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(57) ABSTRACT 
A method of modifying surfaces of a device, for example, a 
medical device, is disclosed. The method includes modify 
ing a surface of a device by providing a device, exposing the 
device to a reactive gas and plasma energy to create a plasma 
deposited surface on the device, and quenching the device 
With the reactive gas. The device exhibits changes in its 
surface properties thereby making it more desirable for an 
intended use. 
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METHODS FOR SURFACE MODIFICATION 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to methods for sur 
face modi?cation. More particularly, the present invention 
relates to methods for surface modi?cation of medical 
materials, such as, for example, biomaterials. 

DESCRIPTION OF RELATED ART 

[0002] For devices used in many ?elds, it is desirable to 
use materials having particular surface properties suitable 
for a given purpose so that the device optimally functions 
Without causing adverse effects. One such ?eld Where it is 
desirable to have speci?c properties for the surface material 
of the devices is the medical ?eld, Where the surface 
characteristics of biomaterials are particularly important. 

[0003] Biomaterials are typically made of inert metals, 
polymers, or ceramics to ensure durability. Furthermore, 
biomaterials are often desirably constructed of materials that 
do not adversely react With the physiological environment 
With Which they come into contact, such as With blood or 
tissues. More particularly, many biomedical devices may or 
may not require blood compatible, infection resistant, and/or 
tissue compatible surfaces. For example, it is often desirable 
to manufacture medical devices, such as catheters, that have 
properties that discourage adherence of blood or tissue 
elements to the device. Conversely, it is also desirable for 
certain biomaterials, such as those for implants, to be 
anchored stably into the tissue environment into Which they 
are implanted. For example, it may be desirable for speci?c 
implants, such as certain types of catheters and stents, to be 
non-in?ammatory and anchored to the surrounding tissues. 
Moreover, it may be desirable for certain biomaterials to 
prevent bacterial groWth during a course of a procedure, or 
as a permanent implant so as to prevent infection of a patient 
in contact With the biomaterial. For example, disposable 
surgical tools may become infected With bacteria during a 
course of a long operation and reuse of the tool during the 
operation may promote bacterial infection in the patient. For 
certain tools used in particular applications, it may be 
desirable therefore to prevent any bacterial groWth on the 
surfaces of these tools during the course of an operation. 
Additionally for permanently implanted materials it Would 
be desirable to prevent bacterial groWth that Would lead to 
a biomaterial or device centered infection. In the latter the 
only remedy is eventual removal of the implant. Thus, 
depending on the ultimate use of a biomedical device, it is 
often desirable to have the material surface property of a 
device vary according to a speci?c use. 

[0004] To cause further advances in the biomedical ?eld, 
the use of various materials should Widen and their perfor 
mance heightened by varying the surface properties of the 
material Without changing its mechanical, optical, or other 
properties. For example, one type of biomaterial, polyole?n, 
can result in devices that have non-polar properties and 
therefore may result in poor adhesion, printability, and 
adaptability of its surface for coatings. Various kinds of 
surface treatments have been used to attempt to solve these 
problems, such as corona discharge treatment, oxidation, 
?ame treatment, surface grafting, irradiation, and direct 
plasma treatment. These methods have proven to have 
limited success due to their general ineffectiveness and 
expense. 
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[0005] Conventional techniques for coating a biomedical 
device With a desired surface layer typically are expensive, 
time-consuming, inconsistent in results, and do not ensure 
either a uniform layer of a surface material on the medical 
device or that the coating does not Wear off in time. Thus, the 
properties of the surface layer of the device may vary 
betWeen areas and thereby affect the overall surface property 
of the device. Furthermore, different devices subject to the 
same coating technique may result in different properties. 
Hence, there exists a need for a process that results in 
consistently reproducible and uniformly controllable surface 
conditions. 

[0006] Another disadvantage of typical processes for 
applying a coating to a biomedical device is that each 
material requires a different technique to modify its surface. 
For example, metals, ceramics, and polymers have different 
surface properties and do not lend themselves to a common 
coating process. Polymers typically are hydrophobic or, at 
best, have relatively poor Wetting, and therefore are difficult 
to coat from solutions. Furthermore, the majority of poly 
mers used for medical devices also are relatively inert and do 
not possess functional groups that readily enter into direct 
chemical coupling reactions that could modify their sur 
faces. In order to overcome these limitations in polymers, 
surface treatments such as corona, plasma, irradiation, and 
chemical oxidation are used to make the surfaces more Wet, 
or to add a functional group such as carboxyl (—COOH) or 
hydroxyl (—OH) to the surface. 

[0007] Another important functional or reactive group that 
can be introduced to the surface is a free radical. This group 
can react With vinyl functional monomers to initiate chain 
reaction polymeriZation that results in a grafted surface. In 
yet another example, a polymer can be exposed to plasma 
treatment to generate surface free radicals. These free radi 
cals hoWever are short lived and lacking in surface density. 
Attempts to effect a chain reaction polymeriZation on such 
surfaces (graft) With monomers such as acrylamide only 
Works on a feW materials and poorly on those feW materials. 
For example, a polyole?n material such as polypropylene 
may be exposed to air plasma activation, and then exposed 
to an acrylic monomer solution With catalysts. The results 
are a slight and patchy grafting With signi?cant areas of no 
grafting. The reasons for these poor results have been 
explained by sighting tWo mechanisms. First, the plasma 
itself is a highly reactive state and so many radicals are 
produced that they end up reacting With each other, resulting 
in termination and/or neutraliZation of free radicals. A sec 
ond mechanism is the reaction of the surface With oxygen 
from the air. This reaction leads to several additional deg 
radative reactions that attack vinyl groups formed at the 
surface that also can be used for effective grafting. 

[0008] With respect to plasma reactions, there are typi 
cally tWo types. First, there is plasma activation or plasma 
treatment With a gas that does not result in a deposition of 
neW material to the surface. This reaction can do a number 
of things to the surface, including creation of neW functional 
groups, ablation and/or cleaning of contaminants, and cross 
linking. The second plasma reaction is called plasma poly 
meriZation or deposition. This is accomplished by the intro 
duction of a reactive gas that can polymeriZe and/or react 
directly to the surface of the material. In the reaction of 
plasma polymeriZation or deposition, the resultant surface 
that is obtained on the material treated is dependent on the 



US 2004/0037946 A1 

reactive gas used. For example, a polyethylene catheter may 
be treated With tetra?uoroethylene (TEE) gas resulting in a 
neW surface With a polytetra?uoroethylene composition. 
This latter process is most often referred to as a “plasma 
polymerized” surface. The surface is most often a thin and 
conformal layer and is highly cross-linked. The surface 
differs considerably from a surface that has a layer generated 
by free radical initiated grafting. Free radical grafting takes 
place in the absence of the gloW discharge of the plasma 
reactor and results in a non-cross linked layer. This property 
is advantageous When it comes to coupling additional mol 
ecules and especially biological molecules. The reason for 
this is that the grafted surface alloWs a more three dimen 
sional netWork for these coupling reactions to take place as 
opposed to the highly ordered and rather tWo dimensional 
nature of plasma polymeriZed layers. This effectively results 
in the ability to have a higher loading of the coupled 
molecules to the surface as Well as a greater degree of 
mobility and conformational integrity of the coupled mol 
ecules that helps maintain their natural bioactivity. Biomol 
ecules require a mobile three-dimensional environment to 
react, and simple adsorption based on charge attraction 
results in a multipoint spread out attachment that compro 
mises the conformational integrity of the molecule. The 
most practical application of this principle is in af?nity 
chromatography. 

[0009] Simple plasma activation of polymeric surfaces in 
order to subsequently generate a free radical initiated chain 
polymeriZed graft has several problems. The primary limi 
tation is that the most common biomaterials such as PTFE 
(polytetra?uoroethylene), silicone, PVC (polyvinylchlo 
ride), metals, and ceramics do not effectively generate free 
radicals on their surfaces. With the remaining polymers such 
as urethanes, acrylates, polyole?ns, and others, the plasma 
activation results in very different surfaces With respect to 
reactivity. An additional disadvantage to commercial poly 
mers is the additives present contaminate the surfaces and 
make direct coupling to the native polymer unstable and 
unpredictable. Finally, free radicals generated on a poly 
meric surface by plasma treatment are short lived, and this 
makes it very dif?cult to attain optimal free radical grafted 
surfaces. 

[0010] Plasma polymeriZed ?lms can uniformly cover the 
surface of a polymer With a neW composition, but these 
surfaces as mentioned previously are highly ordered, and 
attempts to further directly couple molecules at high load 
ings are dif?cult. Attempts to plasma activate a plasma 
polymeriZed ?lm and subsequently free radical graft to this 
surface remove some of the disadvantages, but still suffer 
from the problems of short lived free radicals, and dif?culty 
in adjusting plasma conditions to obtain optimal graft den 
sities. 

[0011] Thus, there exists a need for a relatively quick, 
economical, and universal method of treating a variety of 
types of surface materials to result in a stable coating having 
desirable biocompatible properties. 

SUMMARY OF THE INVENTION 

[0012] This invention is directed to methods of treating the 
surface of materials used for devices in any ?eld, and to the 
related devices treated by such methods. Preferably, the 
method relates to the treatment of the surface of biomate 
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rials, such as, for example, those used in medical devices. 
The treatment methods as disclosed in this invention are 
both suitable for medical devices that are used for an 
extended period of time, such as, for example, stents and 
other like conduits and devices, and also suitable for medical 
devices that are used for shorter periods, such as, for 
example, catheters. 

[0013] Accordingly, the present invention is directed to 
methods that substantially obviate one or more of the 
problems due to limitations and disadvantages of the related 
art. To achieve these and other advantages and in accordance 
With the purposes of the invention, as embodied and broadly 
described, an aspect of the invention is draWn to a method 
of modifying a surface of a device. The method includes the 
steps of providing the device, exposing the device to a 
reactive gas and plasma energy to create a plasma deposited 
surface on the device, and quenching the device With the 
reactive gas. 

[0014] The method may include the step of placing the 
device in a plasma chamber, and infusing air into the plasma 
chamber, Wherein the placing and infusing steps occur prior 
to exposing the device to plasma energy. 

[0015] In another embodiment of the invention, the inven 
tion is draWn to a method of modifying a surface of device. 
The method includes providing the device, placing the 
device in a plasma chamber, infusing air into the plasma 
chamber, exposing the device to air and plasma energy to 
clean the surface, exposing the device to a reactive gas and 
plasma energy to create a plasma deposited surface on the 
device, quenching the device With the reactive gas by 
infusing the plasma chamber With the reactive gas, removing 
the device from the plasma chamber and exposing the device 
to a surface grafting solution for preferably a relatively short 
period of time, such as less than one hour, to achieve a 
covalently bonded surface graft. A surface reactant species, 
such as a biomolecule, may then be coupled to the grafted 
surface. 

[0016] In yet another aspect, the invention is draWn to a 
device used for medical procedures. The medical device has 
a surface modi?ed by a surface treatment process. The 
process includes the steps of providing the device, exposing 
the device to a reactive gas and plasma energy to create a 
plasma deposited surface on the device, and quenching the 
device With the reactive gas. 

[0017] Additional features and advantages of the inven 
tion Will be set forth in the description Which folloWs, and 
in part Will be apparent from the description, or may be 
learned by practice of the invention. The objectives and 
other advantages of the invention Will be realiZed and 
attained by the methods and devices particularly pointed out 
in the Written description and claims hereof as Well as the 
appended draWings. It is to be understood that both the 
foregoing general description and the folloWing detailed 
description are exemplary and explanatory and are intended 
to provide further explanation of the invention as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The accompanying draWings, Which are incorpo 
rated in and constitute a part of this speci?cation, illustrate 
preferred embodiments of the invention and, together With 
the description, serve to explain the objects, advantages, and 
principles of the invention. In the draWings, 
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[0019] FIG. 1 is a How chart describing a preferred 
embodiment of a method of the present invention. 

[0020] FIG. 2 is side vieW of a plasma chamber for plasma 
treating/depositing as used in a preferred embodiment of the 
present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0021] The method of the present invention generally 
relates to modifying the surface of a material. The method 
generally includes an initial step of exposing the material to 
plasma energy to clean and treat the surface so that a further 
layer may be plasma polymeriZed under exact conditions so 
that an even further layer may be grafted in an optimal 
manner. Next, free radical grafting to the plasma-polymer 
iZed surface is affected by exposure outside of the reactor to 
a solution of reactive monomers and catalysts. This result of 
successful grafting directly to the plasma polymeriZed sur 
face is counterintuitive to the state of the art, and, in the 
preferred embodiment, is dependent upon folloWing the 
steps given in FIG. 1 up to and including the free radical 
grafting step. As a further step, additional molecules and in 
particular, biomolecules, may be coupled to the grafted 
surface via numerous methods knoWn, for example, in the 
?eld of affinity chromatography. 

[0022] The present invention is designed to promote ?ex 
ibility in surface properties in medical devices, particularly 
those that are in contact With a patient’s body, including 
particularly those that are implanted in the body, such as 
stents. The invention, hoWever, is not limited to treatment of 
devices that are implanted, and more broadly relates to 
methods of treating medical device surfaces to obtain desir 
able surface properties that maintain functional integrity for 
prolonged periods of time Without causing detrimental 
effects in their surrounding environment. 

[0023] The surface treatment process of the present inven 
tion has an advantage over conventional coating processes 
such that a treated material surface that has been subjected 
to the process of the present invention is stable and does not 
release or dissipate its altered surface condition. 

[0024] Another advantage of the present invention over 
conventional coating techniques is that the present invention 
is universal. Conventional coating techniques are restricted 
by the device to be coated, that is, the techniques must be 
necessarily different for each material or device in order to 
modify its surface properties. HoWever, the present inven 
tion is applicable to all types of materials and devices and, 
thus, makes it possible to treat a Wide variety of materials 
and devices With the same process. 

[0025] The coating methods of the present invention also 
result in uniform application of an altered surface property. 
Conventional surface coating procedures suffer from surface 
abnormalities and inconsistencies as a result of uneven 

distribution of surface coating during the coating process. 
These surface abnormalities affect the function of the mate 
rials and prevent uniform property characteristics. In con 
trast to conventional techniques, the process of the present 
invention produces a highly controlled and pure surface free 
from contaminants. 

[0026] The inventive methods also alloW the treated sur 
face of a material, such as, for example, a medical device, to 
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be layered With a particular substrate in order to give the 
entire device surface the property of the substrate. Stated by 
example, the process of the present invention enables a 
medical device to have a surface area that is covered by a 
particular substrate that alternatively may be connected to 
biologically-active species. Furthermore, as stated previ 
ously, a bioactive molecule can be attached to the grafted 
surface in an optimal manner through several Well knoWn 
af?nity chromatography schemes to result in a high degree 
of conformational integrity and thus biological activity. 

[0027] The methods of the present invention use the 
unique properties of plasma-polymeriZed surfaces and their 
ability, When generated by the method described in this 
invention, to promote optimal free radical grafted surfaces, 
and to perform such grafting Without ?rst treating the 
plasma-polymeriZed surface to additional plasma activation 
that is suggested by the state of the art. The methods also 
create conformal coatings that do not release the surface 
modi?cation as is the case With common coating techniques. 
The method of the present invention creates a plasma 
deposited surface that can be directly grafted thereupon by 
using catalysts and vinyl monomers. Biomedical devices 
can, thus, be treated to be blood compatible, infection 
resistant, and tissue compatible. 

[0028] Another advantage of the method of the present 
invention is that depositing a plasma ?lm using a propylene 
gas onto a surface yields a treated surface that is capable of 
a direct and high density grafting that can be applied long 
after deposition, as long as, for example, up to and over one 
Week post-deposition. The fact that a high-density graft can 
be applied directly after plasma deposition and Without 
activation, and that this ability is long lived is clearly 
counterintuitive to the teaching of the art. Observing the 
unexpected performance on non-activated control samples 
for plasma deposited ?lms that Were subsequently activated 
discovered this. 

[0029] Reference Will noW be made in detail to the present 
preferred embodiments of the invention, examples of Which 
are illustrated in the accompanying draWings. 

[0030] An exemplary embodiment of the method of the 
present invention is shoWn in FIG. 1 and is designated 
generally by reference numeral 10. As embodied herein and 
referring to FIG. 1, the inventive method 10 comprises an 
initial step 11 of providing, or introducing, a device or 
material into a plasma chamber, and then evacuating the 
chamber. Throughout this disclosure, “device” and “mate 
rial” are used interchangeably because the process of the 
present invention applies both to surfaces of materials and of 
course for surfaces of devices made of materials. Further 
more, each of steps 11-17 Will be described in more detail 
beloW folloWing an initial brief description. 

[0031] Step 12 involves exposure of the device to plasma 
energy for cleaning and preparation for the step that involves 
plasma polymeriZation and deposition. Step 13 occurs after 
the energy has been turned off in the plasma reactor from 
Step 12, and includes the introduction of reactive gas into 
the chamber. 

[0032] At Step 14, once the reactive gas How has equili 
brated, then the plasma energy is turned on to expose the 
device to plasma polymeriZation and deposition. 

[0033] At Step 15, the poWer to the plasma reactor is 
turned off to prevent polymeriZation and deposition While 
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the How of reactive gas continues. This continued ?oW 
consumes (quenches) excessive and uncontrollable free 
radical reactions, and paradoxically leaves the surface more 
reactive to further grafting reactions, and for a relatively 
long period of time. 

[0034] At Step 16, the material/device can be removed 
from the plasma reaction chamber and exposed immediately 
or at times even up to, for example, one Week later to 
solutions of reactive monomers and catalysts for free radical 
grafting. This step can include a rigorous cleaning even at 
elevated temperatures to remove any unreacted monomers 
or non-permanently bonded species. This is yet another 
advantage of a grafted surface in that it can be rigorously 
cleaned and freed from any non-permanent or leaching 
species. Also, optionally, Step 16 may include any deriviti 
Zation of the grafted surface such as coupling neW functional 
ligands that have speci?city for certain proteins, peptides, 
enZymes, cellular adhesive molecules, drugs, collagen, hep 
arin, bactericides such as PHMB (polyhexamethylenebigu 
anide) and numerous other bioactive molecules. 

[0035] Step 17 is the ?nal attachment of the desired 
bioactive molecule to the grafted surface. Once again, this 
robust coupling mechanism can Withstand rigorous cleaning 
attempts and present a veri?ably stable surface With stable 
bioactivity Which renders the device suitable for implant and 
contact With bodily ?uids and tissues. 

[0036] The method of the present invention is suitable for 
a Wide range of materials and not limited to the medical 
?eld. The examples used in this speci?cation Will focus on 
the use of this method in the biomedical ?eld, such as, for 
example, in treating common biomaterials including silicon, 
polymers including PE (polyethylene), PTFE (polytet 
ra?uroethylene), DACRON (PET or polyethylene tereph 
thalate), polyurethane (such as 80A), and PVC (polyvinyl 
chloride), metals, such as stainless steel, nitinol (NiTi), 
tantalum (Ta), and titanium (Ti), ceramics, and other bio 
materials knoWn to one having ordinary skill in the art. 
Furthermore, the method of the present invention may be 
applied to inorganic, metallic, polymeric, and ceramic sur 
faces With equal ease and effectiveness. 

[0037] The devices that are treatable With the method of 
the present invention include, but are not limited to, all 
medical devices, including Without limitation catheters, 
probes, stents, tubes, screWs, arti?cial implants, and ortho 
pedic devices. 

[0038] The general scheme of the plasma reactor is pre 
sented in FIG. 2. It is composed of a vacuum stainless steel 
chamber 20 With an interior 21 housing electrodes, including 
an upper electrode 23 and a loWer electrode 24. The upper 
electrode 23 typically is polariZed With radio frequency 
(anode); and the loWer electrode 24 typically is grounded 
(cathode). The electrode diameter may be, for example, 
about 20 cm. The interior 21 should accommodate devices 
(not shoWn) placed Within it for exposure to plasma energy. 

[0039] Energy is coupled to the gas in the vacuum cham 
ber 20 by a Radio Frequency matching netWork operating at, 
for example, 13.56 MHZ. From the point of vieW of general 
classi?cations, a typical reactor such as this may be de?ned 
as a capacitatively coupled, RF parallel plate reactor, With 
internal electrodes. A suitable reactor is manufactured by 
Gambetti Kenolgia, Binasco (MI), Italy. That reactor has 
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three different inlet lines for gases. An ENI ACG-3 XL 
generator may be used, preferably outside of the plasma 
chamber, sends current to the electrodes inside the chamber, 
and operates from 0 to 300 W of poWer. The electromagnetic 
energy, as used in Steps 12 and 14 of FIG. 1, may also be 
input by different coupling methods (inductive or capaci 
tive), frequencies (DC, AC, radio frequency (RF), or micro 
Wave), and electrode con?gurations. 
[0040] The embodiment shoWn in FIG. 2 presents an 
anode electrode 23 near the top of the chamber interior 21 
and a cathode 24 near the bottom, but other positions for the 
electrodes are possible as long as there is suf?cient space 
betWeen the oppositely charged electrodes to generate 
charged gas species. The electrodes may have varying 
shapes and siZes. One preferred embodiment includes elec 
trodes having 20 cm diameters. Alternatively, the electrodes 
23 and 24 may be positioned outside of the chamber Wall 20. 

[0041] It is further desirable to provide a mechanism (not 
shoWn) for adjusting the relative position of the tWo elec 
trodes 23 and 24 With respect to each other. The distance 
betWeen the tWo electrodes 23 and 24 alloWs for varying 
control over generated ion species in the chamber 20, and 
also accounts for different siZes of devices placed Within the 
chamber interior 21. Such an adjusting mechanism may 
utiliZe a screW technique, pneumatic, hydraulic, slide, or 
other such mechanism. 

[0042] In operation, and according to Step 12 in FIG. 1, 
the plasma chamber 20 operates as folloWs to cause a surface 
change on a material placed therein. When a high frequency 
voltage is applied betWeen the electrodes 23, 24, current 
?oWs into the chamber 20, forming a plasma, Which gloWs. 
Reactive chemical species are formed in this electrical 
discharge. For example, the upper electrode 23 may be 
polariZed With radio frequency (RF) energy and the loWer 
electrode 24 is grounded. Energy is coupled to the gas in the 
vacuum chamber by a radio frequency matching netWork 
operating at, for example, about 13.56 MHZ, and connected 
to the system by suitable knoWn means. 

[0043] A feed gas source 25 provides a stream of gases 
into the chamber 20. Gases may vary and include, for 
example, air or propylene. When the injected gas is air, as in 
Step 12, air plasma treatment introduces oxygen containing 
functionalities on the surface of polymeric devices posi 
tioned Within the chamber interior 21. For example, 
hydroxyl, carboxyl, and other oxygen containing function 
alities are introduced on the surface of polyethylene. As a 
consequence, the surface becomes more polar and Wettabil 
ity increases. LoW molecular Weight contaminants are effec 
tively removed by the combined effect of plasma and 
vacuum. Air plasma treatment of metallic materials mostly 
exerts a cleaning effect, leading to the removal of hydrocar 
bon or, in general, organic contaminants from the metal 
surface. 

[0044] When the injected gas is propylene, as in Step 14, 
the treatment alloWs for the deposit of a polymeric layer onto 
the substrate surfaces. Propylene molecules are fragmented 
in the plasma phase and recombine to yield a high molecular 
Weight compound that deposits as a ?lm on the device 
surface inside the chamber 20. The structure of the deposited 
?lm depends on the stream gas chemistry and the treatment 
conditions. Films deposited by this plasma process are, 
typically, highly cross-linked, pin-hole free, homogenous, 
and shoW good adhesion to the device. 
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[0045] In the present invention, ?lms deposited by the 
plasma energy process Where the infused source of gas 25 is 
propylene serve as a substrate for the grafting of other 
materials, such as acrylic acid or acrylamide, Which 
are typically added in a solution to Which the substrate is 
exposed, as depicted in Step 16 of FIG. 1. 

[0046] Step 16 typically occurs outside the reactor 20 and 
involves exposure of the device from Step 15 to a reactive 
mixture for free radical graft polymeriZation. Typical reac 
tive mixtures are aqueous solutions of acrylic monomers 
such as acrylic acid and acrylamide With appropriate cata 
lysts. This step results in a permanent covalently bonded 
graft to the surface of the material. This graft is noW ready 
for permanently coupling numerous classes of molecules 
and in speci?c conformations and controlled loading levels, 
as depicted in Step 17. 

[0047] From here forWard in this disclosure, When the feed 
gas source 25 is air, the treatment is called plasma treatment, 
and When the feed gas source 25 is propylene, the treatment 
is called plasma deposition. 

[0048] All the variables for the chamber 20, including feed 
gas 25 injection rate and concentration, the poWer supplied 
to and distance betWeen the electrodes 23 and 24, pump rate 
22, and time of treatment/deposition are dependent on the 
siZe and nature of the device placed Within the chamber 
interior 21, and are accordingly adjusted for optimal surface 
modi?cation of materials placed Within the chamber 20. 

[0049] The invention Will be illustrated by, but is not 
intended to be limited to, the folloWing examples. For 
example, the method of the current invention also alloWs for 
covalent attachment via speci?c functionalities that permits 
speci?c loading levels, and optimal conformation of 
attached species. This feature is speci?cally important for 
attachment of antibodies, for example, Where the comple 
mentarily-determining region (CDR) of the antibody needs 
to be free for interaction With antigens. The only Way to 
assure this is speci?c functional attachment schemes, and 
not random electrostatic attractive forces. 

EXAMPLE 1 

[0050] Plasma Treatment and Deposition on Short Poly 
ethylene Tubes 

[0051] A series of experiments Were performed on small 
tubes to determine the effects of geometrical aspects (tube 
length) of the tube on the resultant plasma reactions. The 
tubes used Were PE (polyethylene) tubes, 3 and 5 cm long, 
and With a 1.8 mm inner diameter. The tubes Were placed 
into the plasma chamber described above and in FIG. 2. The 
plasma chamber Was then operated by energiZing the elec 
trodes While gas ?oWed into the chamber, causing plasma 
formation. The How rate of air into the chamber 20 Was 
about 20 sccm (standard cubic centimeter per minute), 
obtained by opening the inlet valve so air could leak into the 
reactor. The distance betWeen the electrodes 23, 24 Was 
about 15 cm, but it has to be understood that the distance 
may be shorter or longer, for example, to about 5 cm. The 
poWer supplied Was about 50 W. Decreasing the distance 
betWeen the electrodes, While keeping all other variables 
constant, typically increased the density of the reactive 
species. 
[0052] The duration of time during Which a device Was 
exposed to the plasma treatment and/or deposition Was about 
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1.5 minutes to create a homogenous effect along the inner 
surface of the tubes. It is to be understood that shorter or 
longer exposure times may be suitable depending on a 
variety of factors, including the properties of the chamber 
and the device. These experimental conditions Were found to 
be adequate to treat the inner lumen surfaces of tubes up to 
5 cm. The surface effect of plasma treatment Was clearly 
evident, as measured by signi?cantly increased Wettability 
of the interior of these tubes. Although both the inner and 
outer surfaces Were treated, one surface may be easily 
“masked” as desired by suitable means knoWn in the art. 

[0053] The effect of the plasma treatment on surface 
chemistry of the inner lumen of the tubes Was evaluated by 
Wettability methods, and in particular by the capillary rise 
method. Such a method involves the measure of capillary 
rise, h, of a Wetting liquid (such as Water) in a capillary, 
given by the folloWing equation: 

[0054] Wherein G) is the Wetting angle of Water on the 
capillary surface, y is the Water surface tension, p is the 
Water density, g is the gravitational acceleration, and r is the 
radius of the tube. Thus, for the same tube and the same 
liquid (Water), capillary rise only depends on the Wetting 
angle, Which is the angle from horiZontal that a line tangen 
tial to a drop of Water on a surface makes from one side of 

the drop. Thus, as the Wetting angle decreases, a drop 
becomes relatively more spread out on a given surface, and 
the surface is thereby more “Wettable”. 

[0055] The Wetting angle of Water on PE is typically about 
90 degrees, and so cos 90 is about 0, resulting in no capillary 
rise, and therefore poor Wettability. Air plasma treatment 
decreased the Wetting angle, so that a signi?cant increase in 
capillary rise Was observed. 

[0056] After plasma treatment in air, the next step is 
plasma deposition With propylene gas. Thus, the tubes Were 
then exposed to plasma deposition conditions, Which is 
substantially the same as the plasma treatment conditions 
described above, but With propylene replacing air as the 
injected gas. Deposition from propylene plasma produced a 
hydrophobic hydrocarbon-like ?lm With decreased Wettabil 
ity as compared to the post plasma treatment condition. The 
How rate of propylene into the chamber 20 Was about 
105110 sccm. The duration of plasma deposition Was about 
5 minutes to effectively cover the 5 cm long tubes. A 30 
second quenching period folloWed the 5 minute deposition 
period. During the quenching period, propylene continued to 
How into the chamber While the electrodes Were not charged, 
hence no plasma deposition Was being created during the 
quenching step. The quenching period alloWs active radicals 
to be quenched and the surface to become more uniform in 
deposition. 

[0057] In general, the requisite time for plasma deposition 
is typically longer than the requisite time for plasma treat 
ment. Tube length Was found to play a more signi?cant 
effect than in the case of air plasma treatment. A deposition 
time of 3 minutes Was suf?cient for 3 cm tubes but not for 
5 cm tubes. 

[0058] The resultant plasma deposited tube surfaces pos 
sessed a layer of propylene and exhibited reduced Wettabil 
ity, as compared With their plasma treated condition. 
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EXAMPLE 2 

[0059] Copolymer Grafting of Stents 

[0060] In another embodiment of this invention, copoly 
meriZation grafting Was performed on stents. The stents 
Were initially pre-treated With plasma as generally described 
above in Steps 12-15. Then, to prepare a grafting solution, 
70 g of a solution containing 35% distilled acrylic acid 
added to 120 g of deioniZed Water to Which 10 g of 
acrylamide had been dissolved. The resultant solution Was 
then placed in a 300 mL glass vessel. After 2 minutes of 
stirring, argon gas Was introduced With a slight bubbling into 
the solution. After 10 minutes, 6 ml of CAN (cerric ammo 
nium nitrate) catalyst/initiator Was added and alloWed to stir 
With bubbling Argon for another 2 minutes after Which the 
argon Was discontinued. The premixed grafting solution Was 
sloWly dispensed into 10 ml glass tubes. The plasma-treated 
and plasma deposited stents Were immersed into the solution 
and placed in an ultrasonic Water bath (temp. about 18-25 
degrees C.). The total grafting time Was about 40-45 min 
utes. After grafting, the substrates Were extensively rinsed in 
deioniZed Water folloWed With an overnight soak in deion 
iZed Water at 50 degrees C. to remove any non-reacted 
monomer. 

[0061] Next, the PEI coupling Was performed. 8 ml of a 
5% BASF PEI Was combined With 200 g of 0.1 M borate 
buffer in a 250 ml beaker and alloWed to stir for 30 minutes. 
The PEI solution Was then dispensed into each (10 ml) tube 
containing previously grafted stents. ScreW caps Were 
secured on each tube then placed on a laboratory shaker at 
80 rpm for about an hour. After PEI coupling the aminated 
tubes Were rinsed With deioniZed Water. 

[0062] Finally, the nitrous acid degraded (NAD) heparin 
Was prepared. A 0.2 g of NAD heparin Was dissolved in the 
pre-mixed NaCl solution, then adjusted to pH 4.0101. The 
solution Was then preheated to 55 degrees C. After the 
solution reached the temperature, 0.02 g of NaCNBH3 Was 
added and alloWed to mix for 90110 minutes. Approxi 
mately 8.0 ml of the preheated heparin solution Was dis 
pensed into each tube containing previously grafted stents 
and control materials. ScreW caps Were secured on each tube 
then placed on a laboratory shaker. The shaker Was placed in 
a 55 degrees C. oven and agitated at 80 rpm for 2 hours at 
55 degrees C. After hepariniZation, stents and sample mate 
rials Were rinsed With deioniZed Water, 200 ml of 1 M NaCl 
adjusted to 4.0 pH, folloWed With a ?nal deioniZed Water 
rinse. 

[0063] The hepariniZed stents Were alloWed to air dry for 
three hours then Were carefully remounted, inserted in blister 
packs, and into steriliZation bags, ready for use. 

EXAMPLE 3 

[0064] Copolymer Grafting of the Present Method v. 
Other Methods 

[0065] A study Was performed to compare three sets of 
e-PTFE covered stents: the ?rst group Was subject to a 
preferred embodiment of the method of the present inven 
tion; the second group Was subject to another knoWn bio 
active surface treatment method; and the third group (con 
trol) Was not subject to any surface treatment. 
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[0066] Embodiment of Method of the Present Invention 

[0067] The ?rst group Was subject to an embodiment of 
the method of the present invention substantially described 
in Example 2 above With some modi?cation. The stents Were 
initially cleaned by being subject to 1 minute of air plasma 
at 50 W and 20 sccm air ?oW rate into the plasma chamber. 
Next, the stents Were subject to plasma deposition for 5 
minutes under propylene plasma, at 50 W and 110 sccm 
propylene ?oW rate into the plasma chamber. A quenching 
period of 30 seconds folloWed the plasma deposition, 
Wherein the electrodes Were not activated, but propylene 
continued to How into the plasma chamber. The treated 
stents Were then set aside. 

[0068] Next, a grafting solution Was prepared. 30 g of 
acrylic acid (99% distilled, F. W. 72.06, Aldrich), 10 g of 
acrylamide (99+%, F. W. 71.08, ACROS), and 60 g of 
deioniZed Water Were Weighed into a 200 ml glass vessel and 
stirred for 2 minutes. Argon gas Was then introduced by 
slight bubbling reaction into the glass vessel. After 10 
minutes, 0.1 M CAN (catalyst/initiator) Was added and 
alloWed to stir, by means of bubbling argon, into the solution 
for another tWo minutes. The argon Was discontinued and the 
solution Was sloWly dispensed into small glass test tubes. 
The treated stents from Steps 11-15 Were immersed into the 
solution-?lled test tubes and placed in an ultrasonic Water 
bath With a temperature of about 18-25 degrees C. for about 
40-45 minutes. After this grafting process, the stents Were 
extensively rinsed With deioniZed Water. 

[0069] Next, PEI Was grafted onto the stents. 1.0 ml of 5% 
BASF PEI and 99 g of 0.1 M borate buffer (pH 9.0) Were 
combined into a 250 ml beaker and alloWed to stir for 30 
minutes. Approximately 10 ml of the PEI solution Was 
dispensed into each tube containing previously grafted 
stents. ScreW caps Were secured on each tube and then 
places on a laboratory shaker (Orbital) set at 80 rpm for 45 
minutes. After PEI coupling, the aminated tubes Were rinsed 
With deioniZed Water. 

[0070] As a ?nal step, heparin Was attached to the grafted 
stents. A nitrous acid degraded heparin (“NAD”, 0.2 g) Was 
dissolved in 200 ml of 0.5 M NaCl solution (adjusted to pH 
3.9), and then adjusted to pH 4.0101. The solution Was then 
preheated to 55 degrees C. After the solution reached this 
temperature, 0.02 g of NaCNBH3 Was added and alloWed to 
mix for 90110 minutes. Approximately 10 ml of the 
preheated heparin solution Was dispensed into each tube 
containing previously grafted stents. ScreW caps Were 
secured on each tube and then placed on a laboratory shaker 
(With the shaker placed into a 55 degree C. oven) at 80 rpm 
for 2 hours. After hepariniZation, the stents and sample 
materials Were rinsed With deioniZed Water, 1 M NaCl, and 
folloWed With a ?nal deioniZed Water rinse. The stents Were 
then ready for thrombin experiments. 
[0071] Other KnoWn Method 
[0072] The inventors of the present invention sought to 
compare the methods of the present invention With another 
method knoWn in the art. The other method involves several 
adsorption steps relying on electrostatic charges for attach 
ment versus covalent bonding. This renders the surface 
susceptible to removal under strong ionic rinsing as Well as 
cracking of the coating on surfaces that undergo bending and 
?exing forces. Additionally, as stated previously, straight 
adsorption attachment does not alloW for optimal loading 
and conformation as does the grafted layer of the present 
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invention. Brie?y, the other method knoWn in the art 
involves alternating adsorbed surfaces of PEI and dextran 
sulfate With rinsing betWeen each step. More than one 
adsorption step is required because, unlike the present 
invention, complete and uniform coverage of the surface is 
not suf?cient in the adsorption approach. In the other 
method, a ?nal layer of heparin is reacted to the electro 
statically adsorbed layers. 

[0073] Comparison of TWo Methods 

[0074] The e-PTFE covered stents prepared by the present 
invention and the existing commercial method described 
above Were tested for thrombogenicity using a method 
described by Lindhout et al. in “Antithrombin activity of 
surface-bound heparin studied under How conditions.”, J. 
Biomed. Mater. Res., October 1995, 29(10): 1255-1266, 
Which is hereby incorporated herein in its entirety. The 
results shoWed that the amount of thrombin generated on a 
stainless steel e-PTFE covered stent coated according to the 
present invention (1.3 nM) Was less than that generated on 
such a stent coated according to the other commercial 
surface method (7.0 nM). For comparison, the non-coated 
control surface displayed a thrombin level of 89.5 nM. 

[0075] Furthermore, the same comparison of the present 
invention versus the other commercial method Was made, 
but this time on a polyurethane surface. The results shoWed 
that the amount of thrombin generated on a Pellethane 55D 
Polyurethane material coated according to the present inven 
tion (0.4 nM) Was considerably less than that generated on 
that material coated according to the other commercial 
surface method (35.5 nM). For comparison, the non-coated 
surface displayed a thrombin level of 53.0 nM. 

[0076] Thus, improved resistance to thrombin generation 
Was observed in the stents and materials treated according to 
the method of the present invention compared to those 
treated according to an existing commercial method, 
although both methods shoWed dramatic improvement in 
thromboresistance as compared to untreated controls. 

[0077] In addition to the above shoWing of improved 
thromboresistance, the consistency of performance on dif 
ferent materials can be seen With the present invention. The 
present invention takes advantage of the high degree of 
control and uniformity in applying a plasma deposited layer 
to all materials, and the ability under the conditions of this 
invention to obtain a high density graft to this surface. A?nal 
advantage of the present invention is a simpler process 
requiring feWer solutions and not subject to numerous 
adsorption layers susceptible to non-speci?c adsorption phe 
nomenon that are dif?cult to control. 

EXAMPLE 4 

[0078] Surface Deposition of Adhesion Molecules 

[0079] Collagen exhibits excellent cell adhesion proper 
ties, promotes natural Wound healing, and stimulates ?bro 
blast adhesion and groWth. Thus, it Would be bene?cial to 
deposit collagen upon surfaces of certain medical devices to 
promote incorporation of the device into the body tissues. 
The present inventors have discovered that collagen may be 
covalently bonded to an acrylic acid substrate surface. 
Devices that have collagen grafts exhibit excellent cell 
adhesion properties. 
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[0080] As an example of collagen grafting, the present 
inventors used glass slides to provide a method for grafting 
collagen onto a material. First, acrylic acid grafted 
slides Were prepared as generally described above, and 
further subjected to collagen coupling. Collagen Was sup 
plied (by Biophil Chimica Fine srl, Vimodrone (MI), Italy) 
as a 1% collagen native solution. This is a soluble collagen 
obtained from fresh calf skin. The extraction is done very 
carefully to avoid any denaturation of the collagen mol 
ecules. The average molecular Weight is more than 285000 
D. The product is US registered. 

[0081] The coupling Was performed as described herein. 
AA grafted glass samples Were immersed in a 0.5% col 
lagen, 1% acetic acid aqueous solution. After 2 hours, 
samples Were removed from the solution and rinsed several 
times in 1% aqueous acetic acid to remove excess adsorbed 
collagen. After rinsing, collagen Was covalently coupled to 
the graft by immersing the samples in Water containing 0.5 % 
N-(3-dimethaminopropyl)-N‘ethyincarbodiimide hydro 
chloride (EDC) and 0.5% N-hydroxysuccinimide (NHS), 
both form Sigma, and kept overnight in this coupling 
solution. Before analysis, all samples Were carefully rinsed 
and dried under a hood. Microscopic analysis (using atomic 
force microscopy of the surface of a standard glass 
slide, an AA grafted surface, and a collagen-coupled surface 
revealed remarkable differences in surface topography. The 
glass surface Was typically very smooth. The AA grafted 
surface revealed many large and small bumps on the surface. 
Thus, the surface area of the slide had increased due to the 
many bumps formed. Finally, collagen coupling to the AA 
surface increased the surface area even greater than glass 
alone or AA grafted glass, thereby creating even a larger 
surface area for interaction With the surrounding environ 
ment. Collagen appears to ?ll in the valleys betWeen the 
large bumps of the AAgrafted surface. The increased surface 
area and stiffness of the collagen-coated surface promotes 
the attachment of ?broblasts and other cells on it. 

[0082] Observations of ?broblast cell groWth behavior 
clearly revealed major differences betWeen samples of AA 
grafted and collagen-coatedAA grafted surfaces. The former 
surface Was a poor substrate for cell adhesion. Cells failed 
to spread out, and after a feW hours, formed clusters on the 
AA surface. These clusters became preferential sites for cell 
adhesion and, as a consequence, coloniZation of the surface 
by cells Was spotty, With large clusters and ample empty 
areas. 

[0083] The collagen-coated AA grafted surface hoWever 
yielded dramatically different results than the AA grafted 
surfaces. When collagen coating is added, a complete and 
homogenous layer of cells is observed. Clearly, the top-most 
collagen layer has a very signi?cant effect in terms of the 
interaction betWeen the ?broblasts and substrate. The cell 
layer is de?nitely con?uent and no empty spaces or non 
homogeneous coloniZation is observed. There are several 
advantages for a complete con?uent layer of ?broblasts. One 
advantage is anchorage of tissue to the surfaces of bioma 
terial, Which can lead to protection from infection, and 
minimiZation of scar tissue formation. 

[0084] Use of the present invention results in greater 
groWth rates for cells, such as osteoblast-like cells (such as 
MG-63 osteoblast-like cells from a human osteosarcoma), 
on AA grafted collagen coupled titanium. Osteoblast-like 
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cells grow signi?cantly more on an AA grafted titanium or 
an AA grafted collagen coupled titanium surface using the 
method of the present invention as substantially described 
above than When the osteoblast-like cells are placed directly 
on a control titanium surface. This result con?rms that 
collagen-coating of a surface using the method of the present 
invention promotes the normal adhesion and proliferation of 
cells on the surface. 

EXAMPLE 5 

[0085] Modifying Surfaces to Prevent Cell Adhesion 

[0086] Using the methods of the present invention, the 
surfaces of medical devices not only may be modi?ed to 
promote cell groWth thereupon, as described in the above 
examples and discussion, but may also be modi?ed to 
prevent cell groWth or even promote cell destruction. 
Another type of coating using the method of the present 
invention includes creating a biocidal surface by grafting 
PHB (poly(hexamethylene biguanide hydrochloride)) onto 
an acrylic acid grafted surface. PHB is a poWerful cationic 
biocide. It can be coupled to the anionic AA grafted surface. 
This surface remains stable upon storage in aqueous envi 
ronments. 

[0087] Grafting of an exemplary glass surface Was per 
formed using the method as generally described above and 
speci?cally described in Example 5. PHB, from a 20% 
aqueous solution, Was coupled ionically to AA grafted 
surfaces and to collagen coated AA grafted surfaces. Cou 
pling Was performed by immersing the glass samples in a 
2% PHB solution for tWo hours. 

[0088] Exposure of the PHB coated glass surface to a 
bacterial solution of Staphylococcus epidermidis RP62A 
(AT CC 35984) shoWed the biocidal effect of PHB. After 6 
hours of exposure, a signi?cant biocidal effect Was observed. 

[0089] PHB coating increases adhesion of S. epidermidis 
to the AA grafted surface on the short term. This result likely 
re?ects the contribution of electrostatic attraction betWeen 
the positively charged PHB surfaces and the negatively 
charged bacterial cell Wall. The PHB acts as a type of 
“bacterial trap”, attracting bacteria via electrostatic and 
hydrophobic (PHB surfaces are less Wettable than AA 
grafted ones) interactions. The PHB surface Was effective in 
killing 97% of the bacteria after 6 hours of exposure. PHB 
coated surfaces Were found to be generally stable, With 
results shoWing that PHB Was still evident even after 6 days 
of storage in PBS solution. 

[0090] Although the invention has been described With the 
preferred embodiments shoWn, other embodiments are also 
Within the teaching of this invention. For example, besides 
the use of propylene, grafting Was also successfully per 
formed With saturated propane, or tetramethyldisiloxane. 
These and other changes to the method and devices 
described are possible Without detracting from the teachings 
disclosed herein. 

We claim: 
1. A method of modifying a surface of a device, compris 

ing: 
providing the device; 
exposing the device to a reactive gas and plasma energy 

to create a plasma deposited surface on the device; and 

quenching the device With the reactive gas. 
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2. The method of claim 1, further comprising, prior to the 
exposing step, the step of exposing the device to air and 
plasma energy to clean the surface. 

3. The method of claim 1, further comprising the steps of: 

placing the device in a plasma chamber; and 

infusing air into the plasma chamber, Wherein the placing 
and infusing steps occur prior to exposing the device to 
plasma energy. 

4. The method of claim 3, Wherein the quenching step 
includes infusing the plasma chamber With the reactive gas. 

5. The method of claim 1, Wherein the reactive gas is a 
polymeriZable gas. 

6. The method of claim 1, further comprising the step of: 

exposing the device, after the quenching step, to a surface 
graft material to bind the surface graft material to the 
plasma deposited surface. 

7. The method of claim 6, Wherein the surface graft 
material is acrylic acid. 

8. The method of claim 6, Wherein the surface graft 
material includes acrylamide. 

9. The method of claim 6, further comprising the step of: 

coupling a surface reactant species to the surface after the 
surface graft exposure step. 

10. The method of claim 9, Wherein the surface reactant 
species is heparin. 

11. The method of claim 9, Wherein the surface reactant 
species is collagen. 

12. The method of claim 9, Wherein the surface reactant 
species is PHB. 

13. The method of claim 6, Wherein the device is exposed 
to the surface graft material Without a plasma activation step 
occurring after the quenching step. 

14. The method of claim 13, Wherein the device is 
exposed to the surface graft material over 12 hours after the 
quenching step. 

15. The method of claim 13, Wherein the device is 
exposed to the surface graft material over 48 hours after the 
quenching step. 

16. The method of claim 1, Wherein the device is a 
medical device. 

17. A method of modifying a surface of a medical device, 
comprising: 

providing the medical device; 

placing the medical device in a plasma chamber; 

infusing air into the plasma chamber; 

exposing the medical device to air and plasma energy to 
clean the surface; 

exposing the medical device to a reactive gas and plasma 
energy to create a plasma deposited surface on the 
device; 

quenching the medical device With the reactive gas by 
infusing the plasma chamber With the reactive gas; 

exposing the medical device to a surface graft material to 
bind the surface graft material to the plasma deposited 
surface; and 

coupling a surface reactant species to the grafted surface. 
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18. The method of claim 17, wherein the medical device 
is exposed to the surface graft material over 12 hours after 
the quenching step. 

19. A device used for medical procedures, comprising: 

a medical device having a surface modi?ed by a surface 
treatment process comprising: 

exposing the device to a reactive gas and plasma energy 
to create a plasma deposited surface on the device; and 

quenching the device With the reactive gas. 
20. The device of claim 19, Wherein the surface treatment 

process further comprises, prior to the exposing step, the 
step of eXposing the device to air and plasma energy to clean 
the surface. 

21. The device of claim 19, Wherein the surface treatment 
process further comprises the steps of: 

placing the device in a plasma chamber; and 

infusing air into the plasma chamber, Wherein the placing 
and infusing steps occur prior to eXposing the device to 
plasma energy. 

22. The device of claim 21, Wherein the quenching step in 
the surface treatment process includes infusing the plasma 
chamber With the reactive gas. 

23. The device of claim 19, Wherein the reactive gas in the 
surface treatment process is a polymeriZable gas. 

24. The device of claim 19, Wherein the surface treatment 
process further comprises the step of: 
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eXposing the device, after the quenching step, to a surface 
graft material to bind the surface graft material to the 
plasma deposited surface. 

25. The device of claim 24, Wherein the surface graft 
material is acrylic acid. 

26. The device of claim 24, Wherein the surface graft 
material is acrylamide. 

27. The device of claim 24, Wherein the surface treatment 
process further comprises the step of: 

coupling a surface reactant species to the surface after the 
surface graft eXposure step. 

28. The device of claim 27, Wherein the surface reactant 
species is heparin. 

29. The device of claim 27, Wherein the surface reactant 
species is collagen. 

30. The device of claim 27, Wherein the surface reactant 
species is PHB. 

31. The device of claim 24, Wherein in the surface 
treatment process the device is eXposed to the surface graft 
material Without a plasma activation step occurring after the 
quenching step. 

32. The device of claim 31, Wherein the device is eXposed 
to the surface graft material over 12 hours after the quench 
ing step. 

33. The device of claim 31, Wherein the device is eXposed 
to the surface graft material over 48 hours after the quench 
ing step. 


