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MEDICAL DEVICES CONTAINING ANTIMICROBIAI AGENTS HAVING A SURFACTANT SURFACE

FIELD OF THE INVENTION
[0001] = The present application relates to long-term, indwelling medical

deviges.

' BACKGROUND OF THE INVENTION
| 0002] Polymeric materials for indwelling devices that can resist biofilm
formation and encrustation over long time periods are presently in high demand.
[0003] One region of the body that is of particular interest is the urinary
system. In theory, the colonization of an indwelling-device surface with urease-
producing bacteria will lead to the hydrolysis of urea into ammonium and
carbonate, causing alkalinization of urine in the vicinity of the device. The higher
pH environment in turn lowers the solubility of struvite and hydroxyapatite found
within the urine, leading to the formation of déposits on the device surface. Clinical
and experimental studies have focused on several treatments to avoid the formation
of such deposits, including the following: (a) acidification of urine, (b) modification
of the device surface to provide a smoother and more hydrophilic surface (using, for
example, lubricious hydrophilic coatings, phospholipid coatings or surfactant
coatings), and (c) formation of surface co atmgs with one or more antimicrobials
(for example, urinary stents have been immersed in antibiotic or prior to use and
have been provided with antimicrobial coatings).

[0004] These efforts, however, have been ineffective to significantly prolong
the half-life of indwelling stents. In general, the proportion of the stent covered
with biofilm increases with time, as does the degree of encrustation. Moreover,

studies have shown that adhereﬁt bactena inside the biofilm are resistant to
antimicrobial treatments. Typically, the doses required to kill biofilm bacteria (e.g.,
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adherent bacteria protected by a glycocalyx biofilm matrix) is many times the dose
required to eradicate planktonic bacteria (i.e., non-adherent bacteria). Such elevated

doses are also typically toxic to the patient.

SUMMARY OF THE INVENTION

[0005] According to an embodiment of the invention, a medical device is provided
which comprises: (1) a reservoir including (a) a polymer matrix and (b) an antimicrobial
agent disposed within the polymer matrix, wherein the reservoir is adapted for long-term
release of the antimicrobial agent from the polymer matrix; and (2) a surfactant region
comprising a surfactant, said surfactant region disposed over the reservoir at an outer
surface of the medical device, wherein said reservoir is not a coating layer on said
medical device, and wherein said medical device is a urine contacting device adapted for

long-term implantation within the body of a patient.

{0006} Prefcrred surfactants for the practice of the present invention include
biosurfactants and surfactant polymers. Preferred biosufactants include glycdlipidé.,'
lipopeptides, depsipeptides, phospholipids, substituted fatty acids, and B

~ bpopolysaccharides. Further preferred biosurfactant include surlactin, surfactin,
visconsin and rhamnolipids. Preferred surfactant polymers include surfactant
polymers having a poly(vinyl amine) backbone and having hydrophilic
poly(ethylene oxide) sides chains and hydrophobic hexanal side chains.

[0007] Preferred antimicrobial agents include for the practice of the present
invention triclosan, chlorhex_idjne, silver sulfadiazine, silver ions, benzalkonium
chloride and zinc pyrithione. Further preferred antimicrobial agents include broad-
spectrum antibiotics and antiseptic agents.

[0008] Preferred polymer matrices for the practice of the present invention are
those that comprise an éthylenq-vinyl acetate copolymer and those that comprise
polyurethane. | ' |

[0009]  Preferred devices include ureteral stents and urethral catheters,
[0010]  In some cases, a barrier layer is provided between the polymer matrix
and the surfactant region. |
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{0011} According to another embodiment of the invention a use of a medical device
for implantation within the body of a patient for a pertod of at least three months
wherein the medical device comprises (a) a reservoir, which includes a polymer matrix
portion and an antimicrobial agent disposed within the polymer matrix portion; and (b) a

surfactant region disposed over the reservoir at an outer surface of the device, wherein

said reservorir is not a coating layer on said medical device.

[0012] Patients appropriate for the practice of the present invention include
animal patients, preferably mammals, and more preferably humans. One preferred
location for implantation is in a urine-contacting area. '

[0013] Accbrding to another embodiment of the invention, a method bf |
constructing a medical device is provided. The method comprises: (1) forming a
reservoir, which includes (a) a polymer matrix portion and (b) an antimicrobial
agent disposed within the polymer matrix portion; and (2) providing a surfactant
region over the reservoir at an outer surface of the device. _

[0014]  In some embodiments, the antimicrobial agent is provided within the
polymer matrix at the time of formation of the polymer matrix. For insfance, the

~ antimicrobial agent may be co-cast with the polymer matrix, or the antimicrobial
agent may be co-extruded with the polymer matrix. In other instances, the
antimicrobial agent is provided within the polymer matrix by imbibing the
anﬁmiCrobial agent mto the polymer matrix.

[0015] * The surfactant can be adhered to the outer surface of the device based
‘on hydrophobic mteractions, ionic interactions and/or covalent interactions.

[0016} One advantage of the present invention is that medical devices can be
created, which retard biofilm formation and encrustation over long periods of time.
[0017]  Another advantage of the present mvention is that such medical devices
are of relatively simple design and can be produced using relatively simple
techniques.

[0018]  These and other embodiments and advantages of the present invention
will become immediately apparent to those of ordinary skill in the art upon review
of the Detailed Description and Claims to follow. '
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BRIEF DESCRIPTION OF THE DRAWINGS |

[0019] Fig. 1 illustrates the general patterns of inhibition of bacterial adhesion
on the surface of a medical device that are due to (a) the modification of the device
surface with a surfactant and (b) the long-term release of antimicrobial agent from
the device.

(0020] Fig. 2 is a schematic representation of a medical device in accordance

with an embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0021] In accordance with an embodiment of the present invention, a dual
approach is used to provide an implantable medical device having long-term
bacterial clearance. In accordance with one approach, the surface properties of the
device are modified through the use of a surfactant. In accordance with the other
approach, antimicrobial agents are released from the device in a slow-release
fashion upon implantation.

10022] Fig. 1 illustrates the general patterns of bacterial adhesion inhibition
that is due to each of the above approaches. The pattern of bacterial adhesion
inhibition that is due to the modification of the device surface with a surfactant 1s
illustrated in curve “A” of Fig. 1. As can be seen from this curve, at the outset, the
surfactant-modified surface resists adherence of living bacteria (as well as dead
bacteria and host protein) to a high degree. However, due to degradation of the
surfactant, the efficacy associated with the surfactant-modified surface eventually
decreases over time. On the other hand, the pattern of bacterial adhesion inhibition
that is due to the long-term release of antimicrobial agents is illustrated in Fig. 1 as
curve “B”. As seen from this curve, the antimicrobial agent release 1s mitially
negligible. However, antimicrobial agent eventually blooms to the surface of the
medical device, killing bacteria in a sustained manner and thus preventing living

bacteria from actively colonizing the medical device. The cumulative effect of
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these two approaches is a continuous process whereby bacterial adhesion 1s
inhibited over a long period of time.

[0023] An example of a medical device design that embodies this approach 1s
presented in Fig. 2. Referring now to this figure, the overall medical device (in this
case, a tubular portion of a medical device) is generally represented by the numeral
20. The medical device 20 includes a polymer matrix portion 22, within which 1s
disposed one or more broad-spectrum antimicrobial agents. In this way, when
loaded with broad-spectrum antimicrobial agents, the polymer matrix portion 22
acts as a slow-release reservoit, or depot, for the antimicrobial agents. A surfactant
region 24 is disposed over the polymer matrix portion 22 at the surface of the
device 20.

[0024] Such a medical device is useful for long-term mdwelling applications
due to its ability to resist biofilm formation and encrustation. As used herein,
“long-term” is greater than 3 months, and preferably greater than 6 months and
more preferably greater than 1 year. Subjects for treatment via implantation are
preferably mammalian subjects and more preferably human subjects.

[0025] Essentially any implantable medical device which experiences biofilm
formation and/or encrustation is appropriate for the practice of the present
invention, including urine contacting devices (for example, ureteral stents, urmary
catheters and drug delivery devices), blood contacting devices (including
cardiovascular stents, venous access devices, valves, vascular grafts, hemodialysis
and biliary stents), and body tissue and tissue fluid contacting devices (including
biosensors, implants and artificial organs).

[0026] As used herein, an “antimicrobial agent” is any agent that 1s harmtul to
microbes, especially pathogenic bacteria. Preferred broad-spectrum antimicrobial
agents for the present invention include triclosan, chlorhexidine, silver sulfadiazine,
silver ions, benzalkonium chloride, and zinc pyrithione, as well as broad-spectrum
antibiotics such as quinolones, fluoroquinolones, aminoglycosides and
sulfonamides, and antiseptics such as iodine, methenamine, nitrofurantoin, validixic

acid and other acidifying agents, including acids extracted from cranberry juice.
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[0027] Polymers for use in the polymer matrx portion include essentially any . |
poljrmer that is compatible with the impiantation environment and that allows for

the release of the antimicrobial agent. Such polymers may be crosslinked or
uncrosslinked, hinear or branched natural dr synthetic, thermoplastic or

ﬂlennosethng, or biostable, biodegradable, bloabsorbable or dissolvable.

[0028]  Exemplary polymers include the followmg polycarboxyhc acid

polymers and copolymers including polyacrylic acids (e.g., acrylic latex dispersions
and various polyacrylic acid products such as HYDROPLUS™, available from Boston
Scientific Corporation, Natick Mass. and described in U.S. Patent No. 5,091,205, and
HY DROPASS“", also available from Boston Scientific Corporation); acetal polymers
and co'polymerS' acrylate and methacrylate polymers and copolymers; cellulosic |
polymers and copolymers, including cellulose acetates, cellulose mtrates, cellulose
propionates, cellulose acetate butyrates, cellophanes, rayons, rayon tnacetates and
cellulose ethers s_uch as carboxymethyl celluloses and hydoxyalky! celluloses;
polyoxymethylene polymers and copolymers; polyimide polymers and copolymers
such as polyether block imides, polybismaleinimides, polyamidimides, |
polyesterimides, and polyetherimides; polysulfone polymers and copolymers

including polyarylsulfones and polyethersulfones; polyamide polymers and .
copolymers mcluding nylon 6,6, polycaprolactams and polyacrylamides; resins
including allcyd resins, phenolic resins, urea resins, melamine resins, epOxy resins,
allyl resins and epoxide resins; polycarbonates polyacrylonitriles;
polyvmylpyrrolidones (cross-linked and otherwise); anhydride polymers and
copolyniers including maleic anhydride polymers; polymers and copolymers of

vinyl monomers inciuding polyvinyl alcohols, polyvinyl halides suéh as poljn)inyl
chlorides, ethylene-vinylacetate copolymers (EVA), polyvinylidene chlorides,
polyvinyl ethers such as polyvinyl methyl ethers, polystyrenes, styrene-butadiene |
copolymers, acrylonitrile-styrene copolymers, acrylonitrile-butadiene-styrene
copolymers, styrene-butadiene-styrene copolymers and styrene-isobutylene- styrene
copolymers, polyvinvl ketones, polyvinylcarbazoles, and ﬁolyvinyl esters such as
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polyvinyl acetates; polybenzimidazoles; ionomers; polyalkyl oxide polymers and
copolymers including polyethylene oxides (PEO); glycosaminoglycans; polyesters
including polyethylene terephthalates and aliphatic polyesters such as polymers and
copolymers of lactide (which includes lactic acid as well as d-,I- and meso lactide),
epsilon-caprolactone, glycolide (including glycolic acid), hydroxybutyrate,
hydroxyvalerate, para-dioxanone, trimethylene carbonate (and its alkyl derivatives),
1,4-dioxepan-2-one, 1,5-dioxepan-2-one, and 6,6-dimethyl-1,4-dioxan-2-one (a
copolymer of polylactic acid and polycaprolactone is one specific example);
polyether polymers and copdlymers including polyarylethers such as polyphenylene
ethers, polyether ketones, polyether ether ketones; polyphenylene sulfides;
polyisocyanates (e.g., U.S. Patent No. 5,091,205 describes medical devices coated
with one or more polyisocyanates such that the devices become instantly lubricious
when exposed to body fluids); polyolefin polymers and copolymers, including
polyalkylenes such as polypropylenes, polyethylenes (low and high density, low
and high molecular weight), polybutylenes (such as polybut-1-ene and
polyis obutylene); poly-4-methyl-pen-1 -enes,' ethylene-alpha-olefin copolymers,
ethylene-methyl methacrylate copolymers and ethylene-vinyl acetate copolymers;
fluorinated polymers and copolymers, including polytetrafluoroethylenes (PTFE),
poly(tetrafluoroethylene-co-hexafluoropropene) (FEP), modified ethylene-
tetrafluoroethylene copolymers (ETFE), and polyvinylidene fluorides (PVDF);
silicone polymers and copolymers; polyurethanes (e.g.,, BAYHYDROL™
polyurethane dispersions); p-xylylene polymers; polymminocarbonates;
copoly(ether-esters)such as polyethylene oxide-polylactic acid copolymers;
polyphosphazines; polyalkylene oxalates; polyoxaamides and polyoxaesters
(including those contammg amines and/or amido groups); polyorthoesters;
biopolymers, such as polypeptides, protems, polysacchandes and fatty acids (and
esters thereof), including fibrin, fibrinogen, collagen, elastin, chitosan, gelatin,
starch, glycosaminoglycans such as hyaluronic acid; as well as blends and
copolymers of the above.

[0029] Preferred polymers for use in connection with the present invention
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mclude ethylene-vinyl acetate copolymers (EVA) and polyurethanes.

[0030] The polymer matrix portion can be formed using various known
processes. For example, the polymer matrix portion can be formed using solvent-
based techniques in which the polymer is first dissolved in a solvent, after which
the polymer solution is used to form the matrix portion. The solvent should, of
course, be compatible with the polymer. Preferred techniques of this nature include
solvent casting, spin coating, web coating, solvent spraying, dipping, fiber forming,
ik jet techniques and combinations of these processes. If desired, coating
techniques can be repeated or combined to build up the polymer matrix portion to
the desired thickness. In many cases, the solution is applied to a template, and the
polymer matrix portion is obtained, after solvent elimination, by simply removing
the polymer from the template. Such techniques are particularly appropriate for
formimg simple objects such as sheets, tubes, cylinders and so forth.

[0031] When forming the matrix portion using solvent-based techniques, so
long as 1t 1s compatible, the antimicrobial agent can be provided within the
polymer/solvent mixture, for example, in dissolved form or as a particulate
suspension. Such techniques allow the antimicrobial agent to be loaded

concurrently with polymer matrix formation.

[0032] As another example, the polymer matrix can be provided in final shape
by casting processes in which a mold or other receptacle is provided with liquid
monomer, whereupon the monomer becomes cured (for example by the application
of heat, ultraviolet light, atmospheric exposure, etc.) Similar to solvent-based
techmiques, so long as the antimicrobial agent is compatible with the liquid
monomer, the antimicrobial agent can be provided within the liquid monomer at the
time of polymer matrix formation, allowing the antimicrobial agent to be loaded
concurreﬁtly with polymer matrix formation.

[0033] As yet another example, in the case where a thermoplastic polymer is
selected as the polymer matrix material, a variety of standard thermoplastic
processing techniques for device formation can be used, including compression

molding, mjection molding, blow molding. spinning. vacuum forming and
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calendaring, thermoforming and rotational molding, as well as extrusion into sheets,
fibers, rods, tubes and other cross-sectional profiles of various lengths. Assuming
that the antimicrobial agent to be loaded within the matrix is stable at processmg
temperatures, then 1t can be combined with the polymer prior to thermoplastic
processing, for example, by extrusion.

[0034] The antimicrobial agent can also be provided within the polymer matrix
atter the polymer matrix portion is formed, for example, using one of the techniques
described above. For instance, the antimicrobial agent can be first dissolved in a
solvent that 1s compatible with both the polymer matrix and the antimicrobial agent.
Subsequently, the thus-formed solution is contacted with the polymer matrix
portion, whereupon the antimicrobial agent is loaded into the polymer matrix
portion, for example, by diffusion into the matrix. For this purpose, the polymer
matrix portion can be immersed or dipped into the solution: the solution can be
applied to the polymer matrix, for example, by spraying; and so forth. The polymer
matrix portion can subsequently be dried, with the antimicrobial agent remaining
therem.

[0035] It also may be useful to coat the polymer matrix portion with an
additional polymer layer, which may serve, for example, as a barrier layer to retard
diffusion of the antimicrobial agent and extend release time. For example, the
barrier layer may be selected from those polymer materials discussed above that are
effective to retard diffusion. Other techniques for extending the release time of the
antimicrobial agent include maximizing polymer matrix depth and choosing
antimicrobial agents with low solubility.

[0036] Preferred compounds for use in connection with the surfactant regions

of the devices of the present invention include biosurfactants and surfactant

polymers, among others.

[0037] “Surfactant polymers” as defined herein are polymers having both
hydrophobic and hydrophilic groups that bring about a reduction in the surface
tension of liquids, most notably aqueous-based liquids. Preferred surfactant

polymers for use in connection with the present invention inclnde oligosaccharide
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surfactant polymers and surfactant polymers having a poly(vinyl amine) backbone
with hydrophilic poly(ethylene oxide) and hydrophobic hexanal side chains, such as
those described in Vacheethasanee et al, “Surfactant polymers designed to suppress
bactenal (Staphylococcus epidermidis) adhesion on biomaterials”, J. Biomed.
Mater. Res., 50, pp- 302-312, 2000. Examples include poly(N-vinyl monomethoxy

poly(ethylene oxide) ethylamine-co-N-vinyl hexylamine), which may be uncapped or

capped, for example, with acetaldehyde, and poly(N-vinyl dextran aldonamide-co-N-
vinyl alkanamzide).

[0038] “Biosurfactants” as defined herein are agents produced by
microorganisms and other biological sources (e.g., plants) that bring about a
reduction in the surface tension of liquids, most notably aqueous-based hquids.
[0039] Biosurfactants are commonly distinguished according to their chemical
structure. Preferred classes of biosurfactants include glycolipids, lipopeptides,

| depsipeptides, phospholipids, substituted fatty acids, lipopolysaccharides, and
cyclic lipopeptides.

[0040] Preferred biosurfactants for the practice of the present invention include
suriactin, a biosurfactant produced by Lactobacillus acidophilus, surfactin, a
lipopeptide biosurfactant produced by Bacillus subtilis, rhamnolipids, thamnose-
containing glycolipid biosurfactants produced by, for example, Pseudomonas
aeruginosa and available from Jeneil Biosurfactant Company, visconsin, a cyclic
depsipeptide, Iturin A, produced by Bacillus subtilis, as well as analogs of the same
Combinations of biosurfactants as well as combinations that include a biosurfactant
and a synthetic surfactant are als;J contemplated. \
[0041] The surfactant region can be provided over the polymer matrix portion
using various known processes. For example, a coating consisting of the surfactant
can be directly applied over the polymer matrix portion, a coating contaming the
surfactant along with various desired adjuvant materials can be applied over the

polymer matrix portion, and so forth. Attachment of the surfactant to the
underlying support (e.g., the polymer matrix or a barrier layer disposed over the
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polymer matrix) can be strengthened by means of covalent coupling techniques.
Such techniques are well known. The ultimate coupling system that is selected will
be dependent, for example, upon the chemical nature of the specific polymer matrix
and upon the antimicrobial agent selected. The surfactant can also be linked to the
underlying support by a number of other means, including hydrophobic interactions
and 1onic mteractions.

[0042] Once the surfactant 1s apphied over the antimicrobial-agent-containing

polymer matrix, the medical device is ready for long-term implantation.

[0043] In conclusion, the present invention provides compositions that are
appropriate for use in connection with long-term indwelling medical devices.
Although the present invention has been described with respect to several
exemplary embodiments, there are many other variations of the above-described
embodiments that will be apparent to those skilled in the art, even where elements
have not explicitly been designated as exemplary. It is understood that these
modifications are within the teaching of the present invention, which is to be

limited only by the claims appended hereto.
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CLAIMS:

1. A medical device comprising :

a reservolr comprising (a) a polymer matrix and (b) an antimicrobial agent
disposed within said polymer matrix, said reservoir adapted for long-term release of
said antimicrobial agent from said polymer matrix; and

a surfactant region comprising a surfactant, said surfactant region disposed
over said reservoir at an outer surface of said medical device, wherein said reservoir is
not a coating layer on said medical device, and wherein said medical device is a urine

contacting device adapted for long-term implantation within the body of a patient.

2. The medical device of claim 1, wherein said surfactant region comprises a
biosurfactant.
3. The medical device of claim 2, wherein said biosurfactant is selected from

glycolipids, lipopeptides, depsipeptides, phospholipids, substituted fatty acids, and

lipopolysaccharides.

4. The medical device of claim 2, wherein said biosurfactant is selected from

surlactin, surfactin, visconsin and rhamnolipids.

5. The medical device of claim 1, wherein said surfactant is a surfactant
polymer.
6. The medical device of claim 5, wherein said surfactant polymer is a surfactant

polymer having a poly(vinyl amine) backbone and having hydrophilic poly(ethylene

oxide) and hydrophobic hexanal side chains.

7. The medical device of claim 1, wherein said surfactant is linked to said outer

surface of said device by one or more interactions selected from hydrophobic

interactions, ionic interactions and covalent interactions.
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8. The medical device of claim 1, wherein said medical device is selected from a
ureteral stent and a urethral catheter.
0. The medical device of claim 1, wherein said antimicrobial agent is selected

from triclosan, chlorhexidine, silver sulfadiazine, silver ions, benzalkonium chloride

and zinc pyrithione.

10. The medical device of claim 1, wherein said antimicrobial agent is a broad-

spectrum antibiotic.

11. The medical device of claim 1, wherein said antimicrobial agent is an

antiseptic agent.
12. The medical device of claim 11, wherein said antiseptic agent is iodine.

13. The medical device of claim 1, further comprising a barrier layer disposed

between said polymer matrix and said surfactant region.

14, The medical device of claim 1, wherein said polymer matrix comprises a

polymer selected from an ethylene-vinyl acetate copolymer and a polyurethane.

15. A use of a medical device as defined in claim 1 for implantation within the

body of a patient for a period of at least three months.
16. The use of claim 15, wherein said surfactant region comprises a biosurfactant.
17. The use of claim 15, wherein said surfactant is a surfactant polymer.

18. The use of claim 15, wherein said medical device is selected from a ureteral

stent and a urethral catheter.
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19. The use of claim 15, wherein said polymer matrix comprises a polymer

selected from an ethylene-vinyl acetate copolymer and a polyurethane.

20. A method of constructing a medical device of claim 1 comprising:
forming a reservoir; and
providing a surfactant region comprising a surfactant over said reservoir at an

outer surface of said device.

21. The method of claim 20, wherein said antimicrobial agent is disposed within

said polymer matrix at the time of formation of said polymer matrix.

22. The method of claim 21, wherein said antimicrobial agent is co-cast with said

polymer matrix.

23. The method of claim 21, wherein said antimicrobial agent is co-extruded with

said polymer matrix.

24, The method of claim 20, wherein said antimicrobial agent is provided within

said polymer matrix by imbibing said antimicrobial agent into said polymer matrix.

25. The method of claim 20, wherein said surfactant region comprises a

biosurfactant.

26.  The method of claim 20, wherein said surfactant is a surfactant polymer.

217. The method of claim 20, wherein said surfactant is covalently linked at said

outer surface of said device.

28. The method of claim 20, wherein said antimicrobial agent is selected from

triclosan, chlorhexidine, silver sulfadiazine, silver ions, benzalkonium chloride and

zinc pyrithione.
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29. The medical device of claim 1, wherein said reservoir is in the form of a
tubular medical device component, and wherein said surfactant region is provided in

the form of a layer disposed over said reservoir.

30. The medical device of claim 29, wherein said tubular medical device

component 1s selected from a stent body and a catheter tube.
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