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Chapter 1

SHORT INTRODUCTION

I. Enzyme immobilization
Enzymes, which are very efficient and advantageous catalysts, can catalyze specific reactions
under mild conditions, i.e. in neutral aqueous solutions at room temperature and atmospheric
pressure. However, when using organic solvents or high temperatures the above-mentioned
advantages turn into disadvantages. One of the approaches of preparing more superior
biocatalysts for these and other applications is enzyme immobilization. This answers part of
the question of why enzymes are sometimes immobilized. The use of immobilized enzymes
can lead to easier purification of the product. Another reason concems the running and
investment costs, which if lowered can provide the design of a more efficient process.
Immobilization is defined as *physical confinement or localization of the enzyme molecule
with retention of its catalytic activity, so that it can be used repeatedly or continuously’. The
principal immobilization techniques (Figure 1) can be divided into the following groups:
1. Adsorption
This immobilization procedure is very simple: an enzyme solution is added to the support,
mixed, and then surplus enzyme is removed by washing [1-5].
2. Covalent binding
Enzymes are usually immobilized through their amino or carboxylic groups. In most cases,
the immobilization procedure is conducted in two steps: activation of the support and

attachment of the enzyme [2, 6 -12].
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3. Encapsulation

In this approach, enzymes are captured within various types of membranes that are
impermeable to enzymes and other macromolecules but permeable to substrate and products
of low molecular weight [16-18].

4. Entrapment

Here, the enzyme is added to a solution of synthetic monomers or natural polymers before the
gel is formed. Gel formation is then initiated by changing the temperature, by adding a gel-
inducing chemical or by using radiation of high or low energy [13-15].

5. Crosslinking

The enzymes crosslink through their amino groups or through their carboxylic groups using

different crosslinkers [19].

I1. Graft copolymers
The use of graft copolymers as carriers for enzyme immobilization has attracted much
attention lately. Through this technique of support preparation the number of reactive groups
can be considerably increased and controlled, and the microenvironment of the enzyme can
also be altered. The unique value of using graft copolymers as carriers has been reported [20-

22). Figure 2 represents a schematic diagram of the grafting process.

+ Inititation

P

Support Monomer Graft copolymer

Figure 2. Schematic diagram of the grafting process



Short introduction

IT1. Non-isothermal bioreactors

A recent discovery [23-29] is the possibility of increasing the activity of membrane
immobilized enzymes by operating under non-isothermal conditions. As a matter of fact, the
activity of the catalytic membrane increases by 20 to 50% when a temperature difference of
1°C is applied across it. The increase in activity is dependent on the enzyme and
immobilization methods used. Positive results have been obtained with purified enzymes as
well as with immobilized cells. In the latter case the activity of both internal and membrane-
wall enzymes was studied. A schematic diagram of the non-isothermal membrane bioreactor

is shown in Figure 3.

IV. Outline of the thesis

This thesis is focused on the preparation of different catalytic membranes using two different
hydrophobic materials, i.e. Teflon and nylon. P-Galactosidase was immobilized by
entrapment and covalent binding onto grafted Teflon membranes, whereas penicillin G
acylase was immobilized by covalent binding onto grafted nylon membranes and particles.
The catalytic membranes prepared by the covalent immobilization method were tested in non-
isothermal bioreactors. The flow diagram of the work is presented in Figure 4.

In Chapter 2 a literature review is presented covering different strategies to overcome
diffusion limitation problems. It explaines how the design of the immobilization matrices and
the controlling of the processing conditions can affect the diffusion process.

Chapter 3 shows the modification of the Teflon membrane. Here, y-radiation was used for the
grafting of acrylic acid monomer. In the second step 2-hydroxyethyl methacrylate-enzyme
solution was grafted to the polyacrylic acid-grafted membranes. The effect of the grafting
parameters on the activity of the immobilized p-galactosidase was investigated.
Characterization of this catalytic membrane from the physico-chemical point of view is
presented in Chapter 4. For comparison, different catalytic membranes were prepared by
grafiing different monomers onto the Teflon membranes in the first grafting step, i.e.

methacrylic acid and /or acrylamide. Testing the catalytic membranes in non-isothermal
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bioreactors showed that all the immobilized enzyme had leaked from the membranes in the
first experiment and no more activity was detected after that. This result led to the conclusion
that the enzyme must be immobilized by covalent binding to the membrane to repeatedly
serve the non-isothermal bioreactor. One of the membranes was first prepared without enzyme
and then activated chemically by its -COOH groups to which the enzyme was immobilized
later on. Both activity and permeability were tested under isothermal and non-isothermal
conditions {(Chapter 6). This membrane has two kinds of functional groups, i.e. -COOH and -
OH. The effect on the properties and the kinetic parameters of immobilized enzymes was then
investigated by immobilizing the enzyme either via the -COOH or via the -OH groups
{Chapter 5).

In Chapter 7, a description is given of the immobilization of a different enzyme, penicillin G
acylase, onto another hydrophobic membrane, i.e. nylon. First, two different monomers were
grafted onto the membrane followed by covalent binding of the penicillin G acylase after
activation of the membranes using a coupling agent. The properties of the immobilized
enzyme were investigated. A noticable shift of the pH-optimum of the immobilized enzyme
to the alkaline side was found. One of the catalytic membranes was applied in a non-
isothermal bioreactor. Chapter 8 presents the effect of non-isothermal conditions on the
activity of the immobilized enzyme.
All the polymeric supports (membranes} were grafted using y-rays as initiation system for the
grafling process. In Chapter 9 a different physical form of nylon particle was grafted using a
chemical initiator (potasium persulphate). Penicillin G acylase was immobilized on the
grafted nylon particles using the same coupling agent which bound the enzyme to the nylon
membranes described in Chapter 7. The parameters of the particles activation and enzyme
immobilization were studied.

Finally, a general discussion is presented in Chapter 10 on the potential of non-isothermal

bioreactors and its applications in different areas.
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Chapter 2

IMMOBILIZED ENZYMES
STRATEGIES FOR OVERCOMING THE DIFFUSION-LIMITATION PROBLEM

Summary

One of the most serious drawbacks of immobilized enzymes can be diffusion limitation, A
generic solution to this problem increases the range of applications for immobilized enzymes.
Different strategies for overcoming this problem have been investigated. The advantages and

disadvantages of each strategy are summarized and discussed.

This chapter has been submitted by the authors
M.S. Mohy Eldin, A.E. M.Janssen, D.G.Mita, and J. Tramper
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Strategies for overcoming diffusion limitation

Introduction

Immobilized enzymes using insoluble materials as supports offer several advantages over free
enzymes, including easy recovery, the potential of continuous operation, simplified
downstream processing, and sometimes enhanced stability. These techniques have found
widespread applications in many industrial processes.

However, when the enzymes are used in an insoluble form, effective enzyme reaction can be
hampered by solid-liquid heterogeneous reaction and diffusion limitation of substrate and/or
product in carriers, especially when the product is an inhibitor of the enzyme reaction.
Particularly in enzyme reactions using a solid substrate or solid product, it is impossible to use
the insoluble enzyme. The different strategies that have been adapted to overcome the

problem of an insoluble enzyme reaction system can be divided into the following groups:

1. Immobilization of the enzymes onto soluble-insoluble matrices

These types of immobilized enzymes show a reversible soluble state and insoluble state. This
means that the immobilized enzymes are in sotuble form during the enzymatic reaction, and
can be recovered in their insoluble form by changing the pH, ionic strength, temperature,

and/or salt concentration of the reaction medium after completion of the reaction.

2. Immobilization of the enzymes in thermally reversible hydrogels

Hydrogels exhibiting a lower critical solution temperature (LCST) shrink and deswell when
warmed up to its LCST. Above the LCST the gel collapses. Reversibly, the gel expands and
reswells when it is cooled below the LCST. The thermal cycling acts like a *hydraulic pump’
which enhances mass transfer of the substrate in and the product out of the gel, minimizing

the diffusion limitation and product inhibition problems.

3. Immobilization of the enzymes in pressure-sensitive gels

These gels swell or collapse sharply upon the rise or fall of environmental pressure. Under
pressure cycling operation, the gel is analogous to a cylinder and a piston, such as in a *micro-
pump’. The piston pushes up and draws back, corresponding to the swelling and collapsing of

the gel. In addition to the diffusive flow, a convective flow occurs in this way, which

12
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enhances mass transfer within the gel and reduces diffusional limitation and product

inhibition.

4. Processing the enzymatic reaction under non-isothermal conditions

The reaction can be carried out under non-isothermal conditions in a membrane bioreactor.
The temperature difference across the membrane causes thermal diffusion for both water and
salts which is known as ‘thermodialysis effect’. This effect brings the substrate in and the
product out through the membrane, thus minimizing both the diffusion-limitation and the

product-inhibition problems. The net result is enhancement of the reaction rate.
A discussion of these four strategies follows below accompanied by examples.
1. Immobilization of the enzymes onte soluble-insoluble matrices

pH-sensitive soluble-insoluble matrices

The great strength of enzymes immobilized onto soluble-insoluble carriers is apparent when
dealing with soluble or poorly soluble substrate of high molecular weight. Here water-
insoluble carriers suffer from poor contact between a high molecular weight or insoluble
substrate and the immobilized enzyme. Furthermore separation of the immobilized enzyme
from unreacted solid-substrate residues will be difficult. The hydrolysis of cellulose represents
a good example of this problem. Taniguchi et al. [1] immobilized cellulase covalently to
methacrylic acid/methylmethacrylate copolymer, which is reversibly soluble above pH 5.0
and insoluble below pH 3.9. The immobilized cellulase was repeatedly used to hydrolyze
microcrystalline cellulose. Experiments confirmed that 100% of the immobilized enzyme
activity can be recovered by precipitation and by dissolving it again by alternately changing
the pH. Comparison of the specific activity of the immobilized cellulase for different
substrates with that of native cellulase has revealed that ‘immobilized’ cellulase has very close
values to-the native cellulase, indicating the absence of diffusion limitation.

Margolin ef a/. [2] immobilized penicitlin amidase on polyelectrolyte complexes. The enzyme
was covalently attached to the polycation part of the complex by using c¢vanuric chloride as

coupling agent. The enzyme-polyelectrolyte complex was found to revert to the insoluble state

13



Strategies for overcoming diffusion limitation

either by a slight change in pH from 6.0 to 5.8 or by an increase of the ionic strength up to
0.3M NaCl. This concentration can be reduced to =~ 0.01 M when using bivalent cations,
because they effectively bind to carboxylate anions. The mechanism for transition from the

soluble to the insoluble state and the reverse is shown in Figure 1.

g ©8

2 @

Precipitate PEC{ 3:1)

Solution

9] Ap

4
Sauble PEC (311) \

palyanion

@

4 Oy

Precipitets PEC (110}

Figure 1. Influence of pH and ionic strength on the reversible transition between the soluble and insoluble forms

of penicillin amidase immobilized in polyelectrolytes {adapted from reference 2).

The authors found that all activity is recovered during repeated precipitation and redissolution
cycles. In comparison to the kinetic parameters of the native enzyme, the K,, value of the
immobilized enzyme for benzyl penicillin was not increased showing the absence of diffusion
limitation. Interestingty, the inhibition constant of the product, phenyl acetic acid, increased
from 2*10” to 1*10” M. This result shows the remarkable effect of the negatively charged
shell of the polymethacrylic acid which causes repulsion with the negative charges on phenyl

acetic acid, removing it away from the enzyme active site.
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A unique character of this enzyme derivative came from its high sensitivity to changes in
ionic strength of the reaction medium. Since the reaction was carried out at a constant pH by
adding KOH to neutralize the liberated phenyl acetic acid, the ionic strength increased in time,
This leads to precipitation of the enzyme matrix thus stopping the reaction. By varying the
initial ionic strength of the solution, the reaction can be stopped at any degree of conversion.
Other examples of enzymes immobilized onto different soluble-insoluble pH sensitive
supports are listed in Table 1 and supporting the conclusion of elimination of the diffusion-

limitation problem.

Temperature-sensitive soluble-insoluble matrix

Hoshino et al [9] immobilized an amylase onto a novel thermo-responsive polymer. The
polymer was prepared by copolymerization of methacrylic acid (MAA) and N-isopropyl
acrylamide. The enzymes were covalently atlached to the carboxylic groups of MAA by using
soluble carbodiimide, producing a good solubility response of the immobilized enzyme to
temperature soluble below 32°C and insoluble above 42°C. The response to temperature
change was sharper in the presence of NaCl. The immobilized enzyme showed a high specific
activity as compared to the free enzyme and superiority to other immobilized enzyme
preparation especially when using uncooked starch as substrate. The K, and the inhibition
constant for giucose of the immobilized enzyme were found to be 50 and 65%, respectively,
less than the values of the free enzyme showing no indications of the presence of diffusion
limitation. Although after thirty batches of soluble starch hydrolysis the immobilized enzyme
showed a stable specific activity with repeated soluble-insoluble cycles, 20% of its activity
was lost. This decrease in activity was explained by the incomplete recovery of the
immobilized enzyme after each reaction cycle and not to enzyme inactivation. Selection of the
precipitation temperature of the support was done by copolymerization of the N-isopropyl
acrylamide with a suitable hydrophilic or hydrophobic comonomer. Polymers with an
adjustable precipitation temperature in the range of 25°C - 53 °C were obtained [10-12], which
is an added advantage for these kinds of supports. Table 2 represents different enzymes

immobilized on different supports sensitive to temperature changes which confirm the

15
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Table 1. Different enzymes immobilized on soluble-insoluble supports

Support name Enzyme Soluble | Insoluble | Reaction | Ref.
pH pH

Methacrylic acid-methyl Papain >58 <4.8 Hydrolysis 5
acrylate-methyl methacrylate Chymotrypsin Synthesis
(MPM-06)
Methacrylic acid-methyl Cellulase >5.0 <37 Hydrolysis 1
methacrylate (Eudragit L100)
Hydroxy propyl methyl Cellulase >5.0 <38 Hydrolysis 6
cellulose acetate succinate
(AS-L)
Hydroxy propyl methyl Chitinase >35.2 <4.5 Hydrolysis 7
cellulose acetate succinate
(AS-L)
Hydroxy propyl methyl Lysozyme >6.2 <4.6 Hydrolysis 8
cellulose acetate succinate
(AS-L)
Polyelectrolyte complex of Penicillin >6.0 <58 Hydrolysis 2
poly(4-vinyl-N- amidase <02M| >02-
ethylpyridinium bromide) and NaCl 04M
poly(methacrylic acid) NaCl
Polyelectrolyte complex of a-Chymotrypsin | > 6.1 <5.7 Hydrolysis 4
poly(4-vinyl-N- Urase
ethylpyridinium bromide) and
poly(methacrylic acid)
Polyelectrolyte complex of Alcohol >59 <57 Hydrolysis 3
poly(4-vinyl-N- dehydrogenase

ethylpyridinium bromide) and
poly(methacrylic acid)

16
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positive effect of using such supports on the elimination of the diffusion-limitation problem.

Table 2. Some thermally sensitive supports for enzyme immobilization

Support nhame Enzyme Soluble Insoluble Reference
temp, temp,

N-isopropyl acrylamide-co- Amylase <32°C >42°C 9
methacrylic acid
N-isopropyl acrylamide-co- Amylase <34°C >34.7°C 13
N-acryloxysuccinimide
N-isopropy! acrylamide-co- Alkaline <34°C >34°C 14
glycidyl methacrylate phosphatase
N-isopropyl acrylamide-co- Amylase <32°C >44°C 15
glycidy! methacrylate
N-isopropyl acrylamide-co- Trypsin < 32°C > 34°C 16

2-hydroxyethyl methacylate

Salt- sensitive soluble-insoluble matrices

One of the main components of bovine milk protein, o,- casein, precipitates as a calcium
caseinate in the presence of an appropriate concentration of caicium ions. The precipitated
casein can be reversibly solubilized by trapping the calcium ions with a chelating agent such
as EDTA. Therefore, it is worth attempting to use this property of «,- casein for the
construction of soluble-insoluble interconvertible enzymes. Chiba and his collaborators
immobilized different proteins on casein to derive soluble-insoluble protein preparations
[17-18]. They first prepared an enzyme-¢;-casein conjugate using a heterobifunctional
crosslinking reagent. However, the enzyme-o,-casein conjugate did not show sufficient
calcium-dependent precipitation. Modification of the method of immobilization by executing
the polymerization of the enzymes-casein conjugate by transglutaminase enhanced the

enzyme-preparation, response to the CaCl, concentration. Almost complete precipitation was
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obtained in the presence of over 50 mM Ca(Cl, Comparison of the activity of the immaobilized
enzymes with that of the free ones revealed that the overall reactions in both catalytic systems
proceeded at exactly the same rate. This result indicates that the enzymes can act without

diffusion limitations. Phosphoglyceromutase, enolase, and peroxidase were used in this study.

2. Immobilization of the enzymes in thermally reversible hydrogels

Thermally reversible hydrogels exhibiting a lower critical solution temperature (LCST)
deswell and collapse when warmed up to and over its LCST. Reversibly, the gel expands and
reswells when it is cooled below the LCST. A schematic diagram of the process is shown in
Figure 2. The thermal cycling acts like a ‘hydraulic pump’ which enhances mass transfer of
the substrate into and the product out of the gel, thereby increasing the conversion
dramatically relative to isothermal operation at either the upper or lower temperature. The
increased conversion can also be the result of reduced product inhibition. Park er al. [19]
entrapped (-galactosidase in a thermally reversible hydrogel. This hydrogel was prepared
from copolymers of N-isopropyl acrylamide (NISAAm) and acrylamide {AAm) crosslinked
by N, N' methylene bis-acrylamide. The enzyme was entrapped in the copolymer beads
formed during inverse suspension polymerization. In Figure 3 a comparison is given of the
conversion of O-nitrophenol [-D-galactopyranoside {(ONPG) by the immobilized §-
galactosidase operated under thermal cycling between 30 and 35 % and isothermal
conversion at 30 and 35 °C. The figure clearly shows that the conversion increased by about
60% due to the effect of the temperature cycling. Other enzymes and cells entrapped in the

same matrix are presented in Table 3 showing the same behavior with temperature cycling.
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Figure 2. Schematic diagram of the water and pore structure in a swollen and collapsed thermally reversible

(LCST) hydrogel containing an immobilized enzyme (adapted from reference 19},
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Figure 3. Conversion of O-nitrophenol (-D-galactopyranoside by B-galactosidase as a function of time in the

packed bed reactor operated isothermally at 30 and 35 °C or cycled between 30 and 35 °C. Conversion is the

ratio of outlet praduct (molar) concentration to inlet substrate (molar} concentration (adapted from reference 19).

Table 3. Biocatalysts entrapped in N-isopropyl acrylamide-co-acrylamide thermally

reversible hydrogel.

Enzyme or cells Reaction Swell temp., | Deswell temp. | Reference
°C ‘c

B-galactosidase Hydrolysis of <32 >33 19
ONPG

Conjugate Hydrolysis of <30-40 > 35-45 20

asparaginase Aspargine
Arthrobacter simplex | Dehydrogenation of <27 >32 21-22

cells steroid
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3. Immobilization of the enzymes in pressure sensitive gels

Wang et al. [23] entrapped P-galactosidase by inverse suspension polymerization in poly (N-
isopropyl acrylamide) (NIPA) which is a pressure sensitive gel. In a normal reaction system
under isobaric operation, the gel keeps the enzyme from leaking out and allows substrate and
product to enter and exit by diffusion (Figure 4). A noticeable increase in the conversion rate
was achieved by the pressure-cycling operation (Figure 4 & 3). The improvement in
conversion rate ranged between 27 and 58%. The authors proved that pressure cycling and not
the high pressure was responsible for the conversion-rate improvement, since pressure was
found not to have effect on the activity of the free enzyme up to 120*10° Pa. They optimized
the operational conditions and found that increasing the pressure-cycling amplitude (pressure
difference), increased the conversion, whereas the pressure-cycling range had no effect. The
pressure- cycling period (time necessary for completion of one cycle) also strongly affected
the conversion incrememt. The increase in the conversion could be explained by the
enhancement of mass transfer inside the gel beads during the pressure-cycling operation in
which the gel swelled or shrinked sharply upon the fall or rise of the operational pressure,

respectively.

O,
iy (O
}-l _

Isabaric Pressure eyeling
MassTransfer Diffusion Diffusion + Convection

Figure 4. The micro-pump characteristics of pressure-cycling operation as compared to isobaric operation

(adapted from reference 23)
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Figure 5. Conversion of O-nitropheno] B-D-galactopyranoside by immobilized (-galactosidase pressure-cycling

and isobaric operations. (W) = 1 x 10° Pa, (A) = 60 x 10° Pa, (0) = 1 x 10° - 60 x 16° Pa (cycle) (adapted from

reference 23).

4, Processing the enzymatic reactions under non-isothermal conditions

Recently, Mita and his collaborators discovered that the activity of immobilized enzymes
increased significantly when the biocatalytic reaction proceeded under non-isothermal
conditions in a membrane reactor. Their biocatalytic system normally consists of two
components: an immobilization matrix in which the biocatalyst is entrapped or covalently
attached to and an hydrophobic porous membrane to insure complete hydraulic separation
between cold and warm substrate solutions. The membrane usually faces the cold side. The
apparatus used for the experiments is shown in Figure 6.

In the first publication about this effect, the authors investigated the behavior of the invertase
catalytic activity [24]. Thé enzyme was enlrapped in a crosslinked gelatin membrane. A
Teflon 200 membrane was used as hydrophobic membrane to induce the thermodialysis
effect. They found that the activity under non-isothermal conditions was higher than under
isothermal conditions (Figure 7). The temperature of the system under the non-isothermal
conditions was taken as average temperature, assuming a uniform enzyme distribution and a
linear temperature change over the membrane thickness.

The percentage of activity increment under non-isothermal conditions increased with the
increase in temperature difference across the membrane. The percentage of increment ranged
between 100 and 300 %, being proportional to temperature differences between 10 and 30°C,

respectively.
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To have real benefits from applying this technique, the activity of the system under non-
isothermal conditions at a specific average ternperature must be higher than the activity of the
system in isothermal conditions at the higher temperature, i.e. the temperature of the warm
side in the non-isothermal experiment. For example, the activity measured at average
temperature (T,,) = 30°C with applied temperatures of 20°C and 40°C for the cold side and
warm side, respectively (Asg.49), should be higher than the activity of the system at 40°C
under isothermal conditions (Agp4). Mita e al showed that this is indeed the case.
B-Galactosidase immobilized by the same method showed the same behavior, but with a
lower percentage of activity increment [25].

Covalently immobilizing the enzymes to a hydrophilic nylon membrane did not change the
behavior of the enzyme activity compared to the entrapped enzyme [25-28]. The authors
compared the kinetic parameters of P-galactosidase, immobilized covalently onto the nylon
membrane, under isothermal and non-isothermal conditions, The results show that with
lactose substrate the maximum activity under non-isothermal conditions is higher than under
isothermal conditions. Noteworthy is the decrease of the K, value when the reaction
proceeded under non-isothermal conditions, suggesting a reduction of diffusion limitation.
Mita et @/ explained the effect of the non-isothermal conditions on the activity by two
theories. First, the higher rate of product removal and substrate enrichment as a result of
thermodialysis and second, the conformational changes of the enzyme structure. They believe
that both effects occur as a result of the flux of thermal energy. To confirm the effect of
temperature difference on the substrate enrichment and product removal, they measured the
fluxes of substrate and products under non-isothermal conditions with an enzyme-free
membrane system. What they found was that the flux of the products transported away from
the membrane was higher than the flux of the substrate available. This indeed may be decisive

for the increase of the apparent reaction rate of the enzyme.
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Figure 6. Schematic representation {not to scale) of a thermodialysis experimental unit: (A) warm working
volume, (B) cold working volume, (C and D) thermostating jackets; (R) supporting nets, (th) thermecoupies
(adapted from reference 24).
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Figure 7. Isothermal and nen-isothermal activity as a function of average temperature (adapted from reference
24).
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A simple and interesting experiment was designed to make the case more clear, The cold half-
cell of the apparatus was filled with a buffer solution containing lactose at a concentration of
300mM, and the warm half-cell was filled with a substrate-free buffer solution. In this way the
immaobilized enzyme was able to interact with the substrate by diffusion through the nylon
membrane when the system was isothermal, or by thermal diffusion and thermodialysis when
the system was non-isothermal. The results for the isothermal and non-isothermal conditions
are shown in figure 8a and 8b, respectively. Comparison of the two figures shows that the
substitution of purely diffusive for thermodiffusive transport increases the apparent velocity of
the enzyme reaction by a full order of magnitude. More recently, the authors tried, by grafting
technique, to simplify the biocatalytic membrane system by using a membrane that was both
hydrophobic and catalytic. Table 4 presents the different membranes used, i.e. Teflon and

nylon [24-26], with the maximum activity increment obtained.
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Figure 8. Apparent activity of the system B-galactosidase-nyton as a function of the average temperature, under

the effect of substrate transport by diffusion (a} or by thermodialysis (b} (adapted from reference 25).
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Table 4. Percentage activity increment of different enzymes in non-isothermal bioreactors.

Grafted support name Enzyme Grafting Maximum Reference

technique activity increment

%

Teflon-grafted B-galactosidase y-radiation 47 27
methylmethacrylate
[Teﬂon-graﬂed f-galactosidase y-radiation 70 28
methacrylic acid]-
grafted 2-hydroxy
ethyl methacrylate
Nylon-grafted methyl penicillin G y-radiation 100 29
methacrylate acylase

Concluding remarks

Different strategies for overcoming diffusion limitation in immobilized-enzyme systems have
been devised. In the case of a high molecular weight, soluble or poorly soluble substrate, the
solution was to immobilize the enzymes onto a support that has the ability to remain soluble
under the reaction conditions and to precipitate by changing the pIl, ionic strength,
temperature, and/or salt concentration,

However, not all the supports are suitable for application on an industrial scale. For example,
casein and polyelectrolyte complexes precipitate in the presence of calcium and /for
monovalent cation such as sodium or potassium ions, which usualtly are part of enzymatic
reaction mixture, limiting the use. Enzymes immobilized on N-isopropyl acrylamide polymer
or its copolymers lost their activity due to incomplete recovery of all enzyme matrices when
repeatedly going through precipitation and dissolution as result of temperature cycling. Also,

the temperature-change cycles affected the stability of the immobilized enzyme.

26




Chapter 2

More or less the same can be said about the polymers which are sensitive to pH changes of the
solution. Furthermore, with enzyme soluble-insoluble carriers, there is the problem of product
stability under conditions of insolubilization. In addition, most of these carriers need
centrifugation to separate them from the reaction medium, which means additional energy
costs. Indeed, some carriers have the properties of autoprecipitation, but what remains is the
problem of incomplete recovery of the carriers. For instance, 80% of the carrier could be
recovered after autoprecipitation [6].

Other solutions have been found for soluble substrates apart from enzymes immobilization
onto scluble-insoluble carriers. Those solutions depend on finding ways of facilitating
removal of the products from and the supply of the substrate into the carriers. This goal has
been achieved by three techniques:

1- immobilization of the enzymes on thermal-sensitive hydrogels;

2- immobilization of the enzymes on pressure-sensitive hydrogels; and

3- carrying out the enzymatic reaction under non-isothermal conditions.

The main disadvantages of the first two techniques are the additional cost of cycling the
temperature and the pressure of the temperature and pressure-sensitive hydrogel, respectively.
The main disadvantage of non-isothermal bioreactors is the problem of keeping the
temperature difference constant when using large volume bioreactors. The balance between
the additional costs and the obtained benefits from applying those techniques is obviously the
decisive factor, ‘
Among the different techniques that have been found to overcome the diffusion limitation
problem not one of them is suitable for all enzymes. It is essential, therefore, that a careful

choice of strategy is made for each enzyme.
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B-GALACTOSIDASE IMMOBILIZATION ON PRE-MODIFIED
TEFLON MEMBRANES USING y-RADIATION GRAFTING

ABSTRACT

Double grafting by y-radiation was used to immobilize the B-galactosidase enzyme and
monomers of 2-hydroxyethyl-methacrylate (HEMA) on Teflon (PTFE) membrane previously
grafted with acrylic acid (AA) monomers. This technique was found to improve the catalytic
activity of the membrane.

Membrane activity was studied as a function of some of the most relevant parameters
affecting the grafting degree and the amount of enzyme used for immobilization.
Experimental conditions producing the best membrane activity were characterized.

The advantages of using Teflon catalytic membranes in non-isothermal bioreactors, which are

more efficient than the analogous isothermal bioreactors, are also discussed.

This chapter has been published in the Journal of Applied Polymer Science 1998, 68, 625-636 by the authors
M.S. Mohy Eldin, U. Bencivenga, M. Portaccio, S. Stellato, S. Rossi, M. Santucci, P. Canciglia, F.S. Gaeta and
D.G. Mita
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INTRODUCTION

Polymer membranes are widely used as enzyme carriers. In many cases modifications have
been introduced on the polymeric matrices to increase their catalytic activity. Graft
copolymerization is a well-known method for introducing such modifications [1], the grafting
being carried out chemically [2-4] or by irradiation [5-18].

When the grafied membranes are biocatalytic they are generally employed in the construction
of biosensors. Other practical applications of grafted membranes are the immobilization of:
drugs for controlled release and tarpeting; antigens and antibodies for immunodiagnostics;
and micro-organisms for biomass conversion. All these applications are performed under
isothermal conditions.

Grafted membranes free of biccatalysts have been employed in water desalination [8] and in
azeotropic mixtures separation by pressure gradients under isothermal conditions [17-18] or
by temperature gradients [19-20].

We recently focused our research activity on the employment of biocatalytic membranes in
non-isothermal reactors where the presence of temperature pradients across membranes
favourably affects the rate of the enzyme reaction [21-26]. It is proven that the bioreactor
efficiency increases with increasing temperature gradient applied across the catalytic
membrane. In all cases the system used was a biocatalytic membrane coupled with a Teflon
(PTFE) membrane. The role of the hydrophobic Teflon membrane is to induce mass transport
(including substrate and products) when it is interposed between two liquid selutions of equal
or different composition, kept at different temperatures. This non-isothermal process of matter
transport is known as thermodialysis [27-31].

The aim of this work was to immeabilize an enzyme directly onto a suitably grafted Teflon
membrane to simplify the system used in the non-isothermal bioreactor, making it easier to
study the physical causes that affect the enzyme reaction in the presence of temperature
gradients. B-Galactosidase was chosen as the enzyme meodel, also in view of its application in
lactose hydrolysis in milk and whey to render these foods suitable for persons with lactose

intolerance.

32



Chapter 3

MATERIALS AND METHODS
Materials

Polytetrafluorcethylene (PTFE) membranes of the type TF-450, manufactured by the Gelman
Instrument Company (Ann Arbor, Michigan 48106 USA), have been used as a solid support
for grafting purposes. These membranes, consisting of a Teflon film supported by a
polypropyiene net, are 150 um thick and are endowed with anastomizing pores of 450 um in
diameter.

The monomers used for the grafting were 2-hydroxyethyi-methacrylate (HEMAY) and acrylic
acid (AA). Ferrous ammonium sulphate (FAS) was used as inhibitor for the formation of AA
homopolymers, since the radiation grafting is performed without oxygen using the mutual
technique.

The enzyme employed was a [3-galactosidase (EC 3.2.1.23) from Aspergillus oryzae. The
enzyme hydrolyzes lactose in glucose and galactose. The [B-galactosidase activity was
colorimetrically assayed by the GOD-Perid method for glucose determination (Boehringer
GmbH, D-68298 Mannheim, Germany) and expressed as umoles - min-].

All chemical products, including the enzyme, were purchased from Sigma Chemical
Company (St. Louis, Missourt 63178, USA) and used without further purification.

Methods
Catalytic membrane preparation

Membrane grafting took place by irradiation with y-rays. The irradiation source was caesium
137 in a gamma cell 1000 Elite from Nordion International Inc., Canada. The average dose
rate in the core of the radiation chamber ( central dose rate ) was 2.35 x 104 rad/hour. Since
the direct grafting of HEMA in the presence of enzyme solution has produced membranes
endowed with low catalytic activity we used a ‘double grafting technique’, which allowed us

to obtain more active membranes with the same initial concentration of enzyme.
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First grafting: modification of PTFE membrane by AA grafting

The first grafting was done by irradiation of the PTFE membranes in the gamma cell using a
solution of acrylic acid monomers and FAS, thus obtaining a PTFE-AA membrane. The
experimental conditions used are specified according to the following scheme: a = % AA

concentration (v/v); b = % FAS concentration (w/v); ¢ = t, = irradiation time used during the

first grafting (h).
Second grafting: immobilization of B-galactosidase by HEMA grafting

The second grafting was performed by irradiation the previously grafted membranes in a
solution of HEMA and enzyme. The experimental conditions used are specified according to
the following scheme: d = % HEMA concentration (v/v); ¢ = enzyme concentration (mg/ml);

f =1, = irradiation time during the second grafting (h).
Determination of the grafting percentage

We adopted the classical definition used for the percentage of grafting. The degree of grafting

(X, %} was determined by the difference between membrane masses before, G and after, G,

the grafting done according to the expression:

G, -G
X(%)=—2—2B8 x 100
GB

In the case of the AA grafting percentage Gy, is the membrane mass before the first irradiation
and G, is the mass of the dry membrane after the irradiation. Similarly, in the case of the
HEMA grafting percentage G, is the dry membrane mass before the second irradiation and

G, is the mass of the dry membrane after the second irradiation.

Determination of the activity of the catalytic membrane

To determine the membrane activity the catalytic membranes were put in 35 ml of a well-

stirred 200 mM lactose 0.1 M buffer phosphate solution of pH 6.5 maintained at 40°C. The
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glucose production was followed in the course of time. Membrane activity is given by the

angular coeflicient of the linear plot of the glucose production as a function of time,
Determination of the time stability of the catalytic membrane

The time stability of the biocatalytic membranes was assessed by analyzing their activity daily
under the same experimental conditions. After three days during which the membranes lost
some activity, a stable condition was reached remaining unchanged for over two months. Only
these stabilized membranes were used in the comparative experiments reported in the
following. When not being used the membranes were stored at 4°C in 0.1 M buffer phosphate
pH 6.5.

Treatment of the experimental data

Each experimental point reported in the figures represents the average of three experiments
performed under the same conditions. The experimental errors never exceeded 6 %. For each
of the three experiments the procedures in the various steps were performed according to the
following methodology. Twenty-four Teflon membrane disks 2.5 cm in diameter were
weighed and put in the solution for the first grafting. After irradiation the membrane disks
were repeatedly washed under vigorous stirring in abundant double-distilled water to remove
the adherent homopolymers. Then eight disks were taken for determining the AA grafiing
degree and the remainder used for the second grafting. At the end of this operation the disks
were washed using 0.1 M buffer phosphate solution pH. 6.3, then separated into two groups of
cight membranes each for determining the HEMA grafting degree and catalytic activity,

respectively.
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RESULTS AND DISCUSSION

Because the activity of the biocatalytic membranes was affected by the irradiation time during
the first and the second grafting and the concentrations of enzyme, HEMA, FAS and AA, we

studied the glucose production independence of each of these parameters.
Dependence on irradiation time during the first grafting

To optimize the performance and to evaluate the cost/benefit of the grafted membranes, the
dependence on the irradiation time of their enzyme activity must be known. To this aim we
performed the first grafting immersing the membrane disks in an aqueous solution of 15 %
acrylic acid (v/v) and 2.5% FAS (w/v), putting the container in the y-cell for the desired times.
After washing the disks and following the previously described procedure, a new grafting was

carried out for 16 hours with a solution of 10 % of HEMA (v/v) in 0.1 M phosphate buffer at

pH 6.5 and 0.5 mg-ml_I enzyme concentration. The results obtained, reported in Table I,
indicate that the AA grafting degree was not dependent on the irradiation time. Since the
catalytic activity of the membrane was practically constant we can conclude that the amount
of the immobilized enzyme depends on the AA grafting degree, which controls also the
second grafting. For irradiation times less than 6 hours during the first grafling we found

scarcely reproducible smaller values of acrylic acid grafting.
Dependence on the enzyme concentration

Study of the dependence of the catalytic membrane activity on the enzyme concentration that
revealed that six hours of irradiation time during the first grafting are sufficient to obtain the
maximum and constant value of the AA grafting degree. The results of the series of
experiments with varying enzyme concentration are reported in Table II, which shows how
the glucose production increases with the amount of the enzyme used in the second grafting.
When the membrane activity is reported in the graphical form of Figure 1 we obtain a linear

dependence of the activity on the enzyme concentration,
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Table I. Effect of irradiation time during the first grafting.

Trradiation time used AA Trradiation time HEMA Catalytic
during the 15t grafting ) ysed during the 2nd | grafting membrane
grafting degree grafting degree activity
(h) (%0} ) (%) L m?les X 10°
min
6 20 116 51 7.5
12 22 116 49 8.2
18 21 116 43 7.0

We conducted another series of experiments identical to the ones just reported, but changing
only the FAS concentration to 0.1 %. The results of this experiment are reported in Table TII
and Figure 1, which shows that the activities of the membranes prepared using 0.1% FAS are
surprisingly higher than those prepared using 2.5% FAS. This suggests that at 2.5 % FAS
concentration inactivation of the enzyme occures, which might be due to protein-protein
interaction.

To optimize the performance of the biocatalytic membrane, having ascertained that 0.1 %
FAS concentration gives better results, we have tested the dependence on the first irradiation
timee in the last mentioned conditions. We conducted a series of experiments at 45 mg/mli
enzyme concentration and at different irradiation times, ail other parameters being the same as
those which led to the results reported in Figure 1. The new results are reported in graphical
form in Figure 2, which shows how both the AA grafting degree and membrane activity

linearly increase with the duration of the first irradiation time.
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Table 1I. Effect of enzyme concentration used for preparing the catalytic membrane at fixed

2.5% FAS concentration.

Enzyme concentration (mg mi™")

Enzyme Irradiation time AA Irradiation time | HEMA Catalytic
concentration | used during the | grafting | used during the | grafting | membrane activity
lst graﬁing degl‘ee 2l1d graﬂing degree
Y snoles . 02
) (h) (%) min
(mg/ml) %)

5 6 18.2 16 302 83
10 6 19.4 16 250 16.6
15 6 17.0 i6 273 23.0
20 6 18.0 16 284 316
25 6 21.5 16 31.1 37.2
30 6 19.0 16 225 444
35 6 18.5 16 306 534
45 6 18.1 16 272 68.3
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Figure 1: Membrane activity as a function of initial enzyme concentration used for the grafting. Symbols: (O) =

0.1 % FAS concentration; (ay = 2.5 % FAS concentration; (1) = HEMA directly grafted on the Teflon

membrane.
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Figure 2: Catalytic membrane activity (O) and AA grafting degree (00) as a function of irradiation time used

during the first grafting.

Table III. Effect of enzyme concentration used to prepate the catalytic membrane at fixed 0.1

% FAS concentration.

Enzyme Irradiation AA Irradiation HEMA Catalytic
concentration | time for the | grafting | time forthe | grafting membrane
15t grafting | degree | ond prafting | degree activity
(mg/ml) (h) (%) (h) ) | pmoes o
min

5 6 213 16 50.1 1.7
10 [ 20.5 16 472 32
15 6 21.7 16 49.0 4.0
20 6 21.0 16 52.1 5.8
25 6 21.0 16 51.3 7.5
30 6 21.2 16 50.4 9.5
35 6 21.2 16 443 10.6
45 6 217 16 50.2 12.9
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Dependence on the irradiation time for the second grafting

We then proceeded to test the dependence of membrane activity on the second irradiation
time, the step during which the membranes, previously grafted with acrylic acid, become
biocatalytic. We conducted a series of experiments under the best experimental conditions as
described above and exposed the samples to different irradiation times during the second
grafting. The results, reported in Table IV and in Figure 3, show that the membrane activity
linearly increases with the second irradiation time, thus indicating that the amount of the
immobilized enzyme depends at least in the time intervals used on the time employed for the

immobilization.

Y
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Catalytic membrane activity
(rmoles min™)
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Irradiation time during the second grafting (h}

Figure 3: Catalytic membrane activity as a function of irradiation time during the second grafting.

Dependence on FAS concentration

From investigating the effect of the enzyme concentration on the membrane activity we
concluded that the FAS concentration plays an important role. Next, studied this role in more
detail using FAS concentrations ranging from 0.1 to 2.5%. The initial enzyme concentration
was 45 mg/ml, The results reported in Table V and in Figure 4 show that the change in the
FAS concentration did not have significant effects on both the AA and HEMA grafting
degrees, like the results obtained by other authors [7]. The second grafiing exhibited the same

behaviour owing to its dependence on the first grafting. More different is the effect on
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Table IV. Effect of irradiation time during the second grafting.

Irradiation time AA Irradiation time HEMA Catalytic membrane
during the 1St | grafting | during the 2nd | grafting activity
grafting degree grafting degree
U moles
(h) (%) (h) (%) E—
10 316 8 a2 | 5.1
10 325 16 43.0 5.8
10 30.7 24 445 6.9
10 32.0 32 49.1 8.1

membrane activity which decreased exponentially with the increase of FAS concentration.
These results agree with the hypothesis of the occurrence of protein-protein interaction, which
becomes relevant at FAS concentrations above 0.5%. It is well known that Fe2" ions react
with hydroxyl radicals produced by radiolysis of water, the process responsible for the

iitiation of homopolymerization, according to the reaction:

"OH + Fe2t — Fe¥* + Ol

An increase of Fe2* concentration thus reduces the homopolymer formation and therefore
more of the free radical monomer units are available to react with the free radicals on the
Teflon membrane. As a result the number of grafied branches, that is the density of AA
branches on the membrane surface, is increased. Consequently, when the same AA grafting
degree occurs at different FAS concentrations the length of the grafted branches must
decrease there where the FAS concentration is higher. The synergetic occurrence of the
increase of the branch density and of the decrease of the grafted branch length creates protein-
protein interaction and formation of hydrogen bonds between the functional groups of the
enzyme and the grafted branches. Both these two circumstances make the membrane less

active, inactivating some enzyme and changing the micro-environment near the catalytic site.
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Figure 4; Catalytic membrane activity as a function of FAS concentration.
Table V. Effect of FAS concentration during the first grafting.
FAS Irradiation AA Irradiation time | HEMA Catalytic
concentration time during | grafting | during the 2nd | grafting | membrane
the 15t degree grafting degree activity
grafting

0 o M) o 1 moles
(%) (t) (%) (%) _—
0.1 10 320 16 43 5.20
0.3 10 300 16 43 3.00
0.5 10 31.0 16 41 213
1.0 10 30.0 16 42 1.33
1.5 10 295 16 41 1.20
2.0 10 28.0 16 40 1.07
2.5 10 20.0 16 47 0.98
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Dependence on AA concentration

Next the dependence of the catalytic membrane activity on the AA concentration was
examined, remembering that the AA chains constitute the most probable attachment sites for
the HEMA grafting. To this end we carried out experiments under the same conditions
described in the previous section with the exception that the FAS concentration was kept
constant at 0.1%, while the AA concentration ranged between 5 and 25%. The results
reporied in Table VI and in Figures 5a and 5b show a maximum at 15% AA concentration. To
understand these results it is sufficient to explain the behaviour of the first grafting degree,
which controls the second grafting degree and the catalytic membrane activity. The FAS
affects the production of the grafted branches on the surface of the Teflon membrane and
inhibits the AA homopolymerization. These two processes are in competition and dependent
on the AA and FAS concentrations. Keeping constant the FAS concentration, at low AA
concentrations the rate of grafting is higher than the rate of homopolymeritation, while at high
AA concentration the reverse occurs. In our experiments the AA concentrations giving the
best conditions for obtaining the maximum of grafting degree occur in a range centred around

the 15%. The same behaviour of Figure 5a was found by others with a styrene monomer [5,8].
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Figure 5: A} AA (O) and HEMA ([) grafting degree as a function of AA concentration. B) Catalytic

membrane activity as a function of AA concentration.
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B-Galactosidase immobilization

Table V1. Effect of AA concentration,

AA Irradiation AA Irradiation HEMA Catalytic
concentration time during | grafting | time during | grafting membrane
the 15t degree the 2nd degree activity
grafting grafting
i moles
(%) ) (%) (h) (%) min
5 10 21.5 16 13.2 0.97
i0 10 315 16 30.1 3.50
15 10 325 16 43.0 5.80
20 10 30.0 16 41.2 4.60
25 10 27.0 16 39.4 2.51

Dependence on HEMA concentration

The experiment in which the effect of the HEMA concentration was studied, except that the
AA conceniration was kept constant at 15% and the HEMA concentration ranged between 2
and 15%. The results of these experiments are reported in Table VII showing how the AA
grafting degree remains constant under the same conditions for the first grafting, while the
HEMA enzyme grafting linearly increases with the HEMA concentration and the activity of
the catalytic membrane has a maximum. This behaviour is more evident in Figure 6, where
the relative activity of the catalytic membrane is reported as a function of the HEMA

concentration.

CONCLUSIONS
Concluding this work we want to remark how the double grafting technique improved the
activity of the biocatalytic membrane. The direct grafting of HEMA and enzyme was indeed
some 5 times less active than the double grafting technique as shown in Figure 1. The

conditions for obtaining the best activity of the double grafted membranes are: a = 15 % AA
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Figure 6: Relative catalytic membrane activity as a function of HEMA concentration

Table VII. Effect of HEMA concentration.

HEMA Irradiation AA Irradiation HEMA Catalytic
concentration time used grafting time used grafting membrane
during the 15t | degree | during the 2nd | degree activity
grafting grafting
(%) (h) (%) (h) (%) pmoles
min
2 10 30,0 16 11.0 1.00
4 10 30.6 16 13.0 1.38
6 10 31.0 16 24.0 1.46
8 10 297 16 46.5 2.10
10 10 32.0 16 43.0 5.20
12 10 305 16 72.0 4.32
15 10 305 16 79.0 332
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