shaker for about 24 hours. The substrates were then rinsed with filtered, distilled
water several times. As a result of the preceding agitation and rinsing, and in view of the
acid orange testing discussed below, we concluded that any material remaining on the
substrate (relative to a negative control) corresponds to PEI coupled to the pyrogallol

treated substrate.

[0123] The substrates were then tested to corroborate that the PEI was immobilized on
the surfaces of the substrates. 2 mL of 500 pmol/L acid orange solution (pH or 3) was
added to each substrate and the substrates were put on a shaker for about 24 hours. The
free dissolved acid orange was then removed with an aqueous rinse (pH of 3). Following
this rinse, 2 mL of a basic aqueous solution (pH of 12) was added to each substrate to
solubilize the surface bound acid orange dye from the substrate. A 200 uL aliquot of the
basic solution was pipetted from each container and transferred to a 96 well plate. The
absorbance was read on a UV/VIS spectrophotometer at 492 nm. The absorbance values
were corrected for controls by subtracting the absorbance corresponding to a similarly
treated container which contained no substrate. The absorbance data is shown in Table 4.

The obtained values corroborate our conclusion that PEI is immobilized to various
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polymer substrates using various compounds including a trihydroxyphenyl group under

the conditions described herein.

[0124] In this example, the conditions for coupling the compound including a
trihydroxyphenyl group to the substrate were the same for each compound including a
trihydroxyphenyl group that was tested. However, we expect that the optimization of the
pH of the buffer for each compound including a trihydroxyphenyl group and/or
concentrations of the solutions of compounds including a trihydroxy group and/or active
agents would lead to further enhanced results, particularly for compounds including a
trihydroxyphenyl group where relatively small absorbance values were observed and/or

no coating was apparently formed (e.g., phloroglucinol).

Table 4
Absorbances- corrected PC PS P
Gallic acid/PEI 0.108 | 0.557 | 0.762
Pyrogallol/PEI 0.332 | 0.028 | 1.077
Benzenetriol/PEIl 0.066 | 0.074 0
Phloroglucinol/PEI 0.006 0 0

[0125] Thus Example 6 illustrates the immobilization of polyethylenimine onto various
polymer substrates according to the invention though coupling with various compounds

including a trihydroxyphenyl group of the invention.
Example 7

Impact of Activation on the Coupling of Polyethylenimine to Various Substrates
with Compounds Including a Trihydroxyphenyl Group

[0126] A model antimicrobial active agent, polyethylenimine (PEI), was immobilized
onto one of a titanium (T1), silicon dioxide glass microscope slides of about 1.5 cm x 1.5
cm (glass), polyisoprene (PI) (1.5¢cm x 1.5 cm squares), polycarbonate (PC) (received and
used as small circles), or polysulfone (PS) (received and used as small squares) substrate.
In conducting this experiment, the substrates were used as-is (denoted “No Act” in Table
4), or were activated with either an air plasma for 2 minutes (denoted as “Plasma”) or
with an HC1I/H,0O, solution by immersing the substrate in a solution of H,O0,:HCI (1:1 by
volume) for 5 min (denoted “Acid”) prior to treatment with a compound including a
trihydroxyphenyl group. The titanium substrates were not activated with the peroxy-

hydrochloric acid solution. The substrates were then exposed to one of a gallic acid,
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pyrogallol, benzenetriol, or phloroglucinol solution having a concentration of 2.5 mg/mL
compound including a trihydroxyphenyl group in 0.1M bicine (pH of 8) by adding 3 mL
of solution to each substrate container so as to form trihydroxyphenyl-treated substrates.
The trihydroxyphenyl-treated substrates were put on a shaker at room temperature for
about 24 hours. Each of the trihydroxyphenyl-treated substrates were then rinsed with
filtered, distilled water. Based on the silver nitrate test, data not shown (see also Example
16), we concluded that any material remaining on the pyrogallol-treated substrate after
agitation and rinsing was attributable to pyrogallol coupled to the substrate. 3 mL of a
2.5% PEI in 0.1M bicine (pH of 8) solution was added to each substrate container and the
substrates were put on a shaker for about 24 hours. The substrates were then rinsed with
filtered, distilled water several times. As a result of the preceding agitation and rinsing,
and in view of the acid orange testing discussed below, we concluded that any material
remaining on the substrates (relative to a negative control) corresponds to PEI coupled to

the trihydroxyphenyl treated substrates.

[0127] The substrates were then tested to corroborate that the PEI was immobilized on
the surfaces of the substrates. 2 mL of 500 pmol/L acid orange solution (pH or 3) was
added to each substrate and the substrates were put on a shaker for about 24 hours. The
free dissolved acid orange was then removed with an aqueous rinse (pH of 3). Following
this rinse, 2 mL of a basic aqueous solution (pH of 12) was added to each substrate to
solubilize the surface bound acid orange dye from the substrate. A 200 pL aliquot of the
basic solution was pipetted from each container and put into a 96 well plate. The
absorbance was read on a UV/VIS spectrophotometer at 492 nm. The absorbance values
were corrected for controls by subtracting the absorbance corresponding to a similarly
treated container which contained no substrate. The impact of the activation method on
the coupling of the PEI to the substrates by the compounds including a trihydroxyphenyl
group is shown in Table 5 by relative absorbance. The absorbance values corroborate our
conclusion that PEI is immobilized to various substrates using various compounds

including a trihydroxyphenyl group under the conditions described herein.

[0128] In this example, the conditions for coupling the compound including a
trihydroxyphenyl group to the substrate were the same for each compound including a
trihydroxyphenyl group that was tested, the conditions for activating the substrates were
the same for each substrate, as were the concentrations of the solutions of the compounds

including a trihydroxy group and/or active agents. However, we expect that the
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optimization of the pH of the buffer for each compound including a trihydroxyphenyl
group, optimization of the exposure times of the substrate to the activator (e.g., air
plasma, HCI/H,O, solution), and/or the concentrations of the solutions of the compounds
including a trihydroxy group and/or active agents would lead to further enhanced results,
particularly for compounds including a trihydroxyphenyl group where relatively small

absorbance values were observed and/or no coating was apparently formed.

Table 5
Absorbances- corrected glass PC PS Pl Ti
No Act/Gallic acid/PEI 0.665 | 0.108 | 0.557 | 0.762 | 0.825
Plasma/Gallic acid/PEI 0.346 | 0.031 0 0.65 | 0.778
Acid/Gallic acid/PEI 0.32 | 0.731 | 0.022 | 0.987 ---
No Act/Pyrogallol/PEl 0.467 | 0.332 | 0.028 | 1.077 | 0.035
Plasma/Pyrogallol/PEI 1.029 0 0 0.479 | 0.002
Acid/Pyrogallol/PEI 0.886 | 0.011 | 0.001 | 0.728 ---
No Act/Benzenetriol/PEI| 0.041 | 0.066 | 0.074 0 0
Plasma/Benzenetriol/PEl | 0.398 0 0 0 0.347
Acid/Benzenetriol /PEI 0 0.059 0 0 ---
No Act/Phloroglucinol/PEI 0 0.006 0 0 0.627
Plasma/Phloroglucinol/PEI | 0.137 | 0.019 0 0 0
Acid/Phloroglucinol/PEl 0 0.103 | 0.005 | 0.022 ---

[0129] Thus Example 7 illustrates the impact that various forms of activation have on
the immobilization of polyethylenimine onto various substrates according to the invention

using various compounds including a trihydroxyphenyl group according to the invention.
Example 8
Immobilization of Polyethylene Glycol on a Stainless Steel Substrate

[0130] An antifouling active agent, polyethylene glycol (PEG), is immobilized onto the
surface of a stainless steel substrate. A stainless steel substrate is immersed in a solution
of 1.1 mg/mL gallic acid dissolved in 100 mM bicine (pH of 7.3). The stainless steel
substrate is mildly agitated while immersed in the gallic acid solution at room
temperature for about 24 hours. The substrate is removed from the solution and rinsed
with filtered, distilled water. The resulting gallic acid treated substrate is immersed in a
solution of NH,-terminated PEG, SH-terminated PEG, and/or NHS-terminated PEG (1
mg/ml) dissolved in 300 mM acetate and 600 mM sodium chloride solution (pH 4.5). The

gallic acid treated substrate is mildly agitated while immersed in the polyethylene glycol
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solution at room temperature for about 24 hours. The substrate is removed from the
polyethylene glycol solution and rinsed with filtered, distilled water, resulting in a
stainless steel substrate with PEG immobilized on the surface thereof. Immobilization of
PEG can be confirmed using, for example, x-ray photoelectron spectroscopy (XPS)
contact angle measurements, RAMAN spectrometry, or by time of flight secondary ion

mass spectrometry (TOF-SIMS).

[0131] Thus, Example 8 illustrates how the immobilization of polyethylene glycol onto

a stainless steel substrate can be achieved according to the invention.
Example 9

Immobilization of a Polyethylene Glycol-Gallic Acid Conjugate on a Stainless Steel
Substrate

[0132] An antifouling active agent, polyethylene glycol (PEG), is immobilized onto the
surface of a stainless steel substrate. A polyethylene glycol-gallic acid conjugate solution
is prepared by combining NH,-terminated PEG, SH-terminated PEG, and/or NHS-
terminated PEG (1 mg/ml) dissolved in 300 mM acetate and 600 mM sodium chloride
solution (pH 4.5) with a solution of 1.1 mg/mL gallic acid dissolved in 100 mM bicine
(pH of 7.3). A stainless steel substrate is immersed in the solution of polyethylene
glycol-gallic acid conjugate. The substrate is mildly agitated while in the polyethylene
glycol-gallic acid conjugate solution at room temperature for about 24 hours. The
substrate is removed from the solution and rinsed with filtered, distilled water resulting in
a stainless steel substrate with polyethylene glycol immobilized on the surface thereof.
Immobilization of PEG can be confirmed using, for example, x-ray photoelectron
spectroscopy (XPS) contact angle measurements, RAMAN spectrometry, or by time of

flight secondary ion mass spectrometry (TOF-SIMS).

[0133] Thus, Example 9 illustrates how the immobilization of a polyethylene glycol-
gallic acid conjugate onto a stainless steel substrate can be achieved according to the

invention,
Example 10
Immobilization of Polyethylene Glycol on a Stainless Steel Substrate

[0134] An antifouling active agent, polyethylene glycol (PEG), is immobilized onto the
surface of a stainless steel substrate. A gallic acid-linker conjugate solution is prepared

by combining 1.1 mg/ml gallic acid dissolved in 100 mM bicine (pH of 7.3) and a 0.1M
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aqueous solution of 4-aminobutyric acid. A stainless steel substrate is immersed in the
solution of gallic acid-linker conjugate. The stainless steel substrate is mildly agitated
while immersed in the gallic acid-linker conjugate solution at room temperature for about
24 hours. The substrate is removed from the solution and rinsed with filtered, distilled
water. The resulting gallic acid-treated substrate is immersed in a solution of NH»-
terminated PEG, SH-terminated PEG, and/or NHS-terminated PEG (1 mg/ml) dissolved
in 300 mM acetate and 600 mM sodium chloride solution (pH 4.5). The gallic acid-
treated substrate is mildly agitated while immersed in the polyethylene glycol solution at
room temperature for about 24 hours. The substrate is removed from the polyethylene
glycol solution and rinsed with filtered, distilled water, resulting in a stainless steel
substrate with PEG immobilized on the surface thereof. Immobilization of PEG can be
confirmed using, for example, x-ray photoelectron spectroscopy (XPS) contact angle
measurements, RAMAN spectrometry, or by time of flight secondary ion mass

spectrometry (TOF-SIMS).

[0135] Thus Example 10 illustrates how the immobilization of polyethylene glycol

onto a stainless steel substrate can be achieved according to the invention.
Example 11

Immobilization of Polyethylene Glycol-Linker-Gallic Acid Conjugate on a Stainless
Steel Substrate

[0136] An antifouling active agent, polyethylene glycol (PEG), is immobilized onto the
surface of a stainless steel substrate. A gallic acid-linker conjugate solution is prepared
by combining 1.1 mg/ml gallic acid dissolved in 100 mM bicine (pH of 7.3) and a 0.1M
aqueous solution of 4-aminobutyric acid. To the gallic acid-linker conjugate solution is
added a solution of NH,-terminated PEG, SH-terminated PEG, and/or NHS-terminated
PEG (1 mg/ml) dissolved in 300 mM acetate and 600 mM sodium chloride solution (pH
4.5) to form a gallic acid-linker-PEG conjugate solution. A stainless steel substrate is
immersed in the solution of gallic acid-linker-PEG conjugate. The stainless steel
substrate is mildly agitated while immersed in the gallic acid-linker-PEG conjugate
solution at room temperature for about 24 hours. The substrate is removed from the
solution and rinsed with filtered, distilled water, resulting in a stainless steel substrate
with PEG immobilized on the surface thereof. Immobilization of PEG can be confirmed

using, for example, x-ray photoelectron spectroscopy (XPS) contact angle measurements,
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RAMAN spectrometry, or by time of flight secondary ion mass spectrometry (TOF-
SIMS).

[0137] Thus Example 11 illustrates how the immobilization of polyethylene glycol

onto a stainless steel substrate can be achieved according to the invention.
Example 12

Immobilization of Polyethylene Glycol on a Substrate Surface Through a Polymer
having a Pendant Trihydroxyphenyl Group

[0138] An antifouling active agent, polyethylene glycol (PEG), is immobilized onto the
surface of a stainless steel substrate. A monomer including a trihydroxyphenyl group is
polymerized by radical polymerization. The chain transfer agent 2-mercaptopropoinic
acid is added to the polymerization mixture to terminate polymerization, resulting in a
polymer including at least one monomer having a pendant trihydroxyphenyl group. A
Img/mL solution of the resulting polymer in 0.1M bicine buffer at pH 7.5 is prepared. A
stainless steel substrate is immersed in the solution of the polymer. The stainless steel
substrate is mildly agitated while immersed in the polymer solution at room temperature
for 24 hours. The substrate is removed from the solution and rinsed with filtered, distilled
water. The resulting polymer treated substrate is immersed in a 1 mg/mL solution of
NH,-terminated PEG, SH-terminated PEG, and/or NHS-terminated PEG in 0.1 M Bicine
bufter at pH 7.5. The polymer treated substrate is mildly agitated while immersed in the
polyethylene glycol solution at room temperature for 24 hours. The substrate is removed
from the polyethylene glycol solution and rinsed with filtered, distilled water, resulting in
a stainless steel substrate with PEG immobilized on the surface thereof. Immobilization
of PEG can be confirmed using, for example, x-ray photoelectron spectroscopy (XPS)
contact angle measurements, RAMAN spectrometry, or by time of flight secondary ion

mass spectrometry (TOF-SIMS).

[0139] Thus Example 12 illustrates how the immobilization of polyethylene glycol

onto a stainless steel substrate can be achieved according to the invention.
Example 13

Immobilization of Polyethylene Glycol on a Substrate Surface Through a Polymer
having a Pendant Trihydroxyphenyl Group

[0140] An antifouling active agent, polyethylene glycol (PEG), is immobilized onto the

surface of a stainless steel substrate. A monomer including a trihydroxyphenyl group is
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polymerized by radical polymerization. The chain transfer agent 2-mercaptopropoinic
acid is added to the polymerization mixture to terminate polymerization, resulting in a
polymer including at least one monomer having a pendant trihydroxyphenyl group. A
Img/mL solution of the resulting polymer including at least one monomer having a
pendant trihydroxyphenyl group in 0.1M Bicine buffer at pH 7.5 is prepared. A 1 mg/mL
solution of NH,-terminated PEG, SH-terminated PEG, and/or NHS-terminated PEG in
0.1M Bicine buffer at pH 7.5 is added to the polymer solution to form a gallic acid-linker-
PEG conjugate solution. A stainless steel substrate is immersed in the solution of the
gallic acid-linker-PEG conjugate. The stainless steel substrate is mildly agitated while
immersed in the gallic acid-linker-PEG conjugate solution at room temperature for 24
hours. The substrate is removed from the solution and rinsed with filtered, distilled
water, resulting in a stainless steel substrate with PEG immobilized on the surface
thereof. Immobilization of PEG can be confirmed using, for example, x-ray
photoelectron spectroscopy (XPS) contact angle measurements, RAMAN spectrometry,

or by time of flight secondary ion mass spectrometry (TOF-SIMS).

[0141] Thus Example 13 illustrates how the immobilization of polyethylene glycol

onto a stainless steel substrate can be achieved according to the invention.
Example 14

Silver Nitrate test for Confirming the Immobilization of the Compound Including a
Trihydroxyphenyl Group onto a Stainless Steel Substrate

[0142] A variety of compounds including a trihydroxyphenyl group (THP) can be
coupled to a substrate, and the immobilization of THP to the substrate can be confirmed
using a silver nitrate test. A stainless steel substrate is immersed in a solution of one of a
compound including a trihydroxyphenyl group, selected from gallic acid (2mg/mL),
pyrogallol (2 mg/mL), or 2,4,6-trihydroxybenzaldehyde (2Zmg/mL) dissolved in 100 mM
Bicine buffer (pH 7.5). The THP solution with the primed-substrate immersed therein is
mildly agitated at room temperature for 24 hours. The substrate is removed from the THP
solution and rinsed with filtered, distilled water. The resulting THP treated substrate is
immersed in a solution of 50 mM silver nitrate for about 16 hours with mild agitation.
The substrate is removed from the solution of silver nitrate and rinsed with filtered,
distilled water. Any reducing groups on the compound including a trihydroxyphenyl

group would be expected to reduce the silver nitrate if the THP was coupled to the
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substrate. The THP will reduce the silver ions to silver nanoparticles resulting in a brown

stain to the substrate.

[0143] Thus, Example 14 illustrates how the immobilization of assorted THP groups

onto a stainless steel substrate according to the invention can be confirmed.
Example 15
Immobilization of a Linker Compound onto a Trihydroxyphenyl Treated Substrate

[0144] An antifouling active agent, polyethylene glycol (PEG), is immobilized onto the
surface of a stainless steel substrate. A gallic acid-linker conjugate solution is prepared
by combining 1.1 mg/ml gallic acid dissolved in 100 mM bicine (pH of 7.3) and a 0.1M
aqueous solution of 4-aminobutyric acid. A stainless steel substrate is immersed in the
solution of gallic acid-linker conjugate. The stainless steel substrate is mildly agitated
while immersed in the gallic acid-linker conjugate solution at room temperature for about
24 hours. The substrate is removed from the solution and rinsed with filtered, distilled
water, resulting in a stainless steel substrate with a gallic acid-linker conjugate
immobilized on the surface thereof. Immobilization of the gallic acid-linker conjugate
can be confirmed using, for example, x-ray photoelectron spectroscopy (XPS) contact
angle measurements, RAMAN spectrometry, or by time of flight secondary ion mass

spectrometry (TOF-SIMS), or ATR-FTIR.

[0145] Thus, Example 15 illustrates how the immobilization of assorted linker

compounds onto a stainless steel substrate according to the invention can be confirmed.
Example 16

Silver Nitrate Test for Determining the Immobilization of Gallic Acid onto Oxidized
Polymeric Substrates

[0146] Medically relevant polymeric materials, polyisoprene (PI), polycarbonate (PC)
and polysulfone (PS) were modified with gallic acid. The surface of the substrates were
oxidized by treating the surfaces with a solution of H,O,/HCl in a volume ratio of 1:1 for
about 5 minutes, followed by rinsing with filtered distilled water (FDW) thereby
introducing reactive moieties (hydroxyl groups) on the surface of the substrates. The
oxidized substrates were immersed in a solution of 1.1 mg/mL gallic acid dissolved in
100 mM bicine (pH of 7.3). The substrates were mildly agitated while immersed in the
gallic acid solution at room temperature for about 24 hours. The substrates were removed

from the solution and rinsed with FDW. The resulting gallic acid-treated substrates were
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immersed in a 50 mM solution of silver nitrate. The substrates were mildly agitated while
immersed in the silver nitrate solution at room temperature for about 60 hours. The
polymeric substrates darkened in color denoting the deposition of silver metal onto the
polymeric substrates. The metallization of the silver was due to the reducing capacity of
the gallic acid layer on the substrate. If the gallic acid was not immobilized on the

substrate the substrate would not have changed colors.

[0147] Thus, Example 16 illustrates how the immobilization of gallic acid onto
polyisoprene, polycarbonate and polysulfone substrates was achieved according to the

invention,
Example 17
Immobilization of Pyrogallol onto Oxidized Polymeric Substrates

[0148] Medically relevant polymeric materials, polyisoprene (PI), polycarbonate (PC)
and polysulfone (PS) were modified with pyrogallol. The surface of the substrates were
oxidized by treating the surface with a solution of H,O,/HCl in a volume ratio of 1:1 for
about 5 minutes, followed by rinsing with filtered distilled water (FDW) thereby
introducing reactive moieties (hydroxyl groups) on the surface of the substrates. The
oxidized substrates were immersed in a solution of 1.4 mg/mL pyrogallol dissolved in
100 mM bicine (pH of 7.3). The substrates were mildly agitated while immersed in the
pyrogallol solution at room temperature for about 24 hours. The substrates were removed
from the solution and rinsed with FDW. The resulting pyrogallol-treated substrates were
immersed in a S0 mM solution of silver nitrate. The substrates were mildly agitated while
immersed in the silver nitrate solution at room temperature for about 60 hours. The
polymeric substrates darkened in color denoting the deposition of silver metal onto the
polymeric substrates. The metallization of the silver is due to the reducing capacity of the

pyrogallol layer on the substrate.

[0149] Thus, Example 17 illustrates how the immobilization of pyrogallol onto
polyisoprene, polycarbonate and polysulfone substrates was achieved according to the

invention.
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Example 18
Immobilization of Trihydroxybenzaldehyde onto Oxidized Polymeric Substrates

[0150] Medically relevant polymeric materials, polyisoprene (PI), polycarbonate (PC)
and polysulfone (PS) were modified with trihydroxybenzaldehyde. The surface of the
substrates were oxidized by treating the surfaces with a solution of H,O,/HCl in a volume
ratio of 1:1 for about 5 minutes, followed by rinsing with filtered distilled water (FDW)
thereby introducing reactive moieties (hydroxyl groups) on the surface of the substrates.
The oxidized substrates were immersed in a solution of 1.1 mg/mL
trihydroxybenzaldehyde dissolved in 100 mM bicine (pH of 7.3). The substrates were
mildly agitated while immersed in the trihydroxybenzaldehyde solution at room
temperature for about 24 hours. The substrates were removed from the solution and
rinsed with FDW. The resulting trihydroxybenzaldehyde-treated substrates were
immersed in a 50 mM solution of silver nitrate. The substrates were mildly agitated while
immersed in the silver nitrate solution at room temperature for about 60 hours. The
polymeric substrates darkened in color denoting the deposition of silver metal onto the
polymeric substrates. The metallization of the silver is due to the reducing capacity of the

trihydroxybenzaldehyde layer on the substrate.

[0151] Thus, Example 18 illustrates how the immobilization of
trihydroxybenzaldehyde onto polyisoprene, polycarbonate and polysulfone substrates was

achieved according to the invention.
Example 19
Immobilization of 1,2,4-Benzenetriol onto Oxidized Polymeric Substrates

[0152] Medically relevant polymeric materials, polyisoprene (PI), polycarbonate (PC)
and polysulfone (PS) were modified with 1,2,4-benzenetriol. The surface of the
substrates were oxidized by treating the surface with a solution of H,O,/HCI in a volume
ratio of 1:1 for about 5 minutes, followed by rinsing with filtered distilled water (FDW)
thereby introducing reactive moieties (hydroxyl groups) on the surface of the substrates.
The oxidized substrates were immersed in a solution of 1.1 mg/mL 1,2,4-benzenetriol
dissolved in 100 mM bicine (pH of 7.3). The substrates were mildly agitated while
immersed in the 1,2,4-benzenetriol solution at room temperature for about 24 hours. The
substrates were removed from the solution and rinsed with FDW. The resulting 1,2,4-

benzenetriol-treated substrates were immersed in a 50 mM solution of silver nitrate. The
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substrates were mildly agitated while immersed in the silver nitrate solution at room
temperature for about 60 hours. The polymeric substrates darkened in color denoting the
deposition of silver metal onto the polymeric substrates. The metallization of the silver is

due to the reducing capacity of the 1,2,4-benzenetriol layer on the substrate.

[0153] Thus, Example 19 illustrates how the immobilization of 1,2,4-benzenetriol onto
polyisoprene, polycarbonate and polysulfone substrates was achieved according to the

invention.
Example 20
Immobilization of Phloroglucinol onto Oxidized Polymeric Substrates

[0154] Medically relevant polymeric materials, polyisoprene (PI), polycarbonate (PC)
and polysulfone (PS) were modified with phloroglucinol. The surface of the substrates
were oxidized by treating the surface with a solution of H»O»/HCl in a volume ratio of 1:1
for about 5 minutes, followed by rinsing with filtered distilled water (FDW) thereby
introducing reactive moieties (hydroxyl groups) on the surface of the substrates. The
oxidized substrates were immersed in a solution of 1.3 mg/mL phloroglucinol dissolved
in 100 mM bicine (pH of 7.3). The substrates were mildly agitated while immersed in the
phloroglucinol solution at room temperature for about 24 hours. The substrates were
removed from the solution and rinsed with FDW. The resulting phloroglucinol-treated
substrates were immersed in a 50 mM solution of silver nitrate. The substrates were
mildly agitated while immersed in the silver nitrate solution at room temperature for
about 60 hours. The polymeric substrates darkened in color denoting the deposition of
silver metal onto the polymeric substrates. The metallization of the silver is due to the

reducing capacity of the phloroglucinol layer on the substrate.

[0155] Thus, Example 20 illustrates how the immobilization of phloroglucinol onto
polyisoprene, polycarbonate and polysulfone substrates was achieved according to the

invention.
Example 21
Immobilization of Chitosan onto an Oxidized Polydimethylsiloxane Substrate

[0156] An antibacterial active agent, chitosan, is immobilized onto a
polydimethylsiloxane (PDMS) substrate. The surface of a substrate comprising

polydimethylsiloxane is oxidized by treating the surface of the substrate with a solution of
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H,O,/HCl in a volume ratio of 1:1 for about 5 minutes, followed by rinsing with water
and ethanol thereby introducing reactive moieties (hydroxyl groups) on the surface of the
substrate. The oxidized substrate is immersed in a solution of 1.1 mg/ml gallic acid
dissolved in 100 mM Bicine (pH of 7.3). The substrate is mildly agitated while immersed
in the gallic acid solution at room temperature for about 24 hours. The substrate is
removed from the solution and rinsed with filtered, distilled water. The resulting gallic
acid-treated substrate is immersed in a solution of chitosan (1 mg/ml) dissolved in 300
mM acetate and 600 mM sodium chloride solution (pH 4.5). The gallic acid-treated
substrate is mildly agitated while immersed in the chitosan solution at room temperature
for 24 hours. The substrate is removed from the chitosan solution and washed with
filtered, distilled water resulting in an oxidized PDMS substrate with chitosan
immobilized on the surface thereof. Immobilization of Chitosan can be confirmed using,
for example, a color assay or surface sensitive spectroscopy such as RAMAN, XPS

contact angle, or ATR-FTIR.

[0157] Thus, Example 21 illustrates how the immobilization of chitosan onto a

polydimethylsiloxane substrate can be achieved according to the invention.
Example 22
Immobilization of QUAT-chitosan onto an Oxidized Polydimethylsiloxane Substrate

[0158] An antibacterial/antimicrobial active agent, QUAT-chitosan, is immobilized
onto a polydimethylsiloxane (PDMS) substrate. Chitosan is initially modified with a
quaternary ammonium cation (QUAT) resulting in a QUAT-chitosan. The surface of a
substrate comprising polydimethylsiloxane is oxidized by treating the surface of the
substrate with a solution of H,O»/HCI in a volume ratio of 1:1 for about 5 minutes,
followed by rinsing with water and ethanol thereby introducing reactive moieties
(hydroxyl groups) on the surface of the substrate. The oxidized substrate is immersed in a
solution of 1.1 mg/ml gallic acid dissolved in 100 mM Bicine (pH of 7.3). The substrate
is mildly agitated while immersed in the gallic acid solution at room temperature for
about 24 hours. The substrate is removed from the solution and rinsed with filtered,
distilled water. The resulting gallic acid-treated substrate is immersed in a solution of the
QUAT-chitosan (1 mg/ml) dissolved in a 300 mM acetate and 600 mM sodium chloride
solution (pH 4.5). The gallic acid-treated substrate is mildly agitated while immersed in

the QUAT-chitosan solution at room temperature for about 24 hours. The substrate is
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removed from the QUAT-chitosan solution and rinsed with filtered, distilled water
resulting in an oxidized PDMS substrate with a QUAT-chitosan conjugate immobilized
on the surface thereof. Immobilization of Chitosan can be confirmed using, for example,
a color assay or surface sensitive spectroscopy such as RAMAN, XPS contact angle, or

ATR-FTIR.

[0159] Thus, Example 22 illustrates how the immobilization of QUAT-chitosan onto a

polydimethylsiloxane substrate can be achieved according to the invention.
Example 23
Immobilization of Chitosan onto a UV Irradiated Polydimethylsiloxane Substrate

[0160] An antibacterial active agent, chitosan, is immobilized onto a
polydimethylsiloxane (PDMS) substrate. The surface of a substrate comprising
polydimethylsiloxane is contacted with a solution of benzophenone in acetone for about 5
minutes. The substrate is washed with water to remove the acetone. The substrate is then
exposed to UV irradiation, so as to provide radicals on the surface of the substrate. The
substrate is then immersed in a solution of 1.1 mg/ml gallic acid dissolved in 100 mM
Bicine (pH of 7.3). The substrate is mildly agitated while immersed in the gallic acid
solution at room temperature for about 24 hours. The substrate is removed from the
solution and rinsed with filtered, distilled water. The resulting gallic acid-treated
substrate is immersed in a solution of chitosan (1 mg/ml) dissolved in 300 mM acetate
and 600 mM sodium chloride solution (pH 4.5). The gallic acid-treated substrate is
mildly agitated while immersed in the chitosan solution at room temperature for about 24
hours. The substrate is removed from the chitosan solution and rinsed with filtered,
distilled water resulting in an oxidized PDMS substrate with chitosan immobilized on the
surface thereof. . Immobilization of Chitosan can be confirmed using, for example, a
color assay or surface sensitive spectroscopy such as RAMAN, XPS contact angle, or

ATR-FTIR.

[0161] Thus, Example 23 illustrates how the immobilization of chitosan onto a

polydimethylsiloxane substrate can be achieved according to the invention.
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Example 24

Immobilization of a Chitosan-Gallic Acid Conjugate onto an Oxidized
Polydimethylsiloxane Substrate

[0162] An antibacterial active agent, chitosan, is immobilized onto a
polydimethylsiloxane (PDMS) substrate. A chitosan-gallic acid conjugate solution is
prepared by combining a solution of chitosan (I mg/ml) dissolved in a 300 mM acetate
and 600 mM sodium chloride solution (pH 4.5), with a solution of 1.1 mg/ml gallic acid
in a 300 mM acetate and 600 mM (pH of 4.5). A substrate comprising
polydimethylsiloxane is oxidized by treating the surface of the substrate with a solution of
H;O»/HCl in a volume ratio of 1:1 for about 5 minutes, followed by rinsing with water
and ethanol thereby introducing reactive moieties (hydroxyl groups) on the substrate.

The oxidized substrate is immersed in the solution of chitosan-gallic acid conjugate. The
substrate is mildly agitated while immersed in the chitosan-gallic acid conjugate solution
at room temperature for about 24 hours. The substrate is removed from the solution and
rinsed with filtered, distilled water resulting in an oxidized PDMS substrate with chitosan
immobilized on the surface thereof. Immobilization of Chitosan can be confirmed using,
for example, a color assay or surface sensitive spectroscopy such as RAMAN, XPS

contact angle, or ATR-FTIR.

[0163] Thus, Example 24 illustrates how the immobilization of a chitosan-gallic acid
conjugate onto a polydimethylsiloxane substrate can be achieved according to the

invention.

[0164] Of course, other active agents, linker compounds, and compounds including

trihydroxyphenyl groups could be used in the foregoing procedures.
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In the specification the term “comprising” shall be understood to have a broad
meaning similar to the term “including” and will be understood to imply the inclusion
of a stated integer or step or group of integers or steps but not the exclusion of any
other integer or step or group of integers or steps. This definition also applies to
variations on the term “comprising” such as “comprise” and “comprises”.

The reference to any prior art in this specification is not, and should not be
taken as an acknowledgement or any form of suggestion that the referenced prior art
forms part of the common general knowledge in Australia.
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CLAIMS

1. A method of immobilizing an active agent on a substrate, comprising the steps of:

providing a substrate with a surface, the substrate surface comprising a surface of a medical
device or medical device component, and the substrate is metal or selected from the group
consisting of polysulfone, polyisoprene, and polycarbonate;

contacting the substrate with a solution of a compound including a trihydroxyphenyl group
thereby coupling the trihydroxyphenyl group to the substrate surface to provide a
trihydroxyphenyl-treated substrate; and

contacting the trihydroxyphenyl-treated substrate with an active agent selected from the group
consisting of antimicrobial agents, antifouling agents, anti-inflammatory agents,
antithrombogenic agents, and combinations thereof, thereby coupling the active agent to the
compound including a trihydroxyphenyl group and immobilizing the active agent on the
substrate.

2. A method of immobilizing an active agent on a substrate, comprising the steps of:

providing a substrate with a surface, the substrate surface comprising a surface of a medical
device or medical device component, and the substrate is metal or selected from the group
consisting of polysulfone, polyisoprene, and polycarbonate;

combining in solution a compound including a trihydroxyphenyl group and an active agent
selected from the group consisting of antimicrobial agents, antifouling agents, anti-inflammatory
agents, antithrombogenic agents, and combinations thereof, thereby coupling the active agent
to the compound including a trihydroxyphenyl group and forming a solution of an active agent-
trihydroxyphenyl conjugate; and

contacting the substrate with the solution of the active agent-trihydroxyphenyl conjugate,
thereby coupling the trihydroxyphenyl group of the active agent-trihydroxyphenyl conjugate to
the substrate surface and immobilizing the active agent on the substrate surface.

3. The method of any one of the preceding claims, wherein the compound including a
trihydroxyphenyl group is selected from the group consisting of gallic acid, phloroglucinol
carboxylic acid, gallamide, benzenetriol, 5-methyl-benzene-1,2,3-triol, 3,4,5-
trihydroxybenzaldehyde, 2,3,4-trihydroxybenzaldehyde, gallacetophenone, 3,4,5-
trihydroxybenzamide, 2,3,4-trihydroxybenzoic acid, 5-hydroxydopamine hydrochloride, methyl
gallate, pyrogallol, derivatives thereof , salts of the foregoing, and combinations thereof.

4. The method of any one of the preceding claims, wherein the compound including a
trihydroxyphenyl group comprises gallic acid.

5. The method of any one of the preceding claims, further comprising activating the
substrate so as to introduce a reactive moiety on the substrate surface, said activating step
preferably being selected from the group consisting of treating a substrate surface with an
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oxidizing agent, a plasma treatment, irradiating the substrate in the presence of an initiator to
generate a radical on the substrate surface, and heating the substrate in the presence of an
initiator to generate a radical on the substrate surface.

6. The method of any one of the preceding claims, wherein the substrate is a metal
substrate or a non-metal substrate having a coating comprising a metal.

7. The method of any one of the preceding claims, wherein the medical device comprises
an extracorporeal blood circuit or a component of an extracorporeal blood circuit.

8. The method of any one of the preceding claims, wherein the substrate comprises a
surface of a medical device or medical device component selected from the group consisting of
tubing, fluid bags, septa, stopcocks, clamps, filters, catheters, needles, and cannulae.

9. The method of any one of the preceding claims, wherein

(a) the active agent comprises an antimicrobial agent and the antimicrobial agent
is an antibacterial agent;

(b) the active agent comprises an antithrombogenic agent and the
antithrombogenic agent is an anticoagulant; or

(c) the active agent comprises an anti-inflammatory agent and the anti-inflammatory agent is a
complement inhibitor.

10. The method of any one of the preceding claims, wherein the active agent is selected
from the group consisting of chitosan, linear polyethylene glycol, looped polyethylene glycol,
polyethylene glycol derivatives, polyvinylpyrrolidone, polyvinylpyrrolidone derivatives,
fractionated heparin, unfractionated heparin, heparin derivatives, quaternary ammonium
polymers, albumin, polyethylenimine, 4-hydroxycoumarin derivatives, and combinations of the
foregoing.

11. The method of any one of the preceding claims, wherein the active agent is chitosan.

12. A substrate having an active agent immobilized on a surface thereof, the substrate
having a compound including a trihydroxyphenyl group coupled to the substrate surface, the
substrate surface comprising a surface of a medical device or medical device component, and
the substrate is metal or selected from the group consisting of polysulfone, polyisoprene, and
polycarbonate, wherein the compound includes an active agent selected from the group
consisting of antimicrobial agents, antifouling agents, anti-inflammatory agents,
antithrombogenic agents, and combinations thereof coupled thereto, such that the active agent
is immobilized on the surface of the medical device or medical device component.

13. The substrate of any one of claims 12, further comprising a linker compound coupled to
the trihydroxyphenyl group, wherein the linker compound includes an active agent coupled
thereto, thereby forming a substrate with an active agent immobilized on the surface thereof.

14. The substrate of any one of claims 12 to 13, wherein
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(a) the active agent comprises an antimicrobial agent and the antimicrobial agent is an
antibacterial agent;

(b) the active agent comprises an antithrombogenic agent and the antithrombogenic agent is an
anticoagulant; or

(c) the active agent comprises an anti-inflammatory agent and the anti-inflammatory agent is a
complement inhibitor.

15. The substrate of any one of claims 12 to 14, wherein the active agent is selected from
the group consisting of chitosan, linear polyethylene glycol, looped polyethylene glycol,
polyethylene glycol derivatives, polyvinylpyrrolidone, polyvinylpyrrolidone derivatives,
fractionated heparin, unfractionated heparin, heparin derivatives, quaternary ammonium
polymers, albumin, polyethylenimine, 4-hydroxycoumarin derivatives, and combinations of the
foregoing.

16. The substrate of any one of claims 12 to 15, wherein the trihydroxyphenyl group is
covalently bound to the active agent.

17. A medical device comprising the substrate of any of claims 12 to 16.

18. The medical device of claim 17, wherein the medical device comprises an extracorporeal
blood circuit or component of an extracorporeal blood circuit.

19. The medical device of claim 17, wherein the medical device is selected from the group
consisting of tubing, fluid bags, septa, stopcocks, clamps, filters, catheters, needles, and
cannulae.

20. The medical device of claim 17, wherein the substrate comprises stainless steel, the
compound including a trihydroxyphenyl group comprises gallic acid, and the active agent
comprises chitosan.

21. The substrate of claim 17, wherein the compound including a trihydroxyphenyl group is
selected from the group consisting of gallic acid, phloroglucinol carboxylic acid, gallamide,
benzenetriol, 5-methyl-benzene-1,2,3-triol, 3,4,5-trihydroxybenzaldehyde, 2,3,4-
trihydroxybenzaldehyde, gallacetophenone, 3,4,5-trihydroxybenzamide, 2,3,4-trihydroxybenzoic
acid, 5-hydroxydopamine hydrochloride, methyl gallate, pyrogallol, derivatives thereof , salts of
the foregoing, and combinations thereof.
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