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PROCESS FOR MODIFYING SURFACES USING THE
REACTION PRODUCT OF A WATER-INSOLUBLE
POLYMER AND A POLYALKYLENE IMINE

The invention relates to modifying the surface of an article.

Surfaces of, e.g., medical devices must often be modified. For example, the
surfaces of medical devices that are in direct contact with blood or blood products
(e.g., blood oxygenators, blood pumps, catheters, and tubing) have been treated
with biologically active agents such as heparin or derivatives thereof to make such
surfaces nonthrombogenic in an effort to prevent clotting or clot formation related

to surface contact with blood or blood products.

In one aspect, the invention features a process for modifying the surface of
an article that includes treating the surface with a solution that includes (a) an
organic solvent, and (b) the reaction product of a substantially water insoluble
polymer and a polyalkylene imine (e.g., polyethylene imine) to form a modified
surface.

In one preferred embodiment, the treated surface may be reacted further
with a biologically active agent. The biologically active agent may include
negatively charged materials. Specific examples of biologically active agents
include anti-thrombotic agents (e.g., a glycosaminoglycan (or a derivative thereof)
such as heparin or a heparin derivative). Other examples of suitable biologically
active agents include heparin sulfate, hyaluronic acid, dermatan sulfate, chitosan,
derivatives thereof, and combinations thereof.

Preferred substantially water-insoluble polymers include functional groups
such as ester groups that are capable of forming a covalent bond with the
polyalkylene imine. Specific examples include the reaction product of an alkyl
acrylate and an alkyl methacrylate (e.g., isooctyl acrylate and methyl methacrylate);
the reaction product of an alkyl methacrylate, an alkylacrylate, and N-vinyl
pyrrolidone (e.g., methyl methacrylate, isooctyl acrylate, and N-vinyl pyrrolidone);
and the reaction product of an alkyl acrylate, an alkyl methacrylate, and a
hydroxyalkyl methacrylate (e.g., isooctyl acrylate, methyl methacrylate, and
hydroxypropyl methacrylate). The acrylate, methacrylate, and N-vinyl pyrrolidone
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may be provided in the form of monomers, oligomers, or a combination thereof.

The invention also features an article that includes a substrate having a
modified surface that includes the reaction product of a substantially water insoluble
polymer and a polyalkylene imine. The article may further include a biologically
active agent bound to the surface.

Throughout this application the following definitions apply:

A "biologically active agent" is a material which, when in contact with a
patient's blood, plasma, or other body fluids or tissues under physiological
conditions, exhibits biological activity. For instance, a material such as heparin is
"biologically active" in the sense that it acts as an anti-coagulant in the presence of
blood.

The invention provides a simple and effective means for modifying the
surface of an article, e.g., such that when in contact with a patient's blood, plasma,

or other body fluids, the surface does not cause an adverse physiological reaction.

The present invention provides a process for producing modified surfaces
(e.g., the surfaces of medical devices such as filters, membranes, tubes, catheters,
oxygenator, intravascular probes, blood pumps, blood gas sensing devices, and the
like). The surface may be a polymer, ceramic, or metal surface. Examples of
suitable polymer surfaces include polypropylene, poly (vinyl chloride), poly (methyl
methacrylate), polytetrafluoroethylene, polysulfone, silicone rubber, poly (ethylene
terephthalate), polycarbonate, polyethylene, polystyrene, and polyurethane.

In general, the surface is contacted with a priming solution that contains an
organic solvent and the reaction product of a polyalkylene imine, such as
polyethylene imine, and a substantially water insoluble polymer, and then dried.
The resulting primed surface is capable of binding with a biologically active agent.
Although the system is designed to be functional after a single coating step, the
solution may be coated on the surface and dried as many times as is necessary to
achieve the desired concentration of functional groups on the surface. The
particular amount of coating and concentration of functional groups on the surface

will depend upon the particular application for which the treated surface is intended.

The surface may then be contacted with a biologically active agent to bind
the biologically active agent to the primed surface. The biologically active agent

may be an anti-thrombotic agent (e.g., a glycosaminoglycan (or derivative thereof)
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such as heparin or a heparin derivative), an anti-microbial agent, a therapeutic agent
(e.g., a drug or growth factor), an enzyme, or a cell attachment protein. Other
examples of suitable biologically active agents include heparin, heparan sulfate,
hyaluronic acid, dermatan sulfate, chitosan, and derivatives thereof. The agents
may be used alone or in combination with each other.

Binding may be either ionic or covalent, with covalent being preferred. In
the case of ionic binding, it is preferred that the biologically active agent include one
or more negatively charged groups. Following addition of the biologically active
agent, the biologically active agent may then be treated with a crosslinking agent, if
desired.

In the case of covalent binding, it is preferred to contact the primed surface
with a biologically active agent having free aldehyde groups (generated, e.g., by
periodate oxidation) in the presence of a reducing agent such as sodium
cyanoborohydride. The covalent binding most likely occurs via formation of a
Schiff's base initially, which is then readily reduced to a secondary amine in the
presence of the sodium cyanoborohydride.

Covalent binding may also be accomplished using a coupling agent such as a
carbodiimide, rather than sodium cyanoborohydride. In this case, the covalent
linkage occurs between carboxylate groups on the biologically active agent and
amine groups on the primed surface.

Preferred priming solutions include between about 0.1 to about 20% solids
in a solution that includes between about 50 and about 99.9% organic solvent and
up to about 50% water. The weight to weight ratio of substantially water insoluble
polymer to polyethylene imine is preferably between about 0.1:1 and about 10:1,
more preferably about 4:1.

Suitable polyalkylene imines are those having an average molecular weight
of between about 300 and 1,000,000. One example of a suitable polyalkylene imine
is polyethylene imine having an average molecular weight of 750,000, available
from the Aldrich Chemical Co., Milwaukee, Wisconsin.

Preferred substantially water insoluble polymers are those polymers that
provide functional groups capable of forming a covalent bond with the amine
groups of the polyalkylene imine while not interfering with the ability of the
polyalkylene imine to bind to a biologically active agent. The polymer preferably is

soluble in those organic solvents in which the polyalkylene imine is soluble.
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Suitable substantially water insoluble polymers include substantially water
insoluble acrylate polymers such as, e.g., alkyl acrylate-alkyl methacrylate
copolymers (e.g., copolymers of isooctyl acrylate and methyl methacrylate), alkyl
methacrylate-alkyl acrylate-N-vinyl pyrrolidone terpolymers (e.g., methyl
methacrylate-isooctyl acrylate-N-vinyl pyrrolidone), and alkyl acrylate-alkyl
methacrylate-hydroxyalkyl methacrylate terpolymers (e.g., isooctyl acrylate-methyl
methacrylate-hydroxypropyl methacrylate).

Examples of alkyl methacrylate-alkyl acrylate-N-vinyl pyrrolidone
terpolymers, and their methods of manufacture, are described in U.S. Patent No.
4,584,192 (Dell), incorporated herein by reference.

Preferred organic solvents are those capable of dissolving both the
substantially water insoluble polymer and polyalkylene imine, and rapidly
evaporating after the application of the priming solution to the substrate surface.
Suitable organic solvents include tetrahydrofuran and alkyl alcohols such as, e.g.,
methanol, ethanol, and isopropyl alcohol.

The invention will now be further described by way of the following non-

limiting examples.

Example 1

Methyl methacrylate monomers, isooctyl acrylate monomers and N-vinyl
pyrrolidone monomers were polymerized as described in Examples 2-8, formulation
D of U.S. Patent No. 4,584,192, to form a terpolymer. The terpolymer was then
repeatedly washed and distilled so as to remove the acetone. Once the acetone was
removed, the terpolymer was placed in isopropyl alcohol.

The terpolymer solution and polyethylene imine were then placed in a
solution of isopropyl alcohol and water. The resulting solution contained 4:1
polyethylene imine/terpolymer, 2.5% solids solution in 82.5% isopropyl alcohol and
15% water. The solution was allowed to react for four hours at SOEC, after which
it was coated on a piece of woven polyester. After evaporation of the solvent, a
portion of the sample was separated and rinsed with water. It was then stained with
8-hydroxy-7-(4-sulfo-1-naphthylazo)-5-quinoline sulfonic acid (SNAZOXS), which
revealed the presence of PEL

The remaining portion of the sample was rinsed with 25% saline solution
and then stained with SNAZOXS. Staining also revealed the presence of PEI,

- 4 -
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demonstrating that the PEI does not rinse off even with saline solution.

Example 2

Two grams (g) of a isooctyl acrylate/methyl methacrylate (I(0A/MMA)
copolymer, having 55 parts IOA and 45 parts MMA, was dissolved in 35g of
tetrahydrofuran (THF). Two grams of polyethylene imine (PEI) (average molecular
weight of 750,000, available from Aldrich Chemical Co., Milwaukee, Wisconsin)
was added to the IOA/MMA THF solution and the mixture was allowed to react for
four hours at SOEC. The solution was coated on a piece of woven polyester. After
evaporation of the solvent, the polyester sample was rinsed with a 25% saline
solution. The polyester sample was then stained with 8-hydroxy-7-(4-sulfo-1-
naphthylazo)-5-quinoline sulfonic acid (SNAZOXS), which revealed the presence
of PEL

Example 3

Two grams of IOA/MMA/hydroxypropyl methacrylate (HPMA) terpolymer,
having 50 parts IOA, 40 parts MMA and 10 parts HPMA, was dissolved in 35g of
THF. Two grams of PEI was added to the IOA/MMA/HPMA THF solution and
the mixture was allowed to react for four hours at SOEC. The solution was coated
on a piece of woven polyester. After evaporation of the solvent, the polyester
sample was rinsed with a 25% saline solution. The polyester sample was then
stained with SNAZOXS, which revealed the presence of PEI

Example 4

An isooctyl acrylate-methyl methacrylate-N-vinyl pyrollidone terpolymer
was prepared following the procedure of Example 1 except that a polycarbonate
sample was dip coated in the solution and allowed to dry. Next, the dried sample
was rinsed thoroughly with water, after which heparin was attached to the primed
polycarbonate surface by immersing the sample in a citrate-buffered saline solution
containing 0.04% periodate oxidized heparin and 0.004% sodium cyanoborohydride
(pH = 3.9) for a period of 30 minutes at SOEC. The heparinized sample was then
rinsed for five minutes in 25% saline solution to remove ionically bound heparin,
leaving only covalently bound heparin. The sample was subjected to a thrombin
inhibition assay following the procedure described in Sirvio et al., U.S. Patent No.

5,532,311 (hereby incorporated by reference). The results of the assay

- 5 -
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demonstrated that the activity of heparin on the sample surface corresponded to

0.14 micrograms/cm®.
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What is claimed is:

1. A process for modifying a surface of an article comprising:

treating a surface with a solution comprising

(a) an organic solvent, and

(b)  the reaction product of a substantially water insoluble polymer and a

polyalkylene imine to form a modified surface.

2. The process of claim 1, further comprising contacting said modified
surface with a biologically active agent to bind said biologically active agent to said

surface.

3. The process of claim 2, wherein said biologically active agent

comprises a negatively charged material.

4. The process of claim 2, wherein said biologically active agent

comprises an anti-thrombotic agent.

5. The process of claim 2, wherein said biologically active agent

comprises a glycosaminoglycan or a derivative thereof.

6. The process of claim 2, wherein said biologically active agent

comprises heparin or a derivative thereof.

7. An article comprising a substrate having a surface that has been

modified using the process of claim 1.

8. The article of claim 7, wherein said polyalkylene imine comprises

polyethylene imine.

9. The article of claim 7, further comprising a biologically active agent

bound to said surface.

10.  The article of claim 9, wherein said biologically active agent

comprises a negatively charged material.

PCT/US97/20055
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