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ABSTRACT

The applied radiation chemistry l"as
made great contributions to the develop-
ment of polymeric industrial materials
by the characteristic reaction means
such as crosslinking, graft copolymeri-
xation and lew-temperature or solid-phase
polymerization, and become a important
field on peaceful use of atomic energy.

A brief review on the applications
of ionizing radiation processing in
biomedical engineering and microelectro-
nics is presented. The examples of this
technique were the studies on biocompa-
-tible and biofunctional polymers for
medical use and on resists of lithography
in microelectronics.

INTRODUCTION

The applied radiation chemistry has
made great development since 60's and
become a important field in the peaceful
use of atomic energy.[1-4] The conside-
rable success obtained in two major
fields the modification of polymers and
the sterilization of medical disposables.
[5-6] Some other areas of radiation
technology such as food preservation,
environmental improvements (treatments of
sewage), curing of coatings, grafting
copolymerization and so on are developing.

The purpose of this presentation is
to give a brief review on the prospect
of two specific areas - applications of
ionizing radiation processing in the
preparation of novel polymeric biomate-
rials and in the microelectronics, com-
binded with some new results in author's
lab. Some new polymeric materials with
biocompatible and bio.functional proper-
ties have been obtained, and for closer
definition an electron or ion beam can
be used to reproduce on the polymer film,
many resist materials are developed. The
unique ability of ionj zing radiation to

iniMate free radical and ionic reactions
are :ul'y used in such two areas.

J. RAD"!Ai-IGN TECHNOLOGY AND B1OMED1CA!.
POLYMERS

There are many sorts of biomaterial
such as manmade bone, blood, heart and
immobilized enzymes, antibodies, drugs,
cells and so on. These biomaterials have
been widely studied, some of them have
great potential in the clinic.

At present, the value of biomaterial
is about 8x10 kg per year with cost of
30 million dollars.[7]

As the main criteria of selection,
the biomaterials should have required
physical properties, can be purified,
fabricated, sterilized easily. They can
maintain the physical properties and
functions in vivo over dosired time
period and do not indu.-p undesir.iblo host
reactions.

So far, the most diverse use of
biomaterials exists within the organic
polymers. New polymers may be synthesized
or existing polymers may be modified by
radiation chemical process. They possess
several attractive features, as compared
with conventional processes, for example,
they may result in a pure product - radia-
tion replaces a catalyst.and radiation-
induced reactions can be carried out at
relatively low temperature and this may
lead to the absence of competing side
reaction, sometimes they have potential
for simultaneous sterilization.

The study and application of radia-
tion technology in the area of life
science have developed rapidly,[8-10]
there are two main achievements in thi^
field:

Radiation polymerization, grafting and
crosslinking to prepare biomedical polymers
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A. Hydrophilic Polymer Gels Crosslinkers

Hydrophilic polymer gels, called
hydrogels, were first introduced as use-
ful biomaterials by Wichterle and Lim in
1960.[11] The hydrophilic monomers can
be polymerized at certain radiation dose
to form a hydrogel. Such hydrogels can
absorb a lot of water (30-90%). So it
should be closely resemble body fluids
and tissues and possess fair biocompati-
bility.

The more important monomer used in
the hydrogels is 2-hydroxythyl-methacry-
late, HEMA, this hydrogel is applied
commercially as soft contact lenses. The
other monomers used in forming hydrogels
are shown in Table 1.

Table 1. Monomers Used in Hydrogels

Neutral

Hydroxymethyl
methacrylate"

.CH-
= C

Ethyleneglycol Dimethyl crylate
Derivatives

CH =
CO
I
O
\
(

C = CH
\ 2

The hydrogels which can absorb large
amount of water only have fairly weak
mechanical strength, in addition, their
"blood compatibility" is still a subject
of some controversy. Thus, in preparing
new or modified biomaterials, emphasis
must be taken on grafting hydrogel onto
the supports which usually are hydrophobic
polymers with suitable mechanical
properties.

B. Radiation Grafting Copolymers

Radiation grafting copolymerization
is the utilized method for preparing new
or modified biomaterials.

Qyceryl CH = C ̂  3

methacrylate 2" ^ C O

R OH
Acrylamide

Derivatives

R = -H,

CH

-CH,

2" C
y

^CO-N-R

R"

R'R"= -H,-CH3-C2H5,-CH2CHOHCH3

N-vinyl pyrrolidone CH2= CH - N N |

Acrylics C H o =

" C 0 2 R 1

R= -H, -CH3 ; R' = -CH3, -

Acidic or Anionic

Acrylic acid CH2= C.
C 0 2 H

Derivatives R= -H, -CH-

Basic or Cationic

Aminoethyl methacrylate
^ R

Derivative CH = C
^co2c2i-

R, R1 , R" = -H, -CH, , -C .H

R1

3, -C4Hg

Two radiation grafting methods are
of paticular interest for technical
applications, the "direct" and the
"peroxidation" methods.[12]

In the first method, the polymer and
monomer are irradiated in one system.
This is a simple and effective method,
but in the meantime some homopolymers are
formed as well. The second method involves
two steps. The polymer is at first irra-
diated in the presence of air which leads
to form either hydroperoxides or dipero-
xides depending on the chemical nature of
the polymer and the irradiation conditions.
The resulting polymeric peroxides are
usually fairly stable and may be shipped
or stored over long period of time. They
can thereafter be used to initiate the
grafting copolymerization of monomer onto
the preirradiated polymers. The grafting
yield and deepness can be controlled by
adjusting the absorbed dose, irradiation
conditions, grafting time, temperature
and so on for different use.

The radiation grafting to produce
hydrogels for biomedical uses has also
stimulated a number of studies on the
physics and chemistry of the free radical
polymerization reaction involved, for
example, it has been found that the pre-
sence of mineral acid increases the radia-
tion grafting yield for styrene to the
polyolefins, especially polypropylene
and polyethylene also polyvinyl chloride
and wool.[13,14] In our lab. the gamma
and UV irradiation grafting copolymeriza-
tion of N-vinyl-2-pyrolidone (N-VP) to
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segmented polyether-urethane (SPEV) were
studied and found that the preswollen
radiation grafting reactions only occured
in alkaline medium and the presence of
mineral acid has obvious inhibition
effect. [15,16]

The synthetic polymeric biomaterials
are roughly divided into three categories,
soft (rubbery) polymers, semi-crystalline
or crystalline polymers and other related
polymers.

The two major biomaterials in clini-
cal use are the elastomeric silicone
resins and polyethylene terephthalate
(PET) fibers. The major soft or rubbery
polymeric biomaterials are shown in
Table 2.

Table 2. Major soft or rubbery
polymeric biomaterials

General
polymer

Silicones

some medical uses

Tissue substitutes,
Heart assist devices
Contact lens and so on

Polyurethanes Blood pumps tubing,

Polyvinyl

Rubber

-4CH

Blood

chloride

1
Cl

CH,

2-C '
= C-CH,-)-

1 2

H

storage

Tubing,
storage

Tubing

bags

Blood
bags

Two examples are given here to illu-
strate the advantages of radiation cross-
linking and grafting technology.

1. Silicone rubber is extensi-
vely used as implants throughout the body
as well as externally as components of
various in vitro devices. Weatherby [17]
and coworkers found that the most blood
compatible polydimethyl siloxane (PDMS)
could be prepared by radiation crosslin-
king pure polydimethyl siloxane (silica
and catalyst-free) in nitrogen atmosphere,
only 50 kGy of either Cobalt-60 gamma -
rays or 20 MeV (3- rays generated by
linear accelerator were used.

2. The contraceptives in uterus
(IUD) is usually made of silicone rubber
or polyethylene but sometimes it initia-
tes stimulated bleeding or falls away.

If HEMA or other hydrophilic monomers
were grafted on it, the disadvantages
mentioned above would be overcome.[18]

Radiation immobilization of bioactive
species

The bioactive species (Enzymes, anti-
bodies, cells, anti-thrombogenic agents,
antibiotics, antibacterial agents, con-
traceptives, anticancer agents, drug
antagonists and so on ) may be incorpora-
ted into or onto polymeric biomaterials.
There are four kinds of polymers as the
biomaterial for different uses. They are
Silicone rubber, Polyesters, Hydrogels
and Acrylic cements.

The word "immobilization" refers in
a temporal sense to the suddenly lowered
mobility of the biological species. It
may never leach out or it may gradually
dissolve into the surrounding medium. In
either case, it is considered to have
been "immobilized".

The main potential advantages of
immobilization are expected to lead to
automated continuous flow processes for
repeated long uses and to reduce the
cost of both bioactive species and back-
bone polymers.

There are four major immobilization
techniques. They are physical entrapment,
physical adsorption, chemical bonding
and chemical crosslinking.

Kaetsu and his group have studied
the radiation-induced polymerization at
low temperature and in solid state espe-
cially using glass-forming monomers in
a supercooled state. [21]

Rambaum and coworkers originated and
have extensively investigated the prepara-
tion of radiation polymerized emulsions
of monomers and crosslinkers yielding
microspheres of 100 Ä to 1 Jim in size in
which a wide variety of biologically ac-
tive species have been immobilized.[22]

Hoffman and coworkers [23] have
widely studied in this area. They have
used two chemical techniques to chemically
bond heparin and various proteins to
radiation grafted hydrogels.

The use of radiation grafting to
immobilize some enzymes and antibodies
has been studied in author's lab. as
well. The technique involves radiation
grafting onto a backbone polymer a mono-
mer containing an appropriate functional
group to which the enzyme is bounded.
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Segmented polyetherurethqm- (HPTi")
is a fine biocompatible material. At first
the acrylic acid or acrylamide were graf-
ted on the SPEU film by preirradiation
method and then in a suitable conditions
the Horse radish peroxidase (HRP) or other
bioactive molecules can be immobilized
on it through chemical bonding obtaining
a kind of material with both biocompatible
and biofunctional properties.[24]

Some results completed in author's
lab. showed the effects of yield of graf-
ting and bonded protein (with or without
"arm") on the relative activity of immo-
bilized enzyme Fig.L. and Fig.2.

0 50 100

percent grafting

Fig. 1. Relative activity vs
grafting yield

I
O

"3

—III

- / #

10 20

bound protein

30 40

Fig. 2. Total activity of HRP-SPEU
vs bound protein on film

I. AA grafted i>PEt: film with ,-aft
yield 525'.

II.AAW grafted SPEU film (88% yield)
with an "arm" of glycine.

III.AAM grafted SPEU film (78% yield)
with an "arm" of £-aitiino csprnic
acid.

From Fig.l. it can be seen that the
total amount of bounded enzyme increased
with increasing grafted yield, but the
relative activity decreased.

Fig.2. showed the same relationship
for the films with "arm" or without it.
Results showed that the "arm" increases
the relative activity of SPE'J-HRP distin-
ctly but can not control the decreasing
rate of relative activity with increasing
bonded protein on the film.

The Michaelis constant, pH dependence,
heat stability and repeated use SPEU-HRP
film were investigated and found that the
HRP bonded on SPESJ filni has potential ap-
plication in some food processing and
analysis.

II. RADIATION CHEMISTRY OF POLYMER IN
MICROELECTRONICS

The progress of technology for the
high-sensitive and high-resolution fabri-
cation of semiconductor has required
submicron exposure techniques such as
deep UV x-rays and electron beam resists.
Extensive studies on these area have
performed. Recently ion-beam resist has
been studied as well.[25] Although ion-
beam lithography has already shown great
advantages, it is still at early develop-
ment stage. Enough attention should be
paid in the near future. Here the main
points of resists in electron beam litho-
graphy were only given. Typical lithogra-
phic processing is shown in Fig. 3.

Electron beam resists[26]

Electron-beam lithography is an ad-
vanced lithographic technique which uses
a computer-controlled electron beam (10-
30 kV) to precisely delineate circuit
patterns with sub-micron features in a
imaging medium which is called electron
resists.

A. The Requirements for Electron
Resists

Current electron resists are mainly
organic polymeric materials. The main
requirements for electron resist are high
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sensitivity, submicron resolution (L 5 /im),
adequate dry etch resistance, high thermal
stability and adequate adhesion to t'n<-
substrates.

Resist

3 Base
Exposing
radiation

_ " ! _ _ Mask

Coat

Expose

P ^ n '12 Develop

Etch

iStrir

Pig. 3. Shematic representation of
the lithographic process sequence

B. Two Main Electron-beam Polymeric
Resists

When polymer resists are exposed to
a high energy electron beam the polymer
molecules are excited and ionized and
crosslinking or chain scission or both
depending on the chemical structure of
the polymeric resists occured.

A positive resist is a polymer when
it is exposed to an electron beam, chain
scission occurs predominatly in the ex-
posed polymer resulting in an increase
in solubility.

A negative resist is a polymer when
it was irradiated by electron beam,
crosslinking occurs predominatly and
decrease of solubility was resulted.

C. Principles for Select and
Improvement of Resists

It is important to realize that re-
sist performance depends not only on the
intrinsic properties of the polymeric
materials but also significantly on the
processing parameters, which were omit-
ted here.

The important intrinsic properties of
the resists are chemical structure, mole-
cular weight, molecular weight distribu-
tion and Tg ( glass transition tempora-
tures ).

The polymers having the chemical
structure of poly (methylmethacrylate)
(PMMA) find their similar structure are
the main positive resists which belong
to the degradation polymer in radiation
chemistry; polystyrene and related poly-
mers are the main negative resists. They
are crosslinking polymers.

Modification of polymer resists
through copolymerization is a well-known
approach. It was found that the copoly-
mers poly (MCA-CO-MMA) were more sensi-
tive than either homopolymer PMMA or
PMCA.

To improve the sensitivity of polys-
tyrene, the copolymers of glycidyl matha-
crylate (GMA) and styrene (S) have been
studied. Seven copolymers of GMA/S of
different composition have been synthe-
sized, characterized and evaluated as
negative resists.

It should be noted that negative
electron resists are generally more sen-
sitive than positive resists but the re-
solution of negative resists is lower.

The other important element affected
sensitivity of resist is the molecular
weight and molecular weight distribution
of polymeric resists.[27,28] Increase
of sensitivity is predicted and observed
for PMMA with higher molecular weight
and narrow molecular weight distribution.
For the negative resists it was found that
1) the sensitivity of the monodisperse
polystyrene increases significantly with
an increase in molecular weight. 2) mo-
nodisperse polystyrene has a very high
contrast and 3) the contrast of polystyre-
ne decreases with an increase in molecular
weight distribution.

A resist with high Tg, not only pre-
vents pattern deformation when heated
during ion-implantation or dry etching,
but it is less susceptible to solvent-
induced swelling during development.

D. Radiation Chemistry of Resists

In order to develop more excellent
electron beam resists, the studies on
radiation chemistry of polymer resists
must be carried out. [29,30] The studies
were performed by using gamma - rays be-
cause the effect of /? -rays on substance
is similar with that of electron beam
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from accelerators. The main techniques
to analysis the radiolysis products in-
clude IR (functional groups), G.C. (gas
products). GPC (molecular weight and
molecular weight distribution). ESR (free
radicals). The G value of crosslinking
and scission was measured as well. Usually
some additives were added in the irradia-
ted samples for observing the intermediate
species produced during irradiation. By
using methods mentioned above, the main
reactive intermediate and mechanisms can
be evaluated indirectly.

A pulse radiolysis technique which
can measure the reactive intermediates
directly is powerful to study a fundamen-
tal understanding or radiation damage
mechanisms especially the primary process
of radiation damage of polymers.[31]

It is well known that polystyrene is
one of the most useful radiation resistant
polymer but aome of substituted polysty-
rene, such as chloromethylated polysty-
rene (CMS) are very sensitive to radia-
tion. The scheme of radiation induced
reactions of CMS is proposed on the
basis of nanosecond pulse radiolysis data
on solid film of CMS and polystyrene and
their solutions of cyclohexane, benzene,
and chloroform and carbon tertrachloride.
[33,34] In the scheme two polymer radi-
cals P-L 4CH-CH24- (mainly) and ?2 -4-C-CH2-)-

CH-

Ipartly, R is CH^Cl or H) were, observed.
The high crosslinking sensitive of CMS
is due to the high efficiency of the pair
production of the two polymer radicals
in very near sites through reactions of
the active intermediates. From this
understanting more sensitive electron
resists can be designed, so it is obvious
that study on radiation chemistry of
polymer resists is very important and
useful.
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