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FOREWORD

Within the framework of the Agency's coordinated research programme on
"Application of Radiation Technology in [mmobilization of Bioactive
Materials", the third and final research coordination mooting was held at
Beijinq University, Beijing. Peoples Republic of China, 15-18 June 1987.
Previous meetings were held in Sarlay, hrarice (1983) and lakasaki, Japan
(1905). Ab the Beijing meeting, all participants reviewed the work done
within the period of the coordinated research programme (1983 1987). I he
present publication compiles all presentations made at the meeting.

I he coordinated research programme was initiated with the main objective
of promoting studies on potential applications of radiation technology for the
immobilisation of bioactive materials, l-undamental processes for the
immobilisation of enzymes, antibodies, cells and drugs were developed and
established using gamma radiation, electron beams and plasma discharge,
Applications oF various biofunctional components, immobilized by radiation
techniques in different processes, were studied, Potential applications
include: medical (diagnostic, therapeutic), arid industrial processes
(fermentation, bioseparation, etc.).

It is believed that this publication will provide not only the most
comprehensive and updated review of the status of the field, but will also
provide useful guidelines for further orientation and development of new
radiation applications.
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Abstract

The scope of UV and ionizing radiation
grafting techniques for the immobilization of
bioactive materials is discussed. The
principle of the method is outlined. This
involves copolyinerization of a monomer
containing an appropriate functional group to
a backbone polymer, then attachment of the
reagent by subsequent chemical reactions.
Novel additives which lower the total
radiation dose in grafting have been
discovered and their value in immobilization
processes assessed. A theory for this
additive effect in grafting is proposed.
Methods for speeding up these radiation
processes for immobilization involving
sensitized UV and electron beam (EB) curing
reactions are considered. The advantages of
the curing technique for immobilization are
summarized. Examples of typical enzymes
immobilized by the above radiation processes
are given.

1. INTRODUCTION
Grafting methods initiated by UV and ionizing
radiation are attractive one-step procedures for
modifying the surfaces of polymers (1-6). The
technique is potentially valuable for
incorporating into polymers specific functional
groups to which bioactive materials such as
enzymes may be attached (6,7). In such work, it
is important to use the minimum radiation dose to
achieve grafting, since the components of the
grafting system particularly the backbone
polymer, may be radiation sensitive. Over the



past ten years, a number of classes of additives
have been progressively found to enhance both UV
and radiation grafting yields. It is the purpose
of this paper to briefly review these earlier
developments and to report the discovery of a new
class of organic additives capable of
accelerating these grafting reactions. A novel
theory for this additive effect is also proposed
with experimental evidence to support the
suggestion.

One of the practical limits of these
grafting reactions is the irradiation time,
usually minutes, hours or days, required for the
process to give reasonable yields. If the
grafting process is to be used for the
immobilization of bioactive materials, further
time is required to perform the subsequent
immobilization step. The time sequence used in
these immobilization reactions can be reduced if
the alternative method of directly irradiating
the biological substrate in contact with a
monomer solution is used (8). Any method for
speeding up this latter direct irradiation
process would also be useful in biological
applications. The scope of the material in the
present paper has been extended to include a
brief introduction to the application of fast
curing radiation processes for immobilization
reactions (9,10), especially systems which
involve irradiation times of a fraction of a
second and are initiated by sensitized UV (9) or
electron beam (EB) techniques (9). During the
use of these UV and EB curing reactions for
immobilization work, the process may be improved
if concurrent grafting occurs with curing. The
grafting and curing reactions are mechanistically
related and additives which enhance grafting in
the first part of this paper may also affect the
curing reaction. In this second part of the
paper, the potential of radiation curing for the
immobilization of bioactive materials will be
briefly outlined and the role of additives for
accelerating the curing process considered.
Preliminary experiments (11) on the feasibility
of the EB technique for immobilization work have
previously been performed.

2. PRINCIPLE OF RADIATION GRAFTING
IMMOBILIZATION TECHNIQUE
The technique involves the use of ionizing

radiation to graft a monomer containing an
appropriate substituent to a backbone or trunk
polymer. Attachment of a reagent to this system
is then achieved by conventional chemical
reactions involving the original substituent. In



a typical example, p-nitrostyrene is radiation
grafted to polypropylene powder, the nitro group
in the resulting copolyrner reduced to the ainine

[Eq.(l)j to which is attached the biologically
active species. The ainine group can be
chemically changed to any other functionality
which may be required for the attachment
reaction.

CS2 /Et3N

CI-C; •CH2CH3
me

HN-C-EnzymeIIS

N02

|snCI2 /HC[

(1)

In a modification of this process, styrène may
be grafted to the backbone polymer and the result-
ing styrène copolymer nitrated to yield the nitro-
styrène copolymer. Both the p-nitrostyrene and
styrène grafting techniques have been used in
the present paper.
3. EXPERIMENTAL

The procedures used for the grafting experi-
ments were modifications of those previously
reported (6,9). Cellulose (Whatman 41), low
density polyethylene film (0.12mm), isotactic
polypropylene film (0.06mm), polystyrene beads
and PVC powder (100 ) were used as backbone
polymers with styrène and p-nitrostyrene as
monomers. Both simultaneous and pre-irradiating
grafting were investigated utilizing ionizing
radiation and UV as initiators. The method used
for enzyme immobilization has previously been
published (6,12-17).



For the UV and EB radiation rapid cure experi-
ments, appropriate resin mixtures containing
oligomers, monomers, additives, and sensitisers
(UV) were coated onto the substrate, the mater-
ial placed on a conveyor belt and then exposed
to the UV and EB sources. The UV system used
was Primäre Minicure unit with lamps of 200W
per inch. Two EB facilities were utilized namely
a SOOKeV Nissin machine and a 175KeV ESI unit.
4. RESULTS AND DISCUSSION

4.1 UV and Radiation Grafting Procedures
Copolymers for enzyme immobilization were

prepared by both simultaneous and pre-irradiation
grafting methods. In the former system, the
monomer is directly irradiated whilst in contact
with the backbone polymer whereas in the latter
process the backbone polymer is irradiated to
produce radicals which can initiate grafting
when this pre-irradiated polymer is reacted
subsequently with monomer. In order to develop
a theoretical model for the effects of additives
in grafting, styrène in methanol has been chosen as
representative monomer system with films of
polyethylene and strips of cellulose as backbone
polymers. For the subsequent practical
applications of these copolyrners, powders and
beads of the backbone polymers have been used.

4.1.1. Effects of Acid and Polyfunctional
Monomers in Grafting

Mineral acid as an additive to increase
radiation and photografting yields has already
been reported for a variety of backbone polymer
systems (6,18). The data in Table I illustrate
such typical acid effects for the grafting of
styrène in methanol to polyethylene film in the
presence of gamma radiation. The results show
that addition of sulfuric acid (0.2M)
significantly enhances the grafting yield over a
wide range of monomer concentrations studied,
including that corresponding to the Trommsdorff
peak (507J. When polyfunctional monomers (PFMs)
such as divinylbenzene (DVB) and trimethylol
propane triacrylate (TMPTA) are also incorporated
into the grafting solution in additive amounts
(17o), enhancement in radiation grafting also
occurs (Table I), especially in the monomer
concentration solution corresponding to the
Trommsdorff peak. The shapes of the acid and PFM
enhancement profiles are different, indicating
that the two enhancement processes occur by
different pathways.
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T A B L E 1
Comparison of Acid with Polyfunctional Monomers as Additives for Enhancing

Radiation Grafting of Styrène in Methanol to Polyethylene

Styrène
(X v/v)

20
30
40
50
70
80

'Dose rate of 4
(2.0 x lO^M),
(TMPTA) at 18%

Neutral
14
37
76
109
89
68

H+

19
51
81
134
73
62

.1 x 104rad/hr to 2.4
divinylbenzene (DVB)
(v/v) with low densi

Graft (%)a

DVB
15
41
74
136
-

74

TMPTA
_

39
73
137
105
59

x 10 rad with sulfuric acid
and trimethylol propane triacrylate

ty polyethylene film (0.12mm)

If ionizing radiation is replaced by
sensitized UV as initiator for the grafting
process, analogous acid and PFM enhancement
effects are observed (Table II). Moreover, the
profiles of the photografting enhancement with
the two type additives are different, again
suggesting that the mechanisim for the process is
different for each additive. Consistent with
this conclusion is the fact that when both
additives are used together in the same monomer
solution, a synergistic effect in grafting occurs
with the gamma ray system (Table III) and also
that initiated by UV (Table in). Under these
synergistic conditions, 1'arge increases in graft
are observed especially at the Trornrnsdorff peak
and particularly in the UV process.

Table II
Conparison of Acid with Polyfunctional Moncmers as Additives for Enhancing

Photografting of Styrène in Methanol to Polyethylene

Styrène Graft (%)a
(% v/v) ____________________________________

Neutral H+ DVB TMPTA

20
30
40
50
70
80

28
101
189
124
37
32

14
126
193
107
31
39

58
74
203
385
191
77

28
52
321
412
133
-

a Irradiated at 24on for 24 hr frcm 90 W high pressure UV lanp. Other
conditions as in footnote a Table 1. Benzoin ethyl ether (1 % w/v).
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TABLE I I I
Synergistic Effect of Acid and Polyfunctional Monomers in Radiation

and Photografting of Styrène in Methanol to Polyethylene

Styrène
(X v/v)

Graft (%r

Gamma Ray UVL

Neutral DVB+H* TMPTA+H4 Neutral DVB-tH TMPTA+H"1"

20
30
40
50
70
80

14
37
76
109
89
68

27
58
119
188
112
89

_
54
106
181
101
95

28
101
189
124
37
32

43
98
230
446
189
61

41
78
266
525
188

"*

a Dose rate of 4.lX104rad/hr to 2.4X105rad with sulfuric acid (2.0xlO"LM),
DVB and TMPTA at \% (v/v).

Irradiated at 24cm for 24 hr from 90 W high pressure UV lamp. Other
conditions as in footnote a Table III. Benzoin ethyl ether (1% w/v).

4.1.2 Effect of Inorganic Salts as
Additives in Grafting

In recent studies a new class of additives
have been found to enhance grafting reactions in
a manner analogous to that of mineral acid.
These new additives are certain inorganic salts
typified by lithium perchlorate, whose reactivity
in the grafting of styrène in methanol to
polyethylene in the presence of gamma radiation
is reported in Table IV. These results show that
when acid and salt are compared as additives, the
salt enhancement only occurs at the lower monomer
concentrations whereas, with acid, increased
grafting yields are observed in all styrène
solutions studied. When the backbone polymer is
changed from polyethylene to cellulose (Table
IV), grafting enhancement with both salt and acid
occurs only at the low monomer concentrations,
the salt giving consistently higher yields than
acid at all styrène concentrations reported.

Similar salt effects in grafting enhancement
are found when UV replaces gamma rays as
initiator for these reactions (Tables IV and
V). The magnitude of the increase in
photografting yield with the salt additive is
greater with cellulose ( T a b l e V. ) than with
polyethylene (Table V).
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TABLE IV
Comparison of Acid with Lithium Perchlorate in Radiation Grafting

Styrène in Methanol to Polyethylene and Cellulose

Styrène
( % v / v )

15
20
25
30
35
40

Graf t ( % )

Polyethylene3

No Additive

31
64
103
187
193
150

«2*4
(0.1M)

32
70
148
240
212
157

LiC104

(0.2M)

44
81
192
196
140
114

No Additive

32
66
106
112
110
82

Cel lu lo se 6

W
(0.1M)

34
120
153
95
60
52

LiC104

(0.2M)

54
155
159
96
80
72

a Irradiation in air at a dose rate of 3.3xl04rad/hr to a total dose of 2.10xl05rad at 20"C.

b Irradiation in air at a dose rate of 3.3xl04rad/hr to a total dose of 5.0xl05rad at 20°C
using Whatman 41 filter paper.

T A B L E V

Comparison of Acid with Li thi un Perchl orate as Additives in Photograf ting
Styrène in Methanol to Polyethylene and Cellulose

Styrène
(% v/v)

10
15
20
25
30
35
40
60

No additive

.
6
8
10
17
20
19
-

Graft (%)
Polyethylene

W
(0.05M)

_
5
14
16
25
35
24
-

LiC104
(0.05M)

_
9
16
28
31
24
17
-

No additive

5-
11-
25-
32
38

kCellulose

V°4
(0.1M)
8 -
23-
20-
18
15

LiC104
(0.2M)
11-
38-
41
-

38
40

Irradiated for 10 hr at 24 on fron 90W lanp at 20°C. Benzoin ethyl ether (1% w/v)
sensitizer.

Irradiated 15 hr with cellulose as Whatman No.41 paper.
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4.1.3 Effect of Organics (Urea) as
Additives in Grafting

A new class of compounds is currently being
investigated for their properties in enhancing
grafting yields. The system being studied is the
photografting of styrène in methanol to
polypropylene film. Urea represents the new
class of compounds which are organic and can
enhance grafting. Preliminary data from this
system (Table y I ) indicates that the enhancement
due to urea occurs predominantly in the monomer
concentration at which the Trommsdorff peak
occurs (3070). Consistent with the earlier
studies (Tables II and III), addition of TMPTA to
the urea solution in additive amounts leads to an
extremely large grafting enhancement at all
monomer concentrations studied (TableVl). This
accelerative effect of TMPTA with urea is even
bigger than the synergistic effect of mineral
acid with TMPTA. Preliminary studies with gamma
ray initiation indicate that analogous urea
enhancement will occur in this system also.

TABLE V I

Effect of Urea and TMPTA as Additives for
Photografting Styrène in fethanol to Polypropylene

Styrène Graft (%)a

(% v/v)_________________________________

B B + U B+T B+U B+K+T

20
30
40
50
60
70

5
35
39
17
15
15

2
47
30
20
12
12

0
38
31
16-
-

2
53
36
13-
-

178
450
430
280.
-

I r r a d i a t e d at 24cm for 8 hr from 90W h i g h pressure
UV lamp. B = benzoin ethyl ether (\% w/v),
U = urea (IX w/v). T = TMPTA (1% v/v). Polypropylene
isotactic double oriented f i l m (0.06mm). Graft <2%wi thout B.

4.1.4 Effect of Acid and Inorganic Salt
in Pre-irradiation Grafting

In the preceding sections of this paper all
additive effects have been observed with the
simultaneous irradiation procedure. If the
analogous process involving pre-irradiation
grafting is examined, both mineral and inorganic
salt (LiClO^) exhibit strong enhancement

14



properties in the radiation grafting of styrène
in methanol to cellulose at almost all monomer
concentrations examined (Table VII). The increase
in yield is particularly high at the Trommsdorff
peak with lithium perchlorate (Table VII).

TABLE V I I
Acid and Lithium Salt Enhancement in Pre-irradiation Grafting

of Styrène to Cellulose3

Styrène Graft (%)
in Methano1 ———————————————————————————————
(X v/v) 5.0xl05Rad

Neutral H?S04 LiT

10
15
20
25
30
35
40
45

3
5
6
6
6
10
51
46

34
42
54
42
36
40
36
27

1
3
58
180
242
229
147
98

1.0xl06Rad
Neutral H2$04
4 19
6 58
8 91
11 82
18 78
22 56
84 45
76 36

a Dose rate of 3.3xl04rad/hr; H2S04(0.1M); LiC104(0.2M).

4.1.5 Theory for the Acid Additive
Effects in Grafting

For an explanation of the enhancement
properties of the additives discussed in the
preceding sections, it is convenient to group the
additives into two classes: (a) mineral acid,
inorganic salts and organics such as urea and (b)
PFMs, since the data indicate that the mode of
action of the two groups is basically different.
With respect to the former group initial work was
performed with mineral acid and cellulose as
backbone polymer (6,19). With this system in the
earlier work it was suggested that acid at the
concentration used did not markedly affect the
precipitation of the grafted chains or the
swelling of the backbone polymer. Instead it was
proposed that the acid enhancement with cellulose
be attributed to a radiation chemistry phenomenon
involving increased G(H) yields from the solvent
and cellulose and thermalized electrons (Eqs. 2-
4. CelloH = cellulose).

PU r\u .L. u _s PU OLJwrioUn ~*~ n / v^n-iUn*-iJ 5 2.

CH3OH2++ e -> CH3OH + H
CelloH + H+ -> CelloH2+

(2 )

(3 )

(4)

15



These processes can lead to increased number of
grafting sites by abstraction reactions with the
trunk polymer (Eq.5).
CelloH + H -> Cello' + H2 (5)
Subsequent work on the acid effect indicates that
acid leads to an increase in styrene-solvent
intermediates (MS*) in the grafting solution,
such species resulting in more grafting sites
(Eq.6). This latter mechanism is

MS' + CelloH -> MSH + Cello' (6)
particularly relevant to synthetics such as
polyethylene and polypropylene since these
backbone polymers do not possess hydroxyl groups
and therefore would not be able to participate in
hydroxylation reactions similar to cellulose.

The discovery of acid effects in
photografting (Tables II and III ) and also the
fact that inorganic salts (Tables IV to V. ) and
organics like urea (Table III and VI) can also
enhance radiation and photografting has shown
that the above mechanism is an over
simplification of the complex process occurring
(6,7,18,20). The proposed mechanism also fails
to explain a number of further observations
including (1) the occurrence of enhancement only
at certain acid and monomer concentrations, (ii)
the efficacy of t^SO^ and HNCs over other
acids and (iii) the presence of grafting
enhancement in the preirradiation technique where
radiolytically produced hydrogen atoms are not
formed. In addition, the differences in grafting
reactivities between cellulose and polyethylene
reported in the present work clearly indicate
that polarity of backbone polymer is important in
these processes.

Based on the above results and more
extensive evidence to be published elsewhere
(20), a new model is proposed to explain the
effects of acids, metal salts such as LiCIO, and
urea in enhancing radiation grafting. In any
grafting system at any one time, there is an
equilibrium concentration of monomer absorbed
within the grafting region of the backbone
polymer. This grafting region may be continually
changing as grafting proceeds. Thus in grafting
styrène to cellulose, during the initial part of
the reaction, the grafting region will be
essentially cellulosic in nature, however as
reaction proceeds, the grafting region will be
essentially cellulosic in nature, however as
reaction proceeds, the grafting region will
become more styrenated. The degree to which
monomer will be absorbed by this grafting region

16



will therefore depend on the chemical structure
of the region at the specific time of grafting.
Experimental data now available indicate that
increased partitioning of monomer occurs in the
graft region when ionic solutes are dissolved in
the bulk grafting solution. Thus higher
concentrations of monomer are available for
grafting at a particular backbone polymer site in
the presence of these additives. The extent of
this improved monomer partitioning depends on the
polarities of monomer, substrate and solvent and
also on the concentration of ionic solute. Metal
salts such as LiCIO, are more efficient than
acids in enhancing grafting due to the overall
monomer partitioning effect. Urea and related
compounds can act in an analogous fashion. It is
thus the effect of these solutes on partitioning
which is essentially responsible for the observed
increase in radiation grafting yields in the
presence of these additives. Because of all the
parameters involved, the enhancement process is
mechanistically complicated. In the ionizing
radiation systems, it is obvious that radiolytic
effects will make some contribution to the
overall reaction, however, on the basis of
current work such processes will not be involved
in the predominant enhancement pathway. Finally
if the present photografting data are carefully
examined, the UV results involving acid,
inorganic salts and urea enhancement are also
consistent with the above model proposed for ion-
izing radiation systems.

4.1.6 Mechanism of Synergistic Effects
with PFMs in Grafting

Not only do PFMs in additive amounts enhance
both UV and radiation grafting themselves, they
also act in concert with other additives such as
acids and urea to give synergistic grafting enhan-
cement. The mechanism of enhancement with the
PFMs is thus different to that of acids and urea.
With PFMs, such as DVB, branching of the grafted
polystyrene can occur when one end of the DVB,
immobilized during grafting, is bonded to the
growing chain. The other end is unsaturated and
free to initiate a new chain growth by a scaveng-
ing reaction. The new branched polystyrene may
eventually terminate, crosslinked by reacting with
an adjacent polystyrene chain or immobilized DVB
radical. Grafting is thus enhanced mainly through
the branching of the grafted polystyrene chain.

17



5. EFFECT OF ADDITIVES IN GRAFTING ON
IMMOBILIZATION OF BIOACTIVE MATERIALS
5.1 Role of Acid and DVB in Grafting

Monomers to Powders
Extension of the preceding acid and PFM add-

itive work from films to powders is important for
quantifying the practical applications of the
current immobilization studies. When mineral acid
is used for the grafting of styrène in methanol
to PP powder, the expected enhancement effect is
observed (Table VIII )• Stirring the powder during
irradiation gives lower grafting yields but a
more homogeneous product. When DVB is incorpor-
ated into the acid monomer solutions a synergistic
effect is observed (Table VIII). The acid enhance-
ment effect is maintained when p-nitrostyrene
is grafted to PP powder (Table VIII), PVC powder
and polystyrene beads (Table VIII).

TABLE V I I I
Effect of Acid and DVB as Additives in Radiation

Grafting Styrène or p-Nitrostyrene to PP and PVC Powders and PS Beads'3

Backbone
Polyner

PP

PVC
PS

Monqner
Con?

20L

30e

35e

45e

7e

30e'f

30e>f

Mononer

S

S
S
S

NS
NS

NS

N.A.

15

23
30
50
10
7

1.5

Graft (%).
H*

17
29
35
57

14
17

6.3

H' + DVB

-

71

127
„

_

8
1.8

-

67 37
113 86
_

_ _

— —

-

DVB = divinylbenzène; PP = polypropylene; PS = polystyrene beads cross-
linked with 20% DVB (250-850u); NS = p-nitrostyrene; PP stirred during
irradiation; N.A. = no additive.

% v/v in methanol.
c Dose-rate of 4.1xl04rad/hr to total dose of 2.3xl05rad
d Dose-rate of 4.1xl04rad/hr to total dose of 3.8xl05rad
e Dose-rate of 2.6x10 rad/hr to total dose of 3.0xl06rad
f % v/v in dioxan/methanol (3/2, v/v)
g H^SO^O.IM); DVB successive cônes. 0.5% v/v, 2.0%, 8.1%.
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5.2 Enzyme Immobilization on Radiation
Graft Copolymers
In thé application of these graft

copolymers to the immobilization of enzymes,
trypsin was used as predominant model. Prelimi-
nary studies indicated that for the immobilzation
process, the presence of additives such as acid
and PFMs did not affect the subsequent reactivity
of the enzyme, thus additives were always used
to prepare the graft copolymers for this work
since, under these conditions, lower radiation
doses were required to achieve a particular per-
centage graft.

The activity of this bound enzyme was deter-
mined using N-c^-benzoyl-L-arginine ethyl ester.
The results (Table IX ) show that the activity
for copolymers prepared by grafting p-nitrosty-
rene is similar to that of the copolymers chemi-
cally nitrated after grafting styrène. Thus the
occurrence of possible side reactions during
nitration, such as multiple nitration of the
styrène ring, do not appear to affect subsequent
reactions in processing. The other significant
feature of the activity data is that the activity
is not directly proportional to the amount of
protein bound. In fact the copolymer showing
the highest activity retention contained the

T A B L E IX

Activity of Immobil ized Trypsin on Radiation
Graft Copolymers

System Act iv i ty

mEqCNS mgEnz/ umoles/min/ umoles/min/ % Retained
g Support g Support g Support mg Enz Activity

Free trypsin
KSNS-PP
153NS-PP
333NS-PP
1335-pp*
3235-pp3

41* S-ppa

62NS-PS20
172NS-PVC

.
0.33
0.56
1.46
0.92
1.64
1.10

-
-

.
2.1
2.9

10.4
1.8
12.8
16.4
0.1
0.4

—

2.4
3.1
8.5
2.2
1.1
2.3
2.4
2.8

18.0
0.9
0.9
0.8
1.0
0.1
0.1
5.9
3.1

100
5
5
4
5
1
1

33
17

aStyrene grafted, then copolymer nitrated by conventional
chemical methods.
NS-PP signifies direct nitrostyrene graft to polypropylene
powder;

S = styrène; PS 20 = polystyrene beads 20% cross-l inked
with DVB; PVC = polyvinyl chloride.
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lowest amount of enzyme. This is observed through
both p-nitrostyrene and styrène grafted copolymers
and with three trunk polymers. The obvious con-
clusion from this result is that if too many
isothiocyanato groups are made available for
binding to enzyme, multiple linkage occurs with
resultant deformation of the enzyme. Since the
steric conformation of an enzyme is as important
for substrate binding and reaction as is the
amino acid sequence at the reactive site, this
deformation could lead to loss of activity in
highly substituted copolymers. These conclusions
are substantiated by the data in Table X where
trypsin has been compared with two other enzymes
immobilized on radiation graft copolymers for
specific reactions.

TABLE X
Activity of V a r i o u s Enzyme-Polymer Conjugates
Prepared from R a d i a t i o n Graft Copolymers a

En zyme

Perox idase
ß-Galactos idase
Trypsin

S u b s t r a t e

^2^2 w ^ th o-dianisidine
o-nitrophffiyl -&-D-gal actopyranoside
N-a-benzoyl-L-arginine ethyl ester

A c t i v i t y ( % ) b

10
14

10

aEnzymes immobilized on poly-(p-isothiocynatostyrene-g-propylene]
prepared from p-nitrostyrene graft with polypropylene powder(Table vjii)
Relative to equal weight of soluble enzyme.

5.3 Significance of Additive Effects
in Immobilization of Enzymes

The present additive results in grafting
are important in the immobilization of bioactive
materials. The discovery of compounds such as
urea , in addition to acid and metal salts, that
can be used for this purpose is valuable since
the scope of the enhancement technique is
widened. Thus grafting systems which may have
been sensitive to acid, can now be treated with
metal salts or urea to achieve the same type of
enhanced reactivity. Again some grafting systems
may exhibit solubility problems with metal salts,
hence urea or acid are now available as
alternatives for overcoming such solubility
problems.
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In the present work, where p-nitrostyrene
has been grafted to PP and PVC powders for enzyme
immobilization (Table VIII), relatively high
radiation doses are required ( 4 megrads) to
achieve reasonable grafting since the nitro group
in styrène is deactivating in these reactions.
Inclusion of acid, increases the grafting yields
significantly and thus is beneficial for grafting
to backbone polymers such as PP and PVC which are
somewhat radiation sensitive, particularly PVC
which tends to dehydrochlorinate at medium levels
of radiation.

Overall the radiation and photografting
techniques described in this paper offer a number
of advantages for enzyme immobilization, namely
(i) flexibility in choice of trunk polymer and
(ii) availability of a one-step method for
surface attachment of enzyme such that minimum
steric hindrance and diffusional problems occur
when the actual reagents react with the
immobilized enzyme. The results obtained with
low grafts on PP and PVC are most encouraging
since retained activities of up to 33% are not
uncommon with other covalent attachment
techniques.

6. INSOLUBILIZATION OF BIOACTIVE MATERIALS BY
RADIATION CURING
Radiation grafting is a specialized aspect

of the general field of radiation processing, in
particular, radiation polymerization. Recent
developments in radiation polymerization involve
radiation rapid cure (RRC) processes where
mixtures of oligomers and monomers are
polymerized into a thin hoinopolymer film in a
fraction of a second using electron beam sources
of ionizing radiation (9, 21, 22, 23). Most of
these initial RRC applications are in the surface
coatings and related fields. During EB curing of
such films, concurrent grafting can occur with
the substrate. Such grafting during RRC
processing improves the properties of the
resulting product.

Recently preliminary exploratory studies
have been performed on the possibility of using
RRC processing for enzyme immobilization (10,11)
and the results indicate that the technique is
feasible. Kaetsu and co-workers (8) have
successfully used simple cobalt-60 irradiation of
enzymes encapsulated in monomers for
immobilization. Under these irradiation
conditions, source exposure times are relatively
long whereas with the RRC techniques utilizing
EB, a cure time of a fraction of a second only is
necessary. Instead of monomers, mixtures of
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oligotners and monomers are utilized in RRC work,
the most commonly used oligomers being epoxy
acrylates, urethane acrylates and polyester
acrylates. By choice of appropriate
polyfunctional monomer such as trimethylol
propane triacrylate, judicious cross-linking of
the polymerised material can be achieved with
cure. UV initiation can also be used in this
work, however to achieve rapid cure high wattage
lamps (300W/inch) and inclusion of sensitizers is
needed. For biological applications, UV
sensitized RRC techniques of immobilization may
possess limitations because of the presence of
sensitizer and the effect such a material would
have on the biological environment where it was
used.

Overall the application of RRC techniques to
enzyme immobilization possesses real potential.
Not only can enzymes be encapsulated in a cured
matrix, but in the presence of a third substrate
attachment of the enzyme to the surface may also
be accomplished, i.e. grafting occurs
concurrently with cure. Under these latter
conditions EV and UV rapid cure formulations
usually contain additives to improve flow, slip
etc of the cured film. Typical of the additives
used (Table XI ) are FC-430, a fluorinated alkyl
ester from 3M and Z-6020, a silane from Dow.
When these additives are incorporated into the
oligomer mixture to be cured, they can affect the
simultaneous grafting process. Curing is
essentially rapid polymerization of a film onto a

TABLE XI
Effect of Urea, Silanes, Fluorinated Alkylesters and TMPTA on

Photografting Styrène in Methanol to Polypropylene Film a

Styrène
(% v/v)

20
30
40
50
60
70

Graft (X)
BUb
0
30
46
19
13
11

BUSb
0
18
31
13
9
7

BUFb
0
23
53
16
19
10

8UFSTb
260
588
711
368
283
131

Irradiated for 8hr at 24cm from 90W lamps at 20°C; benzoinethyl ether (\% w/v) sensitiser; FC-430 fluorinated alkyl
ester supplied by 3M (IX v/v): silane was Z-6020 and suppliedby Dow (IX v/v) and urea (1% w/v).

b B = benzoin ethyl ether ; U = urea; S = silane; F = FC-430:T = TMPTA
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substrate, bonding in many instances between film
and substrate being due to physical forces. Any
concurrent grafting will obviously assist such
adhesion between film and substrate (9). In
Table XI are shown photografting data for
styrène in methanol to PP film in the presence of
these RRC additives. The results show that the
surface active fluorinated compound enhances
graft whereas the silane is a retarder. However
the most significant result in the Table is the
TMPTA data where dramatic increases in graft are
observed at low TMPTA concentrations. Since such
PFMs are used in RRC formulations to control
viscosity and achieve cross-linking with speed of
cure, judicious choice of PFM in RRC mixtures
could lead to graft enhancement during cure.
Such a result is extremely important in the
present studies since utilization of PFMs in this
manner would help to bind the bioactive material
being immobilized to the surface where attachment
is required.

For the future, EB, and to a lesser extent
UV, RRC processing for the immobilization of
bioactive materials has wide possibilities. For
simplicity and speed of operation, the process is
unique. EB processing using low energy electrons
is currently performed under a nitrogen blanket,
but air cured systems now appear feasible. Cost
of EB basic equipment may be a limiting factor in
rapidly developing the present technique but time
rental on a toll EB machine may be a method of
overcoming this initial problem.
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APPLICATIONS OF IONIZING RADIATION
AND PLASMA GAS DISCHARGE PROCESSING
IN MEDICINE AND BIOTECHNOLOGY

A.S. HUFFMAN*
Center for Bioengineering,
University of Washington,
Seattle, Washington,
United States of America

Abstract

This article reviews the work carried out over the period 1970-1987 in the laboratories of
Prof. A.S. Huffman at the University of Washington, Seattle, Washington concerning use of
ionizing radiation and plasma gas discharge to synthesize and/or modify polymeric biomaterials
for therapeutic, diagnostic, bioprocess and bioseparation applications. Specific data examples,
both published and unpublished, are included only covering the period of the IAEA Coordi-
nated Research Program on "Application of Radiation Technology in Immobilization of Bioac-
tive Materials," 1983-1987. Since this publication is meant to be solely a review of the
research program of Professor Hoffman in this field, the bibliography only includes references
to these studies.

INTRODUCTION

There is a wide variety of materials which are foreign to the body and which are used in
contact with body fluids. These materials are called biomaterials. They include polymers
(fibers, rubbers, molded plastics, emulsions, particulates, coatings, fluids, and porous solids),
metals ceramics, carbons, reconstituted or specially treated natural tissues, and composites
made from various combinations of such materials. Some are needed only for short-term
applications while others are, hopefully, useful for the lifetime of the individual. Applications
include devices or implants for diagnosis or therapy.

Synthetic polymers make up by far the broadest and most diverse class of biomaterials.
This is mainly because synthetic polymers are available in such a wide variety of compositions
and properties and also because they may be fabricated readily into complex shapes and struc-
tures. In addition, their surfaces may be readily modified physically, chemically, or biochemi-
cally. Such modifications can have significant influences on biologic responses to the bioma-
terials.

When a foreign biomaterial contacts blood or tissue fluids, the first measurable response
in the initial seconds to minutes is the adsorption of biomolecules - usually proteins. This is
followed in the next minutes to hours by cellular interactions - especially platelets (in blood),
white blood cells or leukocytes (in blood and tissue fluids), and fibroblasts (in tissue fluids.)

* With the assistance and collaboration during the period 1983-1987 of the following students
and colleagues:
C.M. CHENG, D. COHN, L.C. DONG, A.M. GARFINKLE, W.R. GOMBOTZ, S.R. HANSON,
L.A. HARKER, T.A. HORBETT, D. KIAEI, B. MECHAIN, B.D. RATNER, L.O. REYNOLDS,
G. SCHMER, S. SHOEMAKER, Y.H. SUN, S. UENOYAMA.
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Important biologie responses in flowing blood include: activation of the complement and
coagulation cascades leading to neutropenia and fibrin formation, platelet adhesion and aggre-
gation, thrombus deposition, embolization and endothelial cell proliferation (especially on vas-
cular graft surfaces). In the extravascular tissue space the inflammatory response to a foreign
material also involves activation of the complement cascade plus a series of leukocyte stimu-
lated "enzymatic attacks" at the material surface, often followed by collagenous fibrous tissue
deposition by fibroblasts around and within the object.

The important surface properties of biomaterials which can influence such biologic
responses are listed in Table 1. It is probable that surface composition and topography most
strongly influence the composition and organization of the initial adsorbed protein layer. It is
this layer which mediates subsequent protein and cellular events at that interface. Figure 1
shows schematically the different changes in this protein layer which can occur with time fol-
lowing the initial deposition of proteins on the biomaterial surface. The chemical and physical
character of the biomaterial-biologic interface will strongly influence which of these changes
will predominate with time. Furthermore, such changes will direct subsequent cellular interac-
tions, which can determine the success or failure of an implant or device. Thus, a great deal of
effort has gone into surface modifications of polymeric biomaterials.

Table 1. Surface Properties Influencing Biological Responses
at Foreign Interfaces

1. Chemical composition (polar/apolar, acid-base, H-bonding, ionic
charges)

2. Molecular motions (polymer chain ends, loops and their flexibility)
3. Topography (roughness, porosity, imperfections, gas microbub-

bles)
4. Domains (distributions of any of the above in the surface)

O

PROTEINS

FOREIGN
SURFACE

ADSORBED
PROTEIN LAYER

0°
O

EXCHANGE

CONFORMATIONAL
\ CHANGES

DESORPTION

COMPOSITIONAL
\ CHANGES

MULTI-LAYER

Fig. I. Possible modifications of the adsorbed
protein layer with time after the initial layer is
adsorbed. (A2I)
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Polymer surfaces may be modified physically, chemically, and/or biologically (Table 2).
Polymer surfaces are physically and chemically modified by physical deposition of other com-
pounds (e.g., surfactants, polymers) or by direct chemical modification. The most commonly
used energy sources for chemical modification are cobalt-60 or electron beam ionizing radia-
tions, and radio-frequency or microwave gas discharges, also called plasma or glow discharges.
Photochemical reactions using U.V. light sources, and ozone as a chemical reagent may also be
used, but they are less common. Figure 2 shows schematically the various chemical
modification techniques and Table 3 lists examples of specific physico-chemical modifications
which have been used.

Table 2. Biomaterial Surface
Modification Techniques (A21)

L Physico - Chemical

A. Physical deposition of coating
B. Chemical modification
C. Graft copolymerization

1. Radiation
2. Photochemical
3. Ozone

D. Plasma gas discharge
1. Ablation
2. Deposition

II. Biological

A. Pre-adsorption of proteins
B. Drug, enzyme immobilization
C. Cell seeding
D. Pre-clotting

MUTUAL IRRADIATION GRAFTING

PRE-IRRADIATION GRAFTING

30H

inert

PLASMA DISCHARGE

PHOTOGRAFTING

CHEMICAL GRAFTING

CHEMICAL TREATMENT

Fig. 2. Methods for modifying the surface com-
position of polymers
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Table 3. Examples of Physico-
Chemical Surface Modifications (A21)

A. Physical deposition of coatings
Polyurethanes, FFSR, cationic soaps
polyethylene oxides

B. Chemical modification
Heparin-like groups, lipophilic groups,
polyethylene oxides, -OH blocking esters

C. Graft Copolymerization
Hydrogels, polyelectrolyes,
hydrophilic/hydrophobic copolymers,
lipophilic groups

D. Plasma gas discharge
Silanes, fluorocarbons

In addition, polymer surfaces may be biologically modified, by a) pre-adsorption of a
selected protein layer, b) immobilization of biomolecules as drugs, c) seeding with cells, or
d) pre-clotting with blood Such biologic modifications may be carried out directly on the
untreated polymer surface, or following physico-chemical modifications of this surface, as
described above. Tables 4 and 5 present specific examples of biological surface modification
techniques and processes. Section A of the bibliography lists review papers published by the
author in this general field.

Table 4. Examples of Biological
Surface Modifications (A21)

A. Pre-adsorption of proteins
Albumin, fibronectin

B. Drug, enzyme immobilization
Heparin, prostaglandins, enzymes

C. Cell seeding
Endothelial cells

D. Pre-clotting
Fresh whole blood
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Table 5. Some Sequential Surface Modification
Processes for Polymeric Biomaterials (A21)

1) Deposit cationic soap or ————>. ionically adsorb heparin
radiation graft polycation

2) Radiation graft hydrogel or "1 ^^. chemically immobilize biomolecule
chemically modify surface on
gas discharge treatment J

3) Deposit lipophilic groups ————>- hydrophobically adsorb albumin
(chemically or via radiation
grafting)

4) Deposit fibronectin —————————>• seed with endothelial cells-<—————i

5) Gas discharge treatment ——————^ preferential fibronectin adsorption—'

In this paper, I review the work which we have been pursuing on the applications of ion-
izing radiation processing and plasma gas discharge in the fields of biology, medicine, and
biotechnology. A comprehensive bibliography is presented at the end of this article.

Comparing and Contrasting Ionizing Radiation vs. Plasma Discharge Processes

Ionizing radiation processing offers unique advantages for synthesizing and modifying
biomaterials. Some of the obvious advantages are that new polymers may be synthesized or
existing polymers may be chemically modified by a relatively simple, additive-free processing
step at room temperature - sometimes with potential for simultaneous sterilization. The doses
involved do not generally affect the polymer substrates significantly. Variation of the radiation
dose and the grafting solution composition and temperature permits control of the extent of
grafting, graft deposition and depth, and composition.

The radiation graft copolymer process usually produces relatively thick layers, of several
microns in depth, which may also penetrate into the polymer substrate matrix. These coatings
are usually uniform but they can be rough, and when crystalline polymer substrates are grafted,
the resultant surface often displays "cobblestone-like" roughness with "bumps" of the order of
several microns in area. The coatings are normally well-bonded to the substrate polymer,
although thicker, hydrophilic grafts on stiff hydrophobic substrates can de-bond if the graft
swells significantly in water.

In many cases, the radiation graft contains reactable groups, such as -OH or -COOH, and
these may be used to immobilize biomolecules such as enzymes, antibodies or drugs. Another
approach is to monomer-conjugate the biomolecule and then to graft copolymerize it onto a
surface along with a free comonomer, using a mutual irradiation or pre-irradiation technique.
We have extensively applied both of these approaches.
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In addition to radiation graft polymerization to modify the surfaces of substrate polymers,
one may also use radiation to polymerize pure monomer(s) in solution, as a suspension or
emulsion, or in the solid state (e.g., below Tß). One may also radiation crosslink polymers in
solution, in the swollen state, or in the solid state.

In all of these cases, one may incorporate biomolecules by chemically bonding after radi-
ation processing or by physically entrapping as described above. One may also immobilize the
biomolecule by first monomer-conjugating the biomolecule and then copolymerizing with free
monomer ± crosslinker to form a variety of immobilized biomolecule systems. Figure 3 and 4
summarize the various techniques which we have been studying using selected chemical, radia-
tion and plasma discharge initiation techniques.

RADIATION-PROCESSED BIOMATERIALS

INGREDIENTS:

Monomers Crosslinkers Polymers ' «oecies ***

REACTIONS:
o—

wv-
9 9

H,0

(H,0)
(also spherical

particles)

(4) W\r

Fig. 3. Radiation processes for producing new
or modified polymeric biomaterials. Note that
biomolecules (B) are chemically attached after
processing or physically entrapped during pro-
cessing. (A7)
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X° X '
<' xc=c, NSA

a. CONJUGATION REACTION

NH2 D

D
NATIVE
ENZYME

b. COPOLYMERIZATION

COONJUGÂTED
ENZYME Q

c. COPOLYMERIZATION with CROSSLINKER

d. GRAFT COPOLYMERIZATION

Fig. 4. Additional processes for immobilization
of biomolecules (showing an enzyme, E, as an
example of a biomolecule) utilizing monomer-
conjugated biomolecules. (C9)

The plasma or glow discharge deposited coatings have different characteristics from radi-
ation grafted surfaces. Their structure and composition depend not only on the gas used, but
also on the plasma conditions (e.g., gas pressure and flow rate, continuous or pulsed discharge,
voltage and energy level, etc.). Their compositional makeup may be broad and contain a
variety of chemical groupings, as opposed to the rather well-defined radiation deposited poly-
mer. In addition, the coatings may not be deposited uniformly on the substrate surface since
the plasma characteristics can vary significantly over very short distances within the reactor.
The substrate may be moved through the plasma, or visa-versa, to provide for more uniform
treatments.

Two types of reactions between a gas plasma and a polymer surface can be dis-
tinguished. The plasma can react directly with the polymer to etch or ablate away material
and/or to modify it chemically (as to oxidize it in an air discharge), or the plasma can create
free radicals both in the plasma and on the surface, and these radicals can lead to deposition of
a new polymer on the substrate surface. The predominant reaction will depend on the compo-
sition of the gas or vapor used, the polymer substrate, and the reactor design and discharge
conditions.
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The gaseous compounds useful for plasma discharge treatments may be common gases
such as air, ethylene, ammonia, tetrafluoroethylene or vapors of various organic compounds.
The treatments or coatings are usually very thin, perhaps only a few monolayers thick, and in
most cases are pinhole-free and well adhered to the substrate. The plasma discharge process
only affects the polymer surface, and, conversely, the surface must "see" the plasma to be
affected. The plasma treatment may also be used to provide reactable or reactive sites on the
surface, such as -OH, -NH, or free radicals, for subsequent immobilization of biomolecules.
This is similar in principle to radiation graft techniques. Some of the important biomédical
applications of plasma discharge are shown in Table 6. In addition, plasma gas discharge poly-
merization and radiation graft copolymerization are compared and contrasted in Table 7. (See
Section A of Bibliography for references to review papers on this subject.)

Table 6. Biomédical Applications of
Plasma Gas Discharge Processes (A22)

A. Plasma Treatment (Etching)

1. Clean
2. Sterilize
3. Crosslink surface molecules

B. Plasma Treatment (Etching) and
Plasma Polymerization (Deposition)

1. Form Barrier Film

a. Protective coating
b. Insulating coating
c. Reduce absorption from environment
d. Reduce release rate of leachables
e. Control drug delivery rate

2. Modify Protein and Cell Interactions

a. Improve "biocompatibility"
b. Promote selective protein adsorption
c. Enhance cell adhesion
d. Improve cell culture surfaces
e. Provide non-fouling surfaces
f. Reduce surface friction

3. Provide Reactive Sites

a. For grafting or polymerizing polymers
b. For immobilizing biomolecules
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Table 7. Comparison of Biomaterials Coating Processes

Plasma Gas Discharge Radiation Graft
Polymer Deposition Copolymerizatlon

1) reactor at low pressure y, B at ambient pressure

2) organic vapor onto solid liquid monomer onto solid
(inert atm.)

OR
preirradiate "| liquid monomer

solid in air r + cocatalyst
then contactj (inert atm.)

3) free radical reactions free radical reactions

4) thin, crossiinked, smooth variable thickness and
conformai coating roughness, copolymer coating

5) unpredictable and predictable chemistry
complex chemistry

REVIEW OF OUR RECENT APPLICATIONS OF RADIATION PROCESSING OF
BIOMATERIALS

Radiation Graft Copolymers

Water-swollen hydrophilic polymer networks (hydrogels) have been the focus of much of
our research directed towards the development of new materials for medical applications. The
inherently poor mechanical properties of hydrogels have encouraged the development of vari-
ous techniques for reinforcing hydrogels, to make them suitable for use in biomédical devices.
By radiation grafting monomers such as 2-hydroxyethyl methacrylate (HEMA), N-vinyl pyrroli-
done (NVP), or acrylamide (AAm) onto strong inert polymeric supports, materials have been
produced which combined the desirable surface properties of the hydrogel graft with the good
mechanical properties of the substrate. (See Section B of Bibliography.)

By systematically varying the surface structure and composition of both the substrate and
graft copolymer and observing the effects of these variations on biological interactions, one can
explore fundamental aspects of such phenomena as protein adsorption, cell adhesion, and
thrombogenesis on foreign surfaces. We have extensively studied the biologic interactions of
HEMA/EMA graft copolymers and have often noted responses that minimize or maximize at
some intermediate composition. (See Section D of Bibliography.) Several hypotheses have
been formulated to explain these unusual responses of HEMA/EMA grafted polymers. Among
them, it has been suggested that a particular ratio of hydrophilic to hydrophobic sites on a sur-
face may be best for minimal interaction with and denaturation of proteins.

To test this hypothesis, we have extensively investigated a model system composed of
radiation graft copolymers of 2-hydroxyethyl methacrylate (HEMA) and ethyl methacrylate
(EMA). The backbone structures of HEMA and EMA are identical, differing only in the
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hydroxyl group of HEMA. Thus, increasing fractions of HEMA in copolymers will result in
higher hydroxyl group density and also increased wettability.

Recent studies were conducted on the radiation grafting of 2-hydroxyethyl methacrylate
(HEMA) and ethyl methacrylate (EMA) by the mutual irradiation technique onto low density
polyethylene (B8, BIO). Four different solution concentrations were used, and radiation doses
ranged from 0.03 to 0.50 Mrad. Four copolymer compositions having different HEMA:EMA
ratios were also studied using two total monomer concentrations. The kinetics of the grafting
process exhibited by the two monomers were basically different. While EMA showed a typical
diffusion-controlled kinetic pattern, HEMA exhibited a more complex behavior, the main
features of which were an induction period, a slight autoacceleration and a significant drop in
graft level after a maximum was reached (Fig. 5). The difference in behavior was interpreted
in terms of differences in partitioning of monomers into the polyethylene substrate. The sur-
face topography of the grafted films was studied by means of scanning electron microscopy. A
mechanism based on osmotic cell formation was suggested for the HEMA graft system. The
copolymer systems investigated showed that the graft reaction is faster in the initial stages for
higher percentages of EMA in the monomer mixtures; as grafting proceeds the trend is
reversed.

0 O.I 0.2 0.3 0.4 0.5

Dose ( Mrad )
(a)

O.I 02 0.3 04 0.5
Dose ( Mrad )

(b)

Fig. 5. Effect of radiation dose on graft level
for the grafting of HEMA (a) and EMA (b)
onto polyethylene. (The numbers in
parentheses report the water content.) (BIO)

Following this, studies of the structure of both HEMA and EMA radiation-grafted
regions were conducted using extraction methods and transmission electron microscopy of
selectively stained HEMA grafts. The surface topography of HEMA- or EMA-grafted films
was also studied by means of scanning electron microscopy. The existence of internal cells in
the bulk of the HEMA network was demonstrated, and their osmotic nature was investigated.
As grafting proceeds, the HEMA network becomes increasingly porous. The extraction studies
carried out on EMA grafts showed that with this system an increasingly dense structure is
obtained as grafting proceeds.
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In other studies, we have investigated the radiation grafting of acrylamide (AAm), and
more recently of copolymers of AAm and N-isopropyl acrylamide (NIPAAm) (Bll). This
latter monomer is interesting because its homopolymer exhibits an inverse temperature-
solubility, called a lower critical solution temperature (LCST), and will precipitate out of aque-
ous solution as the temperature is raised above 32°C. Graft copolymers of this monomer will
become more hydrophobic and non-wetting as the temperature is raised through this tempera-
ture. Thus, graft copolymers of AAm and NEPAAm will exhibit a range of interesting
hydrophilic/hydrophobic properties as both composition and temperature are varied. Figures
6-8 present results for mutual radiation grafting of AAm/NIPAAm mixtures onto Silastic films,
and Figure 9 shows the effect of temperature on the water contents of these grafted films. Fig-
ure 10 shows recent results for preirradiation grafting of AAm/NIPAAm mixtures onto a copo-
lymer film of polyethylene and polypropylene. We are presently studying the protein and cell
interactions of these unusual graft copolymers.

0.0 2.S
Log (Cu++)

5.0 7.5 10.0 12.5 15.0
NIPAAm Concentration ( % )

11.5

Fig. 6. Effect of copper ion on the extent of
grafting of NIP AAm to Silastic films. (Mutual
graft process in 10% NIP AAm solution, dose =
0.68 Mra<L, N atm.). (Bll)

Fig. 7. Effect of monomer concentration and
atmosphere on grafting of NIPAAm to Silastic
films. (Dose = 0.68 Mrad., lOOmM Cu++)
(Bll)

Water concent 7.
60,————.——

20

-IS 10 20 39 40 «0
Temperature (°C)

Fig. 8. Grafting AAm/NIPAAm mixtures to
Silastic films. (Dose = 0.68 Mrad., 100 mM
Cu++, air atm.) (Bll)

Fig. 9. Effect of temperature on water contents
of Silastic films grafted with NIPAAm/AAm
mixtures. Film code for (NIPAAm/AAm) ratio:
1 (0/10), 2 (2/8), 3 (4/6), 4 (6/4), 5 (8/2), 6 (10/0).
(Bll)
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Fig. 10. Pre-irradiation grafting of
AAm/NIPAAm mixtures to CPE films. (B12)

Recently, increased interest has developed in the potential applications of polyethylene
glycol (PEG) as a coating on biomaterials, since these surfaces have shown low affinity to pro-
teins and cells. Protein resistance of polymeric surfaces has great potential for applications in
implants, diagnostics, sensors and separation systems used in medicine and biotechnological
processes. One approach we are currently utilizing to improve the non-fouling characteristics
of polymers has been the graft copolymerization on these surfaces of selected monomers con-
taining PEG.

We have studied mutual radiation induced graft copolymerization of hydroxyethyl
methacrylate (HEMA) monomer and different molecular weight polyethylene glycol
methacrylate (PEGMA) and methoxy PEGMA (MPEGMA) macromers onto Silastic film (B9).
The extent of grafting and chemical composition of the graft were found to be dependent on
the HEMA/MPEGMA ratio and the molecular weight of MPEGMA (Figs. 11,12). The
influence of MPEGMA molecular weight on grafting is explained in terms of both steric hin-
drance of PEG chains and the effect of radiation on the pendant polyether chains. (Figs.
13,14). Furthermore, the reactivity ratios in conventional copolymerizations initiated by y-ray
or chemical initiators have been evaluated and compared with grafting reactivity ratios. The
formation of interpenetrating chains was verified through microscopic observations of the cross
sections of the grafted films. Fibrinogen adsorption to these grafted films decreased as the n
value of MPEGMA increased (Fig. 15) (D16).

Both preirradiation and mutual radiation grafting techniques have been used to graft films
of poly(propylene-co-ethylene) (CPE) with mixtures of HEMA and PEGMA (n = 5). It was
found that the preirradiation technique yielded a more protein-resistant surface (Fig. 16),
presumably due to compositional variations of the surface layers, as well as a higher PEGMA
content of the preirradiation grafted surface. We are continuing to investigate these interesting
non-fouling graft copolymer surfaces (D17).
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Fig. 11. Grafting yield of Silastic film as a
function of MPEGMA mol% in comonomer
(HEMA+MPEGMA) = 0.4 M, [Cu(NO3J2 = 0.1
M Dose: 0.63 Mrads., Solvent:
(20:80 V/V) (B9)
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Fig. 12. Grafting yield of Silastic film as a
function of n value
(HEMA+MPEGMA) = 0.4 M, [Cu(NO3J2 = 0.1
M HEMA : MPEGMA = 3:1 (mol/mol) (B9)

Fig. 13. Schematic showing steric hindrance of
PEG chain as possible explanation for lower
grafting activity of higher MW PEGMA and
MPEGMA monomers. (B9)
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Fig. 14. Schematic showing possible side reac-
tions of pendant PEG units, leading to branch-
ing and crosslinking. (B9)
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Fig. 15. Fibrinogen adsorption on
HEMA/MPEGMA grafted Silastic films as a
function of n value of PEG. (D16)

[HEMA+MPEGMA] = 0.4M, [Cu(NO3)2] = 0.1
MeOH-H20Solvent:M Dose: 0.63 Mrads.

(20:80 V/V)
HEMA : MPEGMA = 3: 1 (mol/mol)
[Fibrinogen] = 0.2 mg/ml, 37°C, 2 hrs.
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Fig. 16. Relative fibrinogen adsorption as a
function of grafting yield for mutual and pre-
irradiation grafts of HEMA/MPEGMA to CPE
films. (D17)

[HEMA+MPEGMAn_5J = 0.4M, solvent: diox-
ane, CPE film
Mutual radiation: [Cu(NO3)2] = 0.1 M, dose:
1.26 Mrads.
Pre-irradiation: Dose: 1.89 Mrads., [Fe+] = 5
mmol, 50°C
[Fibrinogen] = 0.2 mg/ml, 37°C, 2 hrs.

Immobilized Biomolecules on and within Radiation Processed Biomaterials

There are many important applications of immobilized biomolecules in medicine and
biotechnology. Table 8 lists many of these. Figures 3 and 4 show schematically the wide
variety of radiation based processes which may be used to immobilize biomolecules. Over the
past 15-20 years we have applied a number of these methods for immobilization of
biomolecules during or after radiation processing. (See Section C of Bibliography.)

For example, the enzyme asparaginase was immobilized onto a porous hollow polypro-
pylene (PP) fiber blood plasma exchange device for the treatment of acute lymphocytic
leukemia (C5-C7). The devices were first radiation grafted with polymethacrylic acid
(poly(MAAc)). This introduces carboxyl groups onto the surfaces of the fibers. Several vari-
ables were studied in the grafting reaction, including the effects of solvent type and monomer
concentration. The carboxyl groups were activated with N-hydroxy succinimide (NHS) using
carbodiimide chemistry (Fig. 7). Asparaginase was then covalently immobilized on the
activated surfaces. Quantitative relationships were found relating the percent graft to the
amount of immobilized enzyme which was active (Fig. 18).

The enzyme reactor was tested successfully both in vitro and in vivo using a sheep as an
animal model (Fig. 19,20). It was concluded that radiation grafting of MAAc onto the pore
surfaces of PP hollow fibers in plasmapheresis devices is an effective way to create a surface
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Table. 8. Applications of Immobilized Biomolecules

IMMOBILIZED SPECIES APPLICATIONS

ENZYMES THERAPEUTIC AGENTS
BIOSENSORS
ARTIFICIAL ORGANS
BIOREACTORS
SEPARATIONS

ANTIBODIES and
ANTIGENS

IMMUNOASSAYS
DRUG DELIVERY SYSTEMS
DIAGNOSTICS
BIOSENSORS
SEPARATIONS

ANTI-THROMBOGENIC
AGENTS

BLOOD-COMPATIBLE SURFACES

DRUGS DRUG DELIVERY SYSTEMS
DRUG MECHANISM STUDIES
(RECEPTOR RESEARCH)

NEUROTRANSMITTERS,
HORMONES

BIOSENSORS

« CELLS and ORGANELLES BIOREACTORS
ARTIFICIAL ORGANS
BIOSENSORS

• AMINO ACIDS PEPTIDE SYNTHESIS

• DNA DNÀ PROBE ANALYSIS

I
•COOH

KM.YPROPVt.ENe FI8ER
GRAFTED WITH
METHACRYLIC «CIO

-C-NH-ENZ
M-HYOHOXÏ SUCCINIUI06

'NH2-ENZYME

Fig. 17. The immobilization of an enzyme onto
a porous polypropylene fiber grafted with
MAAc. (C6)

40



u o

; PERCENT GRAFT 3Y WEIGHT OF MAAC ON FILM

Fig. 18. L-asparaginase activity as a function
of MAAc graft levels on polypropylene films
after washing in PBS (circles) and then in Tri-
ton -X (triangles). (C6)

DE-BUBBLER

HEPARIN
INFUSION

Fig. 19. Schematic of the in vivo testing of the
reactor in a sheep. (05)

for enzyme immobilization. The enzyme appears to remain bound and to retain its activity
over a 41 day period. Animal experiments showed that the reactor rapidly depleted the aspara-
gine supply in the sheep's blood, which could ultimately cause a remission of the cancer if
used in diseased persons.

We have also immobilized a schistosome antibody onto radiation grafted copolymers of
HEMA/MPEGMA on a CPE film substrate (CIO). The object here was to develop an immuno-
diagnostic test with improved sensitivity due to enhanced resistance to non-specific adsorption
of proteins which could lead to false positive results. The immobilization methodology is
shown in Figure 19, and the grafting data are shown in Table 9. We are presently awaiting
results on the efficacy and sensitivity of these immobilized MAb-HEMA/MPEGMA grafts as
an improved immunodiagnostic test system for schistosomiasis.
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Fig. 20. Stability of I-asparaginase activity in
porous, hollow fiber plasma filter as a function
of time at 40 ml/mm flow and pH 6.5. (C7)

Table 9. Radiation Grafts of HEMA/MPEGMA on CPE Film
for Use in a "Non-Fouling" Immunodiagnostic Test Strip (CIO)

Monomer
Composition

HEMA

HEMA/MPEGMA
(60/40)

HEMA/MPEGMA
(70/30)

50

100

Grafting Yields (%)

8.60, 58.2, 92.9, 279

37.1, 88.5, 132

44.9, 69.8, 105

We are also studying the radiation immobilization of biomolecules which have been con-
jugated with vinyl monomer reactivity (Fig. 4) (C9). We have conjugated asparaginase with as
many as 8 monomers/protein molecule and have seen only about a 20-25% decrease in enzyme
activity (Fig. 20). The heat stability of the monomerized asparaginase was unaffected at 37°
but decreased significantly at 50° in comparison to the native enzyme (Fig. 21).

We have also recently discovered a novel method for radiation graft immobilization of a
monomer-conjugated enzyme (C8). This new method of biomolecule immobilization involves
grafting a monomer-conjugated enzyme (asparaginase) together with free monomer (acrylam-
ide, AAm) onto a cellulose sheet which has been preirradiated in a ^Co source (Figs. 22,23).
The preirradiation and grafting steps are carried out in air at - 78°C and in vacuum at 0°C
respectively, while the grafting is probably caused by trapped radicals. The method avoids
direct exposure of the enzyme to the radiation field. The immobilized enzyme retains
significant activity and is stable to storage (Table 10). The technique is applicable to immobil-
ization of a wide variety of biomolecules besides enzymes, including antibodies and drugs.
The products may be used for therapeutic or diagnostic applications.
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Fig. 21. Schematic of immobilization of anti-
body onto HEMA/MPEGMA grafted CPE film.
(CIO)

Table 10. THE ACTIVITY OF ENZYME IMMOBILIZED ON
CELLULOSE FOR VARIOUS GRAFTING CONDITIONS (C8)

AAm
(%)

20
0

20
0

20
0

20
0

Preirrad.
dose (Mrad)
0
0
2.67
2.67
0
0
2.67
2.67

Enzyme
(0.2 mg protein/6 ml G.S.)

monomer-conjugated
monomer-conjugated
monomer-conj ugated
monomer-conjugated

native
native
native
native

Graft
(%)

±SD
0
0

413 ± 74
5.5 ± 0.5

0
0

297 ± 6.5
0

Enzyme activity
per sheet

LU. x 10 ± SD)
0.00
0.00

1.08 ± 0.05
0.00
0.00
0.00

0.1910.06
0.08 ± 0.01

Solvent 0.1 M Tris buffer (pH 8.6); dose rate: 10.3 rad/s; grafting temperature: 0°C; grafting time: 2
hrs.

100

S 75-

« SO-
IS
f

0.0 2.0 4.0 6.0
Number of Vinyl Groups per Enzyme

8.0

Fig. 22. Effect of monomer conjugation on 1-
asparaginase activity. (C9)
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Fig. 23. Heat stability of native 1-asparaginase
(top) and monomer-conjugated 1-asparaginase
(bottom). (C9)

Plasma Gas Discharge Treatments of Biomaterials

In addition to our work on radiation processing, we have more recently applied plasma
gas discharge processing to two major biomaterials applications:

(1) Deposition of a fluorocarbon polymer onto Dacron vascular graft surfaces (El-5) and

(2) Deposition of polymers with readable -OH and -NH groups for bonding non-fouling
compositions with and without immobilized antibodies, enzymes, or drugs (E6).

In the first application area we have used a mobile plasma discharge of
tetrafluoroethylene (TFE) to treat the inside of small diameter Dacron vascular grafts (Fig. 24).
Such glow discharge treatment of 4 mm ED Dacron vascular grafts in a small diameter Pyrex
reactor with moving external electrodes resulted in a uniform and reproducible deposition of
fluorocarbon polymers. Initial adsorbed fibrinogen levels on TFE treated surfaces are much
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AAm
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Fig. 24. Schematic of immobilization of mono-
mer conjugated biomolecule (enzyme, E) at 0°C
after a -78° pre-irradiation step. (C8)

lower than the untreated control surfaces, and the fibrinogen is less elutable by SDS from the
TFE treated PET. It appears that the state of adsorbed fibrinogen is different on the TEE
treated surfaces. Light scattering microembolization studies show that the TFE treatment has
significantly reduced the in vitro rate of emboli production from 4 mm ID Dacron grafts (Fig.
25). When tested in a baboon AV ex vivo shunt, the treated grafts also showed significantly
reduced acute platelet deposition (Fig. 26) and chronic thrombotic occlusion.

3
M 0 4

0 2h

0 0 0 5 1 0 1 5 2 0
Grofting time (h)

2 5

Fig. 25. The effect of grafting time at 0°C on
subsequent activity at 37°C (dose = 2.67 Mrad).
Activity is measured in International Units
(LU.) for cellulose sheets of equal areas in all
cases. (C8)

R.F.
Generator

Matching
Netmork

Pressure
Gauge

L i q u i d
Nitrogen

Trap

7FE

Fig. 26. Schematic diagram of the "moving"
plasma discharge system for treating vascular
grafts. (E5)
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In the second study, we are treating model substrates with allyl alcohol and allyl amine
gas discharges to provide surfaces with -OH and -NH groups (Figs. 27,28). We are presently
immobilizing PEG molecules to these derivatized surfaces, to provide non-fouling characteris-
tics of these surfaces. We are also immobilizing antibodies onto these non-fouling surfaces for
improved diagnostic or affinity separation systems.

DACRON

Fig. 27. In vitro emboli production by TFE
treated and untreated Dacron grafts. Plasma
discharge conditions: power = 2.5 watts, pres-
sure = 0.10 torr, flow rate = 3 seem, speed = 5
mm/s. (E5)

10 20 30 40
Exposure Time ( min )

60

,1HTFig. 28. Acute Platelet Deposition (* In) on
Untreated and TFE Plasma Discharge Treated
Dacron Grafts in an Ex Vivo Baboon Shunt.
(E7)
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Fig. 29. ESCA survey scans of (a) PP/PE con-
trol film, (b) PP/PE exposed to an allyl alcohol
plasma and (c) PP/PE exposed to the plasma
and derivatized with TFAA. (E6)
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Fig. 30. ESCA survey scans of (a) PET control
film, (b) PET film exposed to an allylamine
plasma and (c) PET film exposed to an allylam-
ine plasma and derivatized with PFB. (E6)
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Conclusions

Radiation and plasma gas discharge processing of biomaterials have been used in a wide
variety of ways to produce new and modified biomaterials for applications in medicine and
biotechnology.

ACKNOWLEDGEMENTS

I would like to thank my many students and collaborators over the years who have con-
tributed to the studies reported here. I would also like to acknowledge the support I have
received from the I.A.E.A., the U.S. government (USAEC, ERDA, NIH-NHLBI), many indus-
trial concerns (Alza, du Pont, Genetic Systems Corp., Hercules, Johnson & Johnson, Deseret,
American Hospital Supply, 3M), the University of Washington, and the Washington Technol-
ogy Center. I also thank my secretary, Ms. Cheryl Kruesel, and my daughter, Lisa, for their
painstaking efforts in preparing this manuscript

BIBLIOGRAPHY

A. Reviews on Use of Radiation and Plasma Gas Discharge Processing in
Medicine and Biotechnology

1) Huffman, A.S., "Hydrogels ~ A Broad Class of Biomaterials," in "Polymers in Medicine
and Surgery," R.L. Kronenthal, Z. Oser and E. Martin, Eds,, Plenum Press, New York,
NY, p. 33 (1975). (Presented at the Symposium on Biomédical Uses of Plastics, Johnson
& Johnson Co., Morristown, NJ, July, 1974.)

2) Huffman, A.S. and B.D. Ratner, "Synthetic Hydrogels for Biomédical Applications — A
Review," ACS Polymer Preprints. 16(2), 272 (1975). Also in ACS Symposium Series,
No. 31, 1 (1976).

3) Hoffman, A.S., "Applications of Radiation Processing in Biomédical Engineering," Radi-
ation Physics and Chemistry, 9, 207 (1977). (Presented at The International Conference
on Radiation Processing, Puerto Rico, May, 1976.)

4) Hoffman, A.S., "Surface Modifications of Polymers for Biomédical Applications," in
"Science and Technology of Polymer Processing," N.P. Suh and N.H. Sung, Eds., MIT
Press, Cambridge, MA, p. 200 (1979).

5) Ratner, BD. and A.S. Hoffman, "Surface Grafted Polymers for Biomédical Applica-
tions," in "Synthetic Biomédical Polymers: Concepts and Applications," WJ. Robinson
and M.Szycher, Eds., Technomic Publishing Co., Westport, CT, p. 133 (1980).

6) Hoffman, A.S., "Radiation Processing Treatments to Prepare Novel Biomaterials," Radia-
tion Chemistry (Japan), 16(31), 12 (1981).

7) Hoffman, A.S., "Radiation Processing in Biomaterials — A Review," Radiation Physics
and Chemistry, 18(1), 323 (1981). (Presented at the 3rd International Meeting on Radia-
tion Processing, Tokyo, Japan, November, 1980.)

8) Hoffman, A.S., "Blood-Biomaterial Interactions: An Overview," in "Biomaterials: Inter-
facial Phenomena and Applications," ACS Advances in Chemistry Series, No. 199, S.L.
Cooper, N.A. Peppas, A.S. Hoffman and B.D. Ratner, Eds., Maple Press Co., York, PA,
p. 3 (1982).

49



9) Hoffman, A.S., "Syntheüc Polymer Biomaterials - A Review," in "IUPAC - Macro-
molecules," H. Benoit and P. Rempp, Eds., Pergamon Press, London, England, p. 321
(1982).

10) Hoffman, A.S., "Use of Radiation Technology in Preparation of Materials for Bioen-
gineering and Medical Science," in "Industrial Application of Radioisotopes and Radia-
tion Technology," Proceedings of a Conference in Grenoble, France, Sept. 28-Oct. 2,
1981,1.A.E.A., Vienna, Austria, p. 279 (1982)

11) Hoffman, A.S., "Polymeric Biomaterials" in E. Piskin and T. Chang, Eds., "The Past,
Present and Future of Artificial Organs," International Symposium on Hemoperfusion and
Artificial Organs, Ankara, pp. 31-51 (September 10-11, 1984).

12) Hoffman, A.S., D. Conn, S.R. Hanson, L.A. Barker, T.A. Horbett, B.D. Ratner and L.O.
Reynolds, "Application of Radiation-Grafted Hydrogels as Blood-Contacting Biomateri-
als," Radiation Physics and Chemistry, 22, 267 (1983).

13) Hoffman, A.S., "Ionizing Radiation and Gas Plasma (or Glow) Discharge Treatments for
Preparation of Novel Polymeric Biomaterials," in "Polymers in Medicine," Advances in
Polymer Science, No. 57, K. Dusek, Ed., Springer-Verlag, Berlin, F.R.G. (1984).

14) Hoffman, A.S., "Synthetic Polymeric Biomaterials," in "Polymeric Materials and
Artificial Organs," C. Gebelein, Ed., ACS Symposium Series, 256, 13-29 (1984).

15) Hoffman, A.S., "Industrial Radiation Processing ~ Principles and Applications, 1983," in
"Proceedings of 1983 Annual Meeting of the Nordic Radiation Research Society, Hel-
sinki, Finland, September, 1983," (published in 1984).

16) Hoffman, A.S., "Biomaterials and their Application in the Artificial Heart," Presented at
the Second World Symposium on the Artificial Heart, July 13-15, 1984, Berlin;
"Proceedings of the Second World Symposium on the Artificial Heart," E.S. Bucherl, ed.,
Vieweg Publ., Berlin, F.R.G. (1986) 7-58.

17) Piskin, E. and A.S. Hoffman, eds., "Polymeric Biomaterials," M. Nijhoff Publ., Dor-
drecht, Netherlands (1986).

18) Hoffman, A.S., "Applications of Synthetic Polymeric Biomaterials in Medicine and
Biotechnology," in "Polymeric Biomaterials," E. Piskin and A.S. Hoffman, eds., M.
Nijhoff Publ., Dordrecht, Netherlands (1986) 1-14.

19) Gombotz, W.R. and A.S. Hoffman, "Immobilization of Biomolecules and Cells on and
within Synthetic Polymeric Hydrogels," in "Hydrogels in Medicine and Pharmacy," N.A.
Peppas, ed., CRS Press, Boca Raton, FL (1986) 95-126.

20) Gombotz, W JR. and A.S. Hoffman, "Gas Discharge Techniques for of Modification of
Biomaterials," Chapter in "Critical Reviews in Biocompatibility," David Williams, ed.,
CRC Press, Boca Raton, Florida (1987) in press.

21) Hoffman, A.S., "Modification of Material Surfaces to Affect how they Interact with
Blood," Presented at New York Academy of Sciences meeting on "Blood in Contact with
Natural and Artificial Surfaces, November 12-14, 1986. To be published as a book by
the New York Academy of Sciences (1987) in press.

22) Hoffman, A.S., "Biomédical Applications of Plasma Gas Discharge Processes," A.C.S.
Preprints, Polymeric Mils. Sei. and Eng. No. 1 (1987). (To be published as "Plasma
Polymerization and Plasma Treatment of Polymers," eds., H. Yasuda and P. Kramer, /.
Appl. Polymer Sei., Symposium Edition).

50



B. Synthesis and Characterization of Radiation Graft Copolymcrs for Biomédi-
cal Applications

1) Hoffman, A.S. and W.G. Kraft, "Radiation-Grafted Hydrogels on Polyurethane Surfaces -
A New Biomaterial," ACS Polymer Preprints, 13(2), 723 (1972).

2) Hoffman, A.S. and C. Harris, "Radiation-Grafted Hydrogels on Silicone Rubber Surfaces
- A New Biomaterial," ACS Polymer Preprints, 13(2), 740 (1972).

3) Ratner, B.D. and A.S. Hoffman, "The Effect of Cupric Ion on the Radiation Grafting of
N-Vinyl-2-Pyrrolidone and Other Hydrophilic Monomers onto Silicone Rubber," J.
Applied Polymer Science, 18, 3183 (1974).

4) Sasaki, T., B.D. Ratner and A.S. Hoffman, "Radiation-Induced Co-Graft Polymerization
of 2-Hydroxyethyl Methacrylate and Ethyl Methacrylate onto Silicone Rubber Films,"
ACS Polymer Preprints, 16(2), 446 (1975). Also in ACS Symposium Series, No. 31, 283
(1976).

5) Ratner, B.D., P.K. Weathersby, A.S. Hoffman, M.A. Kelly and L. Schärpen, "Radiation
Grafted Hydrogels for Biomaterial Applications as Studied by the ESCA Technique," /.
Applied Polymer Science, 22, 643 (1977).

6) Hoffman, A.S. and BD. Ratner, "Radiation Grafting of Acrylamide to Polymer Sub-
strates in the Presence of Cupric Ion: I. A Preliminary Study," Radiation Physics and
Chemistry, 14, 831 (1979).

7) Ko, Y.C., B.D. Ratner and A.S. Hoffman, "Characterizations of Hydrophilic-Hydrophobic
Polymeric Surfaces by Contact Angle Measurements," J. Colloid Interfacial Science, 82,
25 (1981).

8) Conn, D., A.S. Hoffman, and B.D. Ratner, "Radiation-Grafted Polymers for Biomaterial
Applications. I. 2-Hydroxyethyl Methacrylate: Ethyl Methacrylate Grafting onto Low
Density Polyethylene Films," Journal of Applied Polymer Science, 29, 2645-2663 (1984).

9) Sun, Y.H., WJR. Gombotz and A.S. Hoffman, "Synthesis and Characterization of Non-
Fouling Polymer Surfaces: I. Radiation Grafting of Hydroxyethyl Methacrylate and
Polyethylene Glycol Methacrylate onto Silastic Film," J. Bioactive and Biocompat.
Pols., 1, 316-334 (1986).

10) Cohn, D., A.S. Hoffman and BD. Ratner, "Radiation Grafted Polymers for Biomédical
Applications: ÏÏ. Structure of HEMA and EMA Grafted Networks," /. Appl. Pol. Sei., 33,
1 (1987).

11) Uenoyama, S. and A.S. Hoffman, "Synthesis and Characterization of AAm/NIPAAm
Grafts on Silastic Substrates," Rad'n. Phys. and Chem. (1987) in press.

12) Shoemaker, S. and A.S. Hoffman; unpublished results (1986).

C. Immobilization of Biomolecules on and within Radiation Processed Polym-
eric Biomaterials

1) Hoffman, A.S., G. Schmer, C. Harris and W.G. Kraft, "Covalent Binding of
Biomolecules to Radiation-Grafted Hydrogels on Inert Polymer Surfaces," Trans. Ameri-
can Society for Artificial Internal Organs, 18, 10 (1972).

2) Mate, TP., T.A. Horbett, A.S. Hoffman and B.D. Ratner, "pH Effects in the Covalent
Coupling of Small Molecules and Proteins to Poly(HEMA-methacrylic acid) Hydrogels,"
in "Enzyme Engineering," Pye and Wingard, Eds., Plenum Press, New York, NY, p. 137
(1975).

51



3) Venkataraman, S., T.A. Horbett and A.S. Hoffman, "The Reactivity of ot-Chymotrypsin
Immobilized on Radiation-Grafted Hydrogel Surfaces," ACS Polymer Preprints, 16(2),
197 (1975). Also in J. Biomédical Materials Research, 8, 111 (1977).

4) Venkataraman, S., T.A. Horbett and A.S. Hoffman, "The Kinetic Behavior of cc-
Chymotrypsin Immobilized Inside Hydrogel Grafted Tubes," J. Molecular Catalysis, 2,
273 (1977).

5) Gombotz, W.R., A.S. Hoffman, G. Schmer and S. Uenoyama, "The Immobilization of
L-Asparaginase on Porous Hollow Fiber Plasma Filters," /. Contr. ReL, 2, 375-383
(1985).

6) Gombotz, W.R., A.S. Hoffman, G. Schmer and S. Uenoyama, "Immobilized Enzymes in
Blood Plasma Exchangers via Radiation Grafting," Rod. Phys. Chem., 25, 549-556
(1985).

7) Hoffman, A.S., W.R. Gombotz, S. Uenoyama, L.C. Dong and G. Schmer, "Immobiliza-
tion of Enzymes and Antibodies to Radiation Grafted Polymers for Therapeutic and
Diagnostic Applications," Rod. Phys. Chem., 27, 265-273 (1986).

8) Dong, L.C. and A.S. Hoffman, "A New Method for Immobilization of Biomolecules
using Preirradiadon Grafting at Low Temperature," Rod. Phys. Chem., 28, 177-182
(1986).

9) Shoemaker, S., A.S. Hoffman and J.H. Priest, "Synthesis of Vinyl Monomer-Enzyme
Conjugates," Appl. Biochem. and Biotechnology (in press).

10) Sun, Y.H. and A.S. Hoffman; unpublished results (1986).

D. Biological Interactions of Radiation Processed Polymeric Biomaterials

1) Hoffman, A.S., "Principles Governing Biomolecule Interactions at Foreign Interfaces," /.
Biomédical Materials, Research Symp. No. S (Part 1), 77 (1974).

2) Horbett, T.A. and A.S. Hoffman, "Bovine Plasma Protein Adsorption to Radiation
Grafted Hydrogels," ACS Advances in Chemistry Series, No. 145, "Applied Chemistry at
Protein Interfaces," p. 230 (1975).

3) Weathersby, P.K., T.A. Horbett and A.S. Hoffman, "A New Method for Analysis of the
Adsorbed Plasma Protein Layer on Biomaterial Surfaces," Trans. Amer. Soc. Artif. Int.
Organs, 22, 242 (1976).

4) Hoffman, A.S., T.A. Horbett and B.D. Ratner, "Interactions of Blood and Blood Com-
ponents at Hydrogel Interfaces," Ann. N.Y. Academy of Science, 283, 372 (1977).

5) Harker, L.A., S.R. Hanson and A.S. Hoffman, "Platelet Kinetic Evaluation of Prosthetic
Material in vivo," Ann. N.Y. Academy of Science, 283, 317 (1977).

6) Horbett, T.A., P.K. Weathersby and A.S. Hoffman, "The Preferential Adsorption of
Hemoglobin to Polyethylene," J. Bioengineering, 1, 61 (1977).

7) Horbett, T.A., P.K. Weathersby and A.S. Hoffman, "Hemoglobin Adsorption to Three
Polymer Surfaces," Thrombosis Research, 12, 319 (1978).

8) Ramer, BJD., A.S. Hoffman and J.D. Whiffen, "The Thrombogenicity of Radiation
Grafted Polymers as Measured by the Vena Cava Ring Test," J. Bioengineering, 2, 313
(1978).

9) Ratner, B.D., A.S. Hoffman, S.R. Hanson, L.A. Harker and J.D. Whiffen, "Blood Compa-
tibility - Water Content Relationships for Radiation-Grafted Hydrogels," /. Polymer Sci-
ence, Symposium No. 66, 17, 363 (1979).

52



10) Hanson, S.R., L.A. Harker, B.D. Ratner and A.S. Huffman, "In vivo Evaluation of
Artificial Surfaces with a Nonhuman Primate Model of Arterial Thrombosis," J. Lab.
din. Med., 95, 289 (1980).

11) Hanson, SJR., L.A. Harker, B.D. Ratner and A.S. Hoffman, "Factors Influencing Platelet
Consumption of Polyacrylamide Hydrogels," Ann. Biomédical Engineering, 7, 357
(1980).

12) Hanson, S.R., L.A. Harker, B.D. Ratner and A.S. Hoffman, "Evaluation of Artificial Sur-
faces Using Baboon Arteriovenous Shunt Model," in "Biomaterials, 1980," G. Winter, D.
Gibbons and H. Plenk, Eds., L Wiiey and Sons, London, p. 519 (1982).

13) Hoffman, À.S., S.R. Hanson, L.A. Harker, BD. Ratner and L.O. Reynolds, "Thrombotic
Events on Grafted Polyacrylamide-Silastic Surfaces as Studied in a Baboon," in "Bioma-
terials: Interfacial Phenomena and Applications," ACS Advances in Chemistry Series,
No. 199, SJL. Cooper, N.Â. Peppas, A.S. Hoffman and B.D. Ratner, Eds., Maple Press
Co., York, PA, p. 59 (1982).

14) Hoffman, A.S., D. Cohn, S.R. Hanson, L.A. Harker, T.A. Horbett, B.D. Ratner and L.O.
Reynolds, "Application of Radiation-Grafted Hydrogels as Blood-Contacting Biomateri-
als," Radiation Physics and Chemistry, 22, 267 (1983).

15) Horbett, T.A., C.M. Cheng, BD. Ramer, S.R. Hanson and A.S. Hoffman, "The Kinetics
of Baboon Fibrinogen Absorption to Polymers," J. Biomed. Mater. Res., 20, 739-772

16) Sun, Y., A.S. Hoffman and WJR. Gombotz, "Non-Fouling Biomaterial Surfaces: II. Pro-
tein Adsorption on Radiation Grafted Polyethylene Glycol Methacrylate Copolymers on
Silastic." ACS Polymer. Prepr., 28(1), 292-294 (1987).

17) Sun, Y.H. and A.S. Hoffman, "Non-Fouling Biomaterial Surfaces: IV. Synthesis and
Protein Adsorption on Radiation Grafted MPEGMA Copolymers on CPE Films," in
preparation.

E. Plasma Gas Discharge Treatments for Cardiovascular Implants and Bioma-
terials in General

1) Garfinkle, A.M., A.S. Hoffman, B.D. Ratner, L.O. Reynolds, and S.R. Hanson, "Effects
of a Tetrafiuoroethylene Glow Discharge on Patency of Small Diameter Vascular Grafts,"
Transactions ASAIO, 30. 432-439 (1984).

2) Hoffman, A.S., BJD. Ratner, A.M. Garfinkle, L.O. Reynolds, T.A. Horbett and SJR. Han-
son, "A New Plasma Discharge Treatment for Cardiovascular Implants," in "Biomédical
Materials", JJM. Williams, MJF. Nichols and W. Zingg, eds., Mater. Res. Soc., Pittsb.,
PA (1986).

3) Hoffman, A.S., BJ>. Ratner, A.M. Garfinkle, L.O. Reynolds, T.A. Horbett and SJR. Han-
son, "The Importance of Vascular Graft Surface Composition as Demonstrated by a New
Gas Discharge Treatment for Small Diameter Grafts," in "Vascular Graft Update," (H.
Kambic, A. Kantrowitz, P. Sung, Eds.) ASTM Publ., Phila., PA (Ï986) 137-155.

4) Hoffman, A.S., BD. Ratner, A.M. Garfinkle, L.O. Reynolds, T.A. Horbett and S.R. Han-
son, "The Small Diameter Vascular Graft - A Biomaterials Challenge," in "Polymers in
Medicine," E. Chiellini and P. Giusti, eds., Plenum Press, (1987).

5) Kiaei, D., A.S. Hoffman, B.D. Ratner and T.A. Horbett, "Blood Interaction with Gas
Discharge Treated Vascular Grafts," A.C.S. Preprints, Polymeric Mils. Sei. and Eng., No.
1, (1987). (To be published as "Plasma Polymerization and Plasma Treatment of Poly-
mers," eds., H. Yasuda and P. Kramer, /. Appl. Polymer Sei., Symposium Edition.)

53



6) Gombotz, WJR. and A.S. Huffman, "Functionalization of Polymeric Films by Plasma
Polymerization of Allyl Alcohol and AUylanüne," A.C.S. Preprints, Polymeric Mils. Sei.
and Eng., No. 1, (1987). (To be published as "Plasma Polymerization and Plasma Treat-
ment of Polymers," eds., H. Yasuda and P. Kramer, J. Appl. Polymer Sei., Symposium
Edition.)

7) Hanson, S.R. and A.S. Hoffman; unpublished results (1987).

F. Issued U.S. Patents on Radiation and Plasma Gas Discharge Modified
Biomaterials

1) Hoffman, A.S. and G. Schmer, U.S. Patent 3,826,678, July 30, 1974. (Assigned to
University of Washington).

METHOD FOR PREPARATION OF BIOCOMPATIBLE AND BIOFUNCTIONAL MATERI-
ALS AND PRODUCT THEREOF

A method for the preparation of biocompatible and biofunctional surfaces is provided
comprising radiation grafting a reactable compound selected from the group consisting of poly-
mers and copolymers onto an inert polymeric substrate and thereafter chemically bonding a
biologically active molecule to the reactable compound. Specific embodiments include chemi-
cal bonding of human serum albumin, heparin, streptokinase, prostaglandin E-l and mixtures
thereof to hydrogels of varying compositions with or without an intermediate smaller molecule
or chemical "arm," such as e-amino caproic acid or 1,4 diamino butane, the hydrogels having
been previously radiation-grafted to tough inert polymeric substrate. A highly synergistic
effect is achieved for hydrogels containing high water contents, e.g., above about 55%, when
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An improved process for radiation grafting of hydrogels onto organic polymeric sub-
strates is provided comprising the steps of incorporating an effective amount of cupric or ferric
ions in an aqueous graft solution consisting of N-vinyl-2-pyrrolidone or mixtures of N-vinyl-2-
pyrrolidone and other monomers, e.g., 2-hydroxyethyl methacrylate, 2-hydroxyethyl acrylate,
propylene glycol acrylate, acrylamide, methacrylic acid and methacrylamide, immersing an
organic polymeric substrate in the aqueous graft solution and thereafter subjecting the con-
tacted substrate with ionizing radiation.
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PLASMA GAS DISCHARGE TREATMENT FOR IMPROVING THE BIOCOMPATIBILITY
OF BIOMATERIALS

A method of treating articles to improve their biocompatibility is disclosed. A substrate
material is positioned within a reactor vessel and exposed to plasma gas discharge in the pres-
ence of an atmosphere of an inert gas and then in the presence of an organic gas, such as a
halocarbon or halohydrocarbon gas, capable of forming a thin, biocompatible surface
covalently bonded to the surface of the substrate. The method is particularly useful in the
treatment of vascular graft materials to improve their biocompatibility.
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STUDY OF RADIATION IMMOBILIZATION
OF BIOACTIVE MATERIALS

Jüan WU, Hongfei HA, Guanghui WANG
Department of Technical Physics,
Beijing University,
Beijing, China

Abstract

The research results which were done within two
years in authors' Lab. will be reported as follows:
(a) Radiation immobilization of Horse Radish

Peroxidase(HRP) by means of entrapping.
(ta) Immobilization of HRP on Segmented Polyetherure-

thane(SPEU) via radiation grafting and studies on
properties of immobilized HRP.

(c) Immobilization of catalase onto radiation-induced
polyacrylamide(PAAM) particles by chemical bind-
ing and its application.

(d) Initial study on immobilization of antibodies.

1. RADIATION IMMOBILIZATION OF HRP BY MEANS OF
ENTRAPPING
Immobilization of HRP by radiation-induced

polymerization of acrylamide(AAM) was studied, N,N V-
methylene-biacrylamide(BA) was used as the
crosslinking agent.
1.1. Radiation stability of HRP

It was found that the inact.ivation of HRP by
gamma-ray was very severe at room temperature, but at
low temperature (-78 °C) its deactivation could be
controlled(see Fig. 1). No effect of oxygen on the
deactivation was observed.<i>
1.2. Radiation entrapping immobilization of HRP

In order to avoid the deactivation of HRP
irradiated at room temperature, the procedure was
performed at -78 °C. The optimum conditions were as
follows: absorbed dose was 3.3KGy, AAM/BA=20,
concentration of AAM in aqueous solution was about
13% (w/w). In that case, the relative activity of HRP
in PAAM particles could be kept in level of 50%.

The leakage of immobilized HRP from gel was
detected and shown in Fig. 2.

It can be seen from Fig. 2, that increasing
absorbed dose could inhibit process of leaking but
decrease the activity survive.
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Radiation effects of HRP at different
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FIG. 2.
Leakage curve of immobilized HRP
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1.3. Preirradiation immobilization of HRP
The other way to avoid the deactivation of HRP by

gamma-radiation was so called preirradiation
lmmobilization<2>. In this method acrylamide and
crosslinking agent were being irradiated by bubbling
oxygen continuously. After irradiation the HRP
solution was added into the samples which were still
not polymerized. Bubbling nitrogen, putting trace
reduction agent (such as Fe^+ ) the samples were
polymerized and the HRP would be entrapped in them.
The appropriate conditions were as follows:

AAM/BA=10, absorbed dose 5KGy, irradiation
temperature was about 0°C(ice-salt), polymerization
temperature was 35 °C, with bubbling of high purity
nitrogen.

In this method, about 65% of HRP was entrapped in
PAAM particles, and the leakage of HRP were improved
obviously.
2. IMMOBILIZATION OF HRP ON SPEU VIA RADIATION

GRAFTING AND STUDY ON PROPERTIES OF IMMOBILIZED
HRP

Segmented Polyetherurethane(SPEU) is a kind of
biomacromolecular materials and has good mechanical
properties as well<3>. Grafting some hydrophilic
monomers by means of radiation on it not only improve
its taiocompatibility but also can introduce a
reactive group to the surface of SPEU films<4,5>.
Therefore grafted SPEU film with higher water content
and some reactive groups may be used as a support for
immobilization of bioactive molecules.
2.1. Experimental
2.1.1. Preparation of grafted films

AAM or acrylic acid (AA) could be grafted onto
SPEU films by preirradiation method in air. The
appropriate conditions of grafting AAM or AA onto
SPEU films in the presence of Fe2 + ions by
preirradiation initiation were as follows:

Absorbed dose O.SMGy, concentration of Fe2+was
3xlO~3 mole/1, concentration of monomers in aqueous
solution was 30% (w/w), grafting temperature was at
25 °C. The oxygen in grafting systems was purged by
bubbling nitrogen.
2.1.2. Immobilization of enzyme

Horse radish peroxidase (RE=2.2) was covalently
immobilized on the activated surfaces of SPEU films.
The immobilization procedure was similar to that
discribed in Kaetsu's paper<6>.
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2.1.3. Assay of HRP activity
Assay of HRP activity for both free HRP and the HRP
immobilized on SPEU films were performed by using a
Model 751 spectrophotometer, 0-phenyldiamine was used
as a substrate. The color was developed by oxidation
of 0-phenyldiamine at 493 nm.

Assays of protein content were performed by
lowry's method<7>. The films on which enzyme was
immobilized were cut up into small pieces and after
adding the phenol reagent, the test tubes were shaken
within the whole reaction period so that all
immobilized protein would react completely during the
period of color development. The disturbance of
support in this case could be omitted. The specific
activity was presented by value of optical density per
minute, per mg of protein; the relative activity was
presented
immobilized

by the ratio
enzyme to that

of specific
of free enzyme

activity of

2.2. Results and discussion
2.2.1. Effects of graft yield, bound protein and

"arm" on relative activity
The experimental results are shown in Fig. 3, Fig.

4, and Fig. 5, respectively<8>. Fig. 3 showed the
total amount of bound HRP increased with increasing of
graft yield, but the relative activity decreased.
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FIG. 3.
Amount of bound protein and relative
activity vs. grafting yield of AA on SPEU film.
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Fig. 4
films

that the "arm"
and Fig. 5 showed the same relations for

with "arm" or without it. It was obvious
increased the relative activity of HRP-

SPEU distinctly but could not control the decreasing
rate of relative activity with increasing bound
protein on the films.

o
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a: Support is AA-grafted SPEU films with graft of
b: Support is AAM-grafted SPEU films(88Je graft yield)

with an "arm" glycine,
c: Support is AAM-grafted films(78# graft yield)

with an "arm" -amino caproic acid.

FIG. 4.
Relative activity of HRP-SPEU vs. bound
protein on films.
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Total activity of HRP-SPEU vs. bound protein

on films. The expression of a , b f c were just

same as that in Fig.4

the enzyme
the steric
enzyme and
the other

The possible explanation for above-mentioned
results might be as follows. At higher grafting level,
as greater amount of carboxyl groups existed, it made

molecules on film very crowded. Therefore,
hindrance may affect the conformation of
destroy the activity of part enzymes. On
hand, increasing the amount of carboxyl

groups on the surface of SPEU the bound enzymes might
be reimmotailized through other free amino-group more
easily. The reimmobilization of enzyme could also
disrupt the catalytic sites. As a result, at high
graft yield level the relative activity on the films
will be limited.

When a "arm" is bound on support before
immobilizing enzyme the relative activity increased.
Because the "arm" improved the movable space of
immobilized enzyme molecule. However, decreasing rate
of relative activity would also be rapid with
increase of bound protein.

In a word, connection of "arm" is an effective
way to increase relative activity but it also induced
the reimmobilization and steric hindrance of
immobilized enzymes which are always poor factors for
enzymes in the process of immobilization.
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2.2.2. Properties of HRP-SPEU
Michaelis Constant, pH dependence, heat stability

and continuous use of HRP-SPEU were investigated.
(a) Michaelis Constant for HRP-SPEU is almost as same

as that of free HRP;
(b) Activity of HRP-SPEU had a broader pH range (see

Fig. 6.). It may be due to buffer effect of
carboxyl groups on the surface of SPED film.

(c) Heat stability of HRP-SPEU was higher than that
of free HRP (see Fig. 7).
From mentioned properties, it can be seen that

modified HRP-SPEU is a successful system.
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FIG. 6.
The dependence of pH value on enzymatic
activity of HRP-SPEU and free HRP.
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Heat s tab i l i ty of HRP and HRP-SPEU at 47°C.
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IMMOBILIZATION OF CATALASE
PAAM PARTICLES BY CHEMICAL
APPLICATION <9>

ON RADIATION-INDUCED
BINDING AND ITS

The enzyme catalase was immobilized by chemical
method on porous PAAM particles which were produced
through radiation Polymerization at low temperature.
3.1. Preparation of polyacrylamide by radiation

The appropriate conditions to prepare the PAAM by
irradiation were as follows: irradiation teemperature
was at -28°C (dryice-acetone). AAM/BA=10. The oxygen
in irradiation samples was purged by bubbling
nitrogen. The absorbed dose was 2.5 KGy with dose
rate of 0.11 KGy.

The prepared PAAM gel was cut into small pieces
which were washed, and dried at 60°C in vacuo-
3.2. Immobilizing efficiency, deactivation and

activity recovery of immobilized catalase
Catalase was coupled either directly to active

surface of PAAM particles or indirectly via an "arm".
Fig. 8 showed that "arm" could improve immobilizing
efficiency in this system also.

The results were very similar to the case of
immobilization of HRP on SPEU films.

One of the advantages of immobilized enzymes is
to be used repeatedly, but the catalase immobilized
on PAAM particles lost its activity gradually while
it was used continuously but no activity leaking in
solution was found. The deactivation could be
improved by decreasing the concentration of substrate
( H O ) (see Fig. 9).

Tt seems that in the case of immobilized
catalase, the same inactive complex of H 02 withcatalase were also formed just like its formation in
free catalase solution.

In this work the method of activity recovery of
immobilized catalase was found out. The immobilized
catalase of very low activity because of using many
times was suspended in phosphate buffer (pH^7) for 24
hours at room temperature. It was found that recovery
activity has been obtained again, and was almost
equal to its original values (Table I).

The result made trace H20 in some samples
removed practically.
3.3. Initial study

catalase
of application of immobilized

It is well known that the quality of sweet potato
wine could be improved by T-radiation, taut after
irradiation the quantity of peroxide was increased to
an unallowable level. In order to get clearance of
irradiated wine for human comsumption, the
immobilized catalase was tried to decompose the trace
HO in irradiated wine.

fa t*
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* The activity was represented by the
activity equivalent to microgram free catalase
activity per gramme of dry PAAM-catalase.

FIG. 8.
A c t i v i t y of immobilized catalase vs.

immobi l i z ing t ime.
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FIG. 9.
Deactivation curves of PAAM-Catalase
with continuous uses. 22°C pH=7.0
[H202J: I 3.8X10"5M, I 2.2xlo"2M, JB.
0. 14M, J[ 0. 17M.
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Table I Recovery of activity of
immobilized catalase

.t.

Activity (mol/4min)xiO~6

Mo. Initial After used Recovery

1
2

1 8 . 2
2 0 . 9

1 .0
1 .4

20 .0
1 9 . 9

* The activity was represented by moles of
decomposed H20^per 4 min per gram of dry
PAAM particles.

It has been found that in 50% alcohol solution
the deactivation of immobilized catalase could be
omitted during repeated uses at low concentration of
H202 and could be recovered to its original value byusing the same method mentioned above. So the method
supposed in this work might be used to treat the
irradiated wine. Of course for practical application,
it is necessary to know the hygienic safety standard
of the PAAM.
4. INITIAL STUDY ON IMMOBILIZATION OF ANTIBODIES

Encephalitis B is a kind of epidemic disease in
large area of China and it is easy to make wrong
diagnosis at. its early stage. The purpose of this
work is to immobilize McAta of encephalitis B onto a
suitable support and a simple, rapid and effective
diagnostic method of it was desired to develop.
Because the monoclonal antibody is very expensive, so
we started the investigation with some polyclonal
antibodies.
4.1. Immobilization of horse anti-human IgG

The purified sera of horse anti-human IgG was a
generous gift from the Virus Institute.

Polyacrylamide gel was used as the support
prepared via radiation method. The polyacrylamide gel
was cut into small pieces (-2X2X2 mm3) and dried at
60 OG in vacuo. The synthesis method of PAAM and
preparation of its azide were as same as described
before.
4.1.1. Immobilization

Azide of polyacrylamide gel was used to
immobilize the polyclonal antibody. Put the gels into
horse anti-human IgG solution (pH=9) at lower
temperature (~8 oc). After reactions at different
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duration the gel was taken out of the solution and
soaked in a mixture solution of IM NH Cl and IM NH^OH
for 5 hrs for eliminating the extra azide groups.
Subsequently the gels were washed several times with
phosphate solution (pH=7) so that the antibodies
adsorbed on the surface of gel could be washed out
as far as possible and stored the product in freezer .
4.1-2. Measurement of immobilized antibody

by Yb via
detector was

bound on
The purified human- IgG was labeled

DTPA cyclic dianhydr ide<8>. NaCl (Tl)
used to measure the radioactivity of
the antigen.

The reactions between horse anti-human IgG
immobilized on the polyacrylamide gel and antigen
human IgG labeled by lbyYb were performed at 37°C for
different period of time, then the gels were taken
out and washed with NaCl solution for several times.
Finally the radioactivity of gels were measured.
4.1-3. Results and discussion

The antibody-antigen complex, which was
immobilized onto PAAM gels, was washed continuously.
After each washing the radioactivity of gels was
measured. The relationship between the counts of
radioactivity and washing times was shown in Fig. 10.
which indicated that after 6-8 times washing the
radioactivity of both gels with and without antibody
tended to constant.
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FIG. 10.
Relationship between counts of radioactivity
and washing times.

a: with antibody,
b: without antibody.
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1 fi 9Adsorption of Yb labeled antigen on gel made
the curve have a plateau, but the difference between
the two plateaus of curves could prove that the horse
anti-human IgG has been immobilized onto
polyacrylamide gel.

In addition, the content of horse anti-human IgG
immobilized on gel increased with the period of
immobilization reaction. It increased, to a peak
value (at one hour reaction, it means the content of
active Ab on gel) and then decreased. These results
were similar with those described in previous
section(see Fig. 11).

o «E •E O
X

tä vi
> <-"
-l C
~> 3u oa u

20.

oo 10

30 60 90

FIG. 11.
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Content of active immobilized antibody asa function of reaction time.

4.2. Immobilization of immune rat-ascites A,
immune rat-ascites A2 was

the similar method.
also
The

Purified
immobilized by using
immobilized rat-ascites A2 was identified by ELISA-test. Put the substrate of enzyme into immobilized A2
systems then the colour of substrate would be
developed into pink and the content of immobilized A2
could be shown by degree of pink colour.

The result showed that 7 hrs of reaction would
give the optimum immobilization and further
increasing reaction period would also induce the
decreasing of colour change in the ELISA-test.
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Abstract

This report contains a review of our recent work as seen
from two aspects. The first is based on radiation processing
aspects while the second considers the assemblies from the
biotechnological standpoint. The approach taken in our studies
involves process optimisation, the development of a
hydrophilic/hydrophobic balance, copolymer characterisation
procedures, morphology rationalisation and appreciation of
activation/preferential adsorption effects. A range of
backbone polymers has been examined together with various
monomers (present singly or in mixtures). Coupling procedures
have been developed which are relevant to our particular
requirements. Enzymes of various types and characteristics
have been immobilised with considerable efficiency. The
immobilised biocatalysts have been shown to possess significant
activity and retention of activity on storage. There appears
to be a high degree of specificity associated with the
properties of the immobilised biocatalysts, their activity and
the ease of their preparation. The role of the continuous
medium at various stages in immobilisation, storage and
application appears to present a dominance which is in need of
rationalisation.

1. Introduction

We are interested in graft and block copolymers for a
variety of reasons. Included among these is the fascinating
physical chemistry associated with attempts at their
characterisation in the solid state, in solution or in hydrogel
assemblies. Another cause of our interest lies in the many
opportunities for polymer modification, which are provided by
reactive sites on the polymeric support. Such sites give
potential to graft copolymers and the the development of
intrinsic properties, as seen in the fabrication of a wide
range of intrinsically useful polymers. The principle involved
is that in which the required property (antistat, antioxidant
etc.) is an integral part of the polymer by virtue of the
covalent attachment of the active component to the backbone
polymer or to the grafted branches, as required. Hebeish and
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Guthrie (1), Ranney (2) and Stannett (3) have considered this
type of approach on various occasions and have shown it to be
of value in broadening the usage of copolymers in general but
particularly to the application of radiation technology within
this area of polymer modification and assembly.

Here, we are concerned with a particular range of
applications of block and graft copolymers, prepared by
radiation-induced processing, within the framework of
biocatalyst immobilisation. Those interested in the
chronological development of our work should consult the
relevant literature (4-45).

L.I Systems - Background Information
A range of polymeric supports has been utilised in graft

copolymerisation studies. These include the polysaccharides,
wood pulp cellulose, regenerated cellulose film, cotton
cellulose, alginates, agars, chitin, chitosan, pectins and
starches. Poly(galacturonic acid) has also been used.
Synthetic supports include polyolefins (poly(ethylene),
poly(propylene), poly(butadiene) and poly(isoprene), the
poly(vinyl halides), polyamides and polyesters). To these
supports, a wide range of monomers, both hydrophilic and
hydrophobic in type, have been grafted to provide a balance in
hydrophilic/hydrophobic character together with a range of
reactive sites. Mixed monomer assemblies have also been used
in multiple graft formulations. This is particularly true in
instances where maleic anhydride has been used to provide
block-copolymeric grafts (29-32).

The enzymes and cells which have been immobilised include
invertase, trypsin, acid phosphatase, chymotrypsin, alkaline
phosphatase, cellulase, alcohol dehydrogenase, azo-reductases,
urease, pectinase, glucose oxidase, B-galactosidase, bovine
serum albumin, bacillus stearothermophilus cells, ovalbumin and
pepsin. Affinity Chromatographie separation systems have been
prepared based on copolymers which have been treated with
Cibacron Blue F3GA and Procion Red H3B.

A range of coupling agents has been used. This includes
the corbodi-imides, Woodward's K reagent and EEDQ (for coupling
to -C001I groups), p-toluene sulphonyl chloride, p-benzoquinone,
epichlorohydin, Cyanogen bromide, chloro-S-triazine, and
thionyl chloride (for coupling to -OH groups) and
glutaraldehyde, epichlorohydrin and azo reactions (for coupling
to amino groups). Three "no-coupling agent" systems have been
examined, namely, the polymeric acid chlorides, maleic
anhydride copolymers and fluorinated styrene-based copolymers.

Copolymerisation processes have been carried out in
aqueous assemblies, in non-aqueous media and in systems which
have hybrid, continuous media composition. Kinetic and
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mechanistic aspects have heen examined in detail as have
specific interactions. From these studies emerges a
realisation of the complexities which are an integral part of
these engineered, molecular compositions.

It is our opinion that graft copolymerisation reactions
provide opportunities for artifacts to be manifest. Thus, we
can identify artifacts arising from monomer impurities, medium
impurities, operator error, preferential adsorption phenomena,
non-steady state behaviour, unwarranted assumptions, non-
homogeneity in branch/crosslink networks, aspects related to
proof of grafting, features associated with site access, the
ability to achieve modification specificity and so on.
Perhaps particular. attention should be paid to so-called
"Trommsdorff" effects. Here we need to distinguish between
viscosity/diffusion phenomena, features related to enhanced
substrate/monomer/activator activity, the effects of variation
in the distribution of the continuous medium and so on.

Artifacts also arise in immobilisation and in the
application of immobilised .biocatalyst systems. However, much
less is known of such aspects of this emerging technology.

Our brief lies largely in the use of copolymerisation in
biocatalyst immobilisation. It is of value, therefore, to
consider those variables which are known to be of relevance to
grafting reactions. These factors include the substrate type
and form, the monomer type and reactivity, monomer combinations
and concentrations, initiation type and routes, reaction
routes, kinetic factors, crosslinking monomers (where present)
and also the effect of additives (whether physical or chemical
in their effect on the composition).

Woodward has provided an excellent review of practical
approaches to the immobilisation of cells and enzymes (16).
The procedures have relevance to other biocatalytic operations,
to the immobilisation of drugs and to biomedically-based
composites (47). In this text, no consideration is given to
the potential offered by graft copolymers to immobilisation or
to the part played by radiation processing technology to
biomedical/biochemical methodology. In a way, this is not too
surprising. The application of graft and block copolymers in
these fields is a somewhat novel concept. We also need to
address the manner in which this area of research and
development has become compartmentalised.

The underlying problems are seen to be those of lack of
communication within groups, company security, safety in use
requirements, interdisciplinary rationalisation and so on. It
appears that rationalisation of policies is needed whereby, for
example, certain areas of need are targeted, technical experts
from within related fields are assembled and guidelines
proposed. In this way, process optimisation can be achieved in

71



the minimum time. One can state the point simply. The
chemistry and biochemistry may be perfected but if the system
cannot be processed in the correct way, it will not be viable.

There is a danger of considering the different types of
support material to be in competition with respect to
immobilisation. This is not the case. Each group serves to
meet particular needs. Thus, adsorption (alumina, bentonite
clays, carbon, glass, ion-exchange resins, silica gel),
covalent attachment to "simple" supports (agarose, cellulose,
glass, poly(acrylamide) and its copolymers and covalent
attachment to various block and graft copolymers, all have
their part to play.

We should now address the nature of the immobilised
biocatalyst assembly on formation and in application. Of
obvious importance is the manner in which the graft copolymer
relates to the rest of the composition. A similar case can be
made out for homopolymeric supports and for block copolymeric
supports, though there will be considerable differences in
behaviour between the systems and within systems.

Figure 1 gives a schematic view of what might be a typical
situation. Here, we consider a block copolymeric branch which
has been grafted onto a homopolymeric backbone in order to
enhance the reactivity of the system and modify its
hydrophilicity. The copolymer assembly is present in a
buffered, aqueous, continuous medium in the presence of the
enzyme to be coupled. In the example shown, no coupling agent
is required. However, most systems require the use of a
coupling agent in order to provide essential covalent linkages.

FIG.1. Block copolymeric branches attached to a homopolymeric backbone
(poly(ethylene)). System based on a maleic anhydride alternating
assembly with a second comonomer.
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Figure 1 is based on studies carried out using poly(ethylene)
as the backbone with maleic anhydride and styrène as the two
co-monomers. Many variations on this theme exist which provide
effective coupling and reasonable retention of activity (37).
Figure 1 provides a model for many other, similarly complex
situations about which, in reality, relatively little is
known.

2. Copolymer Composites in Immobilisation

2.1 Immobilisation of Proteins on HEMA-Based Graft Copolymers

HEMA graft copolymers of Nylon 6,6 and low density
poly( ethylene) (fibre and film forms in each instance) were
prepared with graft levels in the range 0-100% "add-on". In
addition, PVC-graft.co-HEMA copolymer powders were prepared in
the "add-on" range from 0 to 9% by weight. These were selected
on the basis of their ability to become involved in the
immobilisation of proteolytic enzymes and other proteins
through activition of their hydroxyl groups.

Table 1 relates to the immobilisation of bovine serum
albumin. The results contain certain surprises in that the
irradiated, uncopolymerised, activated PVC and Nylon 6,6
supports immobilised the protein whereas the non-irradiated,
activated equivalents did not. Thus, we have evidence for the
radiation-induced production of useful, potential activation
sites. When monomer-free, inactivated copolymers were treated
with N,N,-3,3' dimethylaminopropylamine, prior to being
activated, they failed to immobilise the bovine serum albumin.
Obviously, the groups formed on the backbone surface were able
to react with the p—benzoquinone in order to immobilise
proteins. Table 1 shows that there is a degree of specificity
with regard to immobilisation. The order of general
effectiveness in this system is Nylon 6,6 >- poly(ethylene)>
PVG.

Artifact phenomena appear to be a factor in this system.
This is indicated in Figure 2 for the Nylon 6,6-g.co-HEMA
system together with p-benzoquinone. Nylon fibres were used
and the extent of grafting was 177% by weight. In Figure 2 we
see that the amount of p—benzoquinone reaches a maximum at an
addition of^60 mM. A marked decrease is seen thereafter until
the uptake levels-off. This in itself is a complicating
factor. The system is made even more complex by the
possibility that subsequent coupling to protein may also
possess maximisation characteristics. Table 2 shows that the
extent of coupling to the copolymers is time dependent at a
given concentration of p-benzoquinone. Thus, we have the
reality of a concentration and time dependence for maximum
efficiency in coupling and immobilisation.
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TABLE 1. IMMOBILIZATION OF BOVINE SERUM ALBUMIN (BSA) BY
POLY(ETHYLENE), NYLON AND PVC BASED COPOLYMERS WITH HYDROXY-
ETHYLMETHACRYLATE (HEMA) GRAFTS

H£MA-
Cbpolymer
Subs träte

Powder
Nylon

PVC

Poly(ethylene)

HEMA
%

Graft

(1) Q
(2) Q

48
80
95

(2) fl

1
5
9

115

BSA Iimobilized (itcr/g)*
Using Activation Methods

p-Toluene
Sulphonyl
Chloride

3
11

0
0
9

38
0
0
0

0

Cyanogen
Bronide

6
7

12
ND
0

0
0
0
0

NO

p-Benzoquinone

40
0

ND
ND
33

0
0
0
0

38

(1)

(2)

Substrate Irradiated In Solvent (CH,OH) prior to treatment with
activating reagent.

Substrate Irradiated In solvent + Manotner (10ft HQ1A)

ND » Not determined.

75

50 -

25 •

eo 100 120 HO

Concentration of p-benzoquincne (nM)

160 ieo

FIG.2. p-benzoquinone g"1 copolymer against p-benzoquinone concentration
for Nylon-g-co-HEMA 177% fibres.
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TABLE 2. AMOUNT OF p-BENZOQUINONE ATTACHED TO NYLON-g.co-HEMA
117% FIBRES AFTER VARIOUS TIMES OF ACTIVATION WITH p-BENZOQUINONE
(50 mM)

Time of Activation

(Minutes )

5

10

15

20

30

60

120

240

1440

p-Benzoquinone attached (ncf/g)

72

84

93

78

114

76

82

48

38

Table 3 relates to the immobilisation of serine proteases
on the HEMA-based graft copolymers. Here we consider the
immobilisation of trypsin and chymotrypsin using a variety of
activation methods. The relevant assay procedures have been
fully outlined elsewhere (39). With trypsin, only the highly
grafted poly(ethylene) powder copolymers, activated with p-
benzoquinone, immobilised the enzyme successfully. All the
other copolymers, activated with either p-benzoquinonme or
cyanuric chloride, immobilised trypsin but with poor retention
of activity. Also, the amount of protein, immobilised using
either p-toluene sulphonylchloride or cyanogen bromide was low.
Generally, the powdered samples immobilised more trypsin than
did the fibrous samples. This, perhaps, is due to the
differences in surface area between the two sample forms. Thus
the larger surface area powder would allow the graft copolymer
to exhibit a more open conformation.

Chymotrypsin provides lesser amounts of active protein
than does trypsin. This is, perhaps, due to the larger size of
the chymotrypsin which results in difficulties of site access.
The differences between the amount of protein coupled and the
resultant activity levels gives cause for concern in that
classic signs of specificity in coupling are apparent. This
specificity covers the range of coupling agents and also the
various graft levels. It is clear that this is a point which
is worthy of considerable attention.
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TABLE 3. IMMOBILIZATION OF SERINE PROTEASES ONTO HEMA BASED GRAFT COPOLYMERS

(HEMA)-
Copolymer
Substrate

Powder
Poly(ethylene)

Nylon

Fibres
Polyethylene)

Nylon

HEMA

Graft

16
113
43
79

11
100
10
99

Trypsin Immobilized (mg/g)
Using Activation Methods

p-Toluene
sulphonyl
chloride
mg/g
j(l)

15
9
12
11

0
1
34
36

mg/g
Active

0.0
0.3
0.2
0.3

0.6
0.4
0,0
0.0

Cyanogen
Bromide

mg/g
I

0
0
5
7

1
0
60
50

mg/9
Active

0
0
0.1
0.0

0.1
0.0
0.0
0.0

Cyanuric
chloride

mg/g
I

267
103
112
25

0
0
36
56

mg/g
Active

1.7
0.9
0.2
0.2

0.5
0.7
0.0
0.2

p-Benzo-
quinone

mg/g
I

88
199
64
12

0
0
89
154

mg/g
Active

0.3
4.7
0.3
0.1

0.5
0.7
0.4
0.4

Chymotrypsin Immobilized (mg/g)
Using Activation Methods

p-Toluene
sulphonyl
chloride

mg/g
I

0
0
0
4

ND
ND
ND
ND

mg/g
Active

0.2
0.1
0.2
0.2

ND
ND
ND
ND

Cyanogen
Bromide

mg/g
I

0
0
0
0

ND
ND
ND
ND

mg/g
Active

0.2
0.0
0.8
0.0

ND
ND
ND
ND

Cyanuric
chloride

mg/g
I

22
86
0
0

ND
ND
ND
ND

mg/g
Active

0.5
0.1
1.0
0.2

ND
ND
ND
ND

p-Benzo-
quinone

mg/g
I

0
0
66
15

ND
ND
ND
ND

mg/g
Active

0.4
0.1
0
0

ND
ND

ND
ND

* « Determined by difference
I ** Immobilized
ND = Not determined Active = Expressed as the amount of enzyme still active rag enzyme g"1 copolymer.



Table 4 gives data associated with further attempts at the
successful immobilisation of proteases. Here, p-benzoquinone
is largely ineffective, p-toluenesulphonyl chloride and
cyanogen bromide are only marginally of value whereas cyanuric
chloride produces large values of immobilised protein.
However, as previously, the activation levels of the
immobilised species are low.

TABLE 4. IMMOBILIZATION OF PROTEASES ON HEMA BASED GRAFT COPOLYMERS

(HEMA)-
Copolymer
Substrate

Powder
Poly(ethylene

Nylon

'ibres
Polyethylene)

HHMfi
%

Graft

16

113

43

79

28

80

Enzyms
(proteasej

Streotcmyces
caespitosus
Pepsin

Aspergillus
oryzae
S treptomyces
caespitosus

Pepsin
Asoergillus
oryzae
S treptomyces
caesoitosus
Aspergillus
oryzae
treptomyces
caesDitosus
Aspergillus
oryzae

treptomyces
-aespitosus

ii

Protein Immobilized (mg/g)
Activation Method

p-Toluene
sul phony 1
chloride

ng/9
r(D

26

4

0

0

0

0

12

0

0

15

0
18

mg/g
Active

0

0

0.2

0

0

0.2

0.1

0

0.2

0.4

0
0

Cyanogen
Bromide

ng/9
I

32

9

0

0

4

8

0

0

19

7

0
0

rng/g
Active

0

0

0.2

0

0

0.3

0.1

0.1

0

0.4

0
0

Cyanuric
chloride

"3/9
I

198

46

66

67

47

148

32

8

27

87

46
79

1*3/9
Active

0.1

0

0

0

0

Û.1

0

0.2

0.1

0.2

0
0

p-Benzo-
quinone
"3/9
r

0

0

0

0

0

0

0

0

0

0

0
0

mg/g
Active

0.1

0

0

0.1

0

0.6

0

0.4

0

0.3

0.1
0.1

* = determined by difference

(1) » Immobilized enzyme (rag/g)
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HEMA-based copolymers, after controlled partial
hydrolysis, are amenable to coupling through the newly formed
carboxyl groups. Table 5 provides data for carbodi-imide
coupling (carried out at pH = 5,0.1 M NaHC03). It is clear
that the powder form of the poly(ethylene)-g.co-HEMA is a
more successful system than is the corresponding fibre form.
This approach was adopted for a range of proteases, as shown in
Table 6. In general, the amount of protein immobilised is high
but the activity levels of the resultant coupled protein are
very low.

TABLE 5. IMMOBILIZATION OF TRYPSIN ONTO HEM A BASED COPOLYMERS
USING CARBODI-IMIDE ACTIVATION (pH9.5, 0.1 M NaHCO3)

(HEMA)-
Copolymer
Substrate

Powder
Poly(ethylene)

Fibre
Poly(ethylene)

HEMA
%

Graft

16

113

11
67
117

%

Hydrolysis

27

46

80
62
30

*Trypsin immobilised (mj/g)
Using Activation Methods

CMC
I

0

183

0
0
18

A

0.8

19.2

0.3
0.3
4.5

EDAC
I

0

343

0
13
0

A

1.0

7.8

0.7
1.1
2.6

* = determined by difference

I = Inmobilized

A = Activity expressed as free enzyme attached (mg/g)

2.2 The Immobilisation of antibodies on Poly(propylene)~ and
Nylon-g.co-HEMA. (Fibre Form)"

The graft copolymers (10-200% by weight, "add-on") were
prepared and investigated for their use as solid supports in a
second antibody radioimmunoassay (RIA). The assay of human
growth hormone (HGH) was used as the model system. The second
antibody raised in rabbit is active against the complex of
human growth hormone and the antibody to the hormone raised in
sheep.
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TABLE 6. IMMOBILIZATION OF PROTEOLYTIC ENZYMES ONTO 11
POLY(ETHYLENE)-g.co-HEMA 46% HYDROLYSED POWDER COPOLYMER USING
CARBODI-IMIDE ACTIVATION (pH9.5, 0.1M NaHCO3)

Protease

Chymatrypsin

Streotomyces caespitosus

Aspergillus oryzae

Pepsin

Brcmelain

Ficin

Papain

Protein Inroobilized (mg/g)
Using Activation Method

CMC
I

190

26

0

4

105

62

27

A

0.0

0.3

0.2

0.0

0

0

0

EDAC
I

7

0

0

0

ND

ND

ND

A

0.0

0.2

0.2

0.1

ND

ND

ND

* = determined by difference

I = Immobilized

A = Activity expressed as free enzyme attached (mg/g)

ND = Not determined

Table 7 shows the results developed using different
hydroxy-group activating agents. There appears to be a
significant degree of non-reproducibility coupled with high
levels of adsorption. This could arise either from the
presence of occluded homopolymer or from the existence of a
diffusion barrier provided by highly entangled, grafted
branches. In reality, we would require that the level of
adsorption should be as low as possible. This is because a
particular protein, whether the antigen, antibody or the
complex may be taken up. With a second-antibody immunoassay,
this adsorption would tend to cause the results to be low.
This is bacause diffusion could upset the first antibody-
antigen equilibrium in solution, causing less radiolabelled
material to become attached to the second antibody on the
copolymers.
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TABLE 7. RABBIT ANTISERUM PROTEIN ADSORBED OR IMMOBILIZED ONTO 'PARTIALLY
EXTRACTED' HEMA-g.co-NYLON AND HEMA-g.co-POLY(PROPYLENE) POLYMERS (USING
DIFFERENT HYDROXYL ACTIVATING AGENTS) (3)

(HEMA)-
Copolymer
Substrate

Fibre
Poly ( propylene )

Nylon 6

Nylon 6,6

Nylon 6,6
(Crimped)

HEMA
%

Rdd-on(1)

3
23

295

180

365

*Protein Immobilized (mg/g)

Activation Method

p-Toluene Sulphonyl
chloride

Coupled

53
55

118

0

154

Adsorbed*2'

91
156

88

228

63

Cyanogen
Bromide

Coupled

ND
25

41

46

50

Msorbed

ND
27

27

59

33

p-Benzoquinone

Coupled

ND
48

90

65

49

Adsorbed

ND
50

36

0

26

* = Determined By Difference (BSA units)
(1) = "Add-on" represents the increase in weight after grafting

and includes residual haiupolymer
(2) = All "controls" were treated as for the activated sample except

that the activating agent was omitted
ND = Not determined
(3) = Antiserum diluted 10 fold

2.3 Adsorption of 125I-HGH by Poly( propylene )-g-co-HEMA,
Nylon 6-g co-HEMA, Nylon 6,6-goCo-HEMA. and Crimped Nylon-
g.co-HEMA

The ability of the partly extracted fibres to adsorb the
proteins from an equilibrated mixture of the first antibody and
HGH was examined using radiolabelled antigen (^^I-HGH). -ĵ g
amount of labelled material adsorbed by each fibre, which may
be labelled HGH or labelled HGH-antibody complex or a mixture
of the two, was approximately 11 to 14 mg per 50 mg of
copolymer. The unlabelled antiserum proteins may also have been
adsorbed. The total concentration of protein in the commercial
assay solution was very low at approximately 100 ng per cm^.
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Despite the high level of adsorption of radiolabelled material,
the partially purified fibres that had taken up protein from
the 10 fold-diluted rabbit antisera, were washed thoroughly to
remove the excess protein and then the fibres were used to
remove the first antibody-antigen complex.

Table 8 shows that the copolymers removed relatively small
amounts of the labelled material and the non-specific
adsorption of labelled material by the immobilised second
antibody seemed low. The low uptake of labelled material was
due to either the amount of immobilised active second antibody
not being adequate or to the fact that the rate of diffusion of

TABLE 8. THE REMOVAL OF !25I-HGH PROTEINS FROM FIRST ANTIBODY-
INCUBATED SOLUTION (500 ̂ L) BY A NUMBER OF 'PARTIALLY PURIFIED'
HEMA CONTAINING GRAFT COPOLYMER FIBRES WITH ANTISERA PROTEIN
IMMOBILIZED

(HEMA)-
Copolymer
Substrate

Fibres
Poly(propylene)

Nylon 6

Nylon 6,6

Nylon
(Criirped)

HEMA
*

Md-0l(1)

23

295
tl

H

it

180
It

365
M

H

n

Activation

Mathod

Control'5'

ptS(2)

CNBr<3>

PBq(4)

Control (5)

pBq'4'
Control

pis'2'
CMBr«3'
PBq(4)

Control (5)

Antisera
Protein

Inmobilized
mg/g*

0

lia
4l

90
0

65
0

154
50
49
0

%
Removal

of
125I Protein

21

25
11
21
24

13
24

30
6
12
28

by SO mj
Sanples

* " determined by difference
( l ) = "Add-on" represents the increase in weight after grafting and

includes occluded noncpolymer
(2) = p-toluene sulphonyl chloride
(3) = cyanogen bromide
(4) « p-benzcxjuinone
(5) = All "controls" were treated as the activated sanple except that

the activating agent was emitted
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second antibody desorbing from the fibres is sufficient to
upset the equilibrium. To be of use in an assay, the non-
specific adsorption onto the copolymer should be reduced.
Figure 3 shows the results of washing the fibres with 1 cm-*
portions of buffer containing bovine serum albumin. This
washing caused a considerable reduction in the adsorption of
radiolabelled material. After 20 washes, only 2% was still
adsorbed. A noteable exception was the poly(propylene)-g.co.-
HEMA system which still retained 8% of the labelled
material after the same treatment.

Similar procedures were applied to the study of the
immobilisation and adsorption of rabbit ^-globulins,
rabbit albumins and protein from rabbit serum on original
copolymer assemblies and on their partially hydrolysed
equivalents. These results await rationalisation and
will be reported in due course. This situation also

= Nylon-g.co-HEMA 180%

= Poly(propylene)-g.co-HEMA 23%

8 10 12 14 16 18 20 22

on of buffer wash

FIG.3. Percent retention of labelled 125I-HGH by various copolymers.
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applies to studies in optimisation of efficiency as
seen in studies of the effect of pH, the protein
concentration, the use of extremely highly grafted
copolymers and the use of lowly grafted copolymers.

2.4 Affinity Chromatography using Radiation Graft Copolymers

A number of graft copolymers based on Nylon—
g.co-hydroxyethyl methacrylate and poly( ethylene)-g.co-
hydroxyethyl methacrylate, in the range of 12% to 146% "add
on", were assembled and, after extraction of homopolymer, were
treated with an aqueous solution of purified Cibacron Blue F3GA
either over 2 hours (coded Series A) or 18 hours (coded Series
B). The amount of ligand attached (Cibacron Blue F3GA) was
determined either by dissolving the copolymer or by difference
in the ligand concentrations before and after treatment with
the copolymers. The two assay methods give different values.
With both series, there is no clear relationship between the
amount of dye coupled and the % grafted "add on".

The ability of columns, containing the copolymer-ligand
complexes, to retain protein from human serum was compared with
columns containing Sepharose 4B-Cibacron Blue F3GA. The
retention of protein on series A was marginally better than the
retention on the series B columns. The apparent lack of
specific interaction of the graft copolymer systems is somewhat
disappointing, especially as equivalent concentrations of
ligand were available when comparison is made with the
Sepharose 4B complex. None-the-less, the systems are of
interest from kinetic, mechanistic and morphological
standpoints.

Despite the low level of binding recorded, specific
interactions were noted. Figure 4 relates to the binding of
pure human serum albumin on variation of the pH of the
continuous medium. It is clear that an optimum exists in the
pH 5 region. Variations on the above theme included the use
of cellulose-g.co-HEMA, and poly(ethylene)-g.co-poly(vinyl
alcohol) (hydrolysed poly(vinyl acetate) branches).
Unfortunately the levels of protein retention were of the same
order as provided by the poly(ethylene) based assembly.
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•-« = Nylon-g.co-HEMA (91%)
O-O = poly(ethylene)-g.co-HEMA (117%)

u>
<

FIG.4. Retention of protein from pure human serum albumin samples by
Cibacron Blue F3GA-Nylon and poly(ethylene) graft copolymers against pH.

2.5. Immobilisation of Enzymes onto Poly(ethylene)-g.co-
methacrylic acid, E^; Poly(ethylene)-g.co-hydroxyethyl
methacrylate)-g.co~methacrylic acid, Ep and
Poly(ethylene)-g.co-methacrylic acld)-g.co-hydroxyethyl;
methacrylate, E-^
In these studies emphasis was placed on the immobilisation

of papain, trypsin, glucose oxidase, glucoamylase, B-
galactosidase and chymotrypsin. Here, the parent systems Ei
(1 to 3) were prepared. Examples with different graft levels
were then regrafted using hydroxyethyl methacrylate as the
second monomer to yield E^, A related poly(ethylene)-g.co-
hydroxyethyl methacrylic copolymer was subjected to regrafting
using methacrylate acid as the comonomer to yield £2« The
rationale involved the provision of grafted branches on
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existing grafts as well as on the backbone. This gives changes
in reactive site accessibility through modified morphology and
excluded volumes of operation. Coupling was provided, via the
carboxylic acid groups on the matrix, using conventional
coupling agents and recommeded coupling and assay procedures.
In the various sequences, grafting was carried out at a dose
rate of 9 rads/s to a total dose of 0.78 Mrad. CuCl2 (10~"2mol dm~"3) was used to give some inhibition of attendant
homopolymerisation. Aqueous solutions of the monomers were
used at the 10% (w/w) level. As always, exhaustive procedures
were adopted, aimed at the extraction of available
homopolymer.

The results from this part of our studies are presented in
tabular form from the standpoint of biocatalyst immobilised.
The data are presented in Tables 9 and 10, and related to
samples from the grafting profile code E^ (1) to E^ (3).
Other samples from the assembly denoted E-^ were subsequently
regrafted with hydroxyethyl methacrylate (£3 (6). Those
samples of poly(ethylene)-go.co-hydroxyethyl methacrylate were
regrafted with methacrylic acid are coded £2 (4) and £2
(5). Both E2 (4) and Eo (5) are derived from a copolymer
based on poly(ethylene) which has been radiation-induced
grafted with hydroxyethyl methacrylate to provide a 55% (by
weight) "add-on". Such a sample was subsequently regrafted in
two ways:- (a) with methacrylate acid in a FUO/CHoOH
(80/20) medium using CuCl2 (10~2M) over 48 hours of
irradiation to give a multiple graft copolymer containing 55%
of poly(hydroxyethyl methacrylate) branches and 80% of grafted
methacrylic acid and (b) with methacrylic acid in water only.
The grafting procedures were as outlined in (a). In this
instance, the graft level was 55% with respect to
poly(hydroxyethyl methacrylate) and 92% with respect to
methacrylic acid.

The sample coded E-j (6) was taken from Ej^ and
contained 47% (by weight) of grafted methacrylic acid. This
sample was subsequently grafted with hydroxyethyl methacrylate
in methanol with 10~2M CuCl2 as the inhibitor of
homopolymerisation, using a dose rate of 9 rads per second over
72 hours. This provided a copolymer containing 47% (by weight)
of grafted methacrylic acid and 22% (by weight) of grafted
poly(hydroxyethyl methacrylate).

The above sample description is somewhat complex. Thus,
the codes used in Tables 9 to 14 should be scrutinised with the
assistance of the key available above.
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TABLE 9. SYSTEM-E, (POLY(ETHYLENE)-g.co.-METHACRYLIC ACID):
/3-GALACTOSIDASE

CODE % Graft I r radia t ion time [-COOH] Act ive Enzyme E . U . g "
minutes m mol Attached

mg g-'

l NA 600 0.43 4.2 20

2 28% 990 2.26 3.2 15

3 49% 5660 3.64 3.8 20

TABLE 10. SYSTEM E, (POLY(ETHYLENE)-g.co.-METHACRYLIC ACID): TRYPSIN

CODE % Graft I r r ad ia t ion Time [-COOH] Enzyme E ( a c t i v e )
m i n u t e s m mol mg attached mg g

g"

1 MA 600 9,43 40

2 28% 990 2.26 30

3 49% 5660 3.60 30 2
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TABLE 11. IMMOBILIZATION OF PAPAIN

CODE Coupling pH Papain
Agent of coupling Immobilised

E2(4) CMC 5.0

£2(5) CMC 5.0

E3(6) CMC 5.0

EjCZ) CMC 5.0

£-,(3) CMC 5.0

mg g
150

166

no
124

180

Active Papain
Immobi 1 i sedmg g

0.4

0.3

51.4

9

0

TABLE 12. IMMOBILIZATION OF GLUCOAMYLASE (pH = 5, CMC COUPLING)

CODE Enzyme Immobilised Active Eyzyme Retention of Units of
mg g immobilised activity activity

(total) mg g (%) retained

E2 (4) 180 1.4 0.8 17

E2(5) 210 0.5 0.24

E3(6) 80 1.6 2.0 24

100 2.0 2.0 24

180 2.0 1.1 22
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TABLE 13. IMMOBILIZATION OF GLUCOSE OXIDASE
(pH = 5, CMC COUPLING)

Code Total Enzyme Active Enzyme % retention Units of
Coupled Coupled of activity Active Enzyme
mg g mg g~ retained

E 2 ( 4 )

E2(5)

E3(6)

E , < 2 )

V3)

55

45

48

25

49

0.01

0.02

0.02

0.06

0.02

0.02

0.03

0.03

0.22

0.04

1

2

2

7

2

TABLE 14. IMMOBILIZATION OF CHYMOTRYPSIN (COUPLING WITH CMC)

*(in the presence of casein under the same conditions)

CODE pH Total enzyme Active Enzyme Active Enzyme
(buffer) Coupled coupled Coupled»

mg g mg g" mg g~

5 22 0.6 3.1

(NaOAc)

7 4.0 0

(Na Phosphate)

8.2 - 4

(NaHC03)

120 0 3.4

£,(2) 7 20 0.5

8.2 19 3.4

5 24 0.2 3.2

7 16 0.8

8.2 28.5 2.9
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It is clear that it is common for relatively large amounts
of protein to become immobilised, but that the level of
activity possessed by this immobilised protein is low.
However, depending on the unit activity of each biocatalyst,
the system could be viable particularly in bioassay procedures.
There is growing evidence in our work that those enzymes which
are immobilised successfully, with their activity intact, are
significantly more robust towards processing, application and
recycling than are their non-immobilised equivalents. Also,
the levels of activity obtained in our studies match those
which are currently available in adsorbed and entrapped
assemblies, in many instances.

However, we must not delude ourselves into thinking that
there are no problems or that our systems cannot be improved.
We can perhaps summarise this section of our work to date by
indicating that, as the concentration of carboxylic acid groups
in our copolymers increases, so does the amount of protein
coupled. Unfortunately for our purposes, this increase in
carboxylic acid group content is matched by a reduction in the
activity of the immobilised biocatalyst. Again, we have
problems which warrant further study.

2.6 Miscellaneous Systems

Here we wish to give an insight into other aspects of our
work. Each of the examples involves the use of copolymers
prepared by radiation induced grafting at a dose rate of 9 rads
s"~*, with grafting occurring over the stated time.

Cellulase has also been immobilised on pectin, grafted
with hydroxyethyl methacrylate and maleic anhydride
concurrently. Irradiation was carried out for 48 hours at a
dose rate of 9 rads s~" . The graft level achieved was 177%
by weight. Coupling was carried out at pH = 5. 53 mg of
cellulase were immobilised per g of copolymer of which 30 mg
were active.

These results are very encouraging. These systems are the
subject of current research within our group.

The immobilisation of azo-reductase and an assessment of
the value of this immobilised enzyme is the subject of current
research in our group.

Assessment has been carried out using solutions of C.I.
Acid Red 183 and C.I. Direct Orange 73. In a typical
procedure, solutions of the dyes (20 ppm in a pH = 6.0
phosphate buffer) were assembled. The immobilised yeast cells
(carrying azo-reductase) on the graft copolymer were added and
the system incubated for 24 hours at 37°C. Reference samples,
without immobilised cells, were also examined. Changes in
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colour strength were monitored at the wavelength of maximum
adsorption of the individual chromophores. No colour loss was
observed with the standards. The corresponding colour loss
values for systems containing the immobilised yeast cells were
76% (f3%) and 69%(f5%) in triplicate assessments for the
C.I. Direct Orange 73 and C.I. Acid Red 183, respectively.
Much work remains to be completed in this type of system. The
results to date are encouraging. This is particularly true in
view of known difficulties associated with the successful
immobilisation of azo-reductases and the applications available
to such a system in areas such as effluent treatment.

In this review of our work, little attention has been
given to the characterisation of our copolymers. Concurrent
studies are being undertaken to this end. Routes to
characterisation, employed within the group include
spectroscopic analysis, solid-state and C(L3)-NMR, inverse
gas chromâtography, light scattering photometry, osmometry,
size-exclusion chromato-graphy, various thermal analysis
techniques and microscopic techniques as well as kinetic
analyses. We fully recognise that support (copolymer)
characterisation is a vital feature in achieving an
understanding of the nature of immobilised biocatalysts.
With copolymers, unambiguous characterisation is a
difficult and complex matter. However, we make
considerable effort to ensure that these aspects are not
neglected.
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Abstract

In the report have been presented the results of
studies on the application of radiation technique to
the production of biomaterials such as vascular prosthe-
ses with increased hydrophilicity and improved tight-
ness, a special type of ocular insert devices contai-
ning the drug against glaucoma as well as different
kinds of wound covering materials. These materials have
been obtained on the base of radiation crosslinked
synthetic polymers. As source materials appropriate
aqueous solutions of monomers were used.

In the first part of this report are presented
the results concerning the radiation polymerization
and crosslinking of N-vinylpyrrolidone in aqueous so-
lutions in the presence of different additives (Ĝ ,
N20, CH3OH).

1. INTRODUCTION
Hydrogels are hydrophilic crosslinked polymers

which in the presence of water absorb a significant
amount of it to form elastic gels.
Since the development of 2-hydroxyethyl methacrylate
(HEMA) gels in the early 1960's [ 1 ], hydrogels as
a class of materials have frequently been considered
for use as biocompatible interfaces in a variety of
applications. The soft, non-abrasive quality of the
gels, their wettability and permeability to low mole-
cular weight biologically active substances make it
possible to prepare materials with good or even ex-
cellent biomédical properties.

This work has been carried out under IAEA research
contract RB 3379/POL as well as national program-
mes CPBP 01.19, CPBR 3.12 and CPBR 5.8
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Ionizing radiation is a very useful tool to cre-
ate hydrogels of different shapes, different degrees
of crosslinking and swelling and different composi-
tions. These processes can be often connected with
simultaneous sterilization of the final products [2,3].

Radiation gel formation may take place by cross-
linking linear polymers in the solid state as well as
in solutions. The processes occuring in aqueous so-
lutions are characterized by a high radiation yield.
Therefore, they are preferred from technological point
of view.

It often happens that monomer or its solution is
also the initial material for hydrogel formation.
N-vinylpyrrolidone (VP) seems to be particularly use-
ful to this purpose. A good solubility in water and in
most of the organic solvents creates the possibility
of obtaining drug solutions in the monomer.
Although first studies devoted to radiation reactions
of this monomer have been already carried out in the
1950's it is still the object of general interest [ 4 J
Recently some interesting publications have already
been devoted to radiation polymerization of VP and the
crosslinking of polyvinylpyrrolidone (PVP) [_5-7 ] .
However, there is no publication describing the chan-
ges occurring in the system starting from polymeriza-
tion up to the formation of polymer network.

2. EXPERIMENTAL
N-vinylpyrrolidone used in this studies was

a trade product of Merck-Schuchardt, FRG.
Double distilled water was used to prepare the solu-
tions. Solutions in ampoules were deaerated by satura-
tion with argon and sealed hereafter.
Irradiation of monomer/.solutions was carried out in
isotopic device ff r-Co at 293 K. The dose rate de-
termined by Fricke's dosimeter was equal to 0.23 Gy/s.
The unreacted monomer was estimated spectrophotome-
trically at 233 nm.
The sol fraction was removed by 24 h extraction with
hot water. This, so obtained gel was dried to the
constant weight (W ) and next swelled in water to
attain the state of equilibrium (3 weeks) at 303 K
(at the proportion of the mass of water to the mass
of dry gel higher than 500). After estimation of the
mass of swelled gels (W ) they were dried again to
the constant weight (W 5 at 363 K.
Polymers used for the Determination of molecular weig-
hts were separated from corresponding monomers as
follows: the monomer - polymer mixture was dried at
303-313 K to evaporate water, extracted with ethyl
ether, decanted and filtered off.
The polymer was dried under vacuum (T = 313 K).
The data for weight - average molecular weight were
calculated from viscosity measurements in water at
298 K by using the following equation established by
Bühler and Klodwig for unfractionated PVP [ 8 ]

96



= 5,65 10- J 1,64

where [^ ] , the limiting viscosity number is expres-
sed in units of dl g~ .

3. RESULTS AND DISCUSSION
3.1. Polymerization
The final effect of the action of ionizing radia-

tion on N-vinylpyrrolidone and its aqueous solutions
was the formation of gels. This effect was preceded
for lower values of the absorbed dose by polymeriza-
tion of the monomer and the changes in its molecular
weight.
FIG. 1 shows the dependence of the grade of monomer
conversion in a polymer on the absorbed dose. These
results were obtained in the systems saturated with Ar

2J3
Dose [kGy]

FIG. 1. Conversion of N-vinylpyrrolidone vs. absorbed dose,
Aqueous solution of monomer saturated with Ar:
O 5%, • 10%, A20%, D 40%, A 60%, • 80%,
O 100% (wt).

The process of polymerization seems to be typical for
radical mechanism with three stages of this reaction
i.e. initiation, propagation and termination. The rate
of polymerization is the least for the system conta-
ining pure monomer. The presence of water markedly
accelerates this process. The acceleration of the po-
lymerization caused by the presence of water in the
system points out that beside direct action of ioni-
zing radiation on monomer the products of water ra-
diolysis play an essential role.
N-vinylpyrrolidone radicals (R'), reacting with mono-
mer molecules and giving rise to the chain increase
may be formed through direct and indirect action of
ionizing radiation i.e. as the result of reaction
with intermediate products of water radiolysis.
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M
S(H90)
S ' + M —

S' (OH', H
(1)
(2)
(3)

Radiation yield of reaction (2) is many times higher
than that of (1) leading to the increase in the rate
of polymerization.
In FIG. 2 is shown the dependence of the degree of
N-vinylpyrrolidone conversion with respect to dose in
the presence of additives.
Oxygen present in the system inhibits the process of
polymerization (curve 5, FIG. 2) but in the presence
of water this inhibition is rather small. Oxygen acts
as a scavenger of free radicals what is a competitive
reaction to the process of polymerization. This exerts
a significant influence upon the polymerization rate
of pure monomer.

1,0 2,0 3,0 4,0
Dose !kGyl

FIG. 2. Conversion of VP with respect to dose.
10% (wt) aqueous solution of monomer: 1 - saturated
with air; 2 - saturated with Ar; 3 - saturated with
N„0; 4 - 2M CH,OH saturated with Ar. Liquid monomer:
5 - saturated with air; 6 - saturated with Ar.

However, in aqueous solutions the concentration of
radicals being formed is so high that the presence of
oxygen in the system plays an important role only in
initial stages of this process. If there is no more
oxygen in the system, the process of polymerization
proceeds with a similar rate as in the aqueous solu-
tion saturated with Ar.
N-vinylpyrrolidone polymerization in 10% aqueous
solution proceeds essentially in a similar way if the
system is saturated with nitrous oxide or if 6.4% of
methyl alcohol is introduced into it. In neutral so-
lution (pH about 7.0), N„0 reacts with hydrated ele-
ctron giving equivalent concentration of hydroxyl
radicals according to the scheme:

i ?e" + N00 —— — N0 + OH' + OH" (4)aq 2 2
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Exchange of hydrated electrons in hydroxyl radicals
has no effect on the rate of polymerization (curves 2
and 3, FIG. 2). It is confirmed by the suggestion put
forward earlier that as well e as OH' radicals ini-
tiate the process of N-vinylpyrrolidone polymeriza-
tion |3 6 J . Methanol is a good scavenger of OH' radi-
cals and H atoms:

O H * , H + CH3OH ——*—~H20, H2 + CH2OH (5)
Therefore it should be expected that in the presence
of CH^QH the polymerization rate would greatly decrease
However, it is not true (curves 4 and 2, FIG. 2).
It is due to the fact that the reaction (7) is faster
than that of (6):

k!4OH' + CH3OH ———U«-H20 + 'CH2OH (6)
k!5OH' + VP ——ii-^OH - VF" (7)

Rate constantRfoc (6) and (7) are equal to, respecti-
vely 8.4 ' 10 m /kmol s and 7.0 ' 10 m /kmol s
[6,9].
Assuming that the reaction (6) and (7) are of a second
order, at the concentration of methanol equal to
2 mol/1, it may be concluded that the reaction (7)
will proceed 3.8 times faster than that of (6). The
small influence of methanol on polymerization rate is
accounted for the fast that e in aqueous solutions
are not scavenged by methanol and the reaction of me-
thanol with hydroxyl radicals is relatively slow.

3.2.Pregelation stage
In irradiated 10% aqueous solution of N-vinyl-

pyrrolidone, the excess of radicals being formed due
to the radiolysis of the solvent is so high in the
relation to monomer that small quantities of methanol
or previous saturation with N~0 only to a small degree
affect monomer conversion.
In practical terms, about 85% monomer is converted in
the polymer at a dose 1 kGy. At the same time, the
degrees of conversion and molecular weights of polymer
being formed (M =1 10 ) differ not much. With
further increase7 in the absorbed dose, some differen-
ces in polymer molecular weights appear to depend on
what are the agents present in the system. The rate of
molecular weight increase is highest for systems satu-
rated with N„0 and least for those containing methanol
(curve 1 and 4, FIG. 3). In this range of doses, the
process of polymerization is practically finished -
- the increase in the polymer weight occurs due to
joining the chains of macromolecules.
In order to proceed this reaction, joining two radi-
cals localized in different chains is necessary. These
radicals may be formed by direct action of radiation
on polymer (at this polymer concentration it plays
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rather negligible role) or by the reaction of macromo-
lecules with intermediate products of water radiolysis.
The results shown in FIG. 3 point out that hydrated
electron does not take part in these reactions contra-
ry to the reaction of polymerization.

9 10 11
Dose [kGy]

FIG. 3. The reciprocal of the weight.average molecular
weight of poly(N-vinylpyrrolidone) yielded from
10% aqueous solution vs. dose. The solutions were
saturated: 1 - with N^O, 2 - with Ar, 3 - with air,
4 - 2M CH3OH with Ar.
For lim 107/ MW = 0 D =

The main agent responsible for radicals forming in
polyvinylpyrrolidone chain is the hydroxyl radical.

PVP + OH' = PVP' + (8)
The gate constant of this reaction is equal to
2'10 m /kmol s [ 6 ]. Hence, this reaction is slower
than that of hydroxyl radicals with methanol (6).
In this way, the decrease in the rate of molecular
weight increase being observed in the presence of me-
thanol may be explained. On the other hand, the conver-
sion of hydrated electron in hydroxyl radicals (rea-
ction 4) brings about their increase in the system
(at constant dose) increasing the probability of
reaction (8).
The presence of oxygen in the reaction medium decrea-
ses the rate of molecular weight increase. Two proces-
ses may be taken here under consideration: 1 The
reaction of molecular oxygen with transient species
what decreases the concentration of the latter and
makes this reaction (8) less probable
2 The reaction of oxygen with previously formed macro-
radicals. In that case, we have to do with further
reactions leading to the scission of macromolecules
into smaller fragments what is followed by decrease in
average molecular weight of the polymer according to
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the scheme [] 10
P- + 02 = PÜ2
2PÛ2 = P-0-O-O-O-P
P_0_0-0-0-P = 2PQ- + 0,
PO' = F" +

(9)
(10)

(11)
(12)

Similar dependence of molecular weight, for the polymer
being formed, on the dose is observed for the system
which does not contain water (FIG. 4). In the step of
polymerization, weight - average molecular weights of
polymer being formed in the presence of oxygen are hig-
her (smaller quantities of transient species initiating
chain increase due to the reaction with molecular oxy-
gen). However, for conversion degrees above 80% the
opposite effect is observed. These results are in good
agreement with the interpretation stated before.

FIG,

7——8——9
Dose [kGy]

4. The reciprocal of the weight average molecular
weight of poly(N-vinylpyrrolidone) yielded from
pure monomer vs. dose (saturated with: O - Ar,
• - air).

A convenient and commonly used parameter to compare the
effectiveness of the action of ionizing radiation on
different system is the gelation dose Dp. It corres-
ponds to the conditions if statistically in the system
each macromolecule has one cross-link what may be
described by the equation

where: M
o

f

-
4.8

4.8'IQ'
M

(13)
w '(x)

initial polymer weight-average molecular
weight
radiation yield of forming cross-links
in the system being irradiated
gelation dose expressed in [ kGy ]]
10 - factor connected with the change of

units
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If the radiation yield of cross-links formation were
referred to the whole system it would be necessary to
put into the numerator of equation (13) the value of
concentration, to be taken as the ratio of polymer
weight to the weight of a whole system [ 7 J.
This equation is used to calculate the yield of radia-
tion crosslinking because other parameters may be
determined experimentally. It follows from the data
in FIG. 3, respecting 10% aqueous polyvinylpyrrolidone
solutions, that the dose needed to reach the point of
gelation has a minimum value for the system saturated
with nitrous oxide and successively with argon, air
and methanol.
FIG. 5 shows the dependence of reciprocal value of
weight average molecular weight of polyvinylpyrrolido-
ne being formed (conversion degree 80%, solution satu-
rated by argon) on monomer concentration. Along with
the decrease of water in the system, PVP molecular
weight increases and after then decreases again if
water content is less than 20%.

If
Mw

r

60 80 t»
Concentration of VP [wt%]

FIG. 5. The reciprocal of the weight average molecular
weight of poly(N-vinylpyrrolidone) yielded from
aqueous solution (80% of conversion) vs. concen-
tration of solution (saturated with Ar).

The increase in weight average degree of polymeriza-
tion as the content of water decreases is an effect
to be expected on the ground of already discussed
radical mechanism of polymerization (the weight ave-
rage degree of polymerization is proportional to con-
centration of monomer. If amount of active centers
(of radicals) initiating the increase of a chain
decreases, the amount of growing macroradicals is also
decreased and the probability of their recombination
attains a lower value. Therefore, polymer chains of
the same conversion degree which, are formed, should
be longer. Some deviations observed for small contents
of water in the system are probably caused by small
amounts of impurities contained in the monomer (traces
of the inhibitor). Their reaction with macroradical
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being formed bring about some inhibition of the chain
growth. Similar results have been reported earlier [ 5 3
In FIG. 6 is shown the dependence of gelation dose for
aqueous vinylpyrrolidone solutions (saturated with Ar)
on monomer concentration. Such a profile of the gela-
tion curve agrees quite well with that to be expected
on the base of equation (13) taking into consideration
the changes in the weight average molecular weight
(FIG. 5).

10

0 20 40 60 80 t»
Concentration of VP [wt%]

FIG. (•>. Gelation dose of aqueous solution of VP vs.
concentration of monomer (saturated with Ar)

This dependence is different from that obtained from
"classical" estimations of the effect of polymer con-
centration on the value of gelation dose £ 4,7 ~] ,
because changes in the value of radiation crosslinking
yield are "masked" by stronger changes in the molecu-
lar weight of polymer being formed. The dependence ob-
tained in this study seems to be typical for radiation
crosslinking of monomer aqueous solutions. Similar
dependence has been obtained for the solutions of
acrylamide Q 11 ] .

3.3. Radiation modification of vascular
prostheses

The reconstruction of blood vessels is one of the
most rapidly developing trends in recent surgery.
The purpose studies was to improve the properties of
vascular prostheses of home production. The studies
were carried out to gain following aims:
1) to tighten the prostheses, so that before implanta-

tion they could be saturated with the recipients
blood (so-called preclotting) for shorter time

2) to increase the hydrophilic surface.
Prostheses from polyethylene terephtalate yarn

Bistor 56 (dtex f24) produced by Chemical Works "Elana"
in Torun" were made by knitting technique in the rese-
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arch and Development Center of the Knitting Industry
in L6di. Radiation polymerization in the solid state,
as a method of modification, was chosen.

The prostheses were previously washed in soap
solution, thoroughly rinsed with water and then dried
and weighed. Then they were impregnated in acrylamide
solution (under different conditions of concentration,
time and temperature of impregnation), dried and weig-
hed again. After drying they were irradiated with the
doses from 4 to 50 kGy at room temperature and then
about 50 hours extracted with boiling water being
changed many times. Finally they were dried to the con-
stant weight £ 12,13 1.

The crosslinked polyacrylamide fills up the pores
of the prostheses but is bound within it mainly mecha-
nically or by interaction of intermolecular bounds.

The results concerning the permeability of the
modified prostheses are presented in FIG. 7.

DMIP(%]

FIG. 7. Dependence of the permeability of modified prostheses
(dose of 25 kGy) with respect to contents of poly-
acrylamide. Permeability after: D 0.5 h, A 24 h,
O 14 days, • 28 days.

The values of permeability correspond to the 2amount of water (in milliliters) flowing through 1 cm
of moistened surface of prostheses wall during 1 mi-
nute, under the pressure of 160 hPa. Before the first
measurement the samples were immersed in water for
0.5 h at room temperature. Permeability was measured
for samples kept in water up to 28 days. As seen from
FIG. 7 within the experimental error permeability
remains constant.
The permeability of modified prostheses decreases
with the increase in the amount of polyacrylamide in
the prostheses, eg. for 2% polyacrylamide the tightness
of prostheses increase twice. Two percent polyacrylami-
de content give also satisfactory results for blood
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hemolysis studies, toxicological examination and
stability of the shape of prostheses, as well as elon-
gation at break (32C%).

3.4. Ocular insert discs as a drug delivery system
Hydrogel matrices in the form of membranes were

obtained by the irradiation of solutions characterized
by the type and concentration of polymers. With these
solutions, the space limited by the rubber frame and
two tightly glass plates and polyester foil was filled
up. After irradiation, the system was disassembled
giving a hydrogel membrane. The ocular devices were cut
out from this membrane using a special punching die
and then dried in a desiccator.

As a medical agent, pilocarpin hydrochloride
(PILO) was used, a well-known drug against glaucoma.
The PILO was dissolved in the solution before irradia-
tion.
The initial composition of the matrices was prepared
on the base of gelatin as a main membrane component
[_ 14,15 J. So prepared discs showed a very rapid drug
release in vitro (minutes) and biodégradation in the
eyes of rabbits.

Efforts of prolongation of the release time were
done by increasing the concentration of components,
increasing the doses of irradiation and changes in the
composition of matrices. Therefore from a solution
containing: 12% PVP - 20% HEMA - 5% PILO, matrices have
been prepared. In order to increase the degree of ma-
trix crosslinking the solution was saturated with argon
prior to irradiation (with the dose of 15 kGy).

An example of drug release from the matrix obta-
ined in this way is shown in FIG. 8 (curve 1).
The course of drug release for sterilized (additional
dose of 25 kGy) and not sterilized ocular device is
the same. Drug release is rather rapid and occurs
during the first hour.
The next trial to prolong the time of drug release was
the use of cellulose filler introduced to the system
being studied, eliminating PVP from the composition.
Introducing cellulose (CEL) in the matrix composition
aimed at retardation of pilocarpin release on account
of penetration of drug and monomer molecules (HEMA)
into micropores of cellulose fibers and further radia-
tion crosslinking of the system.
A slight increase in the prolongation of release time
may be observed for the matrix: 66% HEMA - 8% CEL - 8%
PILO (FIG. 8, curve 2). The increase in the concen-
tration of matrix components, the increase in radia-
tion dose and use of cellulose filler do not increase
in a marked way the time of pilocarpine hydrochloride
release. Analyzing the composition of the matrices
under study, the range of crosslinking doses and the
course of drug release it should be concluded that the
main cause of a relatively short time of pilocarpin
release is the hydrophilicity of matrices.
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Time [h]

FIG. 8. The in vitro release of pilocarpin hydrochloride
from ocular insert discs made of:
1 - 12% PVP, 20% HEMA, 5% PILO (dose of 15 kGy)
2 - 66% HEMA, 8% CEL, 8% PILO (dose of 50 kGy).

Therefore, the next ocular devices were obtained from
the matrix which contained neither poly-N-vinylpyrro-
lidone nor cellulose. For the ocular devices from the
matrix 80% HEMA - 5% PILO the drug release time in
vitro was about three hours (FIG. 9, curve 1).

In order to decrease the hydrophilicity of the
matrix a hydrophobic component (methyl methacrylate -
- MM) was introduced (composition: 66% HEMA - 16% MM -
- 5% PILO).
For these ocular devices the drug release rate was
significantly decreased and the time of release pro-
longed to over six hours (FIG. 9, curve 2).

Preliminary clinical investigation of ocular
insert devices on laboratory animals gave the best
results for the composition: HEMA (80%) plus PILO (5%)
After 5 hours 70% of discs remained in the rabbits
eyes; no irritation of the eyeball has been found.
During this time, the stable action of the released
drug was observed.

4 ' 24Time [h]

FIG. 9. The in vitro release of pilocarpin hydrochloride
from ocular insert discs made of:
1 - 80% HEMA, 5% PILO (dose of 27 kGy)
2 - 66% HEMA, 17% MM, 5% PILO (dose of 7 kGy).
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3.5. Dressing materials
3.5.1. Dressing materials of the "sandwich" type
The poor mechanical properties of hydrogels promp-

ted the development of a variety of techniques for
coating hydrogels on surfaces to improve their stren-
ght. The ability of hydrogels to swell in body fluids
gives the possibility of gradual release of previously
physically entrapped drugs or their gradual diffusion
through the swelled hydrogel membranes.

We have found in our investigations that for the
proper work of the dressing material it is enough to
coat mechanically one side of the polymeric carrier
with a layer of hydrogel. The polymeric carrier apart
from assuring the appropriate mechanical properties
is also the source of therapeutic agent.

The therapeutic agent, antibiotic - chlorotetracyc-
line hydrochloride, was introduced into the polyurethane
foil as saturated methanol solution. After evaporation
of alcohol one side of the foil was covered with a thin
layer of polyacrylamide hydrogels, which were obtained
by nf -irradiation of acrylamide aqueous solution
L 16,17].
Then the dressing materials were packed in polyethylene
bags and irradiated in order to sterilize them and remo-
ve the rest of monomer.

Studies of the degree of drug release as the func-
tion of time were carried out under conditions close to
these in which the ready dressings are to be utilized.
Dressing samples were freely placed with gel coated si-
de on the vessel for weighing, which was filled with
distilled water up to the point of obtaining the meniscus.
This allowed the gradual swelling of gel in contact
with water and the drug diffusion through the swelling
gel layer into the water contained in the vessel. The
amount of the drug was measured spectrophotometrically.
The kinetic of antibiotic release is shown in FIG. 10.
It can be seen that the presence of gel causes gradual
diffusion of antibiotic from the carrier layer through
the hydrogel membrane into water. The amount of drug
released during 48 h from the dressings, non-coated
with gel, is about 1/5 of the respective amount from
the dressings coated with hydrogel layer. Application
of different kinds of hydrogels obtained by irradiation
of acrylamide solutions of different monomer concentra-
tions makes it possible (see FIG. 10) to control the
rate of drug release from the dressing.

3.5.2. The burn dressing materials containing
protein

This type of dressings consists of a cotton gauze
base and an active polya-exylamide hydrogel layer with
the addition of ProvitaP^ (special protein preparation)
and glycerin. The protein preparation was protected
against the action of bacteria by the addition of a ^
bactericidic substance (0.2% with respect to Provital ).
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FIG.10. The time dependence of the release degree of
chlorotetracycline hydrochloride from the dressings.

The dressings were obtained in following stages:
- preparation of initial aqueous solution (acrylamide,

protein, glycerin) and saturation with argon
- irradiation of stock solution in order to obtain

prepolymer of suitable viscoelastic properties
- spreading the prepolymer on the cotton gauze to de-

finite thickness and its irradiation
- drying so prepared dressings, packing them and radia-

tion sterilization.
In the presence of protein and glycerin radiation
crosslinking proceeds much slower.
The gelation dose for aqueous solutiorvp.of the compo-
sition: 20% acrylamide and 5% Provital^ is about four
times higher than that for the solution of pure mono-
mer £14,18 ]. Similar inhibitory effect is observed
in the solution of glycerin. It A^as stated that for the
same dose the amount of Provital^ being released from
the dressing is higher for smaller acrylamide concen-
tration. This finding caused the use of acrylamide
solutions of a possible least concentration - 10% AA.
The application of a concentration less than 10% is not
advisable on account of a rather high dose nedeed for
obtaining a prepolymer. Because it was found that
along-awith the increase in the concentration of Pro-
vital , the increase in the degree of its release was
also observed, the solution with 4% addition of prote-
in was la use. For this solution (10% AA plus 4%
Provital) the degree of protein release increases
within 24 hours up to 55% (FIG. 11).
The fact that this value increases in the next 24 hours
only by 2% gives rise to the recommendation of dressing
change every 24 hours. It is of value from the prac-
tical point of view, because this time interval is in
good correlation with the required frequency of chan-
ging the dressings, i.e. once per 24 hours.
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f mFIG.11. Dependence of the Provitaï^ and Neomycin (anti-
biotic) release from polyacrylamide layer on the
time.

By adding glycerin to the hydrogel composition, the
elasticity of dressings has been greatly improved.
The clinical evaluations of dressings (over one hundred
dressings having the size of 20 x 25 cm) show that the
process of burn healing is fast and right thanks to a
rapid granulation.

3.5.3. The burn wound coverings of type
W^lethods of preparation of hydrogel dressings

(HDR ) for healing burn and other exuding wounds as
well ulcers have been developed [ 19 ]. Dressings were
prepared by irradiation of aqueous mixtures containing
synthetic monomer like vinylpyrrolidone (VP) or poly-
mer - polyvinylpyrrolidone (PVP), with agar or gelatin
and some agents improving their elasticity. In the
final form, dressings represent transparent polymer
foils, 3-4 mm thick, containing approximately 90% w/w
of water. Preparation of dressing is illustrated by
the diagram:

Preparation of
the mixture

Irradiation
with a dose
of 25-40 kGy

Radiation polymerization and crosslinking can be in-
duced either with /Y" -rays (method I - VP as a basic
component) or with electron beam (method II - with
PVP as a substrate). Due to radiation processing the
final product is fully sterile and shows good adhe-
sion both to the wounded and normal skin.

Dressings are air permeable, impermeable to bac-teria but still allow for counteracting the infection
as the antibacterial preparations or drugs are easily
absorbed and can penetrate through the volume of ma-
terial .
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The dressings are transparent, elastic and flexible,
but strong aaough to be secured as necessary.

The HDfr^ dressings were put to comprehensive
biomédical examinations, and gained a fully favourable
opinion. Also, our HDFr^ dressings were completely
comparable with those sold in West Europe as
Gelipernr^ (producer-. Geistlich, Sons Limited,
Chester, UK).
The worked out technology oi radiation production of
wound burn coverings of HDFr^ type is much simpler and
easier than the "chemical" technology described in
FRG Patent No 2725261.
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IMMOBILIZATION OF DRUGS AND PROTEINS BY
RADIATION POLYMERIZATION AND BIOMEDICAL
USES OF THIS TECHNIQUE

I. KAETSU
Takasaki Radiation Chemistry

Research Establishment,
Japan Atomic Energy Research Institute,
Takasaki, Japan

Abstract

The author's group has studied and developed an immobilization technique
of physical entrapping by means of radiation polymerization. This technique
was generally applicable to various kinds of biofunctional materialss such as
drugs, proteins and cells for biomédical and biochemical uses. Three main
types of immobolized composites have been developed, (1) needle form
composite, (2) thin membrane composite, and (3) fine particle composities.
The needle form composites were prepared by radiation cast polymerization and
used for drug delivery systems to apply to hormone therapy and immuno-therapy
by means of implantation and controlled release. The membrane form composites
were prepared by radiation polymerization at low temperatures and used for
immuno-diagnosis materials. Recently another technique of preparation of
immobilized membrane was developed by polymerization with low energy electron
beam. The fine particles containing biofunctional components were obtained by
suspension and emulsion polymerization. Also, a new technique of preparation
of fine particles having a narrow size distribution was developed by
precipitation polymerization in a specific solvent with gamma rays. These
fine particles have been studied for various functional microspheres and drug
targetting.

1. Introduction

The author's group studied and developed the immobilization method by
physical entrapping with gamma ray and electron beam [1-3]. This method has
the advantages of a simple process, easy molding to various forms, no toxicity
and contamination, and broad applicability. It can be applied to a controlled
release of drugs, fixation of proteins and a cell cultore for long-term use.
For example, the implantable needle composites have been applied to controlled
release and delivery of drugs for therapy [4], and the porous thin membranes
of immobilized antibodies have been used for immuno-diagnosis [5]. The
applications to cell culture have been studied with various composites such as
gels [6], fibrous materials [7], and films [8]. The authors developed a novel
method of fine particle preparation [9], which can be called "precipitation
polymerization".

For the preparation of functional membranes, two techniques were
developed: the preparation of thin porous membrane by means of low temperature
polymerization in a frozen state of water and a supercooled state of monomer
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[10] and the synthesis of thin polymer membrane by means of electron beam
irradiation of aqueous solution [3]. In the latter, the immobilized membrane
of the same thickness and activity are obtained with the repeated irradiation
and in the former, hundreds of thin membranes of similar activity are obtained
from one rod polymer by cutting with a microtome.

In relation to those progresses, various kinds of novel biofunctional
polymers have been studied and developed. Those are biodegradable polymers
such as polypeptide [11], polydepsipeptide [12] and polydyroxy acids [13], and
other biofunctional polymers and monomers [14] such as polymethacryloxy
estramustine, polymethacryloxy testosterone and polymethacryloxy metrizamide.

In this report, the main results of those studies and developments as
well as the application results in the several years since the early stages of
the Agency's coordinated research programme on the use of radiation in
immobilization of bioactive materials, will be reviewed.

2. Results and Discussions

2.1 Preparation of needles including drugs by gamma ray cast polymerization
or hot pressing and gamma ray irradiation, and the therapeutic
applications

2.1.1 Immobilization and controlled release of drugs in the implantable
needles by casting and hot pressing

Two fundamental techniques were used for the immobilization of drugs
into the form of implantable needles: (1) casting polymerization of drug-vinyl
monomer mixture in a needle form mold by gamma ray polymerization at low
temperature, and (2) molding by hot pressing under the pressure and heating of
drug-polymer mixture in a needle form mold. The former was used for the
preparation of non-biodegradable drug-polymer needle and the latter was
applied to the preparation of biodegradable needles. The latter was tested
for irradiation after the molding to give the further variety of
biodegradability and release profiles by radiation degradatin or crosslinking
of biodegradable polymer carriers. Most users and researchers in the fields
of medicine and pharmaceutics require both non-biodegradable carrier or needle
and biodegradable carrier. The former is better for long periods of release
and efficacy, while the latter is more acceptable for disappearance after
use. Recently, the author's group has concentrated on the development of
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novel and widely ranged biodegradable polymers and the in vivo
characterization and evaluation of their properties systematically.

The release control for the desired rate and period can be attained
fundamentally by the broad control of various factors such as hydrophilicity
of carrier polymer, ratio of total surface area to the volume of carrier
including factors such as porosity, particle diameter aand membrane thickness,
biodegradability of carrier and dispersion state of drug in the carrier
(homogeneous or heterogeneous dispersion). The hydrophilicity of polymers can
be controlled by chemical structure and copolymer composition of vinyl
polymers and biodegradable polymers.

Biodegradability can be changed by chemical structure and copolymer
composition of the biodegradable polymers [11-13], The porosity of the
surface area can be changed by the amount of pore-making agent added to a
drug-monomer mixture. Water and polyethyleneglycol can be used effectively
as pore making agents for hydrophilic monomer and hydrophobic monomer,
respectively. Irradiation can contribute to the control of biodegradability
and release profiles of biodegradable needles as shown in Table 1. for the
most important biodegradable polymer. Multi-layer structure or sandwich
structure of drug-polymer needles is also one of the most important techniques
to control the release profiles. Various highly advanced functions would be
given by the sandwich technique, such as apparent zero order release,
periodical cyclic release, multi-components release and on-off regulated
release.

2.1.2 Therapeutic applications of needles to local chemotherapy, hormone
therapy and immuno-therapy

The implantable needles have been applied to various therapeutic uses
by medical doctors. The first application was carried out for the local
chemotherapy using the implantable anticancer drug polymer needles [15-17].
In clinical tests, it was implanted to the tumor tissue directly. For liver
tumors, the needle was injected by a special injector from the body surface to
the tumor without surgery. Three main effects, (1) tumor shrinkage, (2)
removal of cancer pain and (3) prolonged survival, have been observed by the
implantation. However, the effect of tumor shrinkage and recovery has not
been so complete and satisfactory. The reason can be attributed to the
limited area range of necrosis effect on the tumor tissue caused by the drug
diffusion. That is, the damage to the tumor cells is limited in the
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TABLE 1. EFFECT OF GAMMA RAY IRRADIATION ON THE BIODEGRADABILITY OF POLYPEPTIDES

DL-alanine-containing copolypeptide

Kind (composl

DL-Ala/ß-OEt-
L-Asp

DL-Ala/Y-OEt-
L-Glu

OL-Ala /ß-Bz l -
L-Asp

OL-Ala/v-Bzl-
L-Glu

DL-Ala/L-Val
DL-Ala/e-Cbz-

L-Lys
DL-Ala/L-Leu
DL-Ala/L-Phe

tion) Polymn? [n]

(100/0)
(75/25)
(50/50) 1
(25/75)
(0/100)

(75/25)
(50/50)
(25/75) '
(0/100)

II 0.41

II 0.38

(50/50) n °'17

II
II 2.0
III

Fusibility of copolypeptide
when heated under a ^
pressure of 200 kg/cm

Melt-pressing Fusibili

50-1 00°C
100-150°C

Yes 50-1 OG°C
50-1 00°C

<50°C

100-150°C
50-1 OO'C

• S 50-100°C
<50°C

50-1 00°C

50-100°C

yes 100-1 50°C
<50°C

100-150°C
100-150°C

ty Hardness

Hard
Hard
Hard
Hard
Hard

Hard
Hard
Soft
Soft

Hard

Hard
Very hard

Hard
Soft
Hard

Weight loss of copolypeptide at 3rd
week from star t of the test (%)

In

None

22.6
100
13.0
10.1
10.1

36.7
8.0

10.5
9.5

0.5

12.7
35.7
0

0
3.7

vivo***

3xl06 rad**

31.0
100

52.5
3.9
0.4

35.7
9.4

11.7
9.1

3.4

3.9
4 4 . 4
8.9
0
5.2

None

69.9
63.9
7 .3
0.3
7.5

35.6
1.7
3.6
0.5

0

2.6
16.5
5.7
0
4 .8

Iv vitro

3x106 rad**

64.4
57.9
12.2
3.4
3.9

30.0
0
4.1
1.6

0

2.5

10.4
7.9
0
9.8

«Polymerization conditions; I: 5g of NCA, 100 ml of ACN, 1/40 molï TEA, 30°C, 168 hours
II: 5g of NCA, 100 ml of DCE, 1/200 moU TEA, 30°C, 160 hours
III: 5g of NCA, 100 ml of DCE, 1/100 molï TEA, 30°C, 160 hours

**lrradiation; 30°C, in vacuo
***lniplantation; 3 weeks



(A) Implantion of an t i cancer drug-polymer needles for local chemo-
therapy

-implanted —
needles

direct ly in
the tumor

.drug d i f f us ion

(B) Implantat ion of hormone—polymer needles for hormone therapy

__ im planted
needles

under the
skin

target
organ

7 \•— — ̂ -shrinkageof the
organ byhormonedelivery

through blood circle

Fig. 1 Model scheme for the local chemotherapy and hormone therapy with the
implantable drug-polymer composite needles:
a) Implantation of anticancer drug-polymer needles for local

chemotherapy;
b) Implantation of hormone-polymer needles for hormone therapy.
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relatively narrow range of drug diffusion which was stopped or decreased with
time by the formation of a necrosis layer. This was a characteristic observed
in in-vivo situations in the solid tumor quite contrary to the in-vitro
behaviour. Efforts for improvement are made using the three methods to
enlarge the extent of drug diffusion and necrosis formation. Those are, (1)
increase of hydrophilicity of polymer carrier, (2) increase of
biodegradability of polymer, and (3) use of additives to promote and extend
the drug diffusion. Another way of improvement would be the trial and choice
of optimum injection conditions of the needles from the medical side,
including the increase of needle numbers to be administered and of needle
density (narrowing of intervals between the needles) to cover the whole volume
and the size of the tumour. Those trials should be done based on the study of
morphological observations about the drug diffusion and the subsequent
necrosis and necrobiosis formations.

The hormone immobilizing needles have been applied to hormone therapy
successfully. In this case, the needle was inserted by a small cut or
injected without cutting, in the tissue under the skin in the body of the
patient. It was proved that hormones such as steroid hormones and peptide
hormones are released from the needle, diffused into a blood vessel and
circulated with the blood flow to reach and act in the urinary organs
effectively. This method has been applied to cancer therapy of prostatic
tumors with LHRH (Luteinizing Hormone Releasing Hormone) analog needles
[18-20]. Both non-biodegradable and biodegradable polymers were used as the
carrier for the clinical tests in Gunma University. The biodegradable LHRH
analog needles showed the duration of release and efficacy for 2 to 4 weeks
and the non-biodegradable needles showed the duration of several months to one
year. The needles were renewed with a new one after this period repeatedly.
The reneal is very easy and safe without any pain or trouble to the patient.
The very simple operation of administration and renewal is the most
advantageous characteristic of the method as well as the remarkable
pharmacological and therapeutic effects. In both cases of biodegradable and
non-biodegradable needles, clear correspondence between the release of the
hormone, serum concentration of hormone and the pharmacological effects such
as shrinkage of urinary organs and decrease of hormone levels in the serum
such as testosterone and LSH. The patients have been successfully exposed to
clinical tests since 1983.

The application of implantable needles to immuno-therapy has just
started. Interleukin 2 was immobilized to the needles of non-biodegradable
polymer and administered to animals. It was found that the serum
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concentration of Interleukin 2 was kept longer than 48 hours by the
implantation and slow release, while the serum concentration by an injection
of free Interleukin 2 disappeared after several hours. The fact suggests the
possibility that even a very unstable immunologically active substances can be
used effectively and efficiently by the immobilization and controlled release
from the implanted needle.

Another application has been projected in the field of artificial
organs. In recent years, various trials of drug delivery type artificial
organs or devices have been reported. We can mention the examples of
antithromogenetic substance releasing artificial blood vessel, antibiotics
releasing catheter and prosthesis, insulin releasing artificial pancreas,
infecund agent releasing IUD, etc. The author's group developed an artificial
testis immobilizing testosterone [21-22]. The egg shaped testosterone-vinyl
polymer composite was prepared by radiation polymerization at -78 C in a
same shape mold. The product includes 6.4g hormone and 10g polymer. The
artificial testis has been implanted to the testis lacking patients since 1985
and the serum concentration level of testosterone has been kept almost
constantly for a long period. Various male characteristics have recovered by
the implantation. Application to artificial organs with the compact devices
and unit systems including sensing and on-off controlling functions would be
one of the most important problems in the near future.

3. Preparation of thin membranes immobilizing proteins by low temperature
gamma-ray polymerization and low energy electron beam polymerization,
and the application to immuno-diagnosis

3.1 Immobilization of proteins in porous thin membranes by low temperature
gamma-ray polymerization

In this technique, the mixture of hydrophilic monomer and buffer
solution of proteins was cooled to -78 C and then polymerized by gamma-ray
irradiation. The product had a cylindrical form of the test tube mold and an
inner porous structure of the polymer matrix caused from the space of ice
frozen at the low temperature. Then, the cylindrical polymer was cut into
thin membranes of 10-20 vim thickness by Microtome [10]. Thus, a number of
the immobilized protein membranes can be obtained from one test tube
polymerization. Those thin porous membranes had the considerable enzymatic
activity or antibody activity because of large inner surface area and the
effective fixation of the proteins on the polymer surface. The porosity, that
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is the inner surface area, can be controlled by changing the monomer
concentration to buffer solution. But the excess porosity caused a leakage of
proteins as well as excess hydrophilicity of the polymer. Therefore, it is
important and necessary in the immobilization of physical entrapping to choose
the suitable monomer concentration range and the optimum hydrophilicity of the
polymer. The fundamental techniques of the immobilization by the low
temperature polymerization has been established by the author's group. As
mentioned above, this immobilization and the product have the characteristics
of surface immobilization of the bioactive species as well as the large
surface area [23]. The applied uses for the reactions with relatively large
molecule substrates are the suitable ones for this surface active immobilized
product. Immobilizations of hydrolytic enzymes such as cellulase [24],
proteases [25], glucoamylase [26] and lipase [27] for uses of reactions with
natural polymeric substrates, are some of the applications extensively
studied. Another possible use is the immobilization of antibody for
antibody-antigen reactions which need the surface area and surface activity
for the effective reaction. It was found that the thin porous films of the
immobilized alpha-fetoprotein antibody had a considerable activity for antigen
capture and can be used practically as an enzyme immuno-assay material for
immuno-diagnosis [28]. For convenient operation, the coating polymerization
method was also developed, in which the mixture of monomer and buffer solution
of antibody was coated on a surface of porous base film such as filter paper
with a stick for the convenient operation and then polymerized by gamma
irradiation at a low temperature to form a porous thin memrane on the base
film surface. Thus, instead of cutting by Microtome, coating and
polymerization on a large area base film and the cutting into small pieces can
be the industrial processing. The fundamental technique of the present
immobilization is available for any antibody immobilization and the
immuno-diagnosis system. Antibody of Shistosoma supplied by Dr. Dessaint from
the Louis Pasteur Institute (France) was immobilized by the same method [29].
The product was evaluated in his group and was found to have a considerable
activity and stability. The improvement of sensitivity is still a problem.
The amount of non-specific binding to the support polymer may be decreased by
the improvement of polymer compositions.

3.2 Immobilization of proteins in thin membranes by low energy electron
beam polymerization and curing

As is well known, the development and industrial uses of electron beam
accelerators have been the most remarkable phenomenon in the field of
radiation processing. The electron beam process has the great advantage of
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high productivity or process efficiency. The recent development of low energy
EB accelerators of the self-shielded type is promoting the advantages of EB
processing by adding simplicity to efficiency. EB applications to surface
coating and curing have become one of the most current uses of radiation
processing [30]. Recently, certain functional coating and curing such as
magnetic tape and disc has been applied to this process successfully in which
the magnetic powder is dispersed and immobilized on the base film by the
polymerization [31]. This process may certainly also be applicable to the
dispersion and immobilization of biofunctional substances such as drugs and
biocatalysts as well as many other chemically and physically functional
powders and molecules. It would be easier to industrialize the EB process
than the gamma ray process in general, and so this is the reason to apply the
immobilization of proteins and drugs to the EB process according to the
technical analogy to the magnetic coating and pigment (paint) coating.

There are two ways of EB use for the immobilization. One is the EB
curing of a coating on a base film or of a laminate consisting of multi-layers
just as in a typical surface curing process. The only difference is the
dispersion of biofunctional component in the coating system or the inclusion
of drug layer in the laminate. The other way of immobilization is the
polymerization of buffer solution containing monomer and biofunctional
component. The author's group has begun studies on the immobilization of
proteins by the latter method [3] and immobilization of drug in the laminate
by the former method [32].

It was found that the thin polymerized meirbranes of immobilized enzyme
can be obtained by EB irradiation of buffer solution and the membranes of
almost the same enzymatic activity and same thickness were obtained from the
same solution by the repeated irradiation of EB. The reason is that, as the
penetration of low energy EB is very limited, the polymer forms in the
constant thickness corresponding to the penetrating depth of EB and the enzyme
in the layer below this depth does not undergo any change. It became clear
that enzyme can be immobilized with a considerable activity yield by EB
polymerization. A number of immobilized thin membranes can be obtained by the
repeated EB irradiation of the solution. Obviously, the formed polymer acts
as a protector for the enzyme in the remaining solution in the lower layer.
For example, the activity decreased with the increase of EB energy in the
irradiation of free enzyme solution, while the activity increased with the
increase of energy in the immobilized system. This result can be attributed
to the increase of thickness of the formed polymer with increasing EB energy
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Fig. 2 Model schemes of various immobilizations by low energy electron beam
polymerization and curing:
a) Immobilization of proteins by electron beam curing of coating;
b) Immobilization of drugs by electron beam curing of laminate;
c) Immobilization of proteins by electron beam polymerization of

hydrophilic monomers;
d) Immobilization of proteins by electron beam polymerization of

hydrophobia monomers.
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in the immobilized system and the irradiation damage of the enzyme was
retarded in the polymer layer. The activity in the free enzyme solution
decreased with increasing the irradiation dose, while the activity in the
immobilized system did not decrease significantly with the dose increase.
This is also attributed to the protecting effect by the formed polymer. The
activity of the immobilized membrane showed almost constant activity retention
with the repeated uses for enzymatic reaction, using maltose as a substrate
for the immobilized glucoamylase. The fact proved that the immobilized enzyme
was firmly fixed in the polymer carrier. The effects of various factors such
as monomer kind and composition in the copolymer, monomer concentration in the
buffer solution and hydrophilicity of monomer on the activity yield and
polymer thickness were studied. Some monomers for the EB immobilization such
as polyethyleneglycol dimethacrylate and acrylate, trimethylolpropane
triacrylage and trimethacrylate, and some urethane acrylate oligomer and
monomer which Prof. Garnett has kindly provided us with, have been found to be
excellent for the purpose.

The authors tried the immobilization by EB also using hydrophobic
monomer system. In this case, the monomer layer is separated form the buffer
solution layer including the enzyme, and makes a monomer layer on the
surface. It was found that the immobilized membrane formed in the monomer
layer by the EB irradiation also had a considerable activity yield. This
result showed that the enzyme in the lower solution layer can be caught and
immobilized in the polymer layer. It was interesting and important that the
activity of the polymer is different on the upper side and bottom side. The
activity on the bottom side of polymer was much higher than on the upper
side. This suggests the immobilization mechanism in the EB immobilization by
drawing and adsorbing of enzyme molecule in the lower layer into the bottom
side of the formed polymer layer with the proceeding of polymerization. In
the hydrophobic monomer system, the thickness of polymer increased with the
increase of monomer amount, that is, with the increase of thickness of the
monomer layer on the surface, but the activity yield of the formed membrane
was almost the same with the change of polymer thickness. It was found that
even the EB of relatively higher energy can be used for the immobilization and
the thickness and activity of the membrane can be controlled by a suitable
shielding of the EB with a polymer film to control the energy. Therefore, we
can say that EB of various energy levels can be used effectively and
conveniently for the purpose and the work in the new field would open
promising prospects for EB immobilization of biofunctional materials.

123



The method and technique for the enzyme immobilization can be applied
to the immobilization of antibodies as well: Alpha-fetoprotein antibody was
immobilized by the EB polymerizaton of the solution and the immobilized
membranes were obtained by the repeated irradiations. It seems that there is
little energy and dose dependency in the activity yield of antibody, as the
antibody might be more sensitive to radiation damage. However, sufficient
activity of the immobilized antibody can be attained by the suitable choice
and control of monomer compositions and irradiation conditions.

The application of EB curing to drug immobilization was also studied.
For this purpose, curing of sandwiched multi-layers structure including a drug
layer in the centre is suitable, because the zero-order drug release from the
polymer film can be expected in such a sandwiched system. Especially
immobilization of feromone and pepticide would be a useful target for this
technique. Benzylacetone as a pepticide was immobilized in the mono-layer and
multi-layers by EB irradiation. At the present stage of research, the result
has not given the complete zero-order long release as expected. The reason is
reduced to the imperfect adhesion and curing of the sandwich structure of the
product to form the cracking or hole due to the transformation or swelling
with the time.

4. Preparation of fine particles by gamma-ray solution polymerization
(precipitation polymerization) and the development of biofunctional
microspheres for targettins and imaging

4.1 Preparation of fine particles for immobilization havins narrow size
distribution by gamma-ray induced precipitation polymerization

The author's group has found the new technique of polymerization to
prepare the fine particles having a relatively narrow size distribution. The
fine particle is a material of increasing importance and usefulness in the
field of biomédical research and application. The conventional methods
hitherto used for the preparation, such as suspension and emulsion
polymerization, were not satisfactory, because the size distribution of the
product was wide and screening by certain techniques was required to obtain
relatively narrow distribution. It was found that the fine particle of narrow
size dispersion can be obtained by a solution polymerization of a suitable
combination and concentration of monomer and solvent.
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Fig. 3 Model scheme for the process of precipitating polymerization:
a) Gamma-rax polymerization of diethyleneglycol dimethacrylate in

ethyl propionate at room temperature. Fine particle formed;
b) Gamma-ray polymerization of diethyleneglycol dimethacrylate in 95%

ethanol at room temperatures. Coagulation of particles occurred.

The choice of special solvent for the chosen monomer is necessary for
this polymerization. Otherwise, the former polymer caused a coagulation to
form irregular particles or rather bulky products. The reason for such a
particle formation from a homogeneous solution is that the formed polymer just
precipitates from the solution in a particle form, when the solubility of the
polymer to the solution is the one just to cause the precipitation and growth
to a particle, but is not so excessively high to cause further coagulation.
The effects of the factors to affect the particle formation and its size
distribution have bene studied in details such as the effect of monomer kind,
concentration, solvent kind, irradiation dose, temperature and binary solvent
systems and the composition.

It can be concluded that whatever monomer may be given to make it into
the fine particle, it is possible to prepare the aimed particle by the
choosing of suitable solvent or solvent system of optimum concentration and
composition. Then, the technique would be very important to apply to the
preparation of functional microspheres to be immobilized with a biofunctional
material.
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Fig. 4 Particle size distribution of microspheres obtained by polymerization
of diethyleneglycol dimethacrylate in the solutions with various
organic solvents.

4.2 Preparation of biofunctional microspheres by the precipitation
polymerization and the subsequent immobilization

For the purpose of developing biofunctional microspheres for biomédical
uses, various functional or reactive monomers were synthetized [33]. Those
are acryloxy succinimide, methacryloxy succinimide, methacrylol chloride and
acrolein. Those functional monomers were reacted with a biofunctional
component such as enzyme, antibody and drug by chemical binding. Then the
immobilized biofunctional monomer was polymerized into fine particles. In
this way, various kinds of biofunctional microspheres such as
polymethacryloxyestramustine for targetting, polymethacryloxytestosterone for
targetting, polymethacryloxyglucoamylase for enzyme reaction and
polymethacryloxytriazamide for imaging have been synthesized and studied.
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IMMUNOADSORPTION OF ABO ANTIBODIES:
RESULTS OF IN VITRO, PORCINE IN VIVO
AND HUMAN EX VIVO EXPERIMENTAL PHASES
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Abstract

An optimized polymerization in emulsion technique is described for
producing microbeads that immobilize human red blood cells to
allow formation of blood type antibody immunoadsorbents which
can be used in an extra-corporeaJ circuit.

Adsorption capacity and clinical compatibility of the immunoadsorbent
were evaluated through three phases of experimentation : in vitro,
in vivo on the pig and ex vivo with man.

Keywords

Radiation chemistry, polycationic microbeads, red blood cells
immobilization, immunoadsorption, plasma-exchange, ABO system,
bone marrow transplant.

1. INTRODUCTION
Various techniques for obtaining polycationic particles capable

of fixing red blood cells have been described by workers in our group :
grafting of polycationic polymers on media ; polymerization with cross-
linking agent of cationic monomers in mass or in suspension. Here,
we shall describe an optimized technique for producing polycationic
microbeads based on polymerization in emulsion using an electron
accelerator.

The subsequent immobilization of the red blood cells on the microbeads
enables conditioning of immunoadsorbents in a column which are able
to adsorb circulating blood type antibodies. These immunoadsorbents
are useful for preparing bone marrow transplant which are incompa-
tible in the ABO system.

Preliminary to clinical experiments on humans, three types of
immunoadsorbent experiments have been carried out.

. In-vitro experiments were performed with human plasma to determine
antibody adsorption capacity.

. ln-vivo experiments were performed on the pig to determine the
plasmatic and clinical consequences and were completed with an
anapathological analysis of the organs.

. Ex-vivo experiments were carried out with humans (without reinjec-
tion of the treated plasma) to verily the suitability of the system
for an ECC (Extra Corporeal Circuit) and to determine the consequences
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on the main plasmatic constants (plasma biochemistry, hemostasis,
complement system). These experiments also allowed prediction
of the risks related to reinjection of the purified plasma.

The following is a description ol the results obtained from these
three experimental phases.

2. IMMUNOADSORBENT PREPARATION

The polycationic microbeads are obtained by polymerization of
a monomer phase consisting of : 30 % Dimethyl-aminoethylmethacry-
late- DMAEMA - and 70 % of the cross-linking agent Trimethylolpropane
Trimethacrylate - TMPTMA dispersed in an aqueous phase (saturated
in salts - NaCl) in the proportion : (monomer phase 30 %, aqueous
phase 70 %).

The emulsion is agited under nitrogen and irradiated in a thin
layer under an electron beam with a dose of 30 kGy. The microbeads
are then washed and shifted to recover the spheres 3 0 - 5 0 um in
size. The red blood cells are immobilized using a technique described
in (1) ; the media are then lyophilized and radiosterilized.

Irradiation with an electron beam at a high dose-rate provokes
immediate polymerization of the monomer microdroplets solidifying
them almost instantaneously in spheric form.

Stability and particle size distribution have been optimized by
varying the parameters in the aqueous phase (viscosity, concentration
and type of emulsifier, agitation speed).

The emulsion's temperature has to be controlled during irradiation
to prevent dispersion of the DMAEMA and agglomeration of the micro-
beads.

The process can be run at a manufacturing scale and provides
a high yield of perfectly spherical microbeads whose size ranges from 20
100 urn.

3. EXPERIMENTAL PHASES

3.1. 1N-V1TRO EXPERIMENTS

Figures 1 to 2 show the adsorption rate for non-lyophilized and
non-radiosterilized immunoadsorbents. Adsorption process was carried
out using a model ECC (column diameter : 2.5 cm ; 10 ml of microbeads ;
100 ml of plasma) : the circulation flow rate was 2 ml/min. which
lasted for 2 hours and 30 minutes.

Maximum adsorption was 85 %, which is a decrease in titer of
around 3 dilutions. We can measure the interest to use the smallest
diameter microbeads possible to increase the specific surface. The
optimum size, which is a trade-off between adsorption and column
flow constraints, was set at 30 to 50 Mm.
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Comparative adsorption experiments were made in batch (figure 3)
(1 volume of microbeads, 2 volumes of plasma, 15 minute-incubation)
to determine the relative incidence of lyophilization and radiosterili-
zation on adsorption capacity. There was a slight drop (1 dilution)
of activity after iyophilization ; it is possible that the red blood cells
membrane did not go back to its initial shape after rehydration and
that access to the sites was decrease. On the other hand, the effect of
radiosterilization on the antigenic activity of the immunoadsorbent
was negligible (2).

Figure 4 shows the capacities reached by the prototype (ful l -
scale) planned for man. 300 ml of lyophilized and radiosterilized immu-
noadsorbent were used (flow rate : 30 ml/min. for 2 hours and 15
minutes).

The first series of results (figure 4) was obtained from patients
whose anti-A titer was 1/64. 4000 ml of plasma were purified in an
open circuit ; «adsorption was checked at the beginning and end of
the circulation cycle. A highly significant drop in adsorption was obser-
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ved at the end of the cycle ; however, at this stage, i.e., after passage
of 4000 ml of plasma, the antigenic sites are not saturated.

The second series of results were obtained from a pooled plasma
with high titer : 1/2000 in coombs. 2000 ml of plasma were purified
by recirculation for 2 hours and 15 minutes at a flow rate of 30 ml/min.
The drop in titer was 3 on the average (adsorption of 75 to 80 %).

In general, it is diff icult to predict the amount of adsorption
with any accuracy given that it depends on the avidity and the affinity
of the antibodies present. However, given the above results, it would
seem reasonable that in an actual situation, i.e., purification of the
blood of an ABO incompatible patient, the proposed immunoabsorption
process would be more efficacious than the conventional plasma exchan-
ge (3).

3.2. 1N-V1VO EXPERIMENTS ON PIGS

3.2.1. Materials and Methods

Five experiments were carried out on 5 pigs weighing 25 kg each.
After anesthesia, the femoral artery and vein were accessed and
connected to a Haemonetics centrifuge fitted with pédiatrie bowls
(250 ml) for plasma separation.

As soon as the bowJs were filled, the plasma was
transferred into a blood bag and perfused in the immunoadsorbent
column at a flow rate of 12 ml/min ; then the filtered and purified
plasma is returned to the animal via gravity with the formed blood
elements and an anticoagulant (see figure 5) ; each purifier contained
80 ml of lyophilized and radiosterilized immunoadsorbent which had
been saturated with 1 % porcine albumin. Before each use, the purifier
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3<»«mpt«)

Femoral trlery
l
P,(Mmpl«)

CentrtfuQ«
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pump 12 mVMn

Stood c*M*
Mptrstor PiMmaptwMM bag«

FIG.S.Extracorporeal circuit pig in vivo experimentation.

133



was thoroughly rinsed with citrated and heparinized physiological
serum. The plasma was filtered (0.45 pm hollow fibers) after each
pass through the column to prevent reinjection of the immunoadsorbent
red blood cells (see figure 5). The total duration of plasmapheresis
was 3 hours and corresponds to the separation of two plasmatic masses
(2000 ml).

During the ECC, plasma was sampled :
PI and P3 : arterial samples at the beginning and end of ECC
P2A : plasma sample after centrifugation and before purification
P2B : plasma sample after purification (transit of 500 ml of

plasma).

At the end of the ECC, the animal was sacrificed by exsanguina-
tion. The liver, spleen, heart, lungs and kidneys were removed for
anapathological analysis.

3.2.2. Results (see figure 6)
The experiments were well tolerated by the pigs. In the arterial

samples, there was a drop of 10 % of the formed blood elements,
imputed essentially to the effect of dilution (one liter of aqueous
solution was injected into each animal in the form of plasmodex,
physiological serum and anticoagulant during ECC). The drop in platelets
(35 %) is much more significant and is imputable the incomplete separation
of the plasma during centrifugation.
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The changes in Na, K, Ca observed at plasma separation is explai-
ned by the use oi a citrated anticoagulant (ACD-A). The calcemia
during purification and at the end of ECC increased (+ 35 % at the
end of ECC) which may attest a reactional hyperparathyroidism.

The albumin and globulins dropped from 25 % to 40 %j this loss
is partially imputable to the effect of dilution ; the losses inherent
to purification varied from 0 to 16 %. The decrease in the hemostasis
factors is 10 to 40 % overall and remains well below the variations
observed during plasma-exchange (4) (drop of around 70 %) ; here,
again, the drop is especially marked for the plasma separation.

The activation of the coagulation, seen from the generation of
fibrinopeptide A, was observed in 4 of the 5 pigs. This activation
occurred either during contact with the purifier's surfaces or contact
of the vascular breaks at the cannula.

The results of the anapathological analysis showed pulmonary
lesions of the type seen in subacute inflammatory pneumopathy. The
observations were made on the diffused septa! infiltrates with mononu-
cleated cells and on the hyperplasias of the lymphoidal formations
annexed bronchioles. These lesions are compatible with a common
infectious etiology in pigs with Mycoplasma suipneumoniae. The other
organs did not show any anormalities.

3.2.3. Discussion
The results show the incidence of the purifier on the biological

parameters is slight compared with the effect of a simple plasmatic
separation with plasma-exchange. The effect of dilution accumulated
with that of non-specific adsorption induced a slight drop in all the
parameters. The biocompatibility of the material appears to be satis-
factory, both clinically and biologically, (especially the hemostasis).
Finally, the discovery of moderate pulmonary anatomic lesions, probably
of infectious origin, should not be cause to question the good level
of tolerance in vivo of the process.

3.3. EX-V1VO EXPERIMENTS WITH MAN
The ex-vivo experiments for man consisted in operating a purifying

system under the actual conditions of plasma purification, i.e., connec-
ted to a purifier on the plasma outlet line ; however, the plasma purified
was not reinjected into the patient but replaced with an injection of
human albumin at k %.

3.3.1. Materials and Methods
3.3.1.1. Patient Selection

Seven experiments were carried out on 4 patients (3 men and
1 woman) with blood group 0. They were being treated with plasma-
exchange for the following pathologies : Periarteritis nodosa, Lambert-
Eaton syndrome, Myasthenia, chronic PRN.

3.3.1.2. Plasma Separation
The whole blood was decoagulated with 1 mg/kg of heparin injected

before treatment, then with a continuous injection of ACD at 55 %
(injected at a ratio of 1/20 to 1/30). The plasma was separated in
a COBE 2997 continuous flow separator. The plasma flow rate at
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outlet was 30 ml/min. The total volume of plasma purified was equal
to 1.5 times the patient's plasmatic mass.

3.3.1.3. Immunoadsorbent Column
The prototype purifier was used : column diameter 15 cm, height

3 cm), it was fitted with 20 ym polyester filters and contained 300 ml
of immunoadsorbent (30 to 50- urn microbeads, A+red blood cells
for the first 5 experiments and 0- for the next 2 experiments). The
immunoadsorbent was saturated with human albumin (1 %/PBS) and
Jyophilized, it was then radiosterilized. Before each use, the column
was rinsed with 2 liters oi physiological serum and two liters of physiolo-
ical serum with 5000 u/1 of heparin and citrated with 5 ml ACD
46,7 %)/!.f.

3.3.1.4. Purification Process (see Figure 7)

The plasma leaving the centrifuge was perfused in the column
at a rate of 30 ml/min. The purified plasma was filtered with a 45- u m
filter then collected in a bag. At the same time, albumin 4 % was
injected in perfusion in the patient. The total dead volume of the
system was 300 ml, hence the first 300 ml output by the system were
discarded (essentially physiological serum).
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FIG.7. Extracorporeal circuit human ex vivo experimentation.
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3.3.1.5. Blood Samples (see Figure 7)

To and Tp : whole blood at the beginning and end of ECC.

T1A and T2A : plasma before purification at to + 10 min and tp - 20 min.

TIB and T2B : plasma after purification at to + 20 min and Tp - 10 min.

Tp : plasma removed from blood bag at the end of the ECC.

3.3.1.6. Biological analyses
The following analyses were made : plasma biochemistry, hemostasis,

complement assay.

3.3.2. Results
The 7 ECCs were satisfactory. The average volume collected

in the blood bags was 3.6 1 for ECC period of 2 hours.

3.3.2.1. Biochemistry (see Figure 8)

Observed changes can be explained by the dilution effect and
the use of citrate anticoagulant. The total parameter drop was 25
to 30 % in the early phase ; it is likely that sample TIB taken 10
minutes after T1A still had a high citrated physiological serum content
provoking a dilution effect. The results from the end of the ECC are
a better measure of the actual effect of the purifier on parameter
changes ', at this stage, variations are 5 to 15 % and remain overall.
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The results of the electrophoretic analysis. did not show up any
non-specific protein adsorption.

The increase in sideremia was shown by the content of plasma
hemoglobin which varied from 59 to 118 mg/ml corresponds to a
partial (and non-toxic) rejection of the hemoglobin contained in the
red blood cells of the immunoadsorbent.

3.3.2.2. Hemostasis (see Figure 9)

The flow of plasma on the immunoadsorbent capsules (first five
experiments) induced :

. an overall consumption of factors : FV, FVllIc, FXI1 ; total pre-kallikrein
(PK), Fibrinogen (Fbn), Fibronectine (Fbo), V/illebrand factor (VWF) :
this consumption corresponds to a slightly specific adsorption pheno-
mena which was significant early in the experiment (20 to 40 %)
and slightly significant later on ( <. 10 %). This consumption remains
moderate and should not have any secondary effects.

. an activation of the contact phase, imputed to the existence of
a free kallikreinemia which did not appear to decrease with time.

. an activation of coagulation marked by the production of fibrinopeptide
A, which increased quantitatively with time and which can be explai-
ned by the adsorption of active thrombin which is not at all or very
slightly accessible by the inhibitors.

3760

FV FVliC VWF xii ron roo PK l PK v
BTl
BT2

FIG.9. Average percent change in hemostasis parameters
during immunoadsorption.

3.3.2.3. Activation of the complement (see Figure 10)

Five purifying operations were run in a state of incompatibility
between the plasma and the purifier : (group 0 patient, group A immuno-
adsorbent). The last 2 ECCs were in a state of compatibility : (both
patients and immunoadsorbent were group 0).

The assays (5) of C3A and C5A were normal in the patients
before and after purification (except experiments 6 and 7), which
shows that the plasma separation did not activate the complement.
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FIG. 10. Human complement C3A-C5A assays (ng/ml).

Conversely, flow over the immunoadsorbent provoked a moderate
increase of C3A at Tl and sharp increase at T2. The C5A remained
within normal limits.

Passage through the purifier, therefore, led to an activation
of the complement which is not the result of an immunological conflict
(since it was also observed in experiments 6 and 7) ; but, rather reflects
an activation by the alternate pathway, where there is contact with
the purifier's surfaces. This activation, of varying intensity, although
highly significant (3680 ng/ml) and much higher than normal «. 200
ng/ml), only corresponds to a clivage of around 6 % of the C3 molecules ;
furthermore, the amount of C5A produced is slight. Given these conside-
rations, alternate pathway to complement activation should not be
accompanied by clinical signs to the extent that only the C5A ana-
phylactin is capable of initiating the aggregation of granulocytes which
provoke pulmonary lesions (6).
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3.3.3. Discussion
The purifier's design showed itself to be technically suitable

to therapeutic plasmatic purification conditions in terms of feasibi-
lity.

Biologically, three types of modification were observed :

. changes independent of the purifier and due to a hemodilution phenomenon.

. a hemoglobin rejection phenomenon which was slight and cannot
cause toxicity in vivo.

. activation stigmata of the coagulation and complement proteins.

The observed results, both quantitatively and qualitatively, allow
us to consider that these modifications will produce no clinical effects
on the patient.

it. CONCLUSION
The set of results from the in-vitro, porcine in-vivo and human

ex-vivo experiments are satisfactory both with respect to the level
of antibody adsorption and with respect to the biocompatibility of
the system.

Nevertheless, general toxicity tests shall be run with rabbits
on the immunoadsorbent leachables before the human clinical experi-
ments.
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Abstract

The recognition of the diagnostic potential of circulating
parasite antigen has prompted research on immunoassays using
immunological reagents labelled by radioisotopes or other tags.
Solid-phase immunoassays have generally been used. Yet the
shelf-life of immobilized immunological reagents is usually short.
By using radiation immobilized monoclonal antibody, a
radioiznmunoassay is described for detection of circulating cathodic
(M) antigen. This assays has higher sensitivity and working range
than the reference test using monoclonal antibody absorbed to
microtitre plates and the immobilized reagent could be kept at room
temperature for periods over one month. This should increase the
practicability of monoclonal antibody-based immunoassays in endemic
areas.

1. INTRODUCTION

A major characteristic of many parasitic infections is the
presence of a variety of parasite-derived molecules in the
circulation of their mammalian host. Besides the parasite itself,
as in the case of circulating extracellular stages of some
protozoa, or infected blood cells (e.g. red blood cells in
malaria), antigenic material excreted or secreted into the
biological fluids of the host represent the major source of
so-called circulating parasite antigen.

* Present address: Beijing University, Department of Chemistry, Beijing, China.
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In addition to their significant role in the induction or
modulation of the immune response against parasites, such
circulating antigens have been recognized as potential reagents for
immunodiagnosis. Indeed, parasitological tests for the
identification of infected patients are time-consuming, they
require experienced investigators and their use for large scale
studies like epidemiological surveys may be difficult. Despite of
great improvements in the detection of anti-parasite antibody and
the application of sophisticated technology,it is generally
accepted that immunoassay for antibodies can reflect present or
past infection but cannot readily distinguish infection from
disease. This is however one of the most important features from a
clinical viewpoint, as it is recognized that though the majority of
a population in an endemic area may be actively infected, the rate
of clinical morbidity will be small. In this respect, such
immunoassays present no decisive advantage, beside their
practicability, over parasitological counts. In this respect, such
immunoassays present no decisive advantage, beside their
practicability, over parasitological counts. Furthermore, the
persistence of antibodies in treated patients prevents the use of
immunoassays for antibodies to assess the effectiveness of
chemotherapy or other curative measures. This prompted the
development of alternative tests for detection of circulating
parasite antigens [1]. Corresponding to the (protozoan) parasite
itself or being released by infective protozoan or metazoan
parasites, circulating parasite antigens could theoretically
provide markers of active infections, and their levels are expected
to reflect parasite load.

However, most circulating antigens do elicit immune responses
and, owing to immune clearance, their levels are low. Therefore,
their measurement is mainly based on RIAs and related procedures. A
further complication in the assays is the presence of circulating
antigen-antibody complexes, as there will be competition between
the antibody reagent of the test and the patients'own antibodies in
the serum samples, together with variable in vitro dissociation of
the complexed antigens, depending on the antigen/antibody ratio of
the immune complexes and the respective intrinsic and extrinsic
affinities of the reagent and patients'antibodies. Furthermore, the
presence of anti-idiotypes in the immune complexes is likely to
amplify the interference in the assays, which can be increased also
by rheumatoid factor frequently produced in parasitic diseases.

Schistosoraes, which infect 200 to 300 million people in
tropical and subtropical countries, release many antigenic
specificities in the bloodstream of their host. Among these, some
are not suitable for immunodiagnosis, because of their
cross-reactivity with other parasites or of their rapid clearance.
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The mechanisms that control the production and subsequent release
of antigens into the bloodstream by various parasites are poorly
understood, but a comparison of polysaccharide antigens from
schistosomes showed that only two gut-derived circulating antigens,
the circulating anodic antigen (CAA) and the M-antigen with
cathodic mobility, are released by Schistosoma mansoni whereas
5. japonicum produces seven circulating molecules [2, 3]. A further
complexity in the fate of circulating antigens is introduced by
transplacental passage in pregnant women, with most infected
mothers and their new-born children having detectable schistosome
M-antigen in their sera [4]. Another factor to be considered is the
variability in the host immune response. In monkeys high levels of
circulating immune complexes were found with S. mansoni whereas
S. japonicum produces seven circulating molecules [5].It is
therefore not surprising that these numerous sources of variation
in the release and fate of circulating antigens make the
correlation between antigenaemia and parasite load still
controversial.

Two site immunoradiometric assays, or similar sandwich-type
immunoassays using either fluorescent or enzyme conjugates, have
generally been utilized with polyclonal or monoclonal antibodies as
the solid phase or labelled reagent.

In most of these assays, the solid-phase (capture) antibody
was absorbed at appropriate dilution in the wells of microtitre
plates. The antibody-coated microtitre plates should be kept at
+4'C and the shelf-life of the capture antibody is usually short.
Moreover, the< amount of absorbed reagent depends both on (i) the
properties of the antibody, i.e. whether polyclonal or monoclonal ;
its class or subclass of immunoglobulin and its degree of
purification also represent important factors, and (ii) of the
polymer used for the absorption. While standardization of the
antibody is possible in the case of monoclonal antibody which can
be produced and purified reproducibly, batch to batch variation in
the amount of reagent absorbed by polyvinyl plates still represents
a limitation.

The development of radiation immobilization techniques, which
could in principle overcome this problem, prompted us to
investigate the applicability of such techniques for preparation of
the capture antibody. The results obtained show that
radiation-immobilized antibody represents a valuable alternative to
microtitre plate absorption. The higher sensitivity obtained with
some of the preparations tested together with the marked increase
in shelf-life of the solid-phase reagent provide significant
improvements in view of the applicability of the test in
developping countries.
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2. MATERIAL AND METHODS

2.1. Circulating schistosome M antigen (CSA)
Excretory/secretory antigen from S. aansooi was obtained from

adult worms collected from infected hamsters, and incubated at 37'C
for 3 h in distilled water, a procedure which induces the release
of the M antigen [6], The centrifugea material was used for the
immunization and as a source of circulating schistosome antigen
(CSA) for the standard curve of the radioimmunoassay.

2.2. Monoclonal antibody
A monoclonal antibody specific for schistosome M antigen was

obtained by immunization of Balb/C mice with CSA and hybridization
of their spleen cells with the non-secreting mouse myeloma SP 0,
using polyethylene glycol as the fusion agent. Hybridomas were
cloned by the limiting dilution technique and injected to Balb/C
mice to induce ascitic tumors. Purification of the monoclonal
antibody from ascitic fluid was carried out by using 33 % ammonium
sulphate precipitation and DEAE-ion exchange chromatography. The
monoclonal antibody 40:B1 was a mouse IgG3K, which proved able to
immunoprecipitate CSA and adult worm saline extract, but not
schistosome soluble egg antigen. Both by Ouchterlony tests and by
radioimmuDoassay the monoclonal was shown to be
schistosome-specific with no cross-reactivity with other helminth
antigens [7].

The 40:B1 monoclonal antibody was radioiodinated by the
chloramine T technique at an average specific activity of 37
MBq/ng, and purified by gel-filtration through PD columns
{Pharmacia, Uppsala, Sweden).

2.3. Two-site immunoradiometric assay using microtitre plates
Flexible polyvinyl plates (FALCON, Becton Dickinson, Oxford)

were coated with 100 nl monoclonal antibody 40:B1 diluted at 10
ng/ml in 0.05 M Carbonate/Bicarbonate buffer pH 9.6 by incubation
for 3 h at room temperature and further 12 h at 4'C. Unbound
monoclonal antibody was removed by 8 extensive washings of the
microplates in 0.01 M phosphate buffered saline pH 7.6 (PBS)
containing 0.2 % (v:v) Tween. Aliquots of 100 (j.1 of the samples
diluted 1:5 (v:v) in PBS were added and incubated for 3 h at room
temperature. After 8 washings in PBS-Tween, 100 |jt.l of
radioiodinated monoclonal antibody (105 cpm/well) were incubated 3
h at room temperature. The unbound radioactive antibody was
aspirated and the wells were washed 5 times with 200 nl of
PBS-Tween. The radioactivity of each well was measured in a Gamma
counter.

Standardization was done by using dilutions of CSA from 5000
to 1 ng/ml in PBS containing 20 % (v:v) normal human serum.
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In some experiments, microtitre plates were coated first with
polymerized glutaraldehyde and then incubated with the monoclonal
antibody for 48 to 78 h at 4"C [8, 9]. No significant improvement
in sensitivity was however obtained with this procedure.

2.4. Radiation-immobilized monoclonal antibody
Purified monoclonal antibody 40:B1 was shipped for

radiation-induced polymerisation and sent back for testing.
Radiation polymerization method was carried out at Takasaki

Radiation Chemistry Research Establishment, Takasaki, Gunma and is
described in details by Pr. I. Kaetsu. Briefly, paper discs were
coated with 0.2 mg of the purified IgG3 monoclonal antibody and
mixed with 2-hydroxyethyl methacrylate (HEHA) monomer, cooled at
-78'C and irradiated at 1 Mrad. The sheets of immobilized
monoclonal contained approximately 1 y.g antibody each.

Radiation grafting was carried out at the Dept of
Bioengineering, the University of Washington, Seattle, Washington
and is described in details by Pr. A.S. Hoffman. Ten
poly(propylene-ethylene) (CP) films were grafted with HEMA and
methoxy polyethylene glycol monomethacrylate (HPEGMA) using
preirradiation tehnique. The films were preirradiated in air with a
dose of 1.89 Mrads, which then were put into 0.4 M aqueous solution
of comonomer and graft-copolymerized in the presence of ferrous ion
at 50*C. The films were then washed and the percent graft on each
film was determined by gravimetric analysis. The activation of the
grafted films was carried out in 50 ml dioxane containing 4 g. of
carbonyl diimidazole (GDI) at room temperature for 14 h. After the
reaction, the films were washed by 50 ml dioxane and PBS buffer, pH
7.3. All the films were immersed in 50 ml of 40 p.g/ml of antibody
solution in 0.1 M HEPES buffer, pH 8.3 at 4'C for 48 h. The films
were then washed five times in 50 ml PBS buffer for 10 min. to
remove non-covalently bound antibody. The films were stored in PBS
buffer, pH 7.3 (+ 0.01 % NaN ). Table 1 shows the grafting yield as

3well as the composition of the comonomers. For the assay, 1 mm
discs were punched from each film.

The radiometric assay was carried out as described previously,
by using the various immobilized antibody discs instead of
antibody-coated microtitre plates.

2.5. Serum and urine samples
S. mansoai infected hamsters were bled by retroorbital

puncture. Infected patient sera and urines as well as control
samples from uninfected humans were obtained from endemic and
non-endemic areas from Brazil and Kenya respectively. Serum and
urine samples were stored at -20*C. Rheumatoid factor and
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Table 1 : Preparat ions of 40:B1 «onoclonal antibody immobilized
onto Poly(propylene-ethylene) f i lm gra f ted with HEMA and MPEGMA.

Film number

1
2
3
4
5
6
7

8

9
10

Mi

HEMA
HEMA
HEMA
HEMA
HEMA

HEMA

HEMA

HEMA

HEMA

HEMA

M2

-

-

-

-

MPEGMA0 = 30
MPEGMA0= SO
MPEGMAn = 3 0

MPEGMAn= 1 00
MPEGMA0 = 100
MPEGMA0=100

Mt/M±
mol:mol
100:0
100:0
100:0
100:0
60:40
60:40
60:40

70:30

70:30
70:30

Grafting yield (%)

8.60
58.2
92.9
279

37.1
88.5

132

44.9

69.8
105

circulating immune complex ( 12S I-Clq-binding test) levels were
measured to assess their inf luence in the radioimmunoassay results .
Serum samples containing high levels of rheumatoid factors were
obtained f rom uninfected europeans.

3. RESULTS

3.1. Microtitre plate-based assay
The immunochemical characterization of the M antigen revealed

the occurrence of several antigenic moieties with different
molecular weights, all recognized by monospecific antisera. The
polymeric nature of the M antigen and its immunoprecipitation by
the 40:B1 monoclonal suggested the presence of repetitive epitopes,
which is suitable for the two-site immunoradiometric assay. By
using the 40:B1 monoclonal both as the solid phase and labelled
antibody, the M antigen could indeed be detected in
excretory/secretory products from 5. aansoni (Fig. 1) as well as in
the serum and urine from infected hosts.

The immunodiagnostic capacity of the monoclonal
antibody-based, microtitre plate assay has already been evaluated
[7, 9]. Briefly, a detection limit of 50 ng/ml CSA and a
correlation of CSA levels with S. mansoni egg excretion in stool
were found, together with a significant decrease in antigenaemia in
parallel with decreased egg output after chemotherapy. The
specificity of the imavinoradiometric assay is confirmed by the low
level of binding with uninfected patient sera, even in the presence
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STANDARD CURVE, MICROTITRE PLATE ASSAY

§o

Q.
ü

Figure 1.

1
log(CSA ng/ml)

Standard curve with monoclonal antibody 40:B1 coated in
microtitre plates (abcissa = log concentration of CSA).

of high levels of rheumatoid factors or immune complexes, and by a
progressive decrease in binding by previous immunoprecipitation of
infected human serum with increasing quantities of the (unlabelled)
40:B1 monoclonal antibody.

Interestingly, a significant correlation (r = 0.69) was found
between results of the immunoradiometric assay of serum and urine
from the same infected individuals. This might be of value for
clinical or epideaiological studies, especially in endemic areas
where collection of blood saples is often difficult. Moreover, at
least in 5. mansoni infection, interference in the test of
patients' antibodies may be expected not to occur at least in the
case of urine from individuals with unimpaired renal function.

3.2. Radiation-immobilized antibody
While a standard curve was obtained with all the immobilized

antibody preparations, significant improvements in the sensitivity
of the assay were found with some. Figure 2 shows representative

MICROTITRE PLATE/RADIATION POLYMERIZED

o.o
15000

10000-

5000 -J

0 1 2 3 4
log(CSA ng/ml)

Figure 2. Comparison of antibody-coated microtitre plate assay
( ID ) and assay with radiation polymerized monoclonal antibody
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standard curves obtained with the microtitre plate-based test and
with a solid phase antibody prepared by the radiation
polymerization method. Not only a lower detection limit was
obtained with the later preparation, at 20 ng/ml (calculated from
the bound radioactivity significantly different from non-specific
binding without added antigen), but most importantly the
sensitivity of the assay was greatly improved in the medium range
of antigen concentration (50 - 500 ng/ml) with for instance up to 8
times more bound radioactivity with the radiation-polymerized
capture antibody (Fig. 4A).

Similarly, Figures 3 and 4B show a significant increase in
sensitivity in the biologically significant range of CSA levels
with some of the radiation-grafted antibody preparations, the film

M1CROTITRE PLATE/RADIATION GRAFTED
10000-

2 3 4
log(CSA ng/ml)

Figure 3. Comparison of antibody-coated microtitre plate assay
{ D ) and assay with preparations 3,4,5 and 7 (see Table 1) of
radiat ion-grafted monoclonal antibody. The preparation 4 with HEMA
only at maximum yield ( •+ ) siows maximum improvement in
sensitivity.

Bound Radioactivity with serial serum dilution
12000-

m5

10000-

>• 8000
oo.
g 6000

4000

2000

600 800 1000 1200 1400 1600 1800coated plate

Bound Radioactivity with serial serum dilution
6000-

5000-

<J5 4000
6)

3000

2000

1000

600 800 1000 1200 1400 1600 1800

coated plate

Figure 4. Improved specific binding (cpm) of labelled monoclonal
antibody as shown by testing various concentrations of CSA with
capture antibody immobilized by the radiation polymerization method
(A) or preparation 4 by radiation grafting (B), in comparison with
capture antibody-coated microtitre plates (abcissa).
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with the highest grafting yield (279 %} proving superior to the one
with lower yield (92.9 %). Generally, films grafted with HEMA only
gave better results that those prepared with HEMA and MPEGMA.

A significant correlation was found between results obtained
with infected patient serum or urine samples by assays using the
microtitre plate coating method and the polymerization techniques
(Fig. 5-6). Due to the improvement in sensitivity of the radiation
polymerization and of the HEMA-grafted antibody respectively, some
sera from infected patients negative with the microtitre plate
assay were found positive by using one of these capture antibody
preparation, this illustrating the increase in detection limit of
the assay (Fig. 7).

CSA levels, coated plate/radiation polymer
' = 31,182 + 0,765x R = 0,96

500

100 200 300 400
coated plate

500

Figure 5. Comparison of CSA levels determined comparatively by the
antibody-coated microtitre plate assay and the capture antibody
immobilized by the radiation polymerization method.

CSA levels, coated plate/radiation graft
600 y = 49,002 + 0,827x R = 0,97

0 100 200 300 400 500 600
coated plate

Figure 6. Comparison of CSA levels determined comparatively by the
antibody-coated oicrotitre plate assay and the capture antibody
immobilized by the radiation grafting method (preparation 4).
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Comparison of coated plate/immobilized MAb

Pos, coated pi

Neg, coated pi

NHS

50 100
CSA levels, ng/ml

150

Figure 7. Improved detection of CSA in infected patient sera, which
were found negative by the coated plate RIA ( •• ), and
significantly higher than the cut-off level with capture antibody
immobilized by radiation polymerization ( EË3 ) or radiation
gra f t ing (

Unsignif leant non-specific binding was obtained wi th these
immobilized reagents with sera from uninfected humans, even those
containing high levels of rheumatoid factor. The reproductibility
of the assay was estimated by repetitive measurement of serum or
urine samples containing low, medium, or high levels of CSA.
(Table 2).

Table 2 : Reproductibi l i ty of the assay using various capture
antibody preparat ions (as coeff ic ient of variat ion of repeated
measurements ) .

Capture antibody

Coated microtitre
plates

Radiation polymerization
method

HEMA radiation
grafting

within assay
(n=10)
8.5 %

9.4 %

8.7 %

between assay
<n=5)

12.3 %

13.2 %

11.9 %
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3.3. Inununoreactivity of stored immobilized antibody
As indicated before, antibody-coated plates cannot be stored

for more than a few week*. To investigate whether radiation
polymerization methods could increase the immunoreactive stability
of the capture antibody, discs were stored at room temperature and
used to obtain two points of the standard curve (100 and 1000 ng/ml
CSA) and to assay one infected serum sample repeatedly each week.
Results in Table 3 show that after such storage, only a small
reduction in the immunoreactivity of the immobilized antibody is
observed after 6 weeks either with the radiation polymerization and
radiation grafting methods.

Table 3 : Immunoreactivity of immobilized monoclonal antibody
stored at room temperature for several weeks.* percentage of
variation after 1-8 weeks of storage relative to initial values.

Capture antibody
coated microtitre

plate
radiation polymerization

method
HEMA radiation

grafting

1*

- 41 %

+ 5 %

- 12 %

2

-

- 8 %

+ 11 %

4

-

+ 10 *

- 7 %

6

-

+ 13 %

+ 12 %

8 weeks

-

- 31 %

- 25 %

CONCLUSION

In a preliminary study [8], radiation-based procedures for
immobilization of the same monoclonal antibody were tested.
Although promizing by showing the feasability of this approach, the
results obtained also showed non-specific binding of the labelled
monoclonal reagent to the polymer, which decreased the sensitivity
of the test as compared with the coated microtitre plate method.

In the present study, such non-specific binding was not
observed, and significant improvements in the sensitivity were
found in comparison with the same reference assay. Indeed, capture
antibody immobilized by the radiation polymerization method as well
as the HEMA-radiation grafting method of highest yield each gave
standard curves with lower detection limit, increased specific
labelled antibody binding and thus increased sensitivity in the
biologically significant working range. We shall not discuss have
the reasons why the HEMA grafted films gave better results than
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those grafted with HEMA and MPEGMA. The greater sensitivity of the
immobilized antibody-based RIA could be related to increased amount
of solid-phase antibody as compared to mere absorption on polyvinyl
plates. Indeed, by diluting a standard preparation of CSA, higher
specific binding of the labelled monoclonal was obtained with
either the radiation-polymerized or radiation grafted capture
antibody than with the coated microtitre plates. Although the
actual concentration of the immobilized antibody could not be
directly measured, this indicates at least a higher amount of
solid-phase antibody in the polymer. From a biological point of
view, the increase in working range, allowing to decrease the
percentage of false negative sera, as found in this limited study,
certainly represent a real improvement over the reference assay.

A substantial finding also was the persistance of the
immunoreactivity of the immobilized reagent in bad storage
conditions (i.e. elevated temperature and humidity) which normally
rapidly reduce the biological properties of antibodies. This is of
great importance for future developments, since in field conditions
storage of the solid phase in the cold might be difficult.

It is of course premature to draw firm conclusions as to the
pr?cticability of a radiation immobilization monoclonal
antibody-based test for diagnosis of parasite antigens before large
scale studies not only in our laboratory but also in endemic
countries are undertaken. The results reported here however provide
strong indication on the possibility of better optimization of
monoclonal antibody-based radioimmunoassays and illustrate the
possibility to use radiations in immunoassays not only as the
marker of a labelled reagent, but also as a means to prepare better
immunosorbents.
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CELL IMMOBILIZATION AND ITS APPLICATION
TO BIOMASS CONVERSATION

I. KAETSU
Takasaki Radiation Chemistry

Research Establishment,
Japan Atomic Energy Research Establishment,
Takasaki, Japan

Abstract

The author's group developed an immobilization method by physical
entrapping using radiation polymerization. The technique has been used for
the immobilization and culture of cellulase producing fungi for the purpose of
biomass conversion. In this process, various cellulosic wastes such as chaff,
bagasse and so on were pre-treated by means of irradiation and mechanical
crushing into fine powders for the enhanced enzymatic saccharification. The
pre-treatment effect was enhanced remarkably by the addition of alkali. The
crushed waste slurry was hydrolyzed with cellulase soap as a culture product
of cellulase producing cells, such as Trichoderma reesei and sportrichum
fungus. Those cells were immobilized and cultured in a fibrous radiation
polymerized support and showed the prolonged enzyme production in the
continuous long culture of the immobilized fungi. Immobilization and culture
of yeast were studied and gave the successful results for the enhanced ethanol
fermentation of glucose, which was brought by the continuous saccharification
of wastes.

Introduction

1 The study and development of biomass conversion process is of increasing
interest to developing countries having a large amount of biomass sources.
The authors have studied a new technique of biomass conversion, especially the
conversion process of waste cellulose by means of radiation techniques.
Radiation degradation was applied to the pre-treatment of waste for enhanced
crushing. Radiation polymerization was used for the immobilization of
cellulase producing cells for enhanced culture. In this report, the outline
of the technique and the process are described on the basis of recent
studies. The optimum technical conditions and economic evaluation depend on
the type of biomass and other local conditions. However, the technique and
process are applicable to any kind of biomass source. It is important to note
that the results of the study and development of the immobilization techniques
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carried out in relation to the biomass conversion process, are generally
useful for a wide range of different applications.

Results and Discussions

1. Pre-treatment of cellulosic wastes by electron beam irradiation and
mechanical crushing in the presence of alkali

The purpose of pre-treatment is to make the cellulose part of the complex
opened or exposed to contact with enzyme molecules. Removal or separation of
lignin component with chemical reagent or solvent is one way. Mechanical
crushing of the complex into extreme fine powder is another way to expose the
cellulose component. The authors studied the latter method, because the
process in the dry system seems to be simpler and more economic than the wet
treatment. The combination of irradiation and crushing was investigated to
get the maximum effect with a minimum of energy. The results have been
published in many reports [1-7]. According to these results, it was obvious
that the glucose yield in the saccharification (hydrolysis with cellulase)
increased with the decrease of powder size and its distribution. The particle
size decreased with the increase of irradiation dose and crushing time, though
the effect depended considerably on the type of crushing machine. Therefore,
it was important to choose the optimal balance between irradiation dose and
the crushing time in order to get the smallest size distribution. An absorbed
dose of 10 Mrads was used combined with several tens of minutes crushing
time. It was observed that the glucose yield remarkably increased where
powder was crushed into the size of less than 50 urn, approximately equal to
the size of cellulose cells. It was noticed that glucose yield depends on the
type of material and especially on its cellulose and lignin contents (Fig. 1).
For example, the glucose yields decreased in the order of paper, bagasse and
chaff under the same pre-treatment and saccharification conditions. It was
also noticed that the irradiation effect on the crushing and glucose yield can
be observed clearly only in the materials of lignin rich compounds such as
chaff, straw and saw dust. Palm oil wastes in Malaysia also showed
irradiation effect as well as relatively good glucose yields. On the other
hand, the less and little lignin containing materials such as waste papers and
inner part of bagasse showed little or no irradiation effect. This fact
suggests that the radiation degradatin contributes only to the mechanical
destroying of lignin-cellulose complex structure so as to make the cellulose
component exposed to the outside.
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Fig. 1 Ef fec t of irradiation on the reactivity of enzymatic saccharification
in the various cellulosic wastes, lignin rich materials (chaff and
rice straw) and lignin poor materials (baggasse and paper)
(a) chaff (b) rice straw (c) baggasse (d) waste paper

In the recent studies, the author's group investigated the effect of

addition NaOH in the pre-treatment. The glucose yield in the saccharification
increased remarkably by the addition of 4-10% alkali solution before
irradiation. This alkali effect increased with the decrease of powder size of
raw material. The reason of the alkali effect can be reduced to a lignin

removal as a lignin solvent during the pre-treatment. Optimal conditions of
alkali addition and treatment were determined (Fig. 2).

2. Continuous enzymatic saccharification of pre-treated cellulosic wastes
into glucose

The continuous saccharification of pre-treated cellulosic wastes such as
chaff and bagasse was carried out on the bench scale equipment using cellulase

solution. The glucose solution of 1.5 - 2.5% concentration corresponding to
about 50-70% conversion was obtained as the product in the 30-50 days
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Fig. 2 Effect of alkali addition and irradiation on the saccharification of
chaff

continuous saccharification. It is obvious that the results can be closely
connected with the pre-treatment conditions and the pre-treated cellulosic
wastes can be converted into glucose continuously by the enzymatic hydrolysis
in a large scale process.

3. Immobilization of fungi and the continuous cell culture with the
immobilized fungi for cellulase production

Immobilization of microorganisms and tissue cells can be applied to a
bioactive component independently of its size and chemical structure, such as
reactive or functional group. The authors classified three kinds of
immobilization techniques using polymeric tissue cells [13-14]. The mode of
suitable immobilization is quite different from the type of cells to the
immobilization of fungi to produce cellulase efficiently as the hydrolysis
catalyst of cellulose is the important problem. It was reported that the cost
of enzyme represents the largest cost factor in the glucose conversion process
from the cellulosic wastes [15-16].

The enhanced cell culture and enzyme production by a continuous culture
process and heterogeneous culture system with the immobilized fungi for the
improved enzyme producibility and the reduced cost is the final purpose of the
application. It was found that cellulase producing fungi such as Trichoderma
reesei and Sportrichum cellulophitum usually take the special behaviour.
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First, it stretches the arms of mycelium and attaches to a support material by
twining itself around a micro-stretch on the surface of support. Then it
spreads by a quick growth into an available hollow space through the
stretching of the twined arms. Therefore, it is necessary for the sufficient
growth of fungi to supply a sufficient amount of micro-stretch structures and
also a sufficient amount of empty space in the support material. The supports
having fibrous structures such as gauze, non-woven synthetic fibre, and other
cloth material or net material fit the requirements. However, the fungi
require a sufficient supply of oxygen for the growth and so need the stirring
at relatively high speed. In order to endure to the severe stirring it is
necessary to strengthen the mechanical properties of fibrous supports by a
coating and adhesion with polymers. For this purpose, the fibrous support was
immersed in a suitable monomer, squeezed and then polymerized by an
irradiation. Then, the fungus was added to the aqueous system containing a
strengthened fibrous support to be immobilized by adsorption.

The effects of various factors in the support and the immobilization
conditions on the fungi growth and cellulase production have been studied in
detail (Fig. 3). It was observed that there is a delay in the time stage of
cell growth and of enzyme production and release in the cell culture. That
is, first cell growth occurred without enzyme production during the initial
several days or a week and then the enzyme began to appear in the medium
soup. The cellulase production was measured and expressed by FPA value
(Filter Paper Activity) corresponding to an enzymatic activity to convert a
determined amount (50 mg) of filter paper into glucose under the determined
conditions. For the continuous cell culture with the immobilized fungus,
first the seed cell was added to a cultivator, cultured in a batch condition
for a period of a week or ten days and then changed to the continuous process
by the continuous supply of nutrients mixture and taking off the product
medium. A certain amount of the product was taken periodically and analyzed
for the evaluation of FPA as a measure of cellulase production.

It was found that the immobilized Trichoderma reesei showed about 2 times
higher FPA than the free cell culture in the laboratory scale experiments.
This fact strongly suggests the possibility of the enhanced and advantageous
cell culture and enzyme production in the immobilized system in the continuous
process. However, in the upscaled bench scale experiments, it showed roughly
the same or a little higher maximum FPA values in the long continuous cultures
in comparison with those in the free cell culture in the batch process. But
in the continuous process the FPA of free cell system decreased quickly to an
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Fig. 3 Model scheme for the two kinds of immobilization methods for fungus
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extremely low value with the culture time, while the FPA of the immobilized
system decreased only gradually or kept a constant value for a considerable
period. Therefore, the enzyme producibility in the immobilized and continuous
system is higher than that in the free cell and batch culture system from the
viewpoint of total processing.

0.

5 10
Culture t ime (days)

15

Fig. 4 Relation between the cell growth (increase of cell number) cellulase
production (increase of FPA) and the culture time
(a) sporotrichum cellulophirium (b) trichoderma reesei

The effects of various factors such as hydrophilicity of monomer,
concentration of monomer, density (mesh size of network) of support, and
amount of support for culture or charging ratio of support in the cultivator
volume (or medium volume) on the FPA values were studied in detail. The
results of continuous long culture of the immobilized and free cell systems
are shown in Fig. 5.

According to those results, the FPA value increased with the decrease of
hydrophilicity and concentration of monomer, reached the maximum at optimal
density of support, and also increased with the increase of support amount in
the culture system. These facts indicate that various properties and
conditions of support strongly affect the cell growth and enzyme production
and that the enhanced culture can be attained by choosing optimal conditions
of support material. It should be noted that the FPA increased with the
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Fig. 5 Continuous cell culture of immobilized and free trichoderma reesei in
the bench scale cultivator (50 litres)
(a) free cell (b) immobilized cell

increase of total amount of added support, though the same amount of seed cell
was added to be immobilized by the different amount of support. The result
showed that the same amount of cell can grow more actively and extensively
under the existence of a larger amount of fibril support as the growth bed.
Therefore, it is obvious that the higher increase of FPA can be attained
easily in the immobilized system in comparison with the free cell system by a
suitable design of engineering to realize the maximum setting of support
amount in the cultivator. This is an engineering problem, as well as the
conclusive evaluation of cellulase producibility and production cost in the
immobilized and continuous flow system.

4. Immobilization of yeast and the continuous fermentation with the
immobilized and cultured yeast

The application of cell immobilization and the continuous culture
technique to the field of biomass conversion includes the possibility of a
variety of useful applications to produce different kinds of compounds from
the glucose source as the first main product. The ethanol production by
fermentation of glucose is one example. As is well known, ethanol yeast such
as Saccharomyces Formosensis is used for the fermentation at the catalyst.
The immobilization and cell culture of yeast has been studied, as well as
fermentation with immobilized and cultured yeast.

It was found that the immobilized and cultured yeast showed 10 to 13
times higher fermentation activity free yeast cell cultured in a suspension of
free cell. Another important finding was that the yeast cell showed the most
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enhanced growth and activity, when it was entrapped or adsorbed in a very
hydrophilic gel polymer as the support. The fermentation activity increased
with the increase of hydrophilicity of monomer or polymer, opposite to the
immobilization of fungi. The immobilized yeast in the soft hydrophilic gel
grew and made colonies in the surface layer of the support polymer. The cell
growth requires the softness of the gel by a swelling to expand with the
growth. The suitable porous structure of gel matrix is better for the cell
growth, but the excess porosity or hollow structure is not good for the growth
because of drop-out or leakage of grown cell different from the case of fungi
immobilization. The thick and concentrated cell growth in the colonies is the
reason of higher activity of the immobilized system. That is, the higher
density and concentration of cells in a unit volume of medium (gel in the
immobilized system, suspension in the free cell cystem) is advantageous for
the higher catalytic activity and this can be attained only in the
immobilization system.

The effects of various factors on the ethanol fermentation activity
especially the effect of polymer properties such as hydrophilicity and
porosity on the activity have been studied in detail.

The change of stabilities for thermal treatment and for the contact with
organic solvents by the immobilization was also investigated. It was found
that those stabilities increased remarkably in the immobilized yeast in
comparison with the free yeast.

In conclusion, much more enhanced use of yeast for the fermentation
process is possible by using the immobilized yeast system in hydrophilic
polymer gel. Radiation polymerization can be used for the immobilization
conveniently since it produces a porous hydrogel easily made without any
catalytic residue. The same technique could be applied to other kinds of
yeast and the different fermentation processes.
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BIOMASS CONVERSION THROUGH RADIATION
IMMOBILIZATION OF ENZYMES AND MICROORGANISMS
AND PRE-IRRADIATION TECHNIQUES AT IPEN/CNEN,
SAO PAULO

A.G.G. CASTAGNET
IPEN/Comissâo Nacional de Energia Nuclear,
Sâo Paulo, Brazil

Abstract

The search for alternative renewable sources of energy
is receiving increasing attention in developed and less developed
countries QL] , [2] , [3] .

At the IPEN-CNEN/SP it was developed several
interconnected radiation technology applications in the field
of biomass conversion which included:

1) wood powdering of pre-irradiated wood chips for fuel
production;

2) saccharification of lignocellulosic materials by
conibinning electron beam processing (EBP) with other
physical and chemical pre-treatrnents;

3) Radiation immobilization of enzymes and microorganisms
(yeasts) used in the saccharification of lignocellulosic
wastes and ethanol production processes;

4) Production of complementary cattle feed by NH., and NaOH
impregnation of pre-irradiated sugarcane bagasse;

5) Study of radiosensitivity of yeast cells and yeast
ethanol production system;

6) Initian tests of bioreactivity of radiation-induced
polymers.

Introduction

One of the major obstacles encountered when converting
lignocellulosic materials by enzimatic hydrolysis is the presence
of lignin that binds cellulose and hemicellulose. On the other
hand, molecular cristalinity limits the rate of attack on the
cellulose in any kind of saccarification process. Consequently,
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prior to enzymatic hydrolysis it is necessary to break off the
lignin and cellulose cristalinity barriers and make such process
economically feasibly. Both effects can be achieved at least
partially, through a combination of physical and chemical
pretreatment [_4J , [_5J .

Effects of physical crushing of wood and sugarcane bagasse on
enzymatic hydrolysis

Wood chips were crushed to fine powder using an impact
mill or a laboratory disc mill. Particle size distribution was
determined by using a vibratory classifier with screens. The
influence of the average particle size on the reducing sugar
yield, after 2 h enzymatic hydrolysis at 50 C was studied, for
irradiated and non irradiated samples. In all cases, reducing
sugar yield, measured by DNS reagent [6l , increased, as the
average particle size decreased down to about 300 urn. In the
case os sugarcane bagasse, no noticeable influence of particle
size on glucose yield could be found for particles smaller than
400 urn

Electron beam irradiation
Radiation dose has a direct effect on reducing sugar

yield obtained by enzymatic hydrolysis of electron beam processed
cellulosic substrates ^9J , [̂10 J . An increase by a factor of
5 in the net yield of reducing sugar (difference between glucose
equivalent yielded after incubation with and without enzyme) was
obtained when the original wood fragments were pre-irradiated at
5 x 10 Gy. Total reducing sugar yield varied from about 15 mg/g
for 0 Gy to 57 mg/g for 5 x 10^ Gy. The greater increment, within
this range, occured from 0 Gy to 2 x 10 Gy. A dose of 10 -> seems
to be a reasonable one for practical purposes, but 2 x 10^ Gy
might be more convenient for future experiments, since, at that
value of dose , total reducing sugar yield obtained after 2 h
enzymatic hydrolysis of wood increases by a factor greater than
5 as compared with a factor of only 3 when a dose of 10 Gy is
used. In the case of sugarcane bagasse, total reducing sugar
yield increased almost linearly with the dose, from about 75 mg/g
at IQr Gy up to near 160 mg/g at 5 x 10^ Gy after one hour of
enzymatic hydrolysis.
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Cotbination of electron beam irradiation and alkali pretreatments
The effect on reducing sugar yield of combining diluted

alkali iitpregnation of wood particles with electron beam
irradiation and milling was studied. The effect of combined
treatments with 0% to 3% NaOH solutions, irradiation up to
5 x 10 Gy and crushing below 300 urn particle size, on the
reducing sugar production from 10% w/v sugarcane bagasse powder,
after l h incubation time with enzyme (36 mg/ml cellulase) at
50°C was established. Ihe sugar production increased almost 10
times by combuiing 3% NaOH, electron beam irradiation and
enzymatic hydrolysis. The increment factor in reducing sugar
production due to enzymatic hydrolysis also increased with all
the treatments (Table I).

Table I. Increment f actor in reducing sugar yield due to enzymatic
hydrolysis of lignoosllulosics submitted to EBIand NaOH
treatments.

Increment factor
l-J-CCH-llKillL-

none
1 x 105 Gy EBI
2 x 105 Gy EBI
5 x 105 Gy EBI
2% NaQH
2% NaOH + 105 Gy EBI

Wood powder

1.5
1.8
2.0
1.8
3.7
5.0

sugarcane bagasse

2.8
4.0
-
2.1
6.9

11.4

Taking in mind the large amount of sugarcane bagasse
available as waste from the sugar and alcohol industries (Brazil
will be producing by 1990 about 114 million tons/year of
sugarcane bagasse), the enzymatic hydrolysis of this product,
after appropriated pretreatment, looks very promising. Other
important point to be considered when dealing with industrial
applications of the methods discussed above, is that the solid
residue remaining after the enzymatic hydrolysis has also
commercial value either as fuel or for other uses like in feeding
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ruminants. In roost of the cases, low conversion efficiencies
could be probably worthly since residues from forestry and allied
industries and agricultural crop by-products are abundant and
rather low cost renewable products.

Application of radiopolymerization for immobilization of enzymes
Hydrophilic glass-forming monomers (HEMA.) were used in an

application of irradiation technology for the immobilization of
cellulase and cellobiase, two enzymes involved in biomass
conversion following the method described early by others (J-lJ.

By using the irradiation technique at low temperature
with checks for enzimatic activity before and after irradiation
(10 Gy from a Go source) no damage to the enzymes solutions
occured. Pellets of immobilized enzymes in the polymeric support
were qualitatively assayed for protein content. The violet color
caused by the ninhydrin reaction was a good indicator of the
occlusion level of the proteic enzyme throughout the matrix.
This initial ninhydrin assay correlated well with the subsequent
biochemical determination of enzymatic activity carried out
with the polymers.

The dried inmobilized particle changed from a rigid matrix
to an expanded porous one, when immersed in the aqueous
suspension of substrate. The enzymes seemed to b e entrapped
inside the network structure of the hydrophilic polymer gel and
the enzyme reactions occured in the swelled polymer matrix
through the diffusion of the substrate.

The changes in enzymatic activity as a function of the
number of batch enzyme reactions were established for both
enzymes. Due to protein release, the enzymatic activities of the
immobilized enzymes decreased as the number of enzyme reaction
increased, keeping some activity even after 15 batch reactions
in both cases. The enzymatic activity increasedcontinouslywhen
cellobiase concentration raised from 2 to 20%. On the other hand,
the quantity of sugar produced per g polymer as a consequence of
cellulase activity reached a maximum when cellulase concentration
attained 10%, decreasing at higher concentration values 12 ,
[13J, [14].
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Application of radiopolymerization for immobilization of yeast
cells

The preparation of hydrophilic polymer pieces was
performed via gamma irradiation (1CP Gy) polymerization at low
temperature (-78°C) vising 33% 2-hydroxethyl aery late (HEA) in
aqueous medium following the method already described by Fujimura
and Kaetsu 15 . The iirroDbilization of yeast cells on the
polymeric discs was done by means of a low dose gamma irradiation
(5 x 10̂  Gy) of the swollen slices imbibed with yest containing
medium and monomer. This treatment resulted in superposition of
thin layers of polymer newly produced on porous carriers, giving
a soft surface which allows the diffusion of the substrate,
glucose, into the inside of the carrier. The ethanol productivity
was evaluated by the increase of optical absortion in the
supernatant as a result of NAD - alcohol reaction in the presence
of alcohol dehydrogenase. Table II shows the results of the
assays of one hour fermentative capacity of immobilized yeast
cells measured at different intervals after immobilization. The
alcohol production seemed to increase a little after 76 hours
but still 168 hours after immobilization it remained almost on
the same level than that of 24 hours [J-6J .

Table II. Fermentative capacity of immobilized yeast cells
measured at different intervals after jjitnobilization.

Interval (h)

24
48
76
144
168

Alcohol production

30% HEA
4.8
5.4
7.0
6.7
5.4

(g/l/h/g polymer)

50% HEA
6.0
5.9
7.7
6.0
6.0
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Study of radiosensitivity of yeast and yeast ethanol production
system

The effect of ̂ Co gamma irradiation up to 6 x 10 ̂ Gy on
the survival of yeast and on the fermentative capacity of yeast
cells was studied. The ethanol production was measured by the
use of alcohol dehydrogenase - NAD method. In spite of the
sharply viability decrease of the cells as a function of doses,
the alcohol yield from the irradiated cells remained almost
unchanged. The fermentative capacity seemed no to be affected by
irradiation, occurring no inhibition by by-products formed during
irradiation. Then, radiation polymerization appeared as one of
the best techniques for inducing immobilization of yeast cells
for instance, seeing that yeast fermentation seems to be a rather
radioresistant process.

Initial tests of bioreactivity of radiation-induced polymers
Hydraxyethyl-metacryJLate (HEMA) polymers prepared by

radiation technology were selected for the reactivity in vivo
test. Rabbits were anesthetized with ethylic ether and cliped
the fur on both side of the spinal column. The sterile polimeric
discs were implanted in a clean area in both sides of the rabbit
spine 2.5 to 5.0 on from the midline and 2.5 on apart from each
other. Macroscopical examination of the area was performed after
at least 72 h. In each case inflammatory reactions, hemorrhage
or encapsulation were recorded comparing with a Silastic negative
control, according to United States Pharmacopeia XXI.

As far as the preliminary tests , no inflammatory reaction
seemed to occur at the sites of polymer implantation T 17] .

Study of the viability of production of complementary cattle
feed by NĤ  jjipregnation of pre- irradiated sugarcane bagasse

Exposure of lignocelulosic materials to electron beam
irradiation (EBI) causes alterations in the macromolecular
polymeric structure . Anhydrous ammonia is a strong swelling agent
for celulose. Both treatments can increase the susceptibility of
those materials to enzymatic conversion processes.

The samples irradiated at 105 Gy, 2 x 105 Gy and 5 x 105
Gy with an electron accelerator were treated with anhydrous
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gaseous arrenonia. Cellulase coitplex from T. reesei was used for
hydrolysis assays. Bromatological analysis and "in vitro"
digestibility tests were performed. The combination of EBI and
ammonia treatments produced an increase in the saccharif ication
yield, "in vitro" digestibility and protein content for the two
kinds of sairple
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