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RF plasma-treated polymers for biomedical
applications

N. Gomathi, A. Sureshkumar and Sudarsan Neogi*

The choice of polymers for various biomedical applications depends on their surface properties. All
polymers do not possess the surface properties required for biomedical applications. Surface prop-
erties of the materials like surface free energy, hydrophilicity and surface morphology, which influ-
ence the cell-polymer interaction, decide the choice of the polymer. Radio frequency (RF) plasma
offers a unique route for surface modification of polymers without daffecting their bulk properties.
This process results in a smooth, pinhole-free ultrathin film. Plasma treatment of polymers can
render the material surface either hydrophilic or hydrophobic through the use of the respective
plasma gases. It has found various applications in automobile, electronic, biomedical and chemical
industries. In this article the properties and effects of RF plasma treatment of polymers are dis-
cussed with reference to their biomedical applications, such as in body implants, bioseparation,

sterilization, biosensors, ophthalmology, etc.

Keywords:

PrasMma technology is widely used to alter the surface
properties of polymers without affecting their bulk prop-
erties. The treated polymers have found various applica-
tions in automobiles, microelectronics, biomedical and
chemical industries. Specific surface properties like hy-
drophobicity, chemical structures, roughness, conductiv-
ity, etc. can be modified to meet the specific requirements
of these applications. The major effects observed in plasma
treatment of polymer surfaces are cleaning of organic
contamination, micro-etching, cross-linking and surface
chemistry modification’. Biomaterials that have contact
with the human body need an optimal combination of
mechanical properties and surface characteristics that re-
sults in superior performance in the biological environ-
ment. Physico-chemical properties of the surface of the
material such as surface free energy, hydrophilicity and
surface morphology, which influence the cell-polymer
interaction, determine the choice of the polymer. Since in
general all polymers do not possess the surface properties
needed for biomedical applications, radio frequency (RF)
plasma treatment plays a crucial role in incorporating
them. Surface modification in a controlled fashion, depo-
sition of highly cross-linked films irrespective of the sur-
face geometries, formation of multilayer films, eco-
friendly nature and the prospect of scaling-up make the
RF plasma treatment extremely suitable for biomedical
applications. This article provides an overview of recent
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advances in the biomedical applications of plasma sur-
face-modified polymers. The primary focus is on con-
temporary literature concerning RF plasma treatment of
polymeric biomaterials. Plasma treatment and its effects
on the surface of polymers and the results reported on RF
plasma treatment in various biomedical applications are
summarized.

Plasma: Introduction

Plasma, a quasi-neutral gas, is referred to as the fourth
state of matter. It consists of a collection of electrons and
ions as well as neutrals, atomic and molecular species
that exhibit a collective behaviour in the presence of an
electromagnetic field. Plasma, mainly generated by elec-
tric field could also be generated by other means, includ-
ing magnetic field, combustion and nuclear reactions.

In an electric discharge, when an exciting field and a
medium are coupled, plasma is generated. The quality of
coupling determines the character of the electrical dis-
charge. Based on energy coupling mode, RF plasma can
be classified as inductively coupled plasma (ICP) and
capacitatively coupled plasma (CCP). In the ICP reactor,
a magnetic field created around the coil, on passing elec-
tric current generates plasma. Inductively coupled dis-
charges have relatively high electron density in the range
of 10" cm™. These reactors are free from contaminants
since the electrodes are kept outside the reaction cham-
ber. In the CCP reactor, of the two metal electrodes, one
is connected to the power supply and the other one is
grounded. Since this configuration is similar to the ca-
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pacitor in an electric circuit, it is called a CCP reactor.
ICP and CCP are also referred to as electrode-less discharges.
RF plasma has the advantages of convenience of han-
dling, ease of availability and low energy requirements.
The various kinds of reactions in the plasma include
excitation, ionization and dissociation. The excitation
process involves increase of translational energy and
transition of internal energy to a higher state. Metastable
atoms that collide with other atoms or molecules have a
relatively long lifetime of about 10~ s or more. Table 1
shows the metastable levels of several atoms and their
lifetimes®. When energy is given in excess of that re-
quired for excitation, most loosely bound electrons are
removed from an atom causing ionization. The electron
impact ionization is the major source of charged species
in the discharge. The energy required for ionization is
greater than that of dissociation. Ionization potential is
the minimum voltage required for the ionization process.
The first, second and third ionization potentials corre-
spond to removal of the respective electrons from an
atom. Excitation and ionization may be due to the reac-
tions by electron collision, ion collision, neutral particle
collision and radiation. Electron impact dissociation of
gases plays an important role in the chemistry of low-

pressure reactive discharges. Dissociation occurs as a re-
sult of inelastic collision of a molecule with an electron,
ion or photon. When neutral fragments, either hot or in an
excited state that are generated by this process, hit the
substrate surface they affect the process chemistry. The
various active species generated in a CCP reactor are
shown in Figure 1.

Effects of plasma on a polymer surface

Plasma generated in a vacuum environment influences
the surface of the polymer to make it suitable for a spe-
cific application. It has sufficiently high energy to break
the covalent bonds of polymers exposed to the plasma.
The surface of a biomaterial is what the body encounters
first when a new device is used or implanted. In the case
of polymers, the surface should be compatible to the bio-
logical system, which can be effectively modified by the
plasma. Plasma treatment can improve wettability, oxidize
the surface and enhance cell growth and adhesion. The
various effects of plasma on a polymer surface may be
categorized as: (i) surface modification, (ii) grafting and
(iii) film deposition®.

Plasma surface modification

Table 1. Properties of metastable atoms®
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Figure 1. Schematic diagram of capacitatively coupled reactor.

CURRENT SCIENCE, VOL. 94, NO. 11, 10 JUNE 2008

1479



GENERAL ARTICLE

such as air pollutants, fingerprints, oxide layers, weakly
bonded surface layers and other surface additives. It is
possible to remove contaminations by simple plasma
sputtering with the help of noble gases, by oxidation of
organic contaminants with oxygen plasma or by reduction
of oxides or sulphides by hydrogen plasma®. The efficient
removal of organic contaminants from a semiconductor
surface can also be achieved by plasma processes®’. In
the case of contaminant removal, lower molecular weight
polymer fractions that comprise the weak boundary layers
are removed by plasma. When the virgin polymer is ex-
posed to plasma, free radicals are created on its surface
and are coupled with active species from the plasma envi-
ronment, and cause surface modification. It enhances ad-
hesion by allowing interlinking of molecules on the surface.
Active species in the plasma react with the polymer sur-
face to form by-products like CO,, H,O and low molecular
weight hydrocarbons, which are later removed by means
of vacuum. The choice of gas used for contaminant re-
moval depends on the nature of the contaminant and the
substrate.

Etching: Plasma etching is a key to removal of material
from surfaces®°. Parallel or serial combination of four
processes, namely sputtering, chemical etching, energetic
ion etching and ion inhibitor etching, is commonly used
to remove material from surfaces. During etching the sur-
face material is selectively removed by chemical reac-
tions and/or physical sputtering. Etching in gas discharge
plasma is also used for cleaning and polishing surfaces,
processing plate edges, cutting plates into separate crys-
tals, etc.'’. Plasma cleaning is a form of etching based on
a combination of chemical reactions between surface im-
purities and radicals formed in the discharge volume and
on the surface, and sputtering through ion bombardment.
Roughening the surface by plasma etching increases the
area of contact. Increased surface energy of the substrate
above the surface tension of the adhesive makes it wet the
entire surface of the polymer substrate, in turn increasing the
adhesive bond strength. Plasma surface modification en-
hances adhesion strength by facilitating covalent bonding
between the adhesive and the substrate surface. This also
allows a liquid to spread over, penetrate the surface and form
a strong bond between the substrate and the adhesive.

Substitution of chemical groups: Alteration of surface
characteristics is also possible by substitution of chemical
groups present on the polymer chain being moditied** .
Different process gases can incorporate large varieties of
chemical groups such as hydroxyl, carbonyl, carboxylic,
amino or peroxyl groups. Oxidation, nitration, hydrolization
and amination processes induced by plasma are used to
improve the surface energy of the substrate. Substituting
the functional groups increases the surface energy and re-
activity. The gases used to generate plasma are reactive,
unlike in plasma-induced grafting.
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Plasma-induced grafting

Plasma-induced grafting is a two-step process of incorpo-
ration of functional groups and reactive sites to the polymer
surface. Free-radical formation using inert gas plasma is
followed by the introduction of an unsaturated monomer
such as allyl alcohol into the reaction chamber. The
monomer reacts with the free radical to yield a grafted
polymer. This process differs from activation in a way
that it adds the material to the polymer backbone instead
of functionally modifying the surface polymer chains. It
differs from plasma polymerization in which the plasma
gas itself is a monomer. This process results in enhanced
adhesion®".

Plasma polymerization

The plasma polymerization process, which can produce
thin films with unique chemical and physical properties,
has found various biomedical applications'®?’. In this
process, gases in the plasma undergo polymerization
through a free-radical initiation process. Methane, ethyl-
ene, propylene, fluorocarbon monomers and organosilicon
compounds can be polymerized by this method. When the
process gas mixture contains hydrocarbons, the hydrocar-
bon molecules are fractured into free-radical fragments.
These free radicals initiate polymerization. As the molecu-
lar weight of the polymer increases, it is deposited on the
surface of the substrate. Polymerization at an atomic level
is also possible when sufficient energy is supplied to break
all the bonds on the monomer. The plasma-polymerized
thin films are generally pinhole-free, highly cross-linked
and strongly bound to the surface. A list of gases used in
plasma processing, including polymerization is provided
in Table 2.

Polymeric biomaterials

The biomedical application of polymers requires knowl-
edge in areas such as computational chemistry, molecular
biology, surface physics and chemistry, nanofabrication
and materials science. In March 1986 the Consensus Con-
ference of the European Society for Biomaterials, Chester,
England, precisely defined the biomaterial as a nonviable
material used in a biomedical device intended to interact
with biological systems. Biocompatibility of a biomate-
rial is defined as the ability of a material to perform with
an appropriate host response in a specific application.
Blood compatibility, considered as a derivative of bio-
compatibility, is a complex function involving many para-
meters such as characteristics of the blood, material and
time?.

Groups of materials, namely metals, alloys, ceramics,
polymers and composites find applications as biomate-
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Table 2.

Plasma gases and their applications'

Plasma gas

Application

Oxidizing gases (O,, air, H,0, N,O)

Reducing gases (H,, mixtures of H,)

Removal of organics by oxidation and to leave oxygen species in the polymer
surface

Replacement of F or O in surfaces, removal of oxidation-sensitive materials,

conversion of contaminants to low molecular weight species that do not
polymerize or re-deposit on adjacent surfaces

Noble gases (Ar, He)

To generate free radicals in surfaces to cause cross-linking or to generate active

sites for further reaction

Active gases (NH3)
Fluorinated gases (CF,, SFq and other perfluorinated gases)

Polymerizing gases (monomer gases for direct polymerization,
Ar or He pretreated)

To generate amino groups
To make the surface inert and hydrophobic

Polymerization of layers onto substrates by direct polymerization or by
grafting on Ar or He pretreated polymer surface

rials. Rigid metal alloys, ceramics, fibre reinforced com-
posites and high molecular weight polymers are used to
replace bone and dentin, while soft and pliable elastomers
are used for soft-tissue reconstruction. Polymers used as
biomaterials include polyolefin, polyester, polyamide,
polyurethane, polyacrylate, polyether, poly-hydroxy ethyl
methacrylate (pHEMA), polyvinyl alcohol (PVA), poly-
glycolic acid (PGA), polylactic acid (PLA), polysulfone
and silicone rubber. Biodegradable polymers such as
polyesters and polyamides are employed as biodegradable
sutures or as bone plates to provide temporary scaffolding
or support while natural-tissue regeneration takes place®.
A list of polymers and their biomedical applications is
presented in Table 3.

Surface modification of polymeric biomaterials
by RF plasma

The capability of RF plasma to modify surface physical
and chemical properties without affecting bulk properties
is advantageous for the design, development and manu-
facture of biocompatible polymers. Either by surface modi-
fication or by thin-film deposition, protein—surface
interaction and cell adhesion can be optimized for im-
proving biocompatibility. The RF plasma-treated polymeric
biomaterials, which adversely affect bacterial adhesion,
have found wide applications in antimicrobial coatings.
Antimicrobial coating on RF plasma-treated polymers can
prevent microbial adherence on the surface, thus prevent-
ing biofilm formation.

Improving biocompatibility/blood compatibility

Biocompatibility is not an inherent property of a material,
but results from complex interactions between an implant
and the surrounding tissues. Any polymer used in bio-
medical application should be biocompatible, which
requires it to have a low friction coefficient and hydro-
philicity. Several materials used for medical devices are
selected for mechanical strength or stability in the body,
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but suffer from problems associated with surface-induced
thrombosis. When they are in contact with blood or blood
products, thrombosis is initiated by the deposition of a
plasma protein layer on the surface of the implanted
biomaterial. Platelets, fibrin and possibly leukocytes ad-
here to the deposited protein. The interaction between the
plasma proteins and the surface of the implant determines
the adhesion, activation and spreading of platelets, acti-
vation of coagulation, cell attachment and protein deposi-
tion.

Polymeric materials can easily be modified to meet the
needs of tissue engineering. Cell attachment and cell
growth are influenced by wettability of the surface, sur-
face energy and charge of the material. Immobilization of
protein with antithrombogenic or thrombolytic qualities is
a way of introducing the antithrombogenic characteristics
on blood-contact materials. Accordingly, polymers such
as nylon, polyester, polyethylene, polypropylene, poly-
urethane and fluorine resin, incorporated with substances
having antithrombogenic property and compatibility with
a living body are used in such medical devices. Various
antithrombogenic materials such as heparinated high
molecular weight materials, urokinase immobilized high
polymer materials or plasma-treated high molecular
weight materials are used in various fields of application.
Many investigations have been performed to immobilize
various proteins with antithrombogenic properties like re-
combinant hirudin (rHir), thrombomodulin and human
thrombomodulin on polymers”2®. To prevent thrombus
formation, they are pre-lined in the inner surface of the
vascular graft and this process is called hybridization. Tt
has been demonstrated that the inner surface of the seg-
mented polyurethane tube modified by air-plasma treatment
holds good as a suitable substrate for hybrid vascular
grafts®®. Lahann et al.”’ investigated the influence of
plasma modification of poly (2-chloroparaxylylene) on
the adsorption of the human blood protein, fibrinogen.
Polyethyleneterephthalate (PET) films grafted with acrylic
acid using oxygen plasma were immobilized with insulin,
heparin to improve blood compatibility?® and collagen to
enhance the growth of smooth muscle cells*.
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Table 3. Biomedical applications of polymers®
Polymer Biomedical application
Polyethylene Tubes for various catheters, hip-joint, knee-joint prostheses
Polypropylene Suture materials

Polytetrafluroethylene
Polyester Vascular grafts, resorbable systems

Polyvinyl chloride
temporary blood-storage devices
Polyacetals Hard-tissue replacement
Polymethylmethacrylate
Polycarbonate
Polyethyleneterephthalate

Polyamide

Vascular and auditory prostheses, catheters, tubes

Flexible or semiflexible medical tubes, catheters, inner tubes, components of dialysis installation and

Bone cement, intraocular lenses, contact lenses, fixation of articular prostheses, dentures
Syringes, arterial tubules, hard-tissue replacement, hemodialysers, blood pumps, oxygenators
Vascular, laryngeal, esophageal prostheses, surgical sutures, knitted vascular prostheses

Intracardiac catheters, urethral sound, surgical sutures, films for packages, dialysis device components,

heart mitral valves, three-way valve profusion, hydrodynamic syringes, sutures

Hydrogel (pHEMA, PVA)

Biodegradable polymers
(PGA, PLA, PVA)

Polyurethane

Silicone rubber

Contact lens, reconstructive joint surgery

Sutures, drug-delivery matrix, adhesives, temporary scaffolding, temporary barrier

Adhesives, dental materials, blood pumps, artificial heart, and skin and blood contacting devices

Encapsulant for pacemakers, burn treatment, shunt, mammary prostheses, foam-dressing, valves, catheters,

contact lenses, intraocular lenses, finger joints, membranes, maxillofacial implants

Polymer-coated encased stents, facilitating endothelial
cell growth on the inner lining of the stent, are used to
prevent platelet aggregation. Surface modification of the
polymer decreases the interfacial tension between the
blood components and the treated surface, which in turn
reduces the driving forces for protein deposition. De et
al.™ showed the potential application of plasma treatment
for confluent cell growth with strong adhesion to the sub-
strate to withstand the arterial blood flow shear stress.
Helium plasma treatment improved the wettability, oxi-
dized the surface and enhanced endothelial cell growth
and cell adhesion on polyurethane surfaces. Endothelial
cell adhesion is also achieved by ion implantation®! and
carbon deposition®”. The adhesion of endothelial cells on
plasma-treated polystyrene varies with plasma treatment
time. Stronger adhesion is observed with longer plasma
treatment time™. PET used as fibre-reinforced composite
in prosthetics shows poor adhesion. PET fibres are
treated with O, plasma to improve their adhesion in fibre
matrix composite and to increase the surface energy™.

Antimicrobial coating

Adherence of bacteria to a polymer surface results in
biofilm formation. Biofilm resistance to antibiotics makes
the device-associated infection difficult to treat and ne-
cessitates the removal and replacement of the infected
device. Antibacterial agent is coated on medical polymers
to prevent biofilm formation. Surface treatment prevents
the initial adhesion of bacteria to the polymer surface or
kills the bacteria as they come in contact with the surface.
To obtain the antimicrobial properties, the substrate is

1482

usually impregnated or compounded with an antimicro-
bial agent in a matrix. As silver ions possess good anti-
microbial properties, silver has been used as an anti-
microbial coating on medical devices. It also possesses
anti-inflammatory properties and enhances healing
rates™. The properties of the surface, like its hydropho-
bicity, composition, mechanical properties and morpho-
logy, influence bacterial adhesion. It is promoted on rough
surfaces and at defect sites such as scratches or pits™.
Both metallic and ionic silver have been incorporated into
several biomaterials such as polyurethane®’, hydroxypa-
patite®, and bioactive glasses®*®. Ultrathin (1-2 nm) an-
tibacterial polyammonium coating given on plasma-
treated polyethylene (PE) surface required much smaller
quantities of the antibacterial agent than other conven-
tional methods™. Zhang et al.** coated triclosan and
bronopol on PE to enhance the antibacterial properties by
making the polymer surface more hydrophilic, which was
achieved by treating PE in O, plasma followed by argon
and hydrogen plasma. The results revealed that Ar plasma
was better than H, plasma in improving the antibacterial
properties. High levels of antibacterial effects of triclosan-
coated PE against Staphylococcus aureus (Gram-positive)
and Escherichia coli (Gram-negative) were observed
even after six weeks, while that of bronopol was better in
the beginning but degraded with time and showed no an-
tibacterial effect after six weeks.

Specific biomedical applications

The surface-modified polymeric biomaterials have found
specific applications in various areas of the medical field
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such as implants, bioseparation, plasma sterilization, bio-
sensors and ophthalmology. Plasma treatments are given to
the polymers to achieve the above-mentioned properties,
namely antimicrobial properties and bio/blood compati-
bility.

Implants

The use of medical implants ranges from simple catheters
for drawing blood to life-saving devices such as artificial
heart, lung and kidney. The time for the body tissue—
biomaterial interaction ranges from several minutes for
one-time use like catheters to several years for total re-
placement of organs like total artificial hearts and total
joint prostheses. The applications of plasma treatment in
various implants are reviewed below.

Orthopedic implants: Any material having desirable
mechanical properties and biocompatibility with the bone
is used in bone replacement. Though the bulk properties
govern their mechanical properties, their surface chemis-
try and structure largely control the biological responses
to biomaterials and other biomedical devices. Orthopedic
implants are mainly constructed using titanium alloys for
strength and lined with polymers that act as artificial car-
tilage. The major obstacle to long-term use of metallic
substrates is bone resorption due to stress shielding™,
leading to their degradation after 10-15 years™.

A large variety of organic materials are employed as
materials of construction for prostheses and external
stabilizers of bone fragments. Polymers like ultra high
molecular weight polyethylene (UHMWPE) and poly-
tetrafluoroethylene (PTFE) are used in joint socket and
polyurethane in bone joint due to their excellent wear,
abrasion, corrosion and fatigue resistance. UHMWPE is
used in surgical replacement of damaged cartilage in total
joint/diseased joint. The biocompatibility of UHMWPE
was modified by means of cross-linking, functionaliza-
tion using various plasmas such as Ar, CsFg, C,H,, NH,,
CH, and HMDSO, and no cytotoxicity was observed. Ar-
gon and Ar/CH, plasma-treated samples showed little red
blood cell destruction and thus are more blood compatible
among others*®. Carbon-fibre-reinforced polyether ether
ketone (PEEK), investigated for hip-joint endoprosthe-
ses™ and fracture fixation plates”, was treated by oxygen
plasma™ and N,/O, plasma to get better surface activation
for subsequent joining and coating processes®. This pro-
vides initiation sites for the formation of calcium phosphate
coatings in supersaturated solutions. Calcium phosphate
deposition by Ar plasma sputtering on the O, plasma-
treated polyethylene showed a low Ca/P ratio near the in-
terface on PE*, which is similar to that on polystyrene®.

Cardiac implants: Both non-biodegradable polymers
such as polyurethane, silicone rubber, ethylene vinyl ace-
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tate, and biodegradable polymers such as poly(glycolic-
lactic acid), and high molecular weight polyanhydride are
used in cardiac implants as implant leads, artificial hearts,
stents and controlled drug release devices?’. To prevent
the cardiovascular system from the adverse effects of drugs
and to optimize drug concentrations, controlled drug re-
lease implants are used either as reservoir configured
controlled release systems or drug dispersions in poly-
meric matrices®. Polyurethane matrix synthesized with
pore formers and loaded with ciprofloxacin releases anti-
biotic at a controlled rate when coated with n-butyl metha-
crylate by RF plasma deposition®>*.

Dental implants: Polymethylmethacrylate (PMMA) is
used in dental implants for different purposes such as
denture bases, artificial teeth, removable orthodontics,
surgical splinting and aesthetic filling in anterior teeth.
Many other polymers have been explored for several den-
tal applications such as dentures, crowns, bridges, fillings,
mouth protectors, sutures and implants®®. Biofilm forma-
tion due to the adhesion of Candida albicans on PMMA
causes denture-induced stomatitis, which is a common in-
traoral disease. Surface loading of histatin 5 either by ad-
sorption or chemical cross-linking provides a higher
concentration of active molecules on the PMMA denture,
leading to reduction of C. albicans biofilm formation.
Modification of PMMA by copolymerization of methyl
methacrylic acid resulted in twofold increase of the ad-
sorption of the added amount of histatin 5 per unit surface
area®™. The amount of histatin adsorption on PMMA in-
creases more than six times when PMMA is treated with
O, plasma compared to that adsorbed onto untreated
PMMA®.

Bioseparation

Membranes used for biomedical applications should have
high ion/solute permeability, blood compatibility, mechani-
cal stability and dimensional stability upon swelling. Hy-
drophilic composite membranes consisting of acrylic acid
polymer and porous polypropylene with high ion perme-
ability and dimensional stability were developed by plasma
interpenetrating polymer network techniques®. Lai et
al.®® deposited hydrophilic monomers, namely 1-vinyl-2-
pyrrolidone, 2-hydroxyethyl methacrylate (HEMA) and
methyl methacrylate by plasma deposition onto chemical
and O, plasma-treated Nylon 4 membrane. It was found
that the HEMA plasma-deposited membrane possessed
the highest potential as haemodialysis material among the
other plasma-deposited membranes considered. Plasma-
deposited polymer layer of dimethylaniline and acrylic
acid on the surface of PET track membranes that has ap-
plication in bioseparation changed their transport proper-
ties, especially water permeability, depending on the
value of filtrate pH*®. Membranes used for bioseparation
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are fouled and clogged when non-specific proteins are ad-
sorbed on it. Yianni et al.*® invented a process for reducing
the thrombogenicity of blood-contacting surfaces or inhi-
biting/preventing the non-specific adsorption of protein
surfaces by polymerizing a phospholipid. They used
plasma polymerization as pretreatment for phospholipids
and found better reduction in platelet adhesion compared
to that in untreated polymer.

Plasma sterilization

Plasma sterilization, a new application of low-pressure
plasma, is a promising technique and an alternative to
other conventional sterilization methods like high tem-
perature sterilization, ethylene oxide sterilization and
sterilization by radiation, especially for treatment of heat-
sensitive materials. It promotes an efficient inactivation
of the microorganisms and minimizes damage to the ma-
terials. UV photons and reactive species like atoms and
radicals play a major role in plasma sterilization. Pérez-
Martinez et al.%' developed RF normal pressure plasma-
discharge technologies to cleanse and sterilize dental
cavities. Ohkawa et al.%® used a mixture of helium and
oxygen at atmospheric pressure as a sterilization medium
in continuous plasma processing of medical-care materials.
It was found that destruction of the cell wall was the ma-
jor mechanism of disinfection. Various treatment times
were found to be effective for various microorganisms.
Low temperature radio frequency glow discharge plasma
was found to be the most suitable for sterilizing polyester
devices in tissue engineering applications. Polymers ster-
ilized by plasma showed little or no change in their 3D
morphology, molecular weight or mechanical proper-
ties®»%. When cellulose strips that contained Bacilli
stearothermophili were directly exposed to Ar plasma,
complete inactivation took place after 7 min of exposure®™.
It has also been reported that plasma sterilization dimin-
ishes platelet deposition without affecting the coagulation
time®®,

Biosensors/biomedical devices

Biosensors require two and three-dimensional micro-
structured substrates with a chemically suited surface to
mimic the basic functions of natural tissue. Chemical mi-
cro-patterning of cell culture by plasma processing allows
the introduction of functional groups on the polymer sur-
face, without affecting its bulk properties. It enables
covalent bonding for fixation and immobilization of bio-
molecules on various substrates. Chen et al.®” used pulsed
RF plasma for polymerization of allylamine and for suc-
cessful DNA adsorption and hybridization. Micro-
patterning of amine groups, used in DNA array techno-
logy, was achieved with excellent thickness controllabi-
lity and uniformity in a relatively short time by selective
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deposition of plasma polymerized ethylene diamine on
glass slides®®. RF plasma treatment yields a more com-
patible interface with biological fluids. Hydrophobic
polypropylene membrane has been made hydrophilic on
one side when treated with ammonia plasma and coupled
to urease to construct a urea sensor, and an appreciable
reduction in the response time has been achieved®.

Ophthalmology

The contact lenses should have high oxygen permeability,
good wettability by tears and resistance to deposition of
protein, mucus, lipid, microorganisms and other foreign
substances on the lens surface. CF, plasma-treated
PMMA intraocular lens reduced the adhesion of proteins,
the development of inflammatory cells and the formation
of cellular debris”®. Hettlich et al.”* modified the surface
of silicone with O, and CO, plasma and found CO,
plasma to be more suitable for grafting functional groups
on the surface of poly(dimethylsiloxane), since CO,
could be used for a longer period without causing surface
damage, unlike O, plasma. Silicone rubber grafted with
pHEMA by plasma-induced graft polymerization was
found to be suitable for cell attachment and growth™.
Latkany et al.”® demonstrated argon RF plasma treatment
of polyvinyl alcohol copolymer hydrogel as optimal for
epithelial cell migration and proliferation. They found
that this treatment allowed for the migration, proliferation
and synthesis of matrix and adhesion molecules in vitro.
No inflammatory response was detected on the treated
surface. George and Pitt”" developed a model to deter-
mine the cellular growth rate on different plasma-treated
polymeric materials such as polyvinyl alcohol, silicone
rubber, polystyrene and polycarbonate, and found that
plasma-induced graft-copolymerized pHEMA on silicone
rubber provided the best growth rate.

Conclusion

The RF plasma treatment of polymeric biomaterials has
been a topic of extensive investigations pertaining to a
wide range of applications. Biomaterials, which have per-
manent contact with the body and tissues, require unique
surface properties like surface free energy, hydrophilicity
and specific surface morphology, for improved cell/
protein adhesion on the polymer surface. Ability to modify
a surface in a controlled way, deposition of cross-linked
films on complex geometries, formation of multilayer
films, rapidity, sterility and the prospect of scaling-up are
the salient features of RF plasma processing that makes it
suitable for biomedical applications. The RF plasma
treatment produces three major effects on biomaterials:
surface modification, grafting and film deposition. Surface
modification improves adhesion, enhances surface wett-
ability and spreading, and reduces surface friction. In
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plasma-induced grafting, the functional groups and reac-
tive sites are incorporated in the polymer surface. Methane,
ethylene, propylene, fluorocarbon monomers and orga-
nosilicone compounds can be polymerized by the plasma
polymerization process. Antimicrobial coatings on RF
plasma-treated biopolymers can prevent microbial adher-
ence on polymer surface, thus preventing biofilm forma-
tion. Either by surface modification or by thin-film
deposition, protein—surface interactions and cell adhesion
can be optimized for improving biocompatibility. Modi-
fied polymeric biomaterials are widely used in implants,
bioseparation, plasma sterilization, biosensors and oph-
thalmology. Intensification of applications is in sight in
the years ahead.
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