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Chapter1

SHORTINTRODUCTION

I.Enzyme immobilization
Enzymes, whicharevery efficient and advantageous catalysts, can catalyze specific reactions
under mild conditions, i.e. in neutral aqueous solutions atroom 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 concerns the running and
investment costs,which iflowered canprovidethedesignofamoreefficient process.
Immobilization is defined as 'physical confinement or localization of the enzyme molecule
with retention of its catalytic activity, sothat it can be used repeatedly or continuously'. The
principal immobilization techniques (Figure 1)canbedivided intothefollowing groups:
1.Adsorption
This immobilization procedure is very simple: an enzyme solution is added to the support,
mixed,andthen surplusenzyme isremoved bywashing [1-5].
2. Covalentbinding
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 oftheenzyme [2,6 -12].
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Figure 1. Principal methods of immobilization
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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 lowmolecularweight [16-18].
4.Entrapment
Here,the enzyme isaddedto asolutionof synthetic monomers ornatural polymers before the
gel is formed. Gel formation is then initiated by changing the temperature, by adding a gelinducing chemical orbyusingradiation ofhighorlowenergy[13-15].
5.Crosslinking
The enzymes crosslink through their amino groups or through their carboxylic groups using
different crosslinkers[19].

II. 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 [2022]. Figure2represents aschematicdiagramofthegrafting process.
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Figure 2. Schematic diagram ofthe grafting process
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III.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 aswith immobilized cells. Inthe latter casethe activity of both internal and membranewall enzymes was studied. A schematic diagram of the non-isothermal membrane bioreactor
isshowninFigure3.

IV.Outlineofthethesis
Thisthesis isfocused onthe 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.
Thecatalytic membranes prepared bythe covalent immobilization method were tested innonisothermal bioreactors.Theflow diagramofthework ispresented inFigure4.
In Chapter 2 a literature review is presented covering different strategies to overcome
diffusion limitation problems. Itexplaines howthe design ofthe immobilization matrices and
thecontrolling oftheprocessing conditions canaffect thediffusion process.
Chapter 3showsthe modification oftheTeflon membrane. Here,y-radiationwas 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 ontheactivity oftheimmobilized P-galactosidasewas 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
grafting different monomers onto the Teflon membranes in the first grafting step, i.e.
methacrylicacid and/oracrylamide.Testingthecatalyticmembranes in non-isothermal
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Figure 3. Schematic (not to scale) representation ofthe bioreactor.
(A)=half-cells; (B)=intemal working volumes;(C)=external working volume;(M)=membrane; (n)=supporting
nets; (th)=thermocouples; (Sj)=stopcocks; (T)=thermostatic magnetic stirrer; (PPj)=peristaltic pumps.
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bioreactors showed that all the immobilized enzyme had leaked from the membranes in the
first experiment andnomore activity wasdetected after that.Thisresult led tothe conclusion
that the enzyme must be immobilized by covalent binding to the membrane to repeatedly
servethenon-isothermal bioreactor. Oneofthemembranes wasfirst 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). Thismembrane hastwokindsoffunctional groups,i.e.-COOH andOH.Theeffect ontheproperties andthekineticparameters of immobilized enzymeswasthen
investigated by immobilizing the enzyme either via the -COOH or via the -OH groups
(Chapter5).
In Chapter 7, a description is given ofthe 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 nonisothermal bioreactor. Chapter 8 presents the effect of non-isothermal conditions on the
activity oftheimmobilized enzyme.
All thepolymeric supports (membranes) were grafted usingy-raysas initiation system for the
grafting 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 itsapplications indifferent areas.
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IMMOBILIZED ENZYMES
STRATEGIES FOROVERCOMING THEDIFFUSION-LIMITATION PROBLEM

Summary

One of the most serious drawbacks of immobilized enzymes can be diffusion limitation. A
generic solution tothis problem increases therange ofapplications for immobilized enzymes.
Different strategies for overcoming this problem have been investigated. The advantages and
disadvantagesofeach strategy aresummarized and discussed.

This chapter has been submitted bythe authors
M.S. Mohy Eldin, A.E.M.Janssen, D.G.Mita, and J. Tramper

Strategiesfor overcomingdiffusion limitation

Introduction

Immobilized enzymes using insoluble materialsassupports 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 inmanyindustrialprocesses.
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 inenzymereactionsusingasolid substrate orsolidproduct, it isimpossibletouse
the insoluble enzyme. The different strategies that have been adapted to overcome the
problem ofaninsoluble enzymereaction systemcanbedivided intothefollowing groups:

1.Immobilizationof theenzymesontosoluble-insolublematrices
These types of immobilized enzymes show areversible soluble state and insoluble state. This
means that the immobilized enzymes are in soluble form during the enzymatic reaction, and
can be recovered in their insoluble form by changing the pH, ionic strength, temperature,
and/orsaltconcentrationofthereactionmediumafter completionofthereaction.

2.Immobilizationof theenzymesinthermallyreversiblehydrogels
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.Thethermal cycling acts like a 'hydraulic pump'
which enhances mass transfer of the substrate in and the product out of the gel, minimizing
thediffusion limitation andproduct inhibitionproblems.

3.Immobilizationof theenzymesinpressure-sensitivegels
These gels swell or collapse sharply upon the rise or fall of environmental pressure. Under
pressure cycling operation, thegel isanalogoustoacylinder and apiston, suchasina 'micropump'. Thepiston pushes upand draws back,corresponding tothe swelling and collapsing of
the gel. In addition to the diffusive flow, a convective flow occurs in this way, which
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enhances mass transfer within the gel and reduces diffusional limitation and product
inhibition.

4.Processingtheenzymaticreaction undernon-isothermalconditions
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.Thenetresultisenhancement ofthereactionrate.

Adiscussion ofthese four strategies follows belowaccompanied byexamples.

1.Immobilization oftheenzymesontosoluble-insoluble matrices

pH-sensitivesoluble-insolublematrices
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 waterinsoluble 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 residueswillbedifficult. Thehydrolysis ofcellulose 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 withthatofnativecellulase hasrevealed that 'immobilized' cellulasehasvery close
valuestothe nativecellulase,indicatingtheabsenceof diffusion limitation.
Margolin etal.[2]immobilized penicillin amidaseonpolyelectrolyte complexes.The enzyme
was covalently attached to the polycation part of the complex by using cyanuric chloride as
coupling agent.Theenzyme-polyelectrolyte complexwasfound toreverttotheinsoluble state
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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
solubletotheinsoluble stateandthereverseisshowninFigure 1.

frgTT
Precipitate PECI 3:1)

Soluble P£C C 3: l)

Precipitate PEC (1:1)

Figure 1.Influence of pH and ionic strength on the reversible transition between the soluble and insoluble forms
ofpenicillin amidase immobilized inpolyelectrolytes (adapted from reference 2).

The authorsfound that all activity isrecovered during repeated precipitation and redissolution
cycles. In comparison to the kinetic parameters of the native enzyme, the Km value of the
immobilized enzyme for benzylpenicillin wasnot increased showing the absence of diffusion
limitation. Interestingly, the inhibition constant of the product, phenyl acetic acid, increased
from 2*10"5 to 1*10"3M. This result shows the remarkable effect of the negatively charged
shell ofthepolymethacrylic acid which causes repulsion with the negative charges on phenyl
aceticacid,removing itaway from theenzymeactivesite.
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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 KOHtoneutralize the liberatedphenyl aceticacid,the ionic strength increased intime.
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 1and supporting the conclusion of elimination of the diffusionlimitation problem.

Temperature-sensitivesoluble-insolublematrix

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.Theenzymeswerecovalently attachedtothecarboxylic groupsofMAAby 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
changewas sharper inthe presence ofNaCl.Theimmobilized enzyme showed ahigh specific
activity as compared to the free enzyme and superiority to other immobilized enzyme
preparation especially when using uncooked starch as substrate. The Km and the inhibition
constant for glucose 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 starchhydrolysis 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 enzymeafter eachreaction cycle andnottoenzyme inactivation. Selection ofthe
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 intherangeof25°C-53°Cwereobtained [10-12],which
is an added advantage for these kinds of supports. Table 2 represents different enzymes
immobilized ondifferent supports sensitivetotemperature changeswhichconfirm the
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Table 1. Different enzymesimmobilized onsoluble-insoluble supports
Support name

Methacrylic acid-methyl
acrylate-methylmethacrylate

Enzyme

Papain

Soluble

Insoluble

pH

pH

>5.8

<4.8

Chymotrypsin

Reaction

Ref.

Hydrolysis

5

Synthesis

(MPM-06)
Methacrylic acid-methyl

Cellulase

>5.0

<3.7

Hydrolysis

1

Cellulase

>5.0

<3.8

Hydrolysis

6

Chitinase

>5.2

<4.5

Hydrolysis

7

Lysozyme

>6.2

<4.6

Hydrolysis

8

Polyelectrolytecomplexof

Penicillin

>6.0

<5.8

Hydrolysis

2

poly(4-vinyl-N-

amidase

<0.2M

>0.2-

NaCl

0.4M

methacrylate (Eudragit LI00)
Hydroxypropyl methyl
celluloseacetate succinate
(AS-L)
Hydroxypropyl methyl
cellulose acetate succinate
(AS-L)
Hydroxypropyl methyl
celluloseacetate succinate
(AS-L)

ethylpyridinium bromide)and
poly(methacrylic acid)
Polyelectrolyte complexof
poly(4-vinyl-N-

NaCl
a-Chymotrypsin

>6.1

<5.7

Hydrolysis

4

>5.9

<5.7

Hydrolysis

3

Urase

ethylpyridinium bromide) and
poly(methacrylic acid)
Polyelectrolyte complexof
poly(4-vinyl-N-

Alcohol
dehydrogenase

ethylpyridinium bromide)and
poly(methacrylic acid)
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positive effect ofusing such supportsontheelimination ofthediffusion-limitation problem.

Table2.Somethermally sensitive supportsfor enzyme immobilization
Supportname

N-isopropylacrylamide-co-

Enzyme

Soluble

Insoluble

temp.

temp.

U

Reference

Amylase

<32 C

>42"C

9

Amylase

<34"C

>34.7 UC

13

Alkaline

<34"C

>34"C

14

Amylase

<32 U C

>44 U C

15

Trypsin

< 32 UC

> 34 UC

16

methacrylic acid
N-isopropyl acrylamide-coN-acryloxysuccinimide
N-isopropyl acrylamide-coglycidyl methacrylate
N-isopropyl acrylamide-co-

phosphatase

glycidyl methacrylate
N-isopropyl acrylamide-co2-hydroxyethyl methacylate

Salt-sensitivesoluble-insolublematrices

One of the main components of bovine milk protein, ccsl- casein, precipitates as a calcium
caseinate in the presence of an appropriate concentration of calcium 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 ocsl- 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-asl-casein conjugate using a heterobifunctional
crosslinking reagent. However, the enzyme-ccsl-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 CaCl2concentration. Almost complete precipitation was
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obtained inthepresenceofover 50mMCaCl2. Comparison oftheactivityofthe immobilized
enzymeswiththat ofthe free onesrevealed thattheoverall reactions inboth catalytic systems
proceeded at exactly the same rate. This result indicates that the enzymes can act without
diffusion limitations.Phosphoglyceromutase, enolase,andperoxidasewereused inthisstudy.

2.Immobilization oftheenzymes inthermally reversible hydrogels

Thermally reversible hydrogels exhibiting a lower critical solution temperature (LCST)
deswell and collapse when warmed upto 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 et al. [19]
entrapped P-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 (3-D-galactopyranoside (ONPG) by the immobilized Pgalactosidase operated under thermal cycling between 30 and 35 C 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
samematrix arepresented inTable3showingthe samebehavior withtemperature cycling.

18

Chapter2

Swollen
Gel

lower
T

A"

raise
T

Collapsed
Gel

<£%$ polymer matrix

bound water
•

enzyme

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 P-D-galactopyranoside by P-galactosidase as a function of time inthe
packed bed reactor operated isothermally at 30 and 35°C or cycled between 30and 35 °C.Conversion isthe
ratioofoutletproduct(molar)concentrationtoinletsubstrate(molar)concentration(adapted from reference 19).

Table3.Biocatalysts entrapped inN-isopropylacrylamide-co-acrylamidethermally
reversiblehydrogel.
Enzymeorcells

P-galactosidase

Reaction

Hydrolysisof

Swelltemp.

Deswelltemp.

Reference

°C

°C

<32

>33

19

<30-40

>35-45

20

<27

>32

21-22

ONPG
Conjugate
asparaginase
Arthrobacter simplex
cells

Hydrolysisof
Aspargine
Dehydrogenation of
steroid
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3. Immobilization oftheenzymesinpressure sensitive gels

Wang etal. [23] entrapped p-galactosidase by inverse suspension polymerization in poly (Nisopropyl acrylamide) (NIPA)which is a pressure sensitive gel.In anormal 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).Anoticeable increase inthe conversion rate
was achieved by the pressure-cycling operation (Figure 4 & 5). The improvement in
conversion raterangedbetween27and58%.Theauthorsprovedthatpressure cycling andnot
the high pressure was responsible for the conversion-rate improvement, since pressure was
found notto have effect onthe activity ofthe free enzyme upto 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 increment. 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.
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Figure 4. The micro-pump characteristics of pressure-cycling operation as compared to isobaric operation
(adapted from reference 23)

21

i

Strategiesfor overcomingdiffusionlimitation

10

20

30
40
50
GO 70
T I M E I m i n . )

SO

90

Figure 5. Conversion of O-nitrophenol p-D-galactopyranoside by immobilized (3-galactosidase pressure-cycling
and isobaric operations. ( • ) = 1x 105Pa, (A) = 60 x 105 Pa, (o) = 1x 105 - 60 x 105 Pa (cycle) (adapted from
reference 23).

4.Processing theenzymatic reactions undernon-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
apparatususedfortheexperimentsisshowninFigure6.
Inthe first publication about this effect, the authors investigated the behavior of the invertase
catalytic activity [24]. The enzyme was entrapped 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
lineartemperature changeoverthemembranethickness.
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 100and 300 %,beingproportional totemperature differences between 10and 30°C,
respectively.
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To have real benefits from applying this technique, the activity of the system under nonisothermal conditions ataspecific averagetemperature must behigher than the activity ofthe
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 (Tav) = 30°C with applied temperatures of 20°C and 40°C for the cold side and
warm side, respectively (A2o:4o); should be higher than the activity of the system at 40°C
under isothermal conditions (A40:40). Mita et al showed that this is indeed the case.
P-Galactosidase immobilized by the same method showed the same behavior, but with a
lowerpercentage ofactivity 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 Km value when the reaction
proceeded undernon-isothermal conditions,suggesting areduction ofdiffusion limitation.
Mita et al 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 oftheenzyme 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
themembrane washigher thanthe flux ofthe substrate available.This indeed maybedecisive
for theincrease oftheapparent reactionrateoftheenzyme.

23

Strategies for overcoming diffusion limitation

Cold
Thermostate

Warm
Thermostate

Nucleopore
Gelatin Membrane
v/hith immobilized enzyme-

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) thermocouples
(adapted from reference 24).
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Figure 7. Isothermal and non-isothermal activity as a function of average temperature (adapted from reference
24).

24

Chapter2

Asimple and interesting experiment wasdesigned tomakethe casemore clear. Thecold halfcell of the apparatus was filled with abuffer solution containing lactose at a concentration of
300mM,andthewarmhalf-cell wasfilled withasubstrate-free buffer solution.Inthiswaythe
immobilized enzyme was able to interact with the substrate by diffusion through the nylon
membrane whenthe system wasisothermal, orbythermal 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 ofpurely diffusive for thermodiffusive transport increasestheapparent velocity of
the enzymereaction byafull orderofmagnitude. Morerecently,the authorstried, 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],withthemaximum activity increment obtained.
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Figure 8. Apparent activity of the system P-galactosidase-nylon 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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Table4. Percentage activity increment ofdifferent enzymesinnon-isothermal bioreactors.
Grafted support name

Enzyme

Grafting

Maximum

technique

activity increment

Reference

%
Teflon-grafted

P-galactosidase

•/-radiation

47

27

P-galactosidase

y-radiation

70

28

penicillinG

y-radiation

100

29

methylmethacrylate
[Teflon-grafted
methacrylicacid]grafted 2-hydroxy
ethylmethacrylate
Nylon-grafted methyl
methacrylate

acylase

Concluding remarks

Different strategies for overcoming diffusion limitation in immobilized-enzyme systems have
been devised. Inthe 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 pH, 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 /or
monovalent cation such as sodium or potassium ions, which usually are part of enzymatic
reaction mixture, limiting the use.Enzymes immobilized onN-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,
thetemperature-change cyclesaffected thestability ofthe immobilized enzyme.
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Moreorlessthesamecanbe saidaboutthepolymerswhicharesensitivetopHchangesofthe
solution. Furthermore,withenzyme soluble-insoluble carriers,thereistheproblem 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 soluble-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 bythreetechniques:
1-immobilization oftheenzymesonthermal-sensitive hydrogels;
2- immobilization oftheenzymesonpressure-sensitive hydrogels;and
3-carryingouttheenzymatic reactionundernon-isothermal conditions.
The main disadvantages of the first two techniques are the additional cost of cycling the
temperature and thepressure ofthetemperature andpressure-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 thosetechniques 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
choiceof strategy ismadefor eachenzyme.
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(3-GALACTOSIDASEIMMOBILIZATION ONPRE-MODIFIED
TEFLONMEMBRANES USINGy-RADIATION GRAFTING

ABSTRACT

Double grafting by y-radiation was used to immobilize the P-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
activityofthemembrane.
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 conditionsproducingthebestmembrane activity were characterized.
Theadvantages of using Teflon catalyticmembranes innon-isothermal bioreactors, which are
moreefficient thantheanalogous isothermal bioreactors,arealso discussed.

This chapter has been published inthe Journal ofApplied 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 isawell-known method for introducing suchmodifications [1],the grafting
beingcarried outchemically [2-4]orbyirradiation [5-18].
When the grafted membranes arebiocatalytic they aregenerally employed in the construction
of biosensors. Other practical applications of grafted membranes are the immobilization of:
drugs for controlled release and targeting; antigens and antibodies for immunodiagnostics;
and micro-organisms for biomass conversion. All these applications are performed under
isothermal conditions.
Grafted membranes free of biocatalysts have been employed in water desalination [8] and in
azeotropic mixtures separation by pressure gradients under isothermal conditions [17-18] or
bytemperature gradients [19-20].
We recently focused our research activity on the employment of biocatalytic membranes in
non-isothermal reactors where the presence of temperature gradients 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.Therole ofthehydrophobic Teflon membrane isto induce mass transport
(including substrate and products) when it is interposed between two liquid solutions of equal
ordifferent composition, keptatdifferent temperatures.Thisnon-isothermal processofmatter
transport isknown asthermodialysis [27-31].
The aim of this work was to immobilize 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. p-Galactosidasewaschosen asthe enzyme model, also inview of its application in
lactose hydrolysis in milk and whey to render these foods suitable for persons with lactose
intolerance.
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MATERIALSANDMETHODS
Materials
Polytetrafluoroethylene (PTFE)membranesofthetypeTF-450,manufactured bytheGelman
Instrument Company (Ann Arbor, Michigan 48106USA), have been used as a solid support
for grafting purposes. These membranes, consisting of a Teflon film supported by a
polypropylene net, are 150 um thick and areendowed with anastomizing pores of450 um in
diameter.
The monomers used for the grafting were 2-hydroxyethyl-methacrylate (HEMA) and acrylic
acid (AA).Ferrous ammonium sulphate (FAS) wasused 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 (3-galactosidase activity was
colorimetrically assayed by the GOD-Perid method for glucose determination (Boehringer
GmbH,D-68298Mannheim,Germany)andexpressedas umoles • min .
All chemical products, including the enzyme, were purchased from Sigma Chemical
Company (St.Louis,Missouri 63178,USA)andusedwithout 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 10^ rad/hour. Since
the direct grafting of HEMA in the presence of enzyme solution has produced membranes
endowed with lowcatalytic activity we used a 'double grafting technique', which allowed us
toobtainmore activemembraneswiththesameinitial concentration ofenzyme.
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Firstgrafting:modification ofPTFE membranebyAAgrafting
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);c =tL= irradiation time used during the
first grafting (h).
Secondgrafting:immobilization offi-galactosidasebyHEMA 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);e =enzyme concentration (mg/ml);
f=t2=irradiation timeduringthe secondgrafting (h).
Determinationofthegraftingpercentage
Weadopted theclassical definition used for thepercentage of grafting. Thedegree of grafting
(X,%)wasdetermined bythedifference between membranemassesbefore, G„ and after, G.
thegrafting doneaccordingtotheexpression:
("" —f

X(%)=—&

a
G

x 100

B

Inthecase oftheAA grafting percentage GBisthemembrane mass before the first irradiation
and GA is the mass of the dry membrane after the irradiation. Similarly, in the case of the
HEMA grafting percentage GB is the dry membrane mass before the second irradiation and
GAisthemassofthedrymembrane after the second irradiation.
Determinationoftheactivityofthecatalyticmembrane
To determine the membrane activity the catalytic membranes were put in 35 ml of a wellstirred 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
angularcoefficient ofthelinearplotoftheglucoseproductionasafunction oftime.
Determinationofthetimestabilityofthecatalyticmembrane
Thetimestability ofthebiocatalyticmembranes wasassessed byanalyzingtheiractivity daily
under the same experimental conditions. After three days during which the membranes lost
some activity,astablecondition wasreachedremaining unchanged for overtwomonths.Only
these stabilized membranes were used in the comparative experiments reported in the
following. When not being usedthemembranes were stored at4°C in0.1Mbuffer phosphate
pH6.5.

Treatmentoftheexperimentaldata
Each experimental point reported in the figures represents the average of three experiments
performed under the sameconditions. Theexperimental 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 grafting
degree and the remainder used for the second grafting. At the end of this operation the disks
werewashed using 0.1 Mbuffer phosphate solutionpH. 6.5,then separated intotwogroupsof
eight membranes each for determining the HEMA grafting degree and catalytic activity,
respectively.
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RESULTSANDDISCUSSION
Becausetheactivity ofthebiocatalytic membranes wasaffected bytheirradiationtime during
the first andthe second grafting andtheconcentrations of enzyme,HEMA, FAS and AA,we
studiedtheglucoseproduction independence ofeachoftheseparameters.
Dependenceonirradiation timeduringthefirst 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 %
acrylicacid (v/v)and2.5%FAS(w/v),putting the container inthey-cell for thedesiredtimes.
After washing thedisks and following thepreviously described procedure,anew grafting was
carried out for 16hours with asolution of 10%of HEMA (v/v) in 0.1 Mphosphate buffer at
-l

pH 6.5 and 0.5 mg-ml 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 grafting we found
scarcelyreproducible smaller valuesofacrylicacid grafting.
Dependenceontheenzymeconcentration
Study of the dependence ofthecatalytic membrane activity onthe 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 1we obtain a linear
dependence oftheactivity ontheenzyme concentration.
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TableI. Effect ofirradiationtimeduringthefirstgrafting.

Irradiationtimeused
duringthe 1

st

AA
grafting

Irradiationtime

HEMA

Catalytic

nc

grafting

membrane

usedduringthe2 ^

grafting

degree

grafting

degree

activity

(h)

(%)

(h)

(%)

l^^L_xio3
min

6

20

116

51

7.5

12

22

116

49

8.2

18

21

116

48

7.0

We conducted another series of experiments identical to the onesjust reported, but changing
only the FAS concentration to 0.1 %. The results of this experiment are reported in Table III
and Figure 1,which shows that theactivities ofthemembranes 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,wehavetested the dependence onthe first irradiation
time in the last mentioned conditions. We conducted a series of experiments at 45 mg/ml
enzymeconcentration andatdifferent irradiation times,allotherparameters beingthe sameas
those which led to the results reported in Figure 1.The new results arereported in graphical
form in Figure 2, which shows how both the AA grafting degree and membrane activity
linearly increasewiththeduration ofthefirst irradiationtime.
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Table II. Effect of enzyme concentration used for preparing the catalytic membrane at fixed
2.5%FAS concentration.
Enzyme
concentration

(mg/ml)
5

Irradiationtime
used duringthe
1 s t grafting

AA
grafting
degree

Irradiationtime
used duringthe
2 n d grafting

HEMA
grafting
degree

(h)

(%)

(h)

Catalytic
membrane activity
^ moles
mm

6

(%)
18.2

16

30.2

8.3

10

6

19.4

16

25.0

16.6

15

6

17.0

16

27.3

23.0

20

6

18.0

16

28.4

31.6

25

6

21.5

16

31.1

37.2

30

6

19.0

16

22.5

44.4

35

6
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30.6

53.4
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Figure 1:Membrane activity as afunction of initial enzyme concentration used for the grafting. Symbols: (O) =
0.1 % FAS concentration; (A) = 2.5 % FAS concentration; (fj) = HEMA directly grafted on the Teflon
membrane.
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Table III.Effect of enzyme concentration used toprepare the catalytic membrane at fixed 0.1
%FAS concentration.
Enzyme
concentration

(mg/ml)

Irradiation
time forthe
Is* grafting

AA
grafting
degree

(h)

(%)

Irradiation
timeforthe
2 n d grafting
(h)

HEMA
grafting
degree
(%)

Catalytic
membrane
activity
limole^x]0

mm

5

6

21.3

16

50.1

1.7

10

6

20.5

16

47.2

3.2
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6

21.7
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49.0
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Dependenceontheirradiation timefor thesecondgrafting
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 inthe time intervals used onthe time employed for the
immobilization.
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Figure3:Catalyticmembraneactivityasafunctionofirradiationtimeduringthesecondgrafting.

DependenceonFASconcentration
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,likethe results obtained by other authors [7].The second grafting exhibited the same
behaviourowingtoitsdependenceonthefirstgrafting. Moredifferent istheeffect on
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TableIV. Effect of irradiation timeduringthe second grafting.
Irradiationtime
duringthe 1 s t
grafting

AA
grafting
degree

Irradiationtime
duringthe 2 n "
grafting

HEMA
grafting
degree

Catalytic membrane
activity

(h)

(%)

(h)

(%)

H moles
min

10

31.6

8

41.2

5.1

10

32.5

16

43.0

5.8

10

30.7

24

44.5

6.9

10

32.0

32

49.1

8.1

membrane activity which decreased exponentially with the increase of FAS concentration.
Theseresults agree withthehypothesis oftheoccurrence ofprotein-protein interaction, which
becomes relevant at FAS concentrations above 0.5%. It is well known that Fe 2+ ions react
with hydroxyl radicals produced by radiolysis of water, the process responsible for the
initiation ofhomopolymerization, accordingtothereaction:
OH+Fe 2+ — • Fe 3+ + OH"
An increase of Fe 2+ 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 grafted 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 ofthebranch density and ofthe decrease ofthegrafted branch length creates proteinprotein 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 someenzymeand changing themicro-environment nearthecatalyticsite.
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Figure4: CatalyticmembraneactivityasafunctionofFASconcentration.

TableV. Effect ofFASconcentration duringthefirstgrafting.
FAS
concentration

Irradiation
timeduring
the 1 s t
grafting

AA
grafting
degree

(%)

(h)

(%)

0.1

10

32.0

0.3

10

0.5

Irradiationtime
duringthe 2 n ^
grafting

HEMA
grafting
degree

(h)

Catalytic
membrane
activity

(%)

Hmoles
min

16

43

5.20

30.0

16

43

3.00

10

31.0

16

41

2.13

1.0

10

30.0

16

42

1.33

1.5

10

29.5

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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DependenceonAAconcentration
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
reportedinTableVIand inFigures 5aand 5bshowamaximum at 15%AAconcentration. 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 therateof grafting ishigherthantherateofhomopolymeritation, while athigh
AA concentration the reverse occurs. In our experiments the AA concentrations giving the
best conditions for obtaining themaximum of grafting degree occur inarange centred around
the 15%.Thesamebehaviour ofFigure5awasfound byotherswithastyrenemonomer [5,8].

15

20

H
1
1
1
a
IU 15 20 25 30
AAconcentration(%,V/V)

25

AAconcentration(%,V/V)

Figure 5: A)

AA (O) and HEMA ( • ) grafting degree as a function of AA concentration. B) Catalytic

membrane activity as afunction ofAA concentration.
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TableVI. Effect of AA concentration.

AA
concentration

Irradiation
timeduring
the 1st
grafting

AA
grafting
degree

Irradiation
timeduring
the 2 n d
grafting

HEMA
grafting
degree

5

(h)
10

(%)

^ moles
min

21.5

(h)
16

(%)
13.2

0.97

10

10

31.5

16

30.1

3.50

15

10

32.5

16

43.0

5.80

20

10

30.0

16

41.2

4.60

25

10

27.0

16

39.4

2.51

(%)

Catalytic
membrane
activity

DependenceonHEMA concentration
The experiment in which the effect of the HEMA concentration was studied, except that the
AA concentration 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 obtainingthebestactivity ofthedoublegrafted membranes are:a= 15%AA
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Figure 6: Relative catalytic membrane activity as afunction of HEMA concentration

TableVII.Effect ofHEMA concentration.

HEMA
concentration

Irradiation
timeused
duringthe 1 s t
grafting

AA
grafting
degree

Irradiation
timeused
duringthe2n(*
grafting

HEMA
grafting
degree

Catalytic
membrane
activity

(%)

GO

(%)

(h)

(%)

2

10

30.0

16

11.0

H moles
min
1.00

4

10

30.6

16

13.0

1.38

6

10

31.0

16

24.0

1.46

8

10

29.7

16

46.5

2.10

10

10

32.0

16

43.0

5.20

12

10

30.5

16

72.0

4.32

15

10

30.5

16

79.0

3.32
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concentration (v/v);b = 0.1 % FAS concentration (w/v);c = ti = 10hours for the irradiation
time during the first grafting; d= 10%HEMAconcentration (v/v);e=45mg/ml for enzyme
concentration;f=t2= 16hours for irradiation timeduringthe second grafting.
One of the aims of this work was to obtain a Teflon catalytic membrane to be used in nonisothermal bioreactors,which have been found toprovide higher efficiencies than bioreactors
operating under comparable isothermal conditions [21-26]. Having obtained such amembrane
by the double grafting technique, we are now able to improve the functioning of nonisothermal bioreactors. Experiments in this direction are currently being planned in our
laboratory.
The aim of this work was the biochemical characterization of the biocatalytic membranes
obtained and the study of the dependence of their activity on the substrate concentration, pH
and temperature. These results are reported elsewhere [32] together with these of the same
enzyme immobilized onTeflon membranes grafted withother monomers, such as acrylamide
(AM)ormethacrylicacid(MAA).
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CHARACTERIZATION OFTHE ACTIVITY OFp-GALACTOSIDASE
IMMOBILIZED ONTEFLON MEMBRANES PREACTIVATED WITH
DIFFERENT MONOMERSBYy-IRRADIATION

ABSTRACT
Characterization from abiochemical andbiophysicalpoint ofviewwasdoneoftheactivity of
(J-galactosidase, immobilized by grafting on TEFLON membranes pre-activated with four
different monomers. The monomers used were acrylic acid (AA), acrylamide (AM),
methacrylic acid (MAA), or 2-hydroxyethyl-methacrylate (HEMA). When HEMA was used
in the second grafting, one of the first three monomers were used in the first modification
step.
Thebehaviour ofthe free and immobilized enzymewasanalyzed asafunction oftemperature
and pH. We have found general equations relating the absolute enzyme activity to pH and
temperature for each catalytic membrane, and was able to calculate the experimental
conditions giving the bestyield of eachcatalytic membrane from these expressions. We were
also able to determine the kinetic parameters for the four membranes and indicate the
advantages ofusingthesemembranesinnon-isothermal bioreactors.

This chapter has been published inthe Journal of Polymer Science 1998,68,613-624bythe authors
M.S. Mohy Eldin, U.Bencivenga, M.Portaccio, S.Stellato, S.Rossi, M.Santucci, P. Canciglia, D. Castagnolo,
F.S. Gaeta and D.G.Mita
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INTRODUCTION
Immobilized enzymes are widely used in biotechnological processes spanning from food
industry toecology,fromfinechemical productiontotheconstructionofbiosensors.
Besidestheenzyme,theothermost important component contributing totheperformance ofa
biocatalytic membrane is the carrier. At present synthetic carriers constitute the largest
number of supports available for catalyst immobilization, owing to their resistance against
microbial attack and their ability to be copolymerized with different monomers.
Modifications of pre-formed polymers are easily done chemically [1-3]or by irradiation [417]using grafting techniques.
In a previous article [18] we reported a technique by which we successfully immobilized
P-galactosidase on a pre-modified Teflon membrane using ^-irradiation grafting. What we
obtained was a Teflon (PTFE) membrane on which acrylic acid (AA), 2-hydroxyethylmethacrylate (HEMA) and the enzyme were attached in sequence by y-irradiation. The best
performance of this catalytic membrane was found as a function of the most relevant
experimental parameters affecting itsbehaviour.
We now wanted to characterize, from a biochemical and biophysical point of view, the
behaviour of the p-galactosidase immobilized on Teflon membranes, differently premodified. The activity of an immobilized enzyme is affected by the immobilization process
which induces changes in the spatial structure of the protein or in the microenvironment in
which the immobilized enzyme operates. To understand how the microenvironment affects
the enzyme activity we chose four different monomers with different chemical and physical
properties, as spacer arms. Additional factors affecting enzyme activity are the pH and the
temperature, therefore the dependence of the enzyme performance on these factors was also
studied and is discussed here covering each of the catalytic membranes, pre-modified with
different monomers.

MATERIALS ANDMETHODS
Materials
The membranes used as solid support for the grafting process were polytetrafluoroethylene
(PTFE) membranes of the type TF-450 manufactured by the Gelman Instrument Company
(Ann Arbor, Michigan 48106 USA). The characteristics of the membranes are reported
elsewhere [18].
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The monomers used for the grafting were 2-hydroxyethyl-methacrylate (HEMA) and acrylic
acid (AA),acrylamide(AM),ormethacrylicacid (MAA).Ferrousammonium sulphate (FAS)
wasusedduring thepre-modification stepasinhibitor oftheformation ofhomopolymers.
The enzyme employed was (3-galactosidase (EC 3.2.1.23) from Aspergillus oryzae.
P-Galactosidase hydrolyzes lactose in glucose and galactose. The methodology used for
determining theenzymeactivity hasbeendescribed elsewhere[18].
All chemical products, including the enzyme, were purchased from Sigma Chemical
Company (St.Louis,Missouri 63178,USA)andusedwithout anyfurther purification.

METHODS
Catalytic membrane preparation
Membrane grafting was performed by irradiation with y-rays, the irradiation source being
caesium 137 in a gamma cell 1000 Elite from Nordion International Inc., Canada. The
average dose rate inthe core of the radiation chamber (central dose rate ) was of 2.35 x 104
rad/hour.
Double grafted membranes
Firstgrafting:modificationofPTFEmembranebyAA orAM orMAAgrafting
The first grafting by irradiation of the gamma cell ofthe PTFE membranes was done using a
FAS solution of acrylic acid, acrylamide or methacrylic acid monomers, thus obtaining a
PTFE-AA, a PTFE-AM or a PTFE-MAA membrane. The experimental conditions used are
specified according to the following scheme: a = 10%of monomer concentration (v/v); b =
0.1 %FAS concentration (w/v);c=ti = 10hours of irradiation time .Only inthe case of the
PTFE-AM membrane thebparameterwasb=5%FASconcentration (w/v).

Secondgrafting: immobilization offi-galactosidasebyHEMAradiationgrafting
The second grafting was performed by irradiation in the gamma cell the previously grafted
membranes immersed ina solution of HEMA and enzyme.The experimental conditions used
arespecified accordingtothe following scheme:d= 10%HEMAconcentration (v/v); e=45
mg/mlenzymeconcentration; f=t2= 16hoursofirradiationtime.
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Monograftedmembranes
These membranes were directly obtained following the procedure used for the second
grafting, i. e. under the conditions defined by: d = 10% HEMA concentration (v/v); e = 45
mg/mlenzymeconcentration; f=t= 16hoursof irradiationtime.

Determination ofthegrafting degree
As for the grafting degree,we adopted the classical definition for this parameter. The degree
of grafting (X %) was determined by the difference between membrane masses before, GB,
andafter, GA, asexpressed bythe formula:
X(%)=—A

a
G

x 100

B

Determination oftheswellingdegree
The swelling degree, i.e. the membrane hydrophilicity, was calculated as the weight
difference between the water-swollen and dry membrane divided by the weight of the dry
membrane.

Determination oftheactivity ofthecatalytic membranes
To determine the activity of the catalytic membranes, they were placed in 20 ml of a wellstirred 200 raM lactose in 0.1 M buffer solution at the desired pH and temperature and the
glucose production measured in the course of time; from that the activity of the catalytic
membrane wascalculated aspreviously described [18]. To study the activity as a function of
the pH we used 0.1 MNaCl-HCL buffer solution for the pH 2, 0.1 M citrate buffer solution
for 3-5pHrange,and 0.1 Mphosphatebuffer solutionfor thepHrange6-8.
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Determination ofthetimestability ofthecatalytic membranes
The time stability of the biocatalytic membranes was assessed by daily analysis of their
activity under the same experimental conditions. After three days, during which the
membranes lost some activity, a stable condition wasreached whichremained unchanged for
over two months. Only these stabilized membranes have been used in the comparative
experiments reported below. When not utilized the membranes were stored at 4°C in 0.1 M
buffer phosphateofpH6.5.

Treatment oftheexperimental data
Each experimental point reported in the figures represents the average of three experiments
performed under the same conditions. The experimental errors did not exceed 6 %. For each
ofthethree experiments the procedures inthe various steps were carried out according to the
following methodology. Thirty-two Teflon membrane disks2.5 cmindiameter 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 first degree of
grafting and the remaining were used for the second grafting. At the end ofthis operation the
diskswere washed in0.1 Mphosphate buffer solution ofpH6.5 and then separated intothree
groups of eight membranes each for the determining of the second grafting degree, the
swelling degreeandthecatalytic activity, respectively.

RESULTSAND DISCUSSION
Effectoftemperature
Abell-shaped curve of relative activity emerged from the study ofthedependence of enzyme
activity onthe temperature (Figure 1).The curve ofthe immobilized enzyme was broader or
narrower than or equal tothe curve ofthe free enzyme,while the optimum activity tended to
shift towards higher temperatures upon immobilization. This means a higher resistance to
enzyme thermal deactivation, probably becausethe immobilization strengthened the structure
of the catalytic site due to strong bonds between the enzyme molecule and the carrier. On
achieving a unaltered maximum position we can conclude that the structure of the active site
andthe microenvironmentinwhichthe enzyme isoperating areprobably the same inthe free
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andbound form. Figure 1 presentsthetemperature dependence oftheP-galactosidaseactivity
for the four typesofcatalyticmembranes employed.
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Figure 1. Relative activity of the free enzyme and catalytic membrane as a function of temperature for the
systems: Teflon-MAA (A); Teflon-AA (B);Teflon-AM (C) and HEMA directly grafted on Teflon (D).The pH
ofthe solution was 6.5.

Thetemperature dependence ofthe activity offree enzymeisalso reported asreference curve.
In all the experiments an approximatively bell-shaped curve was derived, the temperature
profile remained virtually unchanged. What did change was the optimum activity position,
which in the case of immobilized enzyme shifted toward higher temperatures. The only
exception occurred with the Teflon-AA membrane ( Figure 1b) where the optimum activity
temperature coincided with that of thefreeenzyme. All these experiments were performed at
pH 6.5, which we chose because it corresponds to the pH of milk and we wanted to employ
thesenewcatalytic membranes inprocessesdealing withlactosehydrolysis ofmilk.
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Effect ofpH
It is well known that pH plays a relevant role on enzyme activity, a role that is clearly
evidenced when the activities of soluble and immobilized enzymes are studied. In the latter
case the support itself can change the pH value around the catalytic site thus determining
different catalyticperformances betweenthefree andbound stateofthecatalyst. Thiseffect is
known as partitioning. Of course if the results obtained for the two forms of the enzyme
coincide,theconclusion canbedrawnthatthecatalystoperatesunderthe same environmental
conditions.
We investigated the activity of the p-galactosidase in the free and immobilized states as a
function of pHrangingbetween 2and 8.Theresultsofthisinvestigation are shown in Figure
2, where the relative activities of each of the four catalytic membranes are reported as a
function of pH. The figure shows the relative activity of the free enzyme also as reference
curve.Thetemperaturewaskeptconstant at30°Cinalltheexperiments.Theoptimal activity
was obtained atpH 4.5 for thefreeenzyme and for the system Teflon-MAA. Ashift of about
halfapHunittoward morealkalinepHvalueswasfound withtheTeflon-AA and Teflon-AM
systems. On the contrary, a shift of about half a pH unit toward more acid pH values was
found with the HEMA directly grafted on Teflon. Thelatter result isunexpected considering
the neutral nature of HEMA. This behaviour can be attributed to secondary interactions
between the enzyme and the modified polymeric matrix. Next, the causes of the observed
shifts arediscussed. Asalready stated,themost relevant factor influencing enzyme activity is
the partitioning effect, directly related to the chemical nature of the support material (in this
case the grafted monomers), which induces electrostatic or hydrophobic interactions between
the matrix and the low-molecular weight species present in the solution. These interactions
lead to alterations in the microenvironment in which the enzyme actually operates. In
particular, the partitioning effects cause different concentrations of charged species, as
hydrogen ions or hydroxyl groups,inthe microenvironment of the immobilized enzyme. The
pH profile is generally displaced toward more alkaline or acid pH values for negatively or
positively charged matrices [19], respectively in our case the AM, AA and MAA branches
behaved asif negatively charged in solution,thus inducing ashift ofpH activity toward more
alkaline pH values. The negative charge is determined by the two lone pair electrons on the
nitrogen atom of the amino group in the case of AM or by the loss of H + ions from the
functional carboxylic groups inthe case of AA and MAA. ThepH shift and the value of this
shift is dependent on the nature of the charge and onthe density of the charges,which in our
case is directly proportional to the density of the grafted monomers.
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Figure2. Relativeactivity ofthefree enzymeandcatalytic membraneasafunction ofpHfor thesystems:
Teflon-MAA (A);Teflon-AA(B); Teflon-AM(C)andHEMA directlygrafted onTeflon(D).The temperature
ofthesolutionswas30°C.
Sincethe grafting percentage isdifferent for thevarious monomers (seeTable I)the shift will
also be different. The grafting degree of MAA is so low that practically no significant
changes in the enzymatic micro environment are induced. For this reason the optimum pH is
coincident for the free andthe immobilized enzyme.
As for the change of pH activity profile, the broadening of the pH activity curve can be
explained by the increased resistance of the enzyme to pH changes upon immobilization, the
reverseholdswhenthecurveprofile becomes narrower.
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TableI:Grafting and swellingdegree.
Theexperimental conditionsused arereported inthetext.

Membrane system

Degreeofthe first
grafting

Degreeofthe second
grafting

Degreeofthe swelling
(%)

(%)

(%)

Teflon-MAA

8

26

50

Teflon-AA

30

83

300

Teflon-AM

41

69

160

HEMAdirectly
grafted on Teflon

none

10

10

Synergeticdependence ontemperatureandpH
Above, we found that the maximum relative activity of the catalytic membrane is a function
of temperature and pH. Next, we wanted to see if there is some graphical form to show a
simultaneous relation of the relative maximum activity of each catalytic membrane to the
temperature andpHvalues atwhichthismaximumoccurs.
To this end we added two others pH values to our experiment, studying the catalytic
behaviour of the grafted membranes as a function of temperature. Figure 3a presents the
results of these experiments at pH 3.5 with the four membrane systems. Membrane activity
has been expressed as relative activity. Comparison between these results and those reported
in Figure 1shows that the maximum activity is shifted towards lower temperatures when the
solutionpH is3.5.
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Figure 3bpresentstheresults of experiments with the four membrane systems at pH 5.0. The
membrane activity has been expressed as relative activity. Here, the comparison between
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Figure 3. Relative activity of the catalytic membrane as afunction oftemperature for the systems: Teflon-MAA
(A ;Teflon-AA (A ;Teflon-AM (•) andHEMA directly grafted on Teflon (Q) .The pH of the solution was
3.5 inthe experiments reported in(A)and 5.0 inthe experiments reported in(B).

theseresultsandtheonesreported inFigures land 3ashows thatthe maximum ofthe relative
activity shifts when the solution pH ischanged. Also the curve profiles are altered when the
pHchanges.
All the above results clearly indicate that there is a correlation between the position of the
maximal relativeactivity andthecorresponding valuesofthepHand temperature. To identify
this correlation in Figure 4 we report the values of the temperatures at which the maximal
relativeactivitiesoccurasafunction ofcorrespondingpHvalues.Pointsarededuced from the
experiments reported in Figures 1and 3.We are awarethat the three experimental points are
too few to draw acurve,for this reason the curves inthe figures were drawn by the computer
imposing the best fit between the experimental data.The quadratic correlation coefficient
between the three experimental points and the fitted curve is 0.95 ± 0.02 for each membrane
system. Notwithstanding the limited experimental data, itispossible to write a mathematical
equation satisfying the experimental points reported in the figures. This expression is a
parabolic equation ofthetype:
1)

T=M2(pH)2 + Mi (pH) + M0

The parabolic profile is clearly evident in Figure 4a. Obviously any membrane system is
characterized by its own Mj values. The Mj values for the four membranes systems are
reported in Table II.The use of this equation allows to plan the best experimental conditions
for obtaining the higher yield of the enzyme reaction when one of the two parameters,

58

Chapter 4

temperature or pH are fixed. This means that if we use a Teflon-MAA membrane, for
example,andthe solutiontobetreated hasapHvalueof6.0,thetemperature for obtaining
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Figure 4. Temperature of the relative maximum of the catalytic membrane activity as a function of the
corresponding pH value for the systems: Teflon-MAA (A);Teflon-AA (B);Teflon-AM (C) and HEMA directly
grafted onTeflon (D).

the best yield oftheprocessmustbe 59°C.Thisvaluecanbededuced byFigure 4(a)aswell
as by solving the parabolic equation with the appropriate values for the Mj coefficients.
Conversely, ifwearecompelled towork atatemperature of48 °Ctoobtainthebest yield we
must use a solution of pH 3.7 with a Teflon-MAA membrane, a solution of pH 3.9 with a
Teflon-AA membrane, a solution of pH 4.5 with a Teflon-AM membrane, and a solution of
pH 5.0 with aTeflon membrane directly grafted by HEMA.A larger number of experimental
results than available at present would be desirable to pinpoint the position of the absolute
maximal membrane activity in our systems. However, on the basis of the data at hand, a
function A(T,pH) of the absolute activity may be constructed for each immobilized enzyme
system. To this end polynomial fitting is done for each group of measurements carried out,
keeping constant one of the two variables, while the other varies within the adopted range.
TheA(pH)and A(T)curvesobtained inthiswaycanbefitted byapolynomial form which,in
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each case,cannotbe ofhigher degreethan thetotal number ofthe corresponding independent
experimental data,minusone.
TableII: Numerical valuesofthecoefficients oftheequation 1.
Coefficient of theparabolic equation relating the temperature ofthe maximum of the relative
activitytothecorresponding pHvalue.
Membrane system

Mo

(°C)

Mi

(°C)

M2

(°C)

Teflon-MAA

- 67.77

47.77

-4.44

Teflon-AA

-38.11

29.44

-2.44

Teflon-AM

-37.00

30.17

-2.33

2.22

16.11

- 1.11

HEMAdirectly grafted on Teflon

Thus fitting thepH-dependence with a second order and the T-dependence with a higher best
polynomial equation, these curves could be visualized in a three-dimensional plane in a
cartesian axis system (A, pH, T) (Figure 5). Each of the planes can be expressed by an
equation ofthe general form:

2)

A(T,pH)= [a+b(pH)+c(pH)2] (d+eT+fT2 +gT3

from which, by a double partial differentiation of pH or T, the couple of values of the
independent variables pH and T yielding the maximum membrane activity in the range of
experimental conditions used,canbeobtained. Thesevaluescanbefound inTableIII.
Kineticparameters
When using immobilized enzymes in bioreactors or in biosensors knowing the apparent
kinetic parameters is essential. These parameters generally undergo variations indicating an
affinity change of the substrate; the variations can be attributed to protein conformational
changes,to sterichindrances andtopartitioningand diffusion effects.
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TableIII: T 0 p t i m u m andpH 0 p t i m u m for the four catalyticmembranes.
pH and temperature couples giving the best efficiency for each catalytic membrane. The
valueshavebeencalculatedbymeansofequation2.

Membrane system

*Optimum ( ^ )

P"Optimum

Teflon-MAA

58.6

5.2

Teflon-AA

52.2

5.2

Teflon-AM

56.1

4.9

56.4

5.0

HEMAdirectlygrafted on Teflon

Figure 5. Catalytic membrane activity asafunction oftemperature and pHfor the systems:Teflon-MAA (a);
Teflon-AA (b);Teflon-AM (c)andHEMAdirectlygrafted onTeflon(d).
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All these factors may occur simultaneously or separately, consequently the affinity between
enzyme and substrate may bemodified bythe immobilization. This modification could result
in a decrease [20-21] or in an increase [22-23] of the apparent Km value. A decrease in the
Km value of an immobilized enzyme leads to a faster reaction rate as compared to its free
counterpart, while an increase of Km implies the use of a higher substrate concentration to
achieve the same rate of the reaction obtained with the free enzyme. The apparent Km
certainly decreases if the charges on the support and the substrate are opposite. The
conformational changes of the protein molecule and steric hindrances usually lead to an
increase in the Km values caused by a decrease in the affinity between the enzyme and the
substrate.AlsotheV m valuesareaffected bytheimmobilization procedure. Thevalues of V m
obtained for theimmobilized enzymesmightbeincreased [24]ordecreased [25].
To obtain the apparent values of Km and Vm of the P-galactosidase immobilized on the four
typesofmembranes used,we studiedtheactivity of eachcatalytic membrane asa function of
substrate concentration ranging from 25 to 500 mM, the pH and the temperature being 6.5
and 30°C,respectively. Theresultsofthisinvestigation areillustrated inFigure 6. Thefigure
clearly shows how each membrane exhibits different values of enzyme activity at the same
substrate concentration. Having used the same initial enzyme concentration to load the
membranes, the results indicate that the yield of the immobilization is different for the four
membrane types. In particular, we observed that the absolute activity of the membranes
follows the orderAA » MAA > AM > HEMA.None of the parameters in Table I seems to
justify this behaviour. From the results in Figure 6 we calculated the Km and Vm values for
the p-galactosidase immobilized on each of the four membrane types. These values are in
Table IV illustrating how the apparent values of Km of the immobilized enzymes are higher
than that of the free enzyme for all the membrane systems used. The remarkable decrease of
the enzyme affinity for the substrate when the P-galactosidase is immobilized on our
modified Teflon membranes points to some limitations of using these membranes in
industrial processes. In these processes, anyway, the reduction of the affinity of an
immobilized enzyme is compensated for by the possibility of reuse of the membrane. This is
anadded advantage inusing immobilized enzymesinbioreactors.Wehave demonstrated [26]
that the value of the apparent Km of an immobilized enzyme operating under non-isothermal
conditions is lower than that of the enzyme immobilized under isothermal conditions. This
results in an efficiency increase of the yield of the enzyme reaction making available for
industrialprocessesmembranesendowed withlowisothermal activity.
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Figure6. Catalyticmembraneactivityasafunction ofinitialsubstrateconcentration forthesystems:TeflonMAA(A); Teflon-AA(B);Teflon-AM(D)andHEMAdirectlygraftedon Teflon(D).

CONCLUSIONS
The aim of characterizing each membrane system biochemically and biophysically has been
achieved. Also the operational properties of the membranes have been defined. The time
stability of each membrane proved to be good, since after an initial phase in which a small
loss of enzyme activity was observed, the catalytic activity of the membranes remained
unchanged for overtwomonths.
More interesting for the practical use of our membranes are equations 1and 2. Equation 1
allowsachoiceofthecorrelated pHandtemperature parameters givingthe highest membrane
efficiency when the other parameter is imposed. Equation 2, instead, allows us to define for
each membrane both the pH and temperature giving the best yield of each catalytic
membrane.
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TableIV: Kinetic parameters

System
KM (mM)

VM
(umoles mhr 1 )

Freeenzyme

21.4

3.2

Teflon-MAA

190.5

0.53

Teflon-AA

145.8

1.20

Teflon-AM

236.9

0.27

120.0

0.06

HEMA directly grafted on Teflon

The potential of using these catalytic membranes in bioreactors operating under nonisothermal conditions [26-31] by simplifying the membrane system used until now seems
clear. In our previous work, indeed, the membrane system employed in non-isothermal
bioreactors was a catalytic membrane of natural or synthetic origin, coupled with a Teflon
membrane. The advantage of using non-isothermal bioreactors is that they have a greater
efficiency than that of the same bioreactors operating under comparable isothermal
conditions. The catalytic Teflon membrane obtained in this research must be tested in the
bioreactors before deciding if they are useful or not for use under non-isothermal conditions.
On the basis of the swelling degree, the following order is expected to be found in the
performance ofthe non-isothermal bioreactor: HEMA» MAA> AM> AA. This indication
follows from the consideration that for thermodialysis [32-36],which isprimarily responsible
for the efficiency increase of a non- isothermal bioreactor, hydrophobic membranes must be
employed. Experiments inthisdirection arecurrently underway inour laboratory.
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INFLUENCE OFTHE MICROENVIRONMENT ONTHE ACTIVITY
OFENZYMESIMMOBILIZED ONTEFLON MEMBRANES
GRAFTED BYy-RADIATION

ABSTRACT

The effect of the micro-environment and immobilization method on the activity of
(3-galactosidase, immobilized to various Teflon membranes, was investigated. Teflon
membranes were grafted with different acrylic monomers byy-radiation and activated by two
different coupling agents through the functional groups of the grafted monomers.
2-Hydroxyethylmethacrylate (HEMA) and methacrylic acid (MAA) were grafted on the
membrane, and 1-6 hexamethylendiamine (HMDA)was used as a spacer. Glutaraldehyde or
cyanuricchloridewereusedascouplingagentstobindtheenzymetothemembrane.
Four different catalytic membranes were obtained using the same solid support. Direct
comparison between the isothermal behaviour of the biocatalyst in its free and immobilized
form was carried out. The dependence of the isothermal activity on the temperature and pH
was studied in particular and the kinetic parameters determined. The influence of the
microenvironment on the observed activity of the four membranes was evidenced and
discussed. Theway ofimprovingtheyieldofthesecatalyticmembranes isalso discussed.

This chapter inpress in theJournal of Molecular Catalysis, B:Enzymatic (1999) By the authors
M. S. Mohy Eldin, M. Portaccio, N. Diano, S. Rossi, U. Bencivenga, A. D'Uva^ P. Canciglia, F. S. Gaeta and
D. G.Mita
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INTRODUCTION
Immobilized enzymes offer considerable advantages such as facility of removal and reuse,
increased shelf life and thermal stability. For these reasons studies on immobilization
techniques as well as on employment of catalytic membranes in industrial processes have
beenrapidly increasing inrecentyears [1-3].
Polymeric materials aregenerally used assupportmatrices for immobilization sincetheyhave
various functional groups andcanbeeasilymodified chemically [4-6]orbyirradiation [7-17].
Thephysico-chemical properties ofthepolymeric support, therefore, directly affect thechoice
of a suitable coupling procedure for immobilization and, consequently, the biochemical and
biophysical behaviour oftheimmobilized enzymes.Among the various methods available for
enzyme immobilization, is covalent binding, which is particularly important because it leads
topreparation of stableenzymederivatives[18-21].
In previous studies [22-23] we reported on a double grafting technique by which Pgalactosidasewas successfully immobilized by entrapment onTeflon membranes first grafted
withmethacrylic acid (MAA),andthenwith 2-hydroxyethylmethacrylate(HEMA).
Here we describe the changes produced by the immobilization method on the
microenvironment inwhichtheimmobilized biocatalyst operates and,hence,theeffect on the
enzyme catalytic activity. The catalytic behaviour of four different membranes will be
discussed. They were prepared using the same polymeric matrix but with different grafted
monomers, coupling agents, immobilization methods, and in the presence and absence of
spacers. The enzyme is covalently bound on three of the membranes and entrapped on the
fourth. A direct comparison will also be made between the activity of the free and the
immobilized form of the biocatalyst. The catalytic membranes will be characterized under
isothermal conditions in order to obtain indications for the construction of new catalytic
membranes that could used in non-isothermal bioreactors. In these bioreactors the enzyme
reaction ratewas found toincreaseproportionally tothetemperature difference applied across
the membrane. This increase depends on the enzyme and immobilization method and was
found to be 20to 50%when atemperature difference of 1°Cwas applied across the catalytic
membrane[24-30].
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MATERIALS ANDMETHODS
Teflon [polytetrafluoroethylene (PTFE)] membranes of the 450 type manufactured by the
Gelman Instrument Company (Ann Arbor , MI, USA) were used as solid support for the
grafting process. TheTeflon film membranes supported on one side by a polypropylene net,
had athickness of 150mm and were endowed with anastomizing irregular channels of0.450
mminnominaldiameter.Thenominalporediameteristheoneofthesmallestparticleswhich
themembrane isabletoretain.
HEMA and MAAmonomers were used for grafting. Ferrous ammonium sulphate (FAS) was
used as inhibitor for the formation of MAA homopolymers, since the radiation grafting was
performed without oxygenusingthemutualtechnique.
1,6-Hexamethylendiamine (HMDA) was used as a spacer, and glutaraldehyde (GLU) or
cyanuric chloride were used as coupling agents to bind the enzyme to the activated
membranes.
(3-Galactosidase (EC. 3.2.1.23) from Aspergillus Oryzaewas used as a catalyst, chosen in
viewoftheuseofthesecatalyticmembranes intheprocessof lactosehydrolysis inmilk. The
P-galactosidase activitywas assessedbythe GOD-Peridmethod for the glucose determination
(Boehringher GmbH, Mannheim, Germany). All chemical products, including the enzyme,
were purchased from Sigma Chemical Company (St. Louis, MO) and used without further
purification.
Catalytic membrane preparation
Membrane grafting was performed by irradiation with y-rays. The irradiation source was
caesium 137 in ay-cell 1000 Elite by Nordion International Inc. (Kanata, ON, Canada). The
averagedoserateinthecoreoftheradiation chamber(central doserate)wasof2.35x 104rad
h"1. Four membrane types were prepared, each one with a different grafting technique,
monomer and coupling agent used.Forthis reason, eachmembrane type will be identified by
a number, and the grafting procedure as well as the methodology for membrane activation
clearly indicated. A 10 mg/mL p-galactosidase solution was used for the immobilization
process.Thesolutionwasprepared dissolvingtheenzymein0.1Mphosphatebuffer solution,
pH 6.5 .
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Membrane no.l
These membranes were obtained by grafting MAA on the Teflon and using HMDA as a
spacer. (3-Galactosidasewas coupled to the activated membrane by means of glutaraldehyde.
The resulting catalytic grafted membranes

were Teflon/MAA/HMDA/GLU/enzyme

(Figurela). The experimental conditions used during grafting were: 10% (v/v) MAA
concentration; 0,1 % (w/v) FAS concentration; and 10 hours of irradiation time. These
conditions were found tobeoptimal inapreliminarywork.
At the end ofthegrafting procedure themembranes were washed underrunning tap water to
remove the unbound monomers and the homopolymer produced. The grafted membranes
thus obtained were divided into two lots, the first to estimate the grafting percent and the
second used to bind the enzyme. The latter was immersed in a 10% (w/v) HMDA aqueous
solution, then washed with water before a further treatment with 2.5% (v/v) glutaraldehyde
aqueous solution. Both processes were carried out at room temperature for one hour. The
enzyme immobilization was done by immersing the preactivated membrane in the enzyme
solution at 4 °C for 16 hours. Next, the enzyme was bound to the carboxylic group of the
Poly-MAA(PMAA)branchesviaglutaraldehyde andHMDA.

Membraneno.2
Thesemembraneswerepreparedbyperforming asecond grafting before theattachment ofthe
spacer and subsequent coupling of the enzyme. The resulting catalytic grafted membranes
(Figure lb) were Teflon/MAA/HEMA/HMDA/GLU/enzyme.
The first grafting wasperformed inthe samewayasthat ofmembrane no. 1,whilethe second
grafting was done by subsequent irradiation for 16hours in the gamma cell and a 10% (v/v)
HEMA concentration. Enzyme immobilization was carried out according to the procedure
described for membrane no. 1,i.e. tothecarboxylic group ofthePMAAbranches via HMDA
and glutaraldehyde.

Membraneno.3
These membranes were prepared by the double grafting technique (first grafting with MAA
and second grafting with HEMA), but using cyanuric chloride as coupling agent. After the
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two grafting procedures were performed under the conditions described above, the
membranes were immersed for 10minutes in a0.2 NNaOH aqueous solution. After this step
the membranes were interposed between two paper filters to remove the NaOH excess from
the membrane surfaces. At this point the membranes were immersed in 2.5%(w/v) cyanuric
chloride/acetone solution for 20 minutes at room temperature. The cyanuric chloride excess
was then removed bywashing themembranes first with anacetone/water solutionand
subsequently with pure water. Enzyme immobilization was performed following the
procedure described above, sothat the enzyme was bound tothe hydroxyl group ofthe
HEMA branches viacyanuric chloride. The resulting catalytic grafted membranes were
Teflon/MAA/HEMA//cyanuric chloride/enzyme (Figure lc).

Membrane no.4
These membranes were prepared using only the double grafting technique, with the enzyme
dissolved directly in the HEMA solution used during the second grafting. The experimental
conditions were the same as for membrane no. 2. The resulting catalytic grafted membranes
(Figure Id) thus were Teflon/MAA/HEMA/enzyme, with theenzyme entrapped between
PMAA andpoly-HEMA(PHEMA)grafted branchedchains.
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Figure 1. Hypothetical picture of the location of the immobilized (3-galactosidase in the four membrane types:
a)membrane no. 1;b) membrane no.2;c)membrane no. 3;d)membrane no. 4.
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Weadopted theclassical definition for the grafting degree.Thedegreeofgrafting (X,%)was
determined by the difference between membrane masses before (GB) and after (GA), the
grafting thusexpressed bythe formula:

x(%)=—a-— a x 100
G

B

Determination ofcatalytic membrane activity
For the determination of the activity of the catalytic membranes they were put in 20 ml of a
well-stirred 0.1 M buffer phosphate solution, at the predetermined pH and temperature,
containing lactose at a200mM concentration. Enzyme activity was determined by sampling
the solution incontact with themembrane atregular timeintervals andmeasuring the glucose
concentration by the GOD-Perid test. The test uses a coupled enzyme reaction by which a
coloured solution isobtained accordingtothescheme:
Glucose

+ 0 2 + H 2 0 — — - — > Gluconate

H 2 0 2 + ABTS

>coloured complex

+ H202
+H20

where GOD is glucose oxidase enzyme, POD peroxidase enzyme, and ABTS substrate for
POD. The glucose concentration is proportional with the intensity of the solution colour,
which is spectrophotometncally determined. Membrane activity, expressed as umoles min ,
is represented by the slope of alinear plot of the glucose production as a function of time. In
the study oftheactivity as afunction ofthepH, weused 0.1 MNaCl-HClbuffer solution for
pH 2,0.1 Mcitratebuffer solution for the 3-5 pH range, and 0.1 Mphosphate buffer solution
for the6-8pHrange.
Determination ofthetimestability ofthecatalytic membranes
The time stability of the biocatalytic membranes was assessed by analyzing their activity
under the same experimental conditions every day. After three days, during which the
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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 on below. When not in use the membranes were stored at 4°C in 0.1 M buffer
phosphate solution,pH6.5.
Treatment ofexperimental data
Each experimental point reported in the figures represents the average value of four
experiments performed under the same conditions. The experimental errors did not exceed
6%. Theduration of each experiment was 30minutes,but only the initial reaction rates were
accounted for intheconstruction ofthe figures.

RESULTSANDDISCUSSION
Before discussing the results, it is relevant to know the microenvironment in which the
biocatalyst operates, since it directly affects the enzyme activity. Two different
immobilization methods were used: covalent binding for membranes no. 1, 2 and 3, and
entrapment for membrane no. 4. The enzyme was bound to membranes no. 1through the
carboxylic groups of PMAA branches, making the microenvironment around the enzyme
neutral. The biocatalyst wasbound to membranes no. 2through the carboxylic groups of the
PMAA branches in the presence of the hydroxylic groups of the PHEMA branches, making
the enzyme microenvironment alkaline. In the case of the membranes no. 3 the enzyme was
attached to the hydroxyl groups of the PHEMA branches in the presence of the -COOH
groups of the PHEMA branches, making the microenvironment in which the enzyme is
operating acid. In the case of membranes no. 4 the enzyme was entrapped within the -OH
groupsofthePHEMAbranches andthe-COOHgroupsofthePMAA.
Theseconsiderations must be taken inaccount while discussingtheresults,especially whenit
causes the pH dependence of the catalytic membrane activity. This is only one of the aspects
of the influence of the microenvironment on the enzyme activity. Immobilization can change
the kinetics and other properties of the enzyme. Changes of the enzymatic properties are
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thought to be caused by several factors, indicating conformational, steric, partitioning and
masstransfer effects.

Graftingvalues
The average values of the MAA grafting percentage were (8 ± 2)% for all membrane types;
thoseaveragevaluesoftheHEMAgrafting percentageresulted(26±3)%.

Temperaturedependenceofcatalyticmembraneactivity
Thetemperature dependence of enzyme activity isrepresented by abell-shaped curvewith an
activity optimum. The curveprofile for the immobilized enzyme canbe broader, narrower or
equaltotheoneofthe free enzyme,whilethe activity optimum generally shifts toward higher
temperatures upon immobilization. This means a higher resistance to thermal inactivation of
the protein because the structure of the catalytic site is strengthened by the immobilization
procedure which creates strong bonds between the macromolecule and the carrier. If the
position of the maximum remains unchanged, one might conclude that the structure of the
active site and the microenvironment in which it is operating are the same in the free and
bound forms. Figure 2 reports the temperature dependence of P-galactosidase activity of the
four typesofcatalytic membranes,prepared using covalent (Figure2a,band c)or entrapment
immobilization (Figure2d).Thetemperatureprofile remains almost unchanged, except for the
optimum activity position that is shifted towards higher temperatures for all the membranes.
This shift is more evident in the case of enzyme bound to the carboxylic groups of PMAA
grafted branches on membranes no. 1 and no. 2. The same behaviour is observed for the
enzyme entrapped inmembrane no.4.Theenzyme immobilized through the hydroxyl groups
of the PHEMA branches on membrane no. 3 shows a less appreciable shift of the optimum
temperature. Defining 'optimal temperature range' the range in which the relative activity is
comprised between 95and 100%,we seethat this range occurs between 45 and 51 °C for the
freeenzyme,between 50and62°Cformembranes no. 1 andno.2,between 50.5 and 53.5°C
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Figure 2. Relative activity of the free and immobilized form of the P-galactosidase in the four membrane
types as a function of temperature: (A) membrane no. 1: (•)= immobilized form, (0)= free enzyme;;
(B) membrane no. 2: (•)= immobilized form, (0)= free enzyme; (C) membrane no. 3: (A)= immobilized
form, (0)= free enzyme; (D) membrane no.4: (•)= immobilized form, (0)= free enzyme.

for membrane no. 3,andbetween 54and 58°C for membrane no.4.From these observations
it is can be deduced that membranes no. 1 and no. 2 are more promising for industrial
processes requiringhightemperatures,then subsequently membranesno.4andno.3.
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Similar conclusions canbe drawn from theresults of Figure 3where thepercentage ofthe
enzyme inactivation isreported asafunction ofthetemperature.Again, itisclearthat athigh
temperaturesthecatalytic membrane activity follows theorder: membrane no.2> membrane
no. 1> membrane no. 4 > membrane no. 3 > free enzyme. For example, at 65 °C,the
catalytic power ofthe membrane is 12%less formembrane no. 2, 15%formembrane no. 1,
28% formembrane no.4,57%formembrane no.3and70%forthefree form ofthe enzyme.
These data clearly indicate the influence of the microenvironment on the enzyme activity,
membranes no. 1andno. 2 ensuring more protection totheenzyme structure and,hence,to
theenzyme activity.
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Figure 3. Percentage ofenzyme inactivation asafunction oftemperature ofthe free andimmobilized form ofPgalactosidase: free form, (O); membrane no. 1; membrane no. 2: ( • ) ; membrane no. 3: (A); membrane
no. 4: ( • ) .

pH dependenceofcatalyticmembraneactivity
Itiswellknown that thepHofthe aqueous medium inwhichthebiocatalyst operates playsa
relevant role inenzyme activity. This role ismore evident when theenzyme is immobilized,
since thesupport itself may change thepHvalue around thecatalytic site, thus determining
differences inthebehaviour between thefree andbound states ofthe catalyst. This effect is
known as the partitioning effect, directly related to the chemical nature of the supporting
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material which induces electrostatic or hydrophobic interactions between the matrix and the
molecular species dissolved inthe solutions. These interactions alterthemicroenvironmentin
which the enzyme actually operates. Because of this effect, different concentrations of
charged species, as H + or OH", exist in the microenvironment of the immobilized enzyme.
Consequently, the local pH around the catalytic site differs from that of the bulk solution.
Thus the pH profile of the activity of the immobilized enzyme compared to that of the free
form isdisplaced toward more alkaline or acidpHvalues for negatively orpositively charged
matrices[31], respectively. Bearing these considerations in mind we investigated the activity
of free and immobilized P-galactosidase in the pH range between 2 and 7. The results are
reported in Figure 4 where the relative activity of each of the four catalytic membranes is
reported as a function of the pH of the bulk solution. For comparison, the relative activity of
the free enzyme is also shown. The temperature was kept constant at 30°C. Optimal activity
of the free enzymewas found at pH 4.5,while a displacement towards amore acid pH value
was observed with three membranes in which the catalyst was covalently bound to the solid
support. The entrapped enzyme, however, did not exhibit relevant changes during maximal
activity. The behaviour of membranes no. 1and no. 2 may be attributed to the formation of
Schiffs bases. We have no explanation for the behaviour of membrane no. 3 which we
expected to shift towards the alkaline side owing to the absence of the formation of Schiffs
bases andtheconcomitantpresence ofthenegatively chargedcarboxylic groupsofthePMAA
branches. The behaviour of membrane no. 4 appears reasonable since the simultaneous
presence of carboxylic groups of the PMAA and hydroxyl groups of PHEMA made the
microenvironment around the enzyme practically neutral. The result was an almost similar
profile for the free and immobilized form of the enzyme. The definition of the 'optimal pH
range' the range of relative activitybetween 95 and 100%isbetween 4.5 and 4.9 for the free
enzymes;between 3.9 and 4.1 for membrane no. 1;between 3.7 and 4.3 for membrane no.2;
between 3.95 and 4.65 for membrane no. 3;and between 4.45 and 4.95 for membrane no.4.
From theresults of Figure 4 other considerations regarding the role ofthe microenvironment
on enzyme activity canbe deduced. While at highpH values the immobilized and free forms
of the enzyme do not exhibit appreciable differences in the values of the relative activity,
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marked differences exist at lowpHvalueswheretherelative activity ofthe immobilized form
alwayshigherthan thatofthefree form. Thismeansthattheimmobilized form ismore

7.5

Figure4. Relative activity asafunction ofpHofthefree and immobilized form of the P-galactosidaseinthe
four membrane types:(A) membrane no. 1:(•)= immobilized form, (0)= free enzyme;(B) membrane no.2:
(•)= immobilized form, (0)= free enzyme;(C)membraneno.3:(A)= immobilized form, (0)= free enzyme;
(D)membraneno.4:(•)= immobilizedform,(0)= freeenzyme.

protected than the free form in more acidic solutions. For example: at pH 2.5 the relative
activityofthefree form is20%;75%for membrane no. 1;65%for membrane no. 2; 50% for
membrane no. 3;and 35%for membrane no.4. This is auseful indication for the preparation
ofcatalyticmembranes touseinindustrial biotechnological processes.
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Kineticparameters
When a biocatalyst is immobilized the kinetic parameters K m and Vmax undergo variations
with respect to the corresponding parameters of thefreeform, revealing an affinity change of
the substrate. These variations can be attributed to several factors such as protein
conformational changes induced by the attachment to the support, steric hindrances and
diffusional effects. These factors, which may operate simultaneously or separately, alter the
microenvironment around the enzyme. This means that the apparent K m value of the
immobilized form may decrease [32-33] or increase [34-35]. A decrease in the K m value
leads to a faster reaction rate, whereas an increase of the K m implies the use of a higher
substrate concentration in order to get the same reaction rate observed for the free enzyme.
The apparent K m certainly decreases if the electrical charge on the support and substrate are
opposite. The reverse occurs if the support and the substrate have the same electrical charge.
This is a classical example of how the microenvironment affects the reaction rate of an
enzymatic process. Furthermore, the immobilization process also affects the V m a x values.
Similarvalues ofV m a x havebeen found for the free andtheimmobilized form oftheenzyme,
but also increases [36] or decreases [37] have also been reported. To determine the
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Figure 5. Absolute activity as a function of the initial substrate concentration for P-galactosidase in the four
membrane types. Symbols: ( • ) = membrane no. 1; ( • ) = membrane no. 2; (A) = membrane no. 3;
( • ) =membrane no.4.
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microenvironmental influences on the kinetic parameters of p-galactosidase immobilized on
thefour typesofmembranestheactivity ofeachcatalyticmembranewasstudied asa function
of substrate concentration. The pH and temperature of the solutions were 6.5 and 30 °C,
respectively. The results can be found in Figure 5. Since the same initial enzyme
concentration was used to load the four types of membranes, the differences shown in the
figure indicate that the yield of immobilization is different. The absolute activity follows the
order: membrane no. 1> membrane no.2> membrane no. 4> membrane no. 3. Membrane
no. 1 andmembraneno.2shouldtheoretically havethesamenumberofinitial free radicalsto
which the MAA attachment occurs and, hence, the same number of MAA chains. In this
respect, their activity should havebeen the same. However, the presence of branches due to
PHEMA creates steric hindrances to the enzyme immobilization process (thus limiting the
amount of the immobilized enzyme) and to the diffusive approach (or removal) of substrate
(or of products) towards (or from) the catalytic site. This justifies the higher activity of
membrane no. 1. Membrane no. 2 and membrane no. 3, on the other hand, have the same
grafting history, thus their activity should be the same. On the contrary, the results in the
figure show anactivityofmembraneno.3tobeoneorder lowerthanthat ofmembrane no.2.
This discrepanary in behaviour can be attributed to the presence of the HDMA as spacer on
membrane no.2. Indeed, the spacer keeps the enzyme further away from the membrane thus
reducing the interactions with the support. The behaviour of membrane no. 4, can be
explained by the presence of the dense polymeric net constituted by PHEMA and PMAA
branches, resulting in a close barrier entrapping the enzyme and restricting the diffusional
rates of substrate and products. AHanes plot of the results in Figure 5allows the calculation
of the apparent kinetic parameters of the p-galactosidase immobilized on the four membrane
types. This was done (Figure 6) with the apparent values of K m and V max were reported in
Table I, together with those of the free enzyme. Remarkably, the most active membranes
exhibit a lower affinity for the substrate. This is a further clear indication of the fact that: I)
the immobilization technique affects the amount of immobilized enzyme; II) the
microenvironment influences therateoftheenzymereaction andtheaffinity for the substrate.
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Figure6. Hanesplotfor (3-galactosidase. Symbols:(•) =membraneno. 1; (•) =membraneno.2;
=membraneno.3; (•) = membrane no. 4.

CONCLUSION

This study, focused on the influence of the microenvironment on the activity of immobilized
enzymes,achieved itsobjective. ThepH andtemperatureprofiles oftherelative activityofthe
four membranes were observed tobe different from each other and from the free form of the
enzyme. Membranes no. 1 and no. 2 proved to be more suitable for practical applications
because they offer moreprotection tothe enzyme activity athightemperatures and at alkaline
pH values. It has also been shown that the kinetic parameters are influenced by the
microenvironmental properties in which the enzyme operates, while the absolute activity
depends on the immobilization method. The axiom 'more activity, more affinity' in our case
doesnot hold very well. Here it was,the more active the membranes, the less affinity for the
substrate. The lower affinity of the substrate shown by the immobilized form as compared to
the free enzymecanbeovercomebyemployingthecatalyticmembranes inbioreactors
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TableI.Apparent kinetic parametersKmandVmax for the free and immobilized form ofthe Pgalactosidase inthe four membrane types. Thevalues for the free enzymewere calculated by
usinapreviousworkand arerealvalues.
Enzyme system

Kapp(mM)
m

app
v

(umolesmin-1)

'

Free enzyme

21.4

3.2

Membraneno.1

171.2

1.20

Membraneno.2

140.0

0.79

Membraneno.3

97.6

0.074

Membraneno.4

191.3

0.526

operating under non-isothermal conditions. Under these conditions we earlier observed not
only an enzyme activity increase, but also an increase in affinity for the substrate [35-30].
Indeed, the K m values of the catalytic membranes operating under non-isothermal conditions
werelowerthanthevalues ofthesamemembranesoperatinginisothermal bioreactors. These
results were obtained with catalytic hydrophilic membrane coupled to a hydrophobic Teflon
membrane. Thesameresultstogetherwith anefficiency increasewererecentlyobtained with
anon-isothermal bioreactoremploying aTeflon grafted membrane [38],not only hydrophobic
but also catalytic. If the technology of the non-isothermal bioreactors is applied to the
catalytic membranes prepared for thisresearch, we expect an improvement of their enzymatic
yieldandanincreaseofthebioreactorefficiency. Experimentstothisendarenowinprogress
inour laboratory.
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ISOTHERMAL ANDNON-ISOTHERMAL LACTOSE HYDROLYSIS
BYp-GALACTOSIDASEIMMOBILIZED ON DOUBLE-GRAFTED
TEFLON MEMBRANES

ABSTRACT
A new hydrophobic and catalytic membrane was prepared by immobilizing P-galactosidase
on a polytetrafluoroethylene (PTFE) membrane, double grafted by means of y-radiation.
Methacrylic acid (MAA) and 2-hydroxyethyl methacrylate (HEMA) were used as monomers
to be grafted. 1,6-Hexamethylendiamine (HMDA) and glutaraldehyde (GA) were used as
spacerand coupling agent, respectively.
Themembranes werecharacterizedphysically andbiochemically. Thevalues ofthe hydraulic
and thermoosmotic permeability coefficients were calculated. The dependence of catalytic
membrane activity onthetemperature,pHand substrateconcentration was studied.
Lactose hydrolysis, investigated under isothermal and non-isothermal conditions, confirmed
the usefulness of employing non-isothermal bioreactors in industrial processes. In particular,
characteristic parameters were calculated of the non-isothermal process, such as a and (5,
indicative of the efficiency increase of the yield of enzymatic reaction when a difference of
temperature of 1°C is applied across the membrane. These values were compared with those
obtained sofar with othermembrane systems.

This chapter isinpress in Journal of Membrane Science bythe authors
M. S. Mohy Eldin, A. De Maio, S. Di Martino, N. Diano, V. Grano, N. Pagliuca, S. Rossi, U. Bencivenga, F. S.
Gaeta, D.G. Mita
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Non-isothermallactose hydrolysis

INTRODUCTION
The binding of proteins to carriers in order to obtain insoluble systems has attracted the
attention of scientists working in the field of the biotechnologythe last decades. Of great
importance among the carriers used to immobilize enzymes are natural polymers and their
derivatives. Particular attention has recently been foucused on carriers constituted by
synthetic polymers [1-3] that may be treated to vary the character and amount of introduced
functional groups and their physical characteristics, for instance, hydrophobicity. One of the
prerequisites required from a carrier for the immobilization of enzymes operating in aqueous
mediais,indeed, itshydrophilicity, sincethisproperty facilitates accessoftheenzymestothe
binding sites and ensures amicroenvironment around the catalytic site not too different from
that in which the free enzyme normally works. For this reason practically all catalytic
membranes used in industrial processes or in analytical apparatuses, such as biosensors, have
ahydrophilic character [4-7].
The physical process controlling the reaction rate is the diffusion of substrate and products
toward and away from the catalytic site. This is the picture coming out when catalytic
membranes areused inbioreactors orinbiosensors operating under isothermal conditions.
More recently this picture has been subjected to some modifications since the advantage of
employing catalytic membranes in non-isothermal bioreactors has been demonstrated [8-14].
Under these conditions it was found that the enzyme reaction proceeds at rates higher than
thoseoccurring inbioreactors operating undercomparable isothermal conditions. Theamount
of reaction efficiency increase was dependent on the nature of the enzyme and on the
immobilization method.

This effect was observed with purified enzymes and with

microorganisms. The membrane system consisted of a catalytic hydrophilic membrane
coupled to ahydrophobic membrane,the latterbeing important because it induces the process
of thermodialysis [15-19],which is necessary for the increase of enzyme activity under nonisothermal conditions. The term 'thermodialysis' indicates non-isothermal selective mass
transport of water and solutes across an unselective hydrophobic membrane separating two
solutions maintained at different temperatures. The force driving this transport is the
temperature gradient.
With the aim of simplifying the double membrane system employed so far in non-isothermal
bioreactors, we recently focused our attention on preparing single membranes that were both
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hydrophobic andcatalytic.Thiswasachieved bygrafting suitablemonomers onhydrophobic
commercial membranes by means of y-radiation [20-23]. These membranes were
biochemicaly and biophysicaly characterized under isothermal conditions. Only one of these
membranes wassuccessfully studied inbioreactors operating under non-isothermal conditions
[24].
The aims of this paper are: I) to prepare a new grafted type of membrane, both catalytic and
hydrophobic in nature; II) to characterize under isothermal conditions its behaviour with
respect to its physical and its biochemical properties; III) to evaluate the advantage of using
non-isothermal bioreactors; IV) to compare the present results with the ones obtained with
othermembranesystems.

MATERIALS ANDMETHODS
Materials

Teflon [polytetrafluoroethylene [PTFE)] membranes of the 450 type manufactured by the
Gelman Instrument Company (Ann Arbor, MI, USA) were used as solid support for the
grafting process. The membranes, consisting of a Teflon film supported on one side by a
polypropylene net, were 150mmthick and endowed with anastomizing irregular channels of
0.450 mm in nominal diameter. The nominal pore diameter of the membrane is one that is
abletoretainthe smallestparticles.
Methacrylic acid (MAA) and 2-hydroxyethylmethacrylate (HEMA) monomers were used for
the grafting. Ferrous ammonium sulphate (FAS) was used as inhibitor for the formation of
MAA homopolymers, as the radiation grafting was performed without oxygen, using the
mutual technique. 1,6-Hexamethylene diamine (HMDA) and glutaraldehyde (GA) were used
asspacerand coupling agents,respectively.
P-Galactosidase (EC. 3.2.1.23) from Aspergillus Oryzaewas used as a catalyst. This enzyme
waschosen inview ofthe employment ofthesecatalytic membranes inthe process of lactose
hydrolysis in milk. The P-galactosidase activity was assessed by the GOD-Perid method for
glucosedetermination (Boehringher GmbH,Mannheim,Germany).

Non-isothermallactose hydrolysis

All chemical products, including the enzyme, were purchased from Sigma Chemical
Company (St.Louis,MO)andusedwithout further purification.

Methods
Catalyticmembranepreparation

Membrane grafting wasperformed byy-irradiation.Theirradiation sourcewas caesium 137in
ay-cell 1000ElitebyNordion International Inc.(Kanata, ON,Canada).Theaveragedose rate
inthecore oftheradiation chamber (central doserate)was2.35 x 104radh"1.Afirst grafting
was performed by irradiating the PTFE membranes with a solution of methacrylic acid
monomer and FAS in the gamma cell, thus obtaining a PTFE-grafted-polyMAA membrane.
The experimental conditions used during the grafting were: 10% (v/v) MAA concentration;
0.1 % (w/v) FAS concentration; and 10hours of irradiation time. At the end of the grafting
procedure the membranes were washed under running tap water to remove the unbound
monomer and the formed homopolymer. The grafted membranes thus obtained were divided
into two lots, the first one employed to estimate the grafting degree, and the second one for
the second grafting by subsequent irradiation for 16 hours with a 10% (v/v) HEMA
concentration inthey-cell.Atthe end ofthis stepthe membranes were again divided intotwo
lots. The first lot was employed to estimate the grafting degree, the second was used for
enzyme immobilization. The latter was first soaked in a 10%(w/v) HMDA aqueous solution
and then immersed in a 2.5% (w/v) glutaraldehyde aqueous solution. Both processes were
carriedoutatroomtemperature for onehour.Enzyme immobilization wasdoneby immersing
the preactivated membrane in the enzyme solution, obtained by dissolving the enzyme at a
concentration of 10mg/mL ina0.1 Mphosphate buffer solution pH 6.5,at4 °Cfor 16hours.
The overall process of grafting, membrane activation and enzyme immobilization is
schematically illustrated inFigure 1.
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l-MDA

+ hMDA
2° step

GA
HYI'DA

16 hs
4 -C
5° step
GA-HMDA

O = MAA monomers;
^ = l-EMA monomers; ^ ^

MAA branched chains;
= r€MA branched chains;

HWDA = Hexamethylendiamine;
QA = Glutaraldheyde; (

E

j = Enzyme;

Figure 1. Schematic picture of the experimental steps followed during the processes of grafting and activation
ofthe membrane and enzyme immobilization.

Determinationofthegraftingdegree
For the determination of the grafting degree we adopted the classical definition for this
parameter. The degree of grafting (X %)was determined according to the difference between
membrane massesbefore (GB) and after (GA)thegrafting bythe formula:
G

X(%)=

A ~GR

x 100

Determinationofcatalyticmembraneactivity

Enzyme activity was determined from sampling, at regular time intervals, the solution in
contact with the membrane and measuring the glucose concentration by the GOD-Perid test.
Thetestconsisted ofacoupledenzymereactionexpressed as follows:
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Glucose

GOD

+ 02 + H20

H 2 0 2 + ABTS

>Gluconate

+ H202

>colouredcomplex

+H20

where GOD is glucose oxidase enzyme, POD peroxidase enzyme, and ABTS substrate for
POD. The coloured solution was obtained was spectrophotometrically quantified. Glucose
concentration, proportional to the colour intensity, were calculated from the readings.
Membrane activity expressed as umoles min was obtained from the slope of a linear plot of
theglucoseproduction asafunction oftime.

Determinationofthetimestabilityofthecatalyticmembrane

Thetime stability ofthebiocatalyticmembranes wasassessed byanalyzing their activity daily
under the same experimental conditions. After three or four 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 below.Whennot inusethemembranes were stored at4°C in0.1Mbuffer phosphate
solution, pH6.5.

Treatmentofexperimentaldata

Each experimental point reported in the figures represents the average value of four
experiments performed under the same conditions. The experimental errors did not exceed
6%. Each experiment lasted 30 minutes, but only the initial reaction rates were used in the
construction ofthe figures.
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The bioreactor
The apparatus consisted of two cylindrical half-cells (Figure 2), filled with the working
solution containing the substrate separated by the catalytic membrane. In these experiments
both solutions were recirculated in each half-cell by means of two peristaltic pumps through
hydraulic circuitsstartingandending inthecommoncylinder C.Eachhalf-cell was controlled
at a temperature Tj (i=l,2). When the apparatus worked under isothermal conditions J\ was
equal to T2. Thermocouples, placed 1.5 mm from each of the membrane surfaces enabled
measurement of the temperatures inside each half-cell and calculation of the temperature
profile across the catalytic membrane when the apparatus is kept under non-isothermal
conditions. The temperatures read by the thermocouples are indicated by T, and the
temperatures calculated at the membrane surfaces by the symbol T*. The values related to
warm and cold sides are indicated by the subscripts w and c, respectively. Under these
assumptions AT = T - T and AT = T - T , as well as T
r

*
T
av

w

c

w

=— m

c

— and

av

c

2

(T* + Tc * )
=— H
—.Innon-isothermal experiments T <T , T > T and AT < AT.
2

w

w'

c

c

When the apparatus functioned as permeability cell or thermodialysis cell to measure
hydraulic orthermo-osmoticwater fluxes alternative hydraulic circuits anddeviceswere used.
The 'modus operandi' of the apparatus during these experiments will be described in the
appropriate section.

RESULTSANDDISCUSSIONS
Before illustrating the results of lactose hydrolysis under isothermal and non-isothermal
conditions, we will explaine how we characterized the catalytic membrane from the physical
and biochemical pointsofview.Instrumental inunderstanding theresults istheknowledge of
thevaluesofthegrafting degree.Forthe first grafting wehave found anMAA grafting degree
equalto(8.5±2.1)%;for the second grafting aHEMAgrafting degreeequalto(26.0± 5.5)%.
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Figure 2. Schematic (not to scale) representation of the bioreactor. (A)=half-cells; (B)=internal working
volumes; (C)=external working volume; (M)=membrane; (n)=supporting nets; (th)=thermocouples;
(Sj)=stopcocks; (T)=thermostatic magnetic stirrer; (PPj)=peristaltic pumps; (Man)= manometer; FP(flow-pipe);
R=(reservoir of work solution);G=(pressurizing airtank).
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Membrane characterization
Physicalcharacterization

Since the grafted membranes arephysically different from the untreated ones, it is interesting
to study how the grafting process affects the transport parameters of the membrane. The
hydraulic permeability coefficient Aandthethermo-osmoticcoefficient Baretwo parameters
controllingthethermodialysis process. Thesecoefficients aredefined bytheequations:
m3
*)

•* volume

~~

_
_

.

m sec

2)
'

J,
volume

AP
A

Ax

=^iL_=B^I
2

m sec

Ax
3

2 _1

describing the volume flow (expressed in m nr s ) across a membrane, catalytic or not,
produced under isothermal conditions by a hydraulic pressure gradient AP/Ax measured in
(N •nr 3 ) or under non-isothermal conditions by a temperature gradient AT/Ax measured in
(K• nr 1 ). Aisexpressed inm4s"1N"1andBinm2s_1 K"1.
Hydraulic fluxes were determined by pressurizing one half-cell by a gas cylinder and
measuring the water volume transported to the other half cell by means of a graduated pipe.
The temperature of the apparatus in these measurements was kept constant. Thermo-osmotic
fluxes weredetermined bymeasuring inthe graduated pipethewatervolumetransported from
thewarmhalf-cell tothecoldhalf-cell, intheabsenceofapressure gradient.
Figures 3A and 3Bgive some water fluxes measured underpressure gradients or temperature
gradients, respectively. In Figure 3A, the hydraulic permeability coefficients A are
represented bythe angular coefficient oflines best fitting theexperimental points.Inthe same
manner in figure 3B, the thermo-osmotic permeability coefficients B are represented by the
angular coefficients ofthe linesbest fitting theexperimental points.
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0.4
0.6
0.8
*P (metersofH20)

Figure 3. (A) Hydraulic water fluxes across thetreated (o)and untreated (•) membrane as a function of pressure
difference, temperature is 30 °C. (B) Thermo-osmotic water fluxes across the treated (o) and untreated (•)
membrane as a function oftemperature difference; T a v is30 °C.

Thevaluesofthecoefficient Aand Basafunction oftemperature arerespectively reported in
Figures4Aand4B. Infigure 4Bthetemperature value isthatoftheaveragetemperature,i.e.
T av =

Tw + Tc

where T\y and Tc are the temperatures of the warm and cold half-

2
cells,respectively. Fromthefigureitispossibletoobservehowthe grafted membranes havea
greater value of A and smaller value of B as compared to the corresponding values of the
untreated membrane. This means that somehow the treatment increases the hydraulic
permeability and reduces the thermo-osmotic permeability of the membrane, which however
remains hydrophobic in as much as it still provides thermodialysis. From equations 1and 2
one can calculate the values of the steady-state pressure, APS.S. This is the pressure able to
stopthe water flux from the warm to the cold half-cell produced across the membrane by the
applied temperature difference. From the same equations one can also calculate the y
coefficient, i.e. the pressure produced by a unit temperature difference across the membrane.
Inthiswayweget:
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3)

APs -s

4)

Y=

B
— AT
A
B

APs-s
AT

A

The values of yare given in Table I. For y>0 thermo-osmotic flow is observed, for y=0 no
thermo-osmotic flow occurs. Thismeansthatitispossibletoforesee theyield ofa separation
process by thermodialysis once the yvalue for a given membrane has been measured. For
example,starting with anequal initiallactosesolution (0.2M)inthetwohalf-cells keptat
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Figure 4. (A) Hydraulic permeability coefficient across the treated (o)and untreated (•) membrane as a function
of temperature. (B) Thermo-osmotic permeability coefficient across the treated (o) and untreated (•) membrane
as afunction of average temperature.

T\v=60°C and Tc=20°C, respectively, and allowing water transport by thermodialysis, we
have found after one hour of experimentation a concentration ratio ( C W / C Q for the treated
membrane equal to 1.3 and 2.5 for the untreated membrane. C\y and Cc are the lactose
concentrations after 60minutesinthewarm andcoldhalf-cells, respectively.
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TableI.Valuesoftheycoefficient defined byequation4).

Membrane system

T

CO

* average V

Untreated membrane

Treated membrane

y (N. m" 2 . K"1)

^J

20

370

30

484

40

556

50

674

20

40

30

42

40

54

50

62

Biochemicalcharacterization

For the biochemical characterization of the membrane we studied the dependence of the
catalytic activity ontemperature,pH and substrate concentration. Theresults ofthisstudy are
reported in Figure 5. Figure 5A shows the relative membrane activity as a function of
temperature. The relative activity of the free enzyme is also shown for comparison. The
substrate solutions used for these experiments were 0.2 Mlactose in a0.1Mphosphate buffer
solution, pH 6.5. Examination ofthe figure shows a shift ofthe optimum temperature toward
higher temperatures in the case of the immobilized form. This means that immobilized pgalactosidase exhibits ahigher resistance tothermal inactivation, probably since the structure
of the catalytic site is strengthened by the immobilization process which creates strong bonds
between the macromolecule and the modified carrier. Two other observations can also be
made from the figure. In the first place, defining 'optimal temperature range' the range in
which the relative activity is comprised between 95 and 100%, the figure shows that this
range occurs between 45 and 51°C for the free enzyme and between 50 and 62 °C for the
immobilized one. The second observation concerns the number of catalytic molecules still
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active at high temperatures. For example, at65 °Cthe catalytic power of the free enzyme is
reduced by 70%and that of the immobilized enzyme by only 12%.From this observation we
canconclude thattheprepared catalyticmembrane ispromising for usein non-isothermal
120y

120 i

100. •
C 80 +

>
I 60. •
>
JS 4 0 - •
0)

K

20 +
0

15

25

35
45
55
Temperature(°C)

65

75

7.5

Figure 5. (A) (3-Galactosidase relative activity as a function of temperature at pH 6.5. Symbols: (o) free
enzyme; (•) immobilized enzyme. (B) p-Galactosidase relative activity as a function of pH at temperaturet 30
°C. Symbols: (o) free enzyme; (•) immobilized enzyme. (C) Membrane activity as a function of substrate
concentration. Experimental conditions :T=30 °C;pH =6.5.

bioreactors, where higher temperatures are required for the creation of higher transmembrane
temperature gradients. Figure 5B shows the membrane activity as a function ofthe pH. The
relative activity ofthe free enzyme isalso rgiven for comparison. The substrate solution used
for theseexperiments were 0.2 Mlactose in0.1MNaCl-HClbuffer solution atpH2,in0.1M
citrate buffer solution for the pH range between 3and 5,and 0.1 Mphosphate buffer solution
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at pH ranges between 6and 8. Temperature waskept constant at 30 °C. Optimal activity of
the free enzyme was found atpH 4.5,while adisplacement toward a more acid pH value of
3.8 was observed for the immobilized p-galactosidase. This shift is attributed to the
partitioning effect directly related to the chemical nature of the supporting carrier, which
generally induces electrostatic or hydrophobic interactions between the matrix and the
molecular speciesdissolved inthe solutions. Owingtothese interactions,the local pH around
the catalytic site can differ from the bulk solution. In our case this membrane behaviour can
be attributed tothe formation of Schiffsbases. As for the temperature, defining 'optimal pH
range'therangeatwhichtherelativeactivity isbetween 95%and 100%,the figure showsthat
this range occurs between 4.5 and 4.8 for the free enzyme and between 3.7 and 4.5 for the
immobilized P-galactosidase. This means that the immobilized form is better protected than
the free form inmore acidic solutions. For example, atpH2.5 therelative activity ofthe free
form is20%and65% for theimmobilized form.
Figure 5Cshowstheabsolutemembrane activity asafunction ofsubstrate concentration. The
pH and temperature of the substrate solutions were 6.5 and 30 °C, respectively. The
Michaelis-Menten behaviour enabled us to calculate the apparent kinetic parameters for the
immobilized p-galactosidase. The apparent values of K m and V max are reported in Table II,
together with the values of the free enzyme, calculated by us in our previous work. Heretoo,
as before, we found the immobilized form to have a lower affinity for the substrate than the
free enzyme.This finding ought to discourage theuse ofthis membrane in a biotechnological
process, but the possibility of restoring ing the affinity for the substrate by operating the
membrane in a non-isothermal bioreactor, encouraged us to continue with the
experimentation.

Effect ofthenon-isothermal conditions

Figure 6A gives the lactose hydrolysis as a function of average temperature. The curve
parameter is the temperature difference ATread by the thermocouples under non-isothermal
conditions.
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Table II.Values of apparent kinetic parameters for (i-galactosidaseimmobilized on different
carrier. The real value of the kinetic parameters for the free enzyme are also reported for
comparison.

Enzyme system

T(°C)

J^app

Reference number

max

1

(mM)

(lamoles.min" )

Free

30

21.4

3.2

20

Immobilized on

30

135

1.35

Thiswork

30

145

1.2

20

30

237

.27

20

30

120

0.06

20

30

171.2

1.2

22

30

97.6

0.074

22

Immunodyne catalytic

20

150

5.2

9

membrane+TF-450

30

125

7.5

40

100

9.3

TF-450/MAA/HEMA/HMDA
Immobilized on
TF-450/AA/HEMA
Immobilized on
TF-450/AM/HEMA
Immobilized on
TF-450/HEMA
Immobilized on
TF-450/MAA/HMDA
Immobilizedon
TF-450/MAA/HEMA/CCL

The figure shows that under constant T av the membrane activity increases with the
temperature difference and, hence, with the temperature gradient applied across the
membrane. This meansthatthe samelactosehydrolysis ratecanbeobtained eitherat lowT av
andhighAT, orathigh T av and low AT.
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Figure 6. (A) Membrane activity as a function of T a v . Curve parameter isAT. Symbols: AT=0 °C ( • ); AT=10
°C(D); AT=20 °C (o);AT=30 °C(A);
(B) Membrane activity as a function of AT. Curve parameter is T a v . Symbols: T av =20 °C (•); T av =25 °C
(D); T av =30 °C (o); T av =35 °C(x);T av =40 °C ( • ).

Owing to the thickness of the membrane and the temperature range used, the activity profile
inside the membrane can be considered to be linear. In this way the activity corresponding to
point A (obtained at T av = 30 °C,T\y= 45 °C,and T"c = 15 °C) must be compared with that
corresponding topoint B(obtained atT=T av=T\y= Tc=30°C). There isnodoubtthatthe
membrane activity working at T av = 30°C is increased in the presence of a temperature
gradient when compared withthecorresponding isothermal conditions.
A simple means of measuring the size of the effect produced on enzyme activity by the
presence of atemperature gradient is to replot the experimental points reported in figure 6A
asdone inFigure 6B. Inthe latter,membrane activity isreported asafunction oftheATread
bythethermocouples. Thecurveparameter isT av .
From the linear increase of the activity with the temperature difference for each value of T av
follows the equation:

^[»«C -

|T=T Q ,

[A(T)K-

* + ° iT S
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where A(T) indicates the membrane activity at T=Tav, under isothermal (AT=0) and nonisothermal (A1V0) conditions. The coefficient a represents the percentage of membrane
activity increase when a temperature difference of 1 °C is applied across the catalytic
membrane. The a values calculated through the results of the experiment in figure 6 B by
means of equation (5) are reported in Table III, together with the a values found with the
sameenzyme,butothermembranesystems.

Table III. Values of a and p coefficients, defined by equations (5) and (7) respectively, for
variouscatalytic membrane systemsusingthe (i-galactosidaseascatalyst.

Membrane system

T(°C)

TF-450/MAA/HEMA/HMDA

20
25
30
35
40
30

TF-200 interposed between
IMMUNODYNEcatalytic membranes
TF-200interposed between
IMMUNODYNE catalytic membranes
IMMUNODYNE catalyticmembranes+
TF-200
TF-450/MMA

IMMUNODYNE catalyticmembranes+
TF-450
GELATINE catalytic membrane +TF-200

IMMUNODYNE catalyticmembranes+
TF-450

50
55
60
50
55
60
20
25
30
35
25
30
35
20
25
30
20
30
40
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a x 100
(°C')
2.1
2.0
1.8
1.6
1.5
1.7

PxlOO
CO

Reference
number

16.6
15.5
14.4
12.2
11.5
II

Thiswork

//

18
14
11
40
32
26
21.7
20.0
18.1
16.5
25
30
25
20
25
30
5.2
7.5
9.3

14

//

//

3.3
3.3
3.0
1.6
1.6
1.6
3.3
3.3
3.3

13

14

24

10

10

9
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No significant differences betweenthismembrane andtheothercompositemembrane systems
used in the past were observed. For a correct evaluation of the magnitude of the observed
effects, onemustbearinmindthatundernon-isothermal conditions aflux ofheat ispresent in
the apparatus so that actual temperatures on the catalytic membrane surfaces are different
from the ones registered by the thermocouples. In fact AT* < AT. As specified in materials
andmethodstheapex(*) relatestothe corresponding valuesatthe membrane surfaces. Asthe
temperatures on the membrane surfaces were impossible to measure, we calculated them
considering thatunderourexperimental conditionsthe solutionflowinto

Table IV. Relation between the temperature values read by the thermocouples (indicated by
the symbol T) and the ones calculated at the surfaces of the two catalytic membranes
(indicated byT*). The subscripts wandcrefer tothe warm solution and tothe cold solution,
respectively.
Temperature(°C)

AT(°C)

T C (°C)

T W (°C)

TC*(°C) TW*(°C) T AV (°C) AT*(°C)

20

10

15

25

19.5

20.6

20

1.1

20

20

10

30

18.9

21.1

20

2.2

20

30

5

35

18.4

21.6

20

3.3

25

10

20

30

24.5

25.6

25

1.1

25

20

15

35

23.9

26.1

25

2.2

25

30

10

40

23.4

26.6

25

3.3

30

10

25

35

29.5

30.6

30

1.1

30

20

20

40

29.0

31.1

30

2.2

30

30

15

45

28.4

31.7

30

3.3

35

10

30

40

34.5

35.6

35

1.1

35

20

25

45

34.0

36.1

35

2.2

35

30

20

50

33.4

36.7

35

3.3

40

10

35

45

39.5

40.6

40

1.1

40

20

30

50

38.9

41.1

40

2.2

40

30

25

55

38.4

41.7

40

3.3
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each half-cell is laminar (R^ « RgCritical ) ^ j consequently the heat flow propagates
through the solution and the catalytic membranes according to Fourier's law [13,14]. Under
these conditions and the knowledge of thermal conductivity and thickness of both the filling
solutions and membrane, we can calculated the effective temperatures on the membrane
surface. The results of this calculation are reported in Table IV. On inspection of the table
and observing that the system (solution + membrane) is symmetric, we can deduce the
following simple setofequations:

T w = T w - a AT
6)
1T r

T c - a AT

AT * = AT (l - 2a )

Inour casea= 0.445 ( 0C_1).Using this,theeffect oftheactualtemperature difference onthe
membrane activity wasderived (Figure7).

Figure 7. Membrane activity as a function of AT*. Curve parameter is T*v

Symbols: T\y=20 °C (•);

TW=25°C(•); Tw=30°C(o); TW=35°C(x);TW=40°C(•).

In this figure the membrane activity is reported as a function AT*, and T*w is the curve
parameter. The figure confirms that the presence of the temperature gradient increases the
enzyme reaction rate,but nowthe experimental parameters used aremore significant because
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of the reference to the actual temperatures on the catalytic membrane. The data of Figure 7
cannowbeexpressed bymeansofanewequation similartoequation 5thus:

-iT = T „ ,

A T

"[ ( )L,.

W

.

r

X -,T

= T.

A

- [ (T)L=O W {'

+

^ >

Here, the (3 coefficient is the percentage of catalytic membrane activity when the warm
membrane surface is kept constant and the temperature of the cold membrane surface is
lowered by 1°C.The pvalues calculated by applying equation 7to the results of Figure 7are
listed inTableIII,togetherwiththoseobtained for othercomposite membrane systems. Also
in this case no significant differences are observed between the p values calculated for the
actual membrane and those calculated for the other composite membrane systems. This
means that the substitution of a composite membrane system with a single membrane, both
catalytic and hydrophobic, can be done successfully. Inspection of the actual P values
indicates that catalytic membranes in non-isothermal bioreactors is an interesting tool for
practical application inindustrial processes.
All the experimental results reported above canbe explained by analysis of the substrate (and
product) traffic across the catalytic membrane under isothermal and non-isothermal
conditions.
Under isothermal conditions only diffusion occurs. Thediffusive substrate flux (moles nr 2 s') isexpressedbythe equation:

D

8)

J"=D
s

* AC

—
Ax

where D*isthe restricted diffusion coefficient (m^s"1)and

is the concentration gradient
Ax

4

(moles nr ).
Under non-isothermal conditions, i.e. when a temperature gradient is applied across a
hydrophobic membrane, catalytic or not,the membrane iscrossed by differential solvent and
solutes fluxes, produced by the process of thermodialysis. Both matter fluxes are directly
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proportional to the magnitude of the temperature gradient applied across the membrane.
Under these conditions two separate matter fluxes are observed: a volume flux (water) from
warmtocold,measured in(m3 nr 2 s"1)andexpressed bytheequation:

AT
9)

J

»20

=B

I7

and a solute flux from cold to warm, measured in (moles nr 2 s"1) and expressed by the
equation:

therm

T
J7""
=D'* Cc

10)

5

where

AT

AT
Ax

is the temperature gradient across the membrane (K nr 1 ), Cc the actual

Ax
concentration of solute in the cold half-cell (moles nr 3 ) and B the thermoosmotic coupling
coefficient (m2 s_1K"1).
Associated withthevolumeflux there isasolute flux, owingtothe 'solvent drag',givenby:

n

)JSaS

=JH20CW=VH20CW

where Cw is solute concentration inthe warmhalf-cell, from whichthe water flux is coming
and V H 2 0 is the rate of water transport in (m s_1). Of course, also under non-isothermal
conditions the contribution ofisothermal substratediffusion stillremains.
Summing up, under isothermal conditions the only substrate traffic is given by that
represented by equation 8. Under non-isothermal conditions, the substrate traffic across the
membrane is the result of three distinct contributions: the one expressed by equation 8 and
those indicated by equations 10and 11. Apicture of the substrate traffic across the catalytic
membrane operating under isothermal and non-isothermal conditions is given in Figure 8.
Based on all these considerations it is easy to conclude that under non-isothermal conditions
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the enzyme immobilized onto the hydrophobic-catalytic membrane 'feels' a higher substrate
traffic and hence interacts with a substrate concentration higher than it would under
isothermal conditions. The same reasoning is applicable to the product removal from the
active site,because the thermodialysisprocess increases the rate of product removal from the
catalytic site. Consequently, the presence of a temperature gradient increases the apparent
turnover number oftheenzymereaction,thusincreasingtherateoftheenzymereaction.

CONCLUSIONS
All the aims of this work have been achieved. A new grafted membrane, both catalytic and
hydrophobic has been constructed.

It is the first time that a correlation between

phenomenological parameters, suchasthethermodynamic coupling coefficients Aand B,and
membrane activity under non-isothermal conditions, has been made. From the study of the
behaviour of the catalytic membrane under isothermal conditions the immobilization
procedure hasbeen showntogivemoreresistancetotheenzymeathighertemperatures and in
moreacidic solutions.
Theadvantage ofusingnon-isothermal bioreactors hasbeenconfirmed sincethese bioreactors
have been more efficient with respect to their functioning under comparable isothermal
conditions.
Thenegative aspects emerging from thisresearch refer totherelatively lowvalues ofa andP
coefficients. This one disadvantage was overcome by the use of a single membrane system
insteadofthedoublemembrane systempreviously employed.
Studies are in progress in our laboratory aimed at increasing the values of the a and (3
coefficients.
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CHARACTERIZATION OFTHE ACTICITY OFPENICILLIN G
ACYLASE IMMOBILIZED ONTONYLON MEMBRANES
GRAFTED BYMEANSOFy-RADIATION

ABSTRACT

Penicillin G acylase (PGA) was immobilized onto nylon membranes grafted with
methylmethacrylate (MMA) or diethyleneglycol dimethacrylate (DGDA) monomers by
means of y-radiation. Hexamethylenediamine (HMDA) was used as spacer between the
grafted membranes and the enzyme and glutaraldehyde (GA) was used as crosslinking agent
to couple both the HMDA to the grafted membrane and the enzyme to the HMDA. The
catalytic membranes thus prepared were studied as a function of pH and temperature of the
solution containing the substrate. The membranes showing the best characteristics were the
ones grafted with DGDA. The dependence of the behavior of these membranes under
different experimental conditions was studied, i.e. the temperature and duration of the
aminoalkylation process, spacer concentration, the glutaraldehyde concentration and the
enzyme concentration. The experimental conditions giving the best performance of the
catalytic membranes have been deduced. The time required to obtain 50% of substrate
conversion, i.e. hydrolysis of cephalexin, was investigated as a function of its initial
concentration.

This chapter is inpress inthe Journal of Molecular Catalysis B:Enzymatic (1999) by the authors
M.S.Mohy Eldin,U. Bencivenga, S.Rossi, P.Canciglia, F.S.Gaeta, J.Tramper and D.G. Mita
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INTRODUCTION
The production of valuable compounds in the chemical, pharmaceutical and food industry
benefits from the use of enzymes as biocatalysts. The advantages of using immobilized
enzymes promoted the exploitation of catalytic membranes in industrial processes. This was
inspite ofthe fact that the immobilized biocatalyst [1] exhibited lower activity than that ofan
equivalent amount of the free form, essentially the result of the interactions between the
macromolecule and the supporting matrix. The knowledge of these interactions became
relevant together with the ways in which they affect the microenvironment in which the
immobilized enzyme operates. This is why much effort has been put into obtaining new
polymeric carriers and immobilization techniques capable of increasing the stability andyield
ofenzymaticprocesses [2-6].
Hydrophilic supports have been used because enzymes normally operate in aqueous media,
and all industrial processes involving the useofimmobilized enzymes areimplemented under
isothermalconditions.
A recent discovery reveals that the enzyme activity of a catalytic membrane coupled to a
hydrophobic membrane increased when used in non-isothermal bioreactors and that the
activity increasewasproportional tothe temperature difference imposed acrossthe membrane
[7-13]. A prerequisite for obtaining these results was the presence of a hydrophobic
membrane with the ability to induce the process of thermodialysis [14-18], i. e.
transmembrane matter transport under non-isothermal conditions. The process of
thermodialysis is considered to be one of the physical causes responsible for the increased
activity ofthecatalyticmembranes inthepresenceoftemperature gradients.
With the aim of obtaining new catalytic membranes for use in the process of thermodialysis,
we have recently modified commercial teflon or nylon membranes, making them both
catalytic and hydrophobic, by means of a double grafting technique and using y-radiation
[19,22]. One of these membranes, loaded with P-galactosidase [23], has given good
reproducible results when employed in non-isothermal bioreactors. We used the [3galactosidase inviewofitsuseintheprocessoflactosehydrolysis inmilk.
In this work we characterize under isothermal conditions a new catalytic and hydrophobic
membrane, obtained from anylon sheet pre-activated by means ofy-radiation in the presence
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of different solutions of suitable monomers and loaded with penicillin G acylase (PGA;
EC.3.5.1.11). We have chosen PGA because this enzyme plays a relevant role in the
pharmaceutical industry, catalyzing animportant intermediate for the industrial production of
semi-synthetic penicillins and cephalosphorins [24,25].Besides this function, the enzyme can
alsobeusedinotherbiotechnological processes forresolution ofracemicmixtures[26].

MATERIALS ANDMETHODS
MATERIALS
We used nylon Hydrolon membranes as solid support for grafting, a precious gift from the
Italian Division of Pall (Pall Italia srl-Milano- Italy). These hydrophobic membranes have a
nominal pore size of 0.2 mm. Pore size is related to the size of the minimum value of the
diameter ofthesmallest particlesthatthemembrane retains,sincethere isno 'classical' pores
in the membrane, instead, it has irregular cavities crossing the membrane thickness. All the
chemicals werepurchasedfromSIGMA(SigmaAldrich srl -Milano -Italy) andused without
further purification. Diethyleneglycol dimethacrylate (DGDA) ormethylmethacrylate (MMA)
were used as grafting monomers. Hexamethylendiamine (HMDA) (70 % aqueous solution)
was used as spacer between the grafted membrane and the enzyme. Glutaraldehyde (GA)
aqueous solution (2.5%)wasemployed asbi-functional coupling agent for covalently binding
theHMDAtothesolid support andtheenzymetotheactivatedmembrane.
The PGA and its substrate, i.e. cephalexin, were gifts from DSM, Geleen,The Netherlands.
The enzyme's specific activity with cephalexin was 250 - 300 uMoles mhr 1 mL"1 of the
original enzyme solution. The cephalexin had apurity of 92.5% w/w, 6% (w/w) being water
and the remaining substances being impurities. The PGA hydrolyses the cephalexin to
phenylglycine (PG)and7-aminodeacetoxy cephalosporinic acid(7-ADCA).
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METHODS
Catalytic membrane preparation
Membrane grafting was done 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
rateinthecoreoftheradiation chamber (central doserate)was2.35 x 104rad hour 1 .
The nylon membranes for grafting were immersed in a solution of ethanol in water (1:1 v/v)
containing 10% (v/v) of DGDA or MMA and irradiated for eight hours. After treatment the
membranes were washed with water to remove the homopolymers adhered to the membrane
surface, andthen soaked inacetone for about onehour.After afurther washing withwater the
membrane was dried to estimate the amount of the grafting obtained. To evaluate the
percentageofgrafting weadoptedtheclassical definition used forthisparameter. Thedegree
of grafting (X, %) was determined by the difference between membrane masses before, GB,
andafter, GA,thegrafting > accordingtotheexpression:

X(%)=

A

~

B

x 100

GB

The result of these procedures is a nylon-polyDGDA or nylon-polyMMA grafted membrane
ready to be activated for enzyme binding. The overall process of membrane activation and
enzymeimmobilization (procedure described below) isschematicallypresented inFigure 1.

Membrane activation
To activate the grafted membranes, they were soaked in a 2.5% glutaraldehyde aqueous
solution atroom temperature (25°C) for onehour andthenrinsedwithwater. The membranes
werethenready for the aminoalkylation process.Thiswasdoneby immersing the membranes
in a HMDA 10%(v/v) aqueous solution for one hour at room temperature. This temperature
was used in all the aminoalkylation processes, except when stated differently. After a further
washing with water the aminoalkylated membranes were again immersed, for one hour at
room temperature, in a glutaraldehyde 2.5% (v/v) aqueous solution. At this point the
membraneswereactivated andreadytobindtheenzyme.
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Figure 1. Schematic illustration of the processes of activation of nylon grafted membranes and enzyme
immobilization.

PGA immobilization
To immobilize the enzyme,the activated membranes were immersed for20hours at4°Cina
0.1 Mphosphate-buffer solution ofpH 7.0, 10% (v/v) of which consisting of the original
enzyme solution. These experimental conditions were always applied, except when indicated
otherwise. After rinsing (with water) themembranes were ready for use. When not used
directly, the catalytic membranes were stored at4°C in0.1 Mphosphate-buffer solution, pH
7.0.
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Determination ofcatalytic membrane activity
Catalytic membrane activity was determined by putting the membrane in 25 ml 0.1 M
phosphate-buffer solution, pH 7.0, containing a 20 mM cephalexin concentration.
Temperature, pH and cephalexin concentration were changed according to the experimental
needs. The enzyme activity was calculated using the amount of alkaline solution (0.5 N
NaOH) needed tokeep thecephalexin solution attheinitialpHvalue.Membrane activity was
expressed as ^moles mirr1. Each experiment usually lasted 30 minutes. Stability of the
biocatalytic membranes was evaluated by analysis of their activity under the same
experimental conditions each day. After two days, during which the membranes lost some
activity,astableconditionwasreachedremainingunchanged forovertwomonths.Onlythese
stabilized membranes have been used in the comparative experiments reported herein. Under
standard conditions, i.e. 25 mL of 0.1 M phosphate-buffer solution, pH 7.0 and T=30°C,
20 mM cephalexin concentration, the absolute membrane activity was 1 ^moles mnr 1 ,
corresponding toanactivityof285|amolesmin-1perm2 ofmembrane surface.
Treatment oftheexperimental data
Each experimental point reported in the figures represents the average of three experiments
doneunderthesameconditions.Theexperimental errorsneverexceeded 5%.

RESULTSANDDISCUSSION
Biochemical characterization of the catalytic membranes
Effect of pH
Enzyme activity is markedly affected by environmental conditions, such as pH. The changes
in optimum pH and the pH activity curve of immobilized enzymes with respect to free
enzymesisdependent onthe enzyme and/or thesupport charges.Thesechanges are attributed
to partition effects which, owing to electrostatic interactions with fixed charges on the
support, cause different concentrations of charged species, such as substrate, products,
hydrogen or hydroxyl ions etc., in the microenvironment of the immobilized enzyme than in
the domain of the bulk solution. One of the main consequences of these partition effects is a
shift in the optimum pH towards more alkalinity or acidity for negatively or positively
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charged matrices, respectively [27]. Some authors also reported both a shift of optimum pH
toward acidity and a change of the pH activity profile when the enzyme immobilization
occursby aSchiff sbase formation [28]-InFigure2therelativeactivityofPGA asa function
ofpH is reported for the free enzyme and the immobilized form, either on the nylonPDGDA
or on the nylonPMMA membrane. It is evident from Figure 2 then the free and immobilized
enzymehave different pH values atwhich theiroptimum activity occurs.The optimum pH of
the immobilized PGA shifts towards alkalinity, in spite ofthefact that immobilization occurs
byaSchiff sbaseformation. TheoptimumpHshifts about 3pHunits.Alsotheprofiles ofthe
activity pH curves are different. While the free enzyme exhibits the well-known bell shape,
the immobilized enzyme presents a broader bell shape for the PGA immobilized on
nylonPMMA. A sigmoidal curve emerges for PGA immobilized on nylonPDGDA. If
'optimum pH range' is the range at which the relative activity is comprised between 95 and
100%, this range occurs at pH=6.1-6.9 for the free enzyme; at pH=8.9-10.1 for the enzyme
immobilized on nylonPMMA; and at pH=9.0-10.5 for the enzyme immobilized on
nylonPDGDA.

120 T
-J00"
£. 8 0 H
to 60 +
«
£to4 0 +
a>

208
PH

10
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Figure 2. Relative activity of the catalytic membrane as a function of pH at temperature = 30 °C. Experimental
condition for obtaining the catalytic membrane were: [DGDA] = [MMA] = 10% (v/v); [GA] = 2.5% (v/v);
[HDMA] = 10%(v/v);Tj^yjjQai^yj^Q,, p r o c e s s = 25 °C;duration of aminoalkylation process = 1 h; [Enzyme]
=10% (v/v) of an enzyme solution of 250-300 umoles min -1 mL"1 at pH 7; [S] = 20 mM at pH = 7. (A) = free
enzyme, ( • ) =DGDA membrane, ( • ) =MMA membrane
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Effectofthetemperature
Studies on the dependence of enzyme activity on the temperature usually produce a bellshaped curve, showing thus an optimum of activity. The curve for the immobilized enzyme
can be broader, narrower or equal to the one of the free enzyme, while the optimum activity
generally shows a shift towards higher temperatures upon immobilization. This can mean a
higher resistance to enzyme thermal deactivation, which is the case when the structure of the
enzyme is strengthened by the immobilization procedure. Figure 3 presents the temperature
dependence of the PGA activity for the two types of catalytic membranes employed. The
temperaturedependence oftheactivity ofthe free enzymeisalso shown asreference curve.In
all cases an approximately bell-shaped curve emerges. The free and immobilized enzymes
exhibit a shared maximum activity at about 45 °C. Interestingly, a marked difference can be
observed of thebehaviour in enzyme immobilized on nylon-PDGDA membrane,which hasa
rather largetemperaturerangeinwhichthemembrane hastheoptimum activity practically
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Figure 3. Relative activity of the catalytic membrane as a function of temperature at pH= 7. Experimental
conditions
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constant. Let us assume the 'optimum temperature range' to be the temperature range at
which therelative activity isbetween 95 and 100%.For free enzyme the optimal temperature
range would be 46 -51 °C,for the enzyme immobilized onnylonPMMA 46- 54 °C, and for
theenzymeimmobilized onnylonPDGDA 44-56°C.

100

T

55
60
65
Temperature (°C)

Figure 4. Percent of enzyme inactivation as a function of temperature at pH = 7. Experimental conditions for
obtaining the catalytic membrane were the same of Figure 1.(A) = free enzyme, ( • ) = DGDA membrane, ( • ) =
MMA membran

The nylon-PDGDA membrane is more suitable than the others for industrial applications,
especially those in which high operational temperatures are required. With this consideration
in mind, the percentage of enzyme inactivation is given as a function of temperature
(Figure4).Thereference temperature chosen is45 °Cbecause atthistemperature the free and
immobilized enzymes have a common maximum of relative activity. For instance, Figure 4
shows that at 70 °C the enzyme is reduced by about 70% for the free enzyme, 60% for the
enzyme immobilized on nylon-PMMA membrane, and 35% for the PGA immobilized on
nylon-PDGDA membrane. This interesting behaviour can be explained by the difference in
branched structure of the PMMA and PDGDA graft chains. While the PMMA chains grow
linearly, the DGDA monomers have two double bonds that allow the formation of branched
andcross-linked polymeric structures. The latter results in aclose-packed net structure,which
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probably imits the thermal agitation of the bound enzyme molecules, thus reducing the
amountofmacromoleculesinactivated bythetemperature increase.

Optimization oftheaminoalkylation process

Direct immobilization of PGA on grafted membranes produced no appreciable enzymatic
activity. This was probably due to strong interactions of the enzyme with the electrostatic
charges on the nylon membrane, altering the enzyme structure. That is why we used HMDA
as spacer to bind the enzyme far enough away from the electric field of the membrane. The
aminoalkylation process in this case gave positive results, since now the resulting catalytic
membranes were active. For this reason we studied the yield of the catalytic membrane
activity in relation to the temperature and duration of the aminoalkylation process and of the
HMDAand glutaraldehyde concentration. All the experimental resultsreported below refer to
nylon-PDGDA membranes, since these proved to be the most interesting for practical
applications,asdiscussed above.

Dependenceontheaminoalkylation temperature

Figure 5 depicts the relative activity of the catalytic membrane as a function of the
temperature of the aminoalkylation process. The membranes prepared at 60°C exhibit
optimum activity. Theactivity decrease attemperatures higher than 60°C canbe explained by
the fact that at these temperatures the amination process can also take place on the nylon
matrix, sothat the density oftheimmobilized PGAmolecules onthe surface ofthemembrane
increases. In spite of this increase the membrane activity decreases since under these
conditions, the occurrence of protein-protein interactions possibly reduces the number of
activemacromolecules.

122

Chapter 7

120 j
100«.
g 80..
> 60 +
40..
^20..

+

20
40
60
80
Aminoalkylationtemperature (°C)

100

Figure 5.Relative activity ofthe catalytic membrane as afunction of aminoalkylation temperature. Experimental
condition for obtaining the catalytic membrane were: [DGDA] = 10% (v/v); [GA] = 2.5 % (v/v); [HDMA] =
10%(v/v); duration of aminoalkylation process = 1h; [Enzyme] = 10%(v/v) of an enzyme solution of 250-300
umolesmin" 1 mL"1 atpH7; [S]= 10mM atpH.9.5.

DependenceontheHMDA concentration

Therelative activityofPGA immobilized onnylon-PDGDAmembrane ispresented in Figure
6 as a function of the HMDA concentration used in preparing the catalytic membranes. No
significant effect is observed: the activity of the catalytic membrane remains practically
constant oronly shows asmalldecrease.Thismaybeexplainedbythefact thatthe 10%(v/v)
HMDA concentration is sufficient to activate all the grafted polymeric branches on the
membrane surface.
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Figure 6. Relative activity of the catalytic membrane on the HMDA concentration. Experimental conditions for
obtaining the catalytic membrane were: [DGDA] = 10%(v/v); [GA] = 2.5 % (v/v);Tjjjj^Qji^yi^jojj p r o c e s s =
60 °C;duration of aminoalkylation process = 1 h; Enzyme concentration is 10% (v/v) of an enzyme solution of
250-300 umolesmin"1 rruV1 atpH 7 ;[S]= 10mM atpH 9.5.

Dependence on the duration of aminoalkilation

Figure 7 shows the effect of the duration of the aminoalkylation process on the activity of the
catalytic membranes. The results indicate that increasing duration slightly decreases the
activity of the catalytic membrane. This behaviour can be explained by the long reaction times
causing some aminoalkylation to occur directly on the nylon surface, giving rise to an
increase in density of immobilized PGA. Should a protein-protein interaction take place, a
slight decrease in activity could be the result.
Dependence on the glutaraldehyde

concentration

The effect of glutaraldehyde concentration used in the activation of the grafted membranes on
the activity of the catalytic membrane is shown in Figure 8. Glutaraldehyde concentration did
not produced appreciable effects on the activity of the catalytic membranes. The same
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behaviourwas alsoobserved byotherauthorswhenimmobilizing PGAonacrylic copolymers
[29].
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Figure 7. Relative activity of the catalytic membrane on the duration of aminoalkylation process. Experimental
conditions for obtaining the catalytic membrane were the same as in Figure 5with the exception of the duration
of aminoalkylation.

Optimization oftheimmobilization process
Having found the best experimental conditions for the aminoalkylation process, what
remained tobedone for obtaining catalyticmembranes givinghigh enzyme activities,wasthe
optimization of the immobilization process. Therefore, astudy was done of the most relevant
factors affecting this process, namely the enzyme concentration and pH of the PGA solution
used duringthe immobilization phase.
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Figure 8. Relative activity of the catalytic membrane as a function of glutaraldehyde concentration.
Experimental conditions for obtaining the catalytic membrane were: [DGDA] = 10% (v/v); T a m m o a ]] C yi a t i o n
process = ^0 °C; duration of aminoalkylation process = 0.5 h; [Enzyme] = 10%(v/v) of an enzyme solution of
250-300 umolesmin"1 m l / 1 atpH 7; [S] = 10mM atpH 9.5.

5

10
15
20
Enzyme concentration (%)

25

Figure 9. Relative activity of the catalytic membrane as a function of enzyme concentration. Experimental
conditions for obtaining the catalytic membrane were [DGDA] = 10% (v/v); [GA] = 0.5 % (v/v);
^aminoalkylation process = °^ °C;duration ofaminoalkylation process = 0.5 h; [S]= 10mM atpH. 9.5.
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Dependenceontheenzymeconcentration
The effect of the PGA concentration used during the immobilization phase on the activity of
the catalytic membrane is shown in Figure 9. Membrane activity increases with the increase
oftheenzymeconcentration until aconcentration of about 15%isreached; a further increase
in enzyme concentration has no effect. These results arein agreement with those found in the
literature[30].
Dependenceon thepH ofthePGA solution
In Figure 10the relative activity of different catalytic membranes is reported as a function of
the pH of the PGA solution used in the immobilization phase. All the other experimental
parameters were kept constant. The grafting percentage for each membrane was calculated.
Allthemembranes had agrafting percentage valueof43±3%.Results inthefigure show
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Figure 10. Catalytic membrane activity as a function of pH of the PGA solution used for the immobilization
process. Experimental conditions for obtaining the catalytic membrane were [DGDA] = 10%(v/v); [GA] = 0.5
% (v/v);TajjjjnojikyijfjQj,

process

= 60 °C;duration of aminoalkylationprocess = 0.5 h; [Enzyme] = 15% (v/v)

of anenzyme solution of 250-300 umoles/(min. mL) [S]= 10mM atpH. 9.5.
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that the optimum membrane activity occurs using an enzyme solution at pH 7. The decrease
of the membrane activity atpH values greater than this may be attributed to the instability of
PGAatpH 8,asalreadyreported byotherauthors[29].

Effectofthesubstrateconcentration ontheconversion

Sincethe enzyme should beused over longertimes inindustrial practice instead of measuring
initial activities only, we also monitored the activity over a longer period, i.e. to 50%
hydrolysis of cephalexin at different concentrations (Figure 11). These results indicate that
increasing the cephalexin concentration exponentially increases the time required for
obtaining 50 %of conversion, indicating for instance enzyme inactivation or inhibition. This
lowersthepotential for industrial application.
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Figure 11. Time for 50% of substrate conversion as a function of the initial substrate concentration.
Experimental condition for obtaining the catalytic membrane were: [DGDA] = 10% (v/v); [GA] = 2.5 % (v/v);
[HDMA] = 10%(v/v);Tajj^noaikyiation p r o c e ss = 25 °C; duration of aminoalkylation process = 1 h; [Enzyme]
= 10%(v/v) of anenzyme solution of 250-300 umoles/(min. mL) atpH 7; [S] =20mM atpH 10.
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CONCLUSIONS
Penicillin G acylase immobilized onto a grafted nylon membrane produces the highest yields
if the membrane is first treated with a 10% (v/v) DGDA solution, and then a 2.5% (v/v)
glutaraldehyde solution. After a 10% (v/v) HDMA solution treatment (at 60 °C for the
aminoalkylation processwith duration of0.5h),the last step isthe application ofa 15%(v/v)
enzymesolution (theundiluted solutionexhibiting anactivityof250-300U/mLatpH7).
Increasing the cephalexin concentration causes the times required for obtaining a 50% of
substrate conversion to exponentially increase, which would then make our membranes
useless for industrial processes. A method of reducing the bioconversion times comes from
the technology of non-isothermal bioreactors [6-13], where the reaction rate is increased
linearlywiththetemperature difference applied across thecatalyticmembrane.The efficiency
ofthebioreactor increases from 20to 50%when atemperature difference of 1°Cis imposed
across the membrane. The value of this efficiency increase depends on the enzyme and
immobilization method. Experiments in this line of thinking using PGA immobilized on
nylonPMMA membranes, arereported oninadifferent article[32].
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NON-ISOTHERMAL CEPHALEXIN HYDROLYSISBYPENICILLIN G
ACYLASE IMMOBILIZED ONGRAFTEDNYLON MEMBRANES

ABSTRACT
Anew catalytic membrane wasprepared using anylon membrane grafted byy-radiation with
methylmethacrylate(MMA) and 1,6-hexamethylenediamine(HMDA)asspacer. Penicillin G
acylase (PGA)andcephalexinwereemployed ascatalystand substrate,respectively.
Cephalexin hydrolysis was studied in bioreactors operated under isothermal and nonisothermal conditions. An increase in the hydrolysis was found when the temperature of the
warmmembrane surface waskeptconstant andthetemperature oftheothermembrane surface
was kept low. The hydrolysis increase was linearly proportional to the applied temperature
difference. Cephalexin hydrolysis increased by about 10%when atemperature difference of
1°Cwasapplied acrossthe catalyticmembrane.
These results have been attributed to the non-isothermal cephalexin transport across the
membrane, i.e.totheprocess of thermodialysis. Inthiswaythe enzyme immobilized onand
into the membrane reacts with a substrate concentration higher than that occurring by simple
diffusion under isothermal conditions

This chapter is in press in the Journal of Molecular Catalysis B:Enzymatic (1999) by the authors
M. S. Mohy Eldin, M. Santucci, S. Rossi, U. Bencivenga, P.Canciglia, F. S. Gaeta, J. Tramper, A.E.M. Janssen,
C.G.P.H.Schroen, D.G. Mita
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INTRODUCTION

Thedesign and construction of new catalytic membranes represents one of the growing areas
in the study of immobilized enzyme application in biotechnological processes. Transferring
the results from research laboratory to industry however sometimes creates unexpected
problems [1]. The immobilization process is a critical fundamental step to solve these
problems, since besides allowing easy separation of the enzyme from the reaction mixtures it
often improvescatalyst stability atelevated temperatures andextremepHvalues.
One of the most interesting enzymes used in biotechnological processes is penicillin G
acylase (PGA).Thisenzymeplaysadominant roleinpharmaceutical industries ascatalyst for
the synthesis of important intermediates in the production of semi-synthetic penicillins and
cephalosphorines [2,3],aswellasintheresolution ofracemicmixtures[4].
Many papers have been recently published [5-9] on the immobilization of penicillin acylase
using different polyacrylic carriers and different immobilization methods. Our interest has
also grow in the immobilization of this enzyme [10]. The biochemical and biophysical
characterization of the immobilized enzyme derivatives, prepared until now, have so far only
beendone underisothermal conditions.
Recently, it has been found [11-17]that it ispossible to increase the activity of a membranebound enzyme by operating under non-isothermal conditions. The activity of the catalytic
membrane increases by 20to40%when atemperature difference of 1°C is applied across it.
The activity increase depends on the enzyme and immobilization methods used. The results
referred toherewereobtained withpurified enzymesaswellaswith immobilized cells. Inthe
lattercasetheactivity ofbothinternal andcellwallboundenzymes was studied.
Aprerequisite for obtainingtheseresultswasthepresence ofahydrophobic Teflon membrane
coupled to a hydrophilic catalytic membrane. In the presence of a temperature gradient, the
hydrophobic Teflon membrane induces transmembrane mass transport of substrate and
products by the process of thermodialysis [18-22]. This process consists of selective mass
transport across a hydrophobic membrane separating two identical or different aqueous
solutions maintained atdifferent temperatures. Thermodialysis isconsidered to be one of the
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physical causes inducing the observed increase of the enzyme reaction rate when catalytic
membranes areemployed innon-isothermal bioreactors.
With the aim of obtaining membranes both catalytic and hydrophobic, we have recently
succeeded in modifying commercial Teflon or nylon membranes, by means of a double
grafting technique and using y-radiation [23-26]. One of these membranes, loaded with (3galactosidase,hasbeen successfully employed innon-isothermal bioreactors[27].
Thepresent work aimsto study under isothermal andnon-isothermal conditions,the behavior
of PGA immobilized onto a nylon membrane grafted with methylmethacrylate (MMA) and
using 1,6-hexamethylene-diamine (HMDA) as spacer. We expect two advantages from this
new membrane. The first concerns the replacement of the double membrane system, one
hydrophobic andtheother catalytic,employed until nowinnon-isothermal bioreactors,with a
single membrane carrying out catalysis and thermodialysis simultaneously. The other
concerns the realization of a process by which it is possible to increase the synthesis of
cephalexin in industrial bioreactors,thusreducing theproduction timewith all the consequent
economical implications. Here the reverse reaction, the hydrolysis of cephalexin, is used as
model reaction for practicalreasons.

MATERIALS ANDMETHODS

The bioreactor

The apparatus employed consisted of two cylindrical half-cells (Figure 1), filled with the
working solution and separated by a planar membrane. Solutions containing the substrate
were recirculated in each half-cell by means of a peristaltic pump through hydraulic circuits
starting and ending in the common cylinder C. The temperature in each half-cell was
controlled at Tj (i=l, 2). When the apparatus worked under isothermal conditions Ti was
equalto T2.Thermocouples,placed at 1.5 mmfrom eachofthemembrane surfaces, measured
the temperatures inside each half-cell and allowed the calculation of the temperature profile
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across the catalytic membrane when the apparatus was kept under non-isothermal conditions.
The temperatures measured by the thermocouples are indicated by the symbol T, those
calculated atthemembrane surfaces areindicated bythe symbol T*. Thevaluesrelated tothe
warm and cold side, respectively, will be indicated by the subscripts w and c. Thus we get
*
AT = T - T
and
w
c
*
(T* + T * )
T = ——
—.
av
2

A T = T - T ,
w c
In

non-isothermal

as

well

as

experiments

T

= —ffi
av

(T

+T )
S- and
2

T <T , T > T and
w
w
c
c

AT* <AT.
The correlation between the temperatures read by the thermocouples and the actual
temperatures onthecatalyticmembrane surfaces willbegivenintheexperimental part.

Materials
Nylon Hydrolon membranes were used as solid support for grafting, a precious gift from the
Italian Division of Pall (Pall Italia srl-Milano-Italy). These membranes are hydrophobic and
haveanominal poresizeof0.2 mm. Thepore sizeisrelatedtothe sizeoftheminimum value
of the diameter of the smallest particles that the membrane retains; the membrane has no
'classical' pores but irregular cavities crossing the membrane thickness. All the chemicals,
excluding the enzyme and its substrate, were purchased from SIGMA (Sigma Aldrich srlMilano-Italy) and used without further purification. Diethylene glycol dimethacrylate
(DGDA) or methylmethacrylate (MMA) were used as grafting monomers. 1,6Hexamethylenediamine (HMDA) (70 % aqueous solution) was used as spacer between the
grafted membrane and the enzyme. A 2.5 % glutaraldehyde (GA) aqueous solution was
employed as bi-functional agent for covalently coupling the enzyme to the activated
membrane. The PGA and its substrate, cephalexin, were a gift from Gist-brocades, Delft and
DSM, Geleen, The Netherlands. The enzyme's specific activity, with cephalexin, was 250 300 umoles mhW mL~l for the original enzyme solution. The purity of cephalexin was
92.5% w/w, 6% (w/w) being water and the remaining substances being impurities. The PGA
hydrolyses the cephalexin to phenyl glycine (PG) and 7-aminodesacetoxy cephalosporanic
acid(7-ADCA).
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Figure 1. Schematic (not to scale) representation of the bioreactor. (A)=half-cells; (B)=internal working
volumes; (C)=external working volume; (M)=membrane; (n)=supporting nets; (th)=thermocouples;
(Sj)=stopcocks; (T)=thermostatic magnetic stirrer; (PPj)=peristaltic pumps.
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Methods
Membranegrafting

Membrane grafting was done by irradiation with y-rays. The irradiation source was cesium
137 in a gammacell 1000 Elite from Nordion International Inc., Canada. The average dose
rate inthecoreoftheradiationchamber (central doserate)was2.35x 104rad hour 1 .
The nylon membranes to be grafted were immersed in a solution of ethanol:water (1:1 v/v)
containing 10% (v/v) of MMA and irradiated for eight hours. After this treatment the
membranes were washed with water to remove the homopolymers adhered to its surface and
then soaked inacetone for about one hourto swell the membranes allowing the release of the
included homopolymer. After a further washing with water the membrane was dried to
estimate the value of the grafting percentage obtained. To evaluate the percentage of grafting
we adopted the classical definition used for this parameter. The degree of grafting (X %) was
determined by the difference between membrane mass before (GBJ and after (GA) the grafting
expressed:
X(%)=

A~ B

xl0Q

GB

The result of all these steps isa nylon-polyMMA grafted membrane ready to be activated for
enzyme binding.

Membraneactivation

To activate the grafted membranes, they were soaked in a 10% HMDA (v/v) aqueous
solution for one hour at room temperature. After a further washing with water the
aminoalkylated membranes were immersed for yet another hour at room temperature in a
glutaraldehyde 2.5%(v/v)aqueous solution. Themembranesthusobtained wereactivated and
readytobindtheenzyme.
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Enzymeimmobilization

To immobilize the enzyme,the activated membranes were immersed for 20 hours at 4°C in a
0.1 M phosphate buffer solution, pH 7.0, containing 15% (v/v) of the original enzyme
solution. After washing with water the membranes were ready for use. When not used, the
catalyticmembraneswere storedat4°Cin0.1Mphosphate buffer solution,pH7.0.

Determinationofthetimestabilityofthecatalytic membrane

Time stability of the biocatalytic membranes was assessed by daily analysis of their activity
under the same experimental conditions. After two days, during which the membranes lost
someactivity,astablecondition wasreachedremainingunchanged for overtwomonths.Only
these stabilized membranes havebeenused inthecomparative experimentsreported herein.
Under standard conditions, i.e. 25 mL of 0.1 M phosphate-buffer solution, pH 7.0 and
T=30°C,containing 20raMcephalexin, the absolute membrane activity was 1umoles mhr 1 ,
corresponding toanactivity of285umolesmin-1perm^ofmembrane surface.

Determinationoftheenzymaticactivityofthemembrane
All the experimental results reported below have been done by circulating 25 ml of a 20mM
cephalexin solution ofpH 7.0 inthetwohalf-cells ofthe bioreactor. The catalytic membrane
activity was assessed from the amount of alkaline solution (0.5 NNaOH) needed to keep the
treated cephalexin solution atthe initialpH value. Membrane activity isexpressed as umoles
min-1. Oneexperiment lasted 30minutes.
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Treatmentoftheexperimentaldata

Each experimental point reported in the figures represents the average of three experiments
doneunderthe sameconditions. Theexperimental errorsneverexceeded 5%

RESULTSANDDISCUSSION

Isothermal characterization ofthecatalytic membrane

All the membranes used intheexperimentation had, before the immobilization phase,aMAA
grafting percentage value of 43 ± 3%.Figure 2 shows the catalytic membrane activity as a
function of the temperature. The activity of the free enzyme is also given. The figure shows
thatthe optimum temperature oftheenzyme reaction ofthe free and the immobilized form of
the biocatalyst is practically the same. Our results can be attributed to the presence of the
HMDA, the spacer whichbinds the enzyme far enough away from the electric field generated
by the amide groups,constituting the backbone ofthe nylon membrane, suchthat the enzyme
structure apparently onlywasliabletosmall modifications.

Non-isothermal characterization ofthecatalytic membrane

Having characterized the catalytic membrane behaviour under isothermal conditions, the
effect of temperature gradients on the activity of the immobilized PA was studied. Figure 3
shows the catalytic membrane activity as afunction of the temperature difference read by the
thermocouples. Each curve refers to a specific average temperature. The results indicate a
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linear increase of the enzyme reaction rate with the applied temperature difference at each of
theaveragetemperaturesused.
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Figure 2. Relative activity for the free (O) and immobilized ( • ) PGA as afunction of temperature.

A parameter giving information on the usefulness of non-isothermal bioreactors in industrial
processes isthepercentage activity increase(P.A.I.) defined atevery averagetemperatureas:

1)

P.A.I.

r„
[Activity

l A T *°
r»
J
- IActivity

[Activity
where (Activity
L

1
J

'av

and [Activity
*-

]T

l AT=0
J, IT =T

AT=0

x 100%

av

1

are the catalytic membrane
J T —1

av

activities found at determined T=Tav under non-isothermal and isothermal conditions,
respectively. The P.A.I, values,calculated from theresults of Figure 3,are given inFigure 4
as a function of AT. Inspection of figure 4 shows that the percentage activity increase is a
linear function of the applied AT. At the same AT,P.A.I, decreases with increasing average
temperature. This means that to obtain a significant increase of cephalexin hydrolysis it is
sufficient to operate at low average temperatures and temperature gradients instead of higher
averagetemperatures and gradients. From Figure 4it isevident that a50%activity increase is
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obtained undertheconditionsTav=25°CandATat 15°CwhileatTav=30°CaATof22 °Cis
needed. It is unquestionable that the former conditions are more interesting for practical
applicationofthetechnology ofnon-isothermal bioreactorsinindustrial processes.

Figure 3.Catalytic membrane activity as a function of temperature difference read by the thermocouples. Curve
parameter isthe average temperature T a v = (T w +T c )/2; (O)=40°C, ( • ) = 35 °C,(0) = 30°C,(A) = 25°C.

•M

120

T

Figure 4. Percentage activity increment, calculated according to equation (1), as a function of temperature
difference read by the thermocouples. Curve parameter isthe average temperature; (O)=40°C, ( • ) = 35 °C,
(0) = 30 °C,(A) =25°C.
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In Figure 5 the catalytic membrane activity is given as a function of the system's average
temperature. The temperature difference read by the thermocouples is the parameter of each
of the curves. Here too it is interesting to observe how the catalytic membrane activity
increaseswiththeincreaseoftheappliedtemperaturedifference ataconstant average

3T

£o 2.5+

• t 2+
SE
* S1.5+
c <u

E § 1f
.y =«-

>.~o.5..

n
O

< 20

25

+
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+

35
TAV(°C)

40

45

Figure 5. Catalytic membrane activity as a function of T a v . Curve parameter is AT, i.e. the temperature
difference read bythethermocouples; (A)= 30 °C,( • ) =20 °C,(O)= 10°C,(0) = 0°C.

temperature. In Figure 6the activity increase percentage of the catalytic membrane has been
shown as a function of the average temperature at which the bioreactor is operated.
Conclusions similar to the ones deduced from the results reported in Figure 4 can be drawn
from the results of Figure 6. Figure 6 shows that at the same average temperature the
percentage of increase is a function of the applied AT. The figure also shows how the same
value of activity increase can be obtained by operating the bioreactor at a low average
temperature and gradient or atahigher averagetemperature andgradient, the latter conditions
being less convenient.
All the above results clearly show the effect of the temperature gradient on the cephalexin
hydrolysis by immobilized PGA in non-isothermal bioreactors. Next it is important to
measure the real magnitude of this effect by referring the catalytic membrane activities
measured under non-isothermal conditions to the actual temperatures at the catalytic surfaces
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rather than to the ones measured by the thermocouples. The heat flow across the bioreactor
causestheactualtemperature difference acrossthecatalyticmembrane AT*tobelessthan

120 T

Figure 6. Percentage activity increase as a function of Tav- Curve parameter is the temperature difference read
bythethermocouples; (A)= 30 °C, ( • ) =20 °C,(O)= 10°C.

the temperature difference read by the thermocouples, AT. This means that all the observed
effects attributed to a macroscopic AT must be related to the actual AT*. Because it is
impossible to measure the temperatures at the faces of the catalytic membrane, they must be
calculated from the temperature measured atthe thermocouples. It has been shown elsewhere
[16]that the solution flow in each half-cell constituting the bioreactor is laminar, resulting in
heat propagation in the two half-cell by conduction between isothermal liquid planes
perpendicular to the direction of heat flow. This allows us to express the heat transport
equation by Fourier's law: J

<}

the i-th medium crossed by theheat flow and I —

const , where Kj is the thermal conductivity of
/AT
is the temperature gradient in the same
\£\X j

medium of a thickness XJ. Therefore, once the thermal conductivities and thicknesses of the
cephalexin solutions and catalytic membrane are known, the temperature values at the
membrane surfaces can be calculated. In Table I the results of these calculations are listed,
with reference to one of the experimental conditions employed in this study. Table I shows
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thataATof 10°Creducesto aAT*of 1.1°C, similarly aATof20°CtoaAT*of 2.2°C,and
aATof30°CtoaAT*of 3.2°C.

Table I. Correlation between temperature values read bythethermocouples (indicated by the
symbol T) and those calculated at the surfaces of the two catalytic membranes
(indicated byT*).
Temperature (°C)

AT(°C)

TC(°C)

TW(°C)

Tc*(°C)

T W *CQ TAV(°C) AT*(°C)

25

10

20

30

24.5

25.6

25

1.1

25

20

15

35

23.9

26.1

25

2.2

25

30

10

40

23.4

26.6

25

3.3

30

10

25

35

29.5

30.6

30

1.1

30

20

20

40

29.0

31.1

30

2.2

30

30

15

45

28.4

31.7

30

3.3

35

10

30

40

34.5

35.6

35

1.1

35

20

25

45

34.0

36.1

35

2.2

35

30

20

50

33.4

36.7

35

3.3

40

10

35

45

39.5

40.6

40

1.1

40

20

30

50

38.9

41.1

40

2.2

40

30

25

55

38.4

41.7

40

3.3

From the temperature values in the table enables us to write the following empirical
equations:

f
I
2)

\

T = Tww - a A T
w
T * = T c + b AT
*
AT

= ATf-(a+b)]

b)]

whereaandbareconstants.Here,itconcernsasymmetric system,a=b=0.445°C.
Knowing now the temperatures at the membrane faces listed in Table I, one can replot the
resultsofFigure 5toobtainthe graph inFigure7.Thecatalytic membrane activity inFigure7
145

Non-isothermalCephalexinHydrolysis

is shown as a function of the actual AT* applied on the membrane. The curve parameter is
*
T w , whichisthe actualtemperature ofthe catalytic membrane surface facing the warmhalfcell. The results clearly indicate that it ispossible to increase the reaction rate of cephalexin
hydrolysis keeping constant the temperature ofthe warm side of the catalytic membrane and
loweringthetemperatureofitsopposite face. Theamountofthereaction increase dependson
theAT*.

2.5

T

Figure 7. Catalytic membrane activity as a function of AT*,the actual temperature difference acrossthe
membrane. Curveparameteristhetemperatureonmembranesurfacefacingthewarm halfcell;(O)=40°C,
(•) =35 °C,(0)=30°C,(A)=25 "C.

Thelinearbehavior evidenced byFigure7allowsustowritethefollowing general equation:
n AT#o
.
-, AT=O ,
_
r
A _
J ,
= [Activity
J *
(l + a * AT*
T
Tw
w
*
for each value of Tw . The a* coefficients represent the relative increase of catalytic

3)

r
[Activity

membrane activity when a temperature difference of 1 °C is applied across the membrane.
The physical parameter a* is an indication of the performance of the non-isothermal
bioreactor. The a* values calculated from equation (3) and applied tothe results in Figure 7
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arereported inTable II. These values clearly indicatetheusefulness of executing cephalexin
hydrolysisinnon-isothermal bioreactorsbymeansofimmobilizedPGA.

TableII. a* valuescalculated from equation(3)usingtheresultsreported inFigure7.

a*x 100(°C"')

Tw*CC)
25

13

30

10

35

9

40

7

All the experimental results reported above can be explained from the way by which the
substrate reachesthecatalytic siteoftheenzyme immobilized onandintothemembrane.
Under isothermal conditions only diffusion occurs. The diffusive substrate flux (moles cm"2
s_1)isexpressed bytheequation:
4)

D
dc
J" = D * —
s
dx

dc
where the D* is the restricted diffusion coefficient (cm2 s"1) and — the concentration
dx
gradient (moles cm-4).
Under non-isothermal conditions, i.e. when a temperature gradient is applied across a
hydrophobic membrane,catalyticornot,themembrane iscrossed bydifferential matter fluxes
of solvent and solutes produced by the process of thermodialysis. Both matter fluxes are
directly proportional to the magnitude of the temperature gradient applied across the
membrane [18-22]. Under these conditions two separate matter fluxes can be observed:
a volume flux (water) from warm to cold, measured in (cm3 cm"2 s"1)and expressed by the
equation:
5)

dT
J

" 20

L
dx

and a solute flux from cold to warm, measured in (moles cm-2 s_1) and expressed by the
equation:
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6)

J*em
s

=D'*CC —
dx

dT
In these equations — is the temperature gradient across the membrane (K cm"1), Cc the
dx
actual concentration of solute in the cold half-cell (moles cm"3), and L the thermo-osmotic
coupling coefficient (cm2 s_l K"1).
In association with the volume flux there is a solute flux, know as 'solvent drag', expressed
by:
7\

TdraS _ T

'>

J

S

J

n

H20^

C

- V

C

~

H 2 CT C

where C c is the solute concentration in the cold half-cell, from which the water flux
originates and V H 2 0 is the rate of water transport in cm s_1. Of course also under nonisothermal conditionsthecontribution ofisothermal substrate diffusion stillremains.
Summing up, under isothermal conditions the only substrate traffic is given by that
represented by equation 4; under non-isothermal condition the substrate traffic across the
membrane is due to three distinct contribution: the one expressed by equation 4 and those
indicated by equations 6and 7.Apicture (not to scale)of substrate traffic across the catalytic
membrane operating underisothermal andnon-isothermal conditions isgiven inFigure 8.
Based on these considerations it is easy to conclude, therefore, that under non-isothermal
conditionsthe enzyme immobilized ontothehydrophobic-catalytic membrane 'faces' ahigher
substrate traffic and hence interacts with a substrate concentration higher than under
isothermal conditions. The same reasoning is applicable to the product removal from the
active site, since the thermodialysis processes increase the removal speed from the catalytic
site. As a consequence of the presence of a temperature gradient the apparent turnover
number of the enzyme reaction appears to increase, thus increasing the rate of the enzyme
reaction.
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CONCLUSIONS

Wecanconclude thatthe aimofthisworkhasbeenachieved sincewehavedemonstrated that
the rate of cephalexin hydrolysis depends on whether the bioreactor is operating under
isothermal ornon-isothermal conditions.
Thepositive effect of temperature gradients onthe catalytic membrane activity, and hence on
the amount of hydrolyzed cephalexin, is evident from all the experimental data presented.
The magnitude of this effect quantified by the a* coefficient appears to be attractive for
practical applications. Incidentally, a* values found with the present membrane are smaller
but ofthe same order of magnitude asthe onesobtained with the two-membrane system used
in the past. This means that the idea of obtaining a single catalytic and hydrophobic
membrane for useinnon-isothermal bioreactors haspotential.
Experiments are underway in our laboratory to construct other catalytic and hydrophobic
membranes capable of increasing the yield of an enzymatic process executed in bioreactors
operating undernon-isothermal conditions.
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IMMOBILIZATION OFPENICILLIN GACYLASE ONTO
CHEMICALLY GRAFTED NYLON PARTICLES

ABSTRACT

Nylon particles, grafted with diethylene glycol dimethacrylate (DGDA) using potassium
persulphate as initiator, were treated with 1,6-hexamethylene diamine (HMDA). The
aminoalkylated particles were activated with glutaraldehyde and finally penicillin G acylase
wasimmobilized totheseactivatedparticles.
Both the conditions of the aminoalkylation and the immobilization process were optimized.
The hydrolysis of cephalexin was used as model conversion. The retention of activity of the
immobilized enzyme was 12%.This value improved to 30%by adding phenyl acetic acid, as
active-site protecting agent, to the enzyme solution. The results suggest formation of
multipoint attachment betweentheenzymeandthematrix.

This chapter has been submitted by the authors:
M.S. Mohy Eldin, C.G.P.H.Schroen, A. E.M.Janssen, D.G. Mita and J. Tramper
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INTRODUCTION

Immobilized penicillin G acylase (PGA) is one of the few immobilized enzymes applied on
industrial scalefor theproduction of semisynthetic antibiotics [1-4].Many supportshavebeen
investigated for immobilization oftheenzyme [5-8], including nylon [9].Sincenylon has few
free end groups for covalent attachment of enzyme molecules, it must be pretreated to
generate potentially reactive centers [10]. In spite of the great potential of the grafting
technique to create reactive centers on copolymer matrices, very few articles were published
aboutgrafted nylonused for enzymeimmobilization [11-15].Thevalueofgraft copolymers is
that a variety of matrices, possessing different physical, chemical and morphological
characteristics, canbe made.By careful selection of the matrix and the grafted monomer it is
possible to vary the hydrophilic/hydrophobic nature of the immobilized support which could
improveenzyme activity and stability andalso give easierhandling and storage.The structure
of the immobilized enzyme system, using graft copolymers, suggeststhatthe enzyme is more
available for reaction than is the case with enzyme entrapped in a gel where problems of
diffusion of reactants and products can arise especially if the products are competitive
inhibitors. Additionally, the number of reactive groups used for coupling the enzyme can be
more closely controlled. Recently the authors used nylon membranes grafted with different
vinylmonomerstoimmobilizedifferent enzymes [16-17].
In the present work nylon particles grafted with diethylene glycol dimethacrylate monomer
was used as matrix for the immobilization of penicillin G acylase. The activation and the
immobilization conditions were optimized and the efficiency ofthe immobilization process is
reported on.

MATERIALS ANDMETHODS
MATERIALS

Nylon 6,6 pellets of 5mm diameter were used as solid support to be grafted with diethylene
glycol dimethacrylate (DGDA). Potassium persulphate (KPS) served as initiator for the
grafting process. 1,6-Hexamethylene diamine (HMDA), 70 % aqueous solution, was used as
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spacer between the grafted membrane and the enzyme. Glutaraldehyde (GA), 25 % aqueous
solution, was used as coupling agent for covalently binding the enzyme to the activated
HMDA-nylon beads. All the chemicals were purchased from Aldrich and used without any
further purification. The enzyme, penicilline acylase (PA), and the substrate used here, i. e.
cephalexin, were gifts from Gist-brocades, Delft and DSM, Geleen, The Netherlands,
respectively. The enzyme specific activity, with cephalexin, was 2500 IUmL'l for the
original enzyme solution. Thecephalexinhadapurity of 92.5%w/wand 6%(w/w)ofwater.
Phenyl acetic acid (PAA), 98.5%, from Acros Organics, New Jersey, USA, was used as
active-siteprotector.

METHODS

The overall process of particle grafting, activation and enzyme immobilization is
schematically represented inFigure 1.

Nylon-particlesgrafting(Matrix Functionalization)
Thenylon pellets were first grinded to 1mm in diameter and then immersed in 5%diethylene
glycol dimethacrylatesolution inethanol:water (1:1)inthepresence of 0.5%(w/v) potassium
persulphate. The temperature was raised to 60°C and the mixture stirred for one hour. The
obtained matrixwaswashed withethanol toremovetheunreacted monomer andthendried at
80°C. The percentage of grafting, X%, is defined as the difference between particle masses
before,Gg,andafter thegrafting, GA,accordingtothefollowing equation:
X(%)=

A

~

B

x 100(%)

Undertheseconditions agrafting percentage ofabout 8%isusually obtained.

Matrixactivation
To activate the grafted particles, they were soaked in a 1,6-hexamethylene diamine aqueous
solution of a defined concentration, reaction time and temperature as specified later in the
text. After washing with water, the aminoalkylated nylon particles were immersed for one
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houratroomtemperature inaglutaraldehyde 2.5%(v/v)aqueous solutionof specified pH. At
thispoint theparticleswereactivated andreadytobindtheenzyme.

Enzymeimmobilization
The activated particles (2 g) were immersed for 16 hours at 25°C in 20 ml of the enzyme
solution, prepared by diluting ten times the original enzyme solution with 0.1 M phosphatebuffer solution pH 7.0; the suspension was gently stirred during immobilization. These
experimental conditions were always applied, except where indicated otherwise. After
washing withwaterandbuffer theimmobilized enzymewasready for use.Incaseof studying
theeffect ofaddingphenyl aceticacidasactive-siteprotector, itisaddedtotheenzyme buffer
solutionwithfinal concentration 15mM.
Nylon
I
Nylon-DGDA+NH2-(CH2)6-NH2

>

0=C-NH-(CH2)6-NH2

Matrix activation (step 1)

Nylon
+ 0=CH-(CH 2 ) 3 -CH=0

|
>

0=C-NH-(CH2)6-N=CH-(CH2)3-CH=0

Glutaraldehyde activation (step2)

Nylon
+ E-NH2

|
>

0=C-NH-(CH2)6-N=CH-(CH2)3-CH=N-E

Enzyme immobilization (step3)

Figure 1:Schemeof thetheparticlesactivationandPAimmobilizationprocesses.

Determinationofcatalyticactivity
Catalytic activity wasdetermined byputting 2gofthe immobilized penicillin Gacylase in 50
ml of 20 mM cephalexin pH 7.0 and 30 °C.The enzyme activity was measured through the
amount of alkaline solution (0.05 NNaOH) needed to keepthe treated cephalexin solution at
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pH 7.0 using an automatic pH control unit. The activity is expressed per two grams of the
-i

immobilized enzyme as umolesmin • The amount of enzyme immobilized onthe matrix is
expressed aspercentage immobilization yield(IMY%),obtained from the difference between
the enzyme activity in solution before, B,and after the immobilization, A,divided by activity
in solution before immobilization, B, times 100%. The percentage of activity retention
(RTA%) was calculated by dividing the measured immobilized enzyme activity by the
expected activity (i.e. B-A), times 100%. When the catalytic matrices were not in use, they
were stored at4°C in0.1Mphosphate-buffer solution,pH7.0.

Reliabilityoftheexperimentaldata
The experimental errors fall in the range of 3-6 % for the grafting and in the range of 6-10%
fortheactivitybasedonduplicateexperiments.

RESULTSANDDISCUSSION

Since the activity of the immobilized enzyme depends on the amount of functional groups
created on the matrix, optimization of the conditions of the activation process, including
aminoalkylation,glutaraldehyde activation andenzymebinding, isrequired.

Optimization oftheaminoalkylation process
The dependency of the catalytic activity of the immobilized enzyme on the concentration of
HMDA,temperature and duration ofthe aminoalkylation processweretherefore studied first.

EffectoftheHMDA concentration
In Figure 2the activity of immobilized pennicillin acylase is presented as a function of the
HMDA concentration. The figure shows that the activity increases with the concentration of
HMDA, reaching a maximum value at 4-6%. Further increase in the concentration to 10%
leadstoadecrease oftheactivityby50%.
Thethermal stability of immobilized enzyme wasalso investigated. The immobilized enzyme
was incubated inbuffer, pH 7.0,at60°Cfor onehourandthentheresidual activity %was
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Figure 2: Activity of the catalytic matrix as a function ofthe HMDA concentration. Experimental conditions for
obtaining the catalytic matrix were: [DGDA] = 5%(v/v); [GA] =2.5 % (v/v);T a m j n o a || C y] a t i o n process = 25°C;
duration of aminoalkylation process = 1 h; [Enzyme] =2500 UatpH 7; [S]= 20mM atpH 7.0.
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Figure 3.Effect of HMDA concentration on thethermal stability ofthe catalytic matrix. Experimental conditions
for obtaining the catalytic matrix are the same as mentioned in Figure 2. Incubation temperature 60°C; duration
of incubation onehour atpH 7.0.
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measured (Figure 3). From the figure it is clear that the enzyme kept from 25 to 41%of its
original activity, while the free enzyme lost all its activity under these conditions. The higher
residual activity, i.e. higher stabilities, occurred at the higher HMDA concentrations. These
results indicatethe formation of multiple bonds between an enzyme molecule andthe matrix;
other authors [18]have found that carriers for acylase immobilization should not have a high
amino-group concentration in order to prevent multi-point enzyme bonding, resulting in
deactivation, but also stabilization of the retained activity. On the basis of the above results
weconcludedthattheformation ofmultibonds betweenthe enzymemolecule andthe support
is the likely cause for the decrease in activity of the immobilized enzyme when the HMDA
concentration used is increased. Comparison of the thermal stability of our immobilized
enzyme with that obtained by other authors [19], who immobilized penicillin G acylase on
oxiran-acrylic beads, is favourable for our preparation, as the other one lost completely its
activity after only 30minutes atpH 8and 60°C.

Effectoftheaminoalkylation temperature
The dependency of the catalytic activity on the temperature of the aminoalkylation process is
shown inFigure4.Optimum activity isobserved at 55°C.Further increase ofthe temperature
to 65°C,resulted in40%less activity. The activity decrease attemperatures higher than 55°C
may be explained considering that atthesetemperatures the aminationprocess cantake place
also on the nylon matrix. As a result, the density of the amino groups and hence the
immobilized penicillin G acylase molecules directly on the surface of the matrix may have
increased. Enzyme molecules withtheiractive sitesoriented tothe surface arelikely tohavea
decreased activity.

Effectoftheaminoalkylation reaction time
The obtained results indicate that increasing the reaction time from 7.5 to 75 minutes
decreases the activity by 20%. The minimum handling time is 7.5 minutes and this cleary is
enough to obtain the highest maximum activity which indicates that the process mainly
occurred onthe surface oftheparticles.This isinagreement with thenon-porous nature ofthe
nylonparticles.
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Figure4:Activityofthecatalyticbeadsasafunction ofaminoalkylationtemperature. Experimentalcondition
forobtainingthecatalyticmatrixwere:[DGDA] =5%(v/v);[GA]=2.5%(v/v);[HDMA] =2%(v/v); duration
ofaminoalkylationprocess=1 h; [Enzyme] =2500UatpH7;([S]=20mMatpH. 7.0.

Optimization oftheglutaraldehyde-activation process

The effect of the activation conditions, i.e. glutaraldehyde concentration, reaction time, and
reactionpH,werethen optimized.

Effectof glutaraldehydeconcentration
The effect of the glutaraldehyde concentration used for the activation of the aminoalkylated
matrix on the activity is shown in Figure 5. Increasing the glutaraldehyde concentration
increased the activity reaching its maximum value at 2.5%. Beyond this concentration the
activity decreased with the glutaraldehyde concentration; at 5% glutaraldehyde the relative
activitywas55%.

Effectoftheactivation time
No significant effect ofthe activation time was observed in the range of 1-3 hours. At 4h the
activity started to decrease and dropped to 59% at 5h. Prolonging the reaction time to 24h
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decreased the activityto 43%. Thismay beexplained by oneoftwoeffects. First,the reaction
of the aldehyde groups of both sides of the glutaraldehyde molecules with the amino groups
onthematrix,reducing thereby thealdehyde groupsavailabletoreact laterwith amino groups
on the enzyme; this in turn leading to less immobilized enzyme. Second, multipoint
attachment of enzyme to matrix can lead to a more rigid enzyme and hence reduction of the
activity.

3-r
2.5-.

2-.

o
E

1.5«.

>
o

<

0.5-•

Glutaraldehydeconcentration%(w/v)

Figure5. Activityofthecatalyticmatrixasafunction ofglutaraldehydeconcentration. Experimentalconditions
for obtainingthecatalytic beadswere:[DGDA]=5%(v/v);Tgminoaikyiatjon process= 55°C;durationof
aminoalkylationprocess=7.5 minutes;[Enzyme] =2500UatpH7;[S]=20mMatpH7.0.
Effect ofpH of theglutaraldehyde solution
Figure 6presents a clear effect of the pH of the glutaraldehyde solution found in the studied
range of 6 to 10.The maximum activity was found at pH 9.0. Dramatic loss of activity
occurred atbothlowerandhigherpH,withonly 50%ofrelative activity atpH 10and 20%at
pH 6.These results areinfull agreement withthose obtained byother authors who studied the
glutaraldehyde activation step indetailwiththe immobilization of invertase on nylon 6tubes.
They used the O-alkylation technique to create active functional groups on the surface of the
nylontubes[20].
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Figure 6. Activity of the catalytic matrix as a function of pH of the glutaraldehyde solution. Experimental
conditions for obtaining the catalytic beads were: [DGDA] = 5% (v/v); [GA] = 2.5 % (v/v); Taujjngaikyiation
process = 55 0<--»duration of aminoalkylation process = 7.5 minutes; [Enzyme] = 2500 U at pH 7; [S] = 20 mM
atpH 7.0.

Optimization of the enzyme immobilization process

Finally, the immobilization conditions were optimized, i.e. enzyme amount, pH of the enzyme
solution and the immobilization time. In addition, the effect of phenyl acetic acid as activesite protector was studied.

Effect of the enzyme concentration
The effect of the penicillin G acylase concentration used during the immobilization step on
the catalytic activity is shown in figure 7. The activity initially sharply increases with enzyme
concentration until 25 U per ml; thereafter further increase of enzyme concentration has no
effect. These results agree with those found in the literature [21],where penicillin G acylase
was immobilized onto a copolymer of butyl acrylate and ethylene glycol dimethacrylate.
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Figure 7:Activity of the catalytic matrix asa function of enzyme concentration. Experimental conditions for
obtaining the catalytic beads were: [DGDA] = 5%(v/v); [GA]= 2.5 % (v/v)at pH 9.0; Taminoalkylation
process = 5^ °C; duration ofaminoalkylation process =7.5 minutes; [S]=20 mMatpH 7.0.

EffectofthepH oftheenzymesolution
InTable 1theactivity ofthe immobilized enzyme,prepared using solutionswith different pH,
is presented. The results show maximum activity in the 7.0 to 8.0 range. Especially at the
highest pH tested, i.e. 10,the activity drops to less than 25%of the maximum activity. This
may be explained by more than one reason: a decrease of amount of enzyme immobilized at
the pH as shown inTable 1;wrong orientation of the immobilized enzyme atthe alkaline pH;
possibility of formation of multipoint attachment to the matrix with loss of activity; and
instability of penicillin G acylase at this high pH, as already reported by other researchers
[22], which is the most likely reason. The results inthe table also show that the trend of the
retained activity (RTA%) isthe sameas the activity,reaching amaximum atneutral pH. This
could be because of the effect of the pH on the immobilization yield, which increased at a
higher rate than that of the activity and has itsmaximum at alkaline pH.The retained activity
is the result of dividing the measured activity by the theoritical activity of the immobilized
enzymeas indicated inthemethods.
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Table 1 :Effect of the pH of the immobilization solution on the activity, IMY% and RTA%
Experimental conditions for obtaining thecatalytic beadswere: [DGDA]= 5%(v/v); [GA]=
2.5 % (v/v) at pH 9.0; TamJnoaikyiatjon process =

55

° c ; duration of aminoalkylation

process=7.5minutes; [Enzyme]=250U;[S]=20mMatpH7.0.
pH

Activity /2g((imoles.min"')

IMY(%)

RTA(%)

6.0

4.87

10.6

8.2

7.0

5.60

20.0

11.3

8.0

5.60

24.0

9.0

9.0

4.55

81.3

2.3

10.0

1.38

42.5

1.3

Effectofimmobilization time
In Table 2 the effect of the immobilization time on the activity is shown. One hour of
immobilization gives an activity of 2 umoles.min" (30% of maximum); doubling this time
increasesthisvalueto 4.85 |amoles.min" ,reaching 5.78 and 6.3 (imoles.min" after four and
six hours, respectively. Further increase of the immobilization time to sixteen hours had no
effect. This result is easy to explain by the fact that the amount of immobilized enzyme
(IMY%) shows the same tendency (Table 2). As mentioned in the methods, the retained
activity depends on both the activity and the amount of immobilized enzyme (IMY%), and
they exhibit the same behaviour. This caused the retained activity ofthe system to be affected
slightly bychanging the immobilization time.

Effectofthephenyl aceticacid
From the results in Tables 1and 2 it is clear that most of the enzyme activity is lost in the
immobilization process.Therefore, phenyl acetic acid (PAA),an inhibitor of the enzyme, was
added to protect the active site during the immobilization process. The effect of PAA on the
activity and RTA% at different immobilization times is also shown in Table 2. The results
show that both the activty and RTA% increased by adding PAA to the immobilization
solution as protecting agent for the enzyme active site. The increase by a factor 2 indeed
indicatesthatbondsareformed with lossofactivity between amino groups intheactive site
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Table2 : Effect oftheimmobilizationtimeontheactivity,IMY%andRTA%.
Experimental conditions for obtaining the catalytic beads were: [DGDA]= 5%(v/v); [GA] =
2.5 % (v/v) at pH 9.0; Taminoaikyiation pr0 cess =

55

° c ; duration of aminoalkylation

process=7.5 minutes; [Enzyme]=250U;[S]=20mMatpH7.0; [PAA]= 15mM.
ND=Not determined
Immobilization

IMY(%)

time(h)

Activity(-PAA)

Activity(+ PAA)

RTA(%)

RTA(%)

(limoles.min")

(umoles.min")

(-PAA)

(+PAA)

lh

ND

2.0

ND

ND

ND

2h

16

4.85

12

12

30.77

4h

18

5.78

11

15

27.5

6h

21

6.3

11.5

12

21.7

8h

20

6.1

ND

12

ND

16h

21

6.0

ND

11.3

ND

24h

ND

ND

11.73

ND

22.3

as well as the aldehyde groups on the matrix in the absence of PAA. This result is in
agreement with the results obtained by another group [22], which immobilized penicillin G
acylase into an agarose matrix. They found that the retention of activity of the prepared
derivative in the absence of PAA was 51% but improved to 98%by the addition of PAA to
the immobilization matrix. This marked loss of activity by not adding PAA to the matrix,
could be attributed to the severe distortion induced in the enzyme as a result of a greater
number of covalent enzyme-support linkages. In the case of the derivatives prepared in the
presence of PAA, it isdeduced that when suchmaterial isbound tothe active site it produces
a shielding effect thatenablestheenzymetoretainahigherproportion ofitsactivity.

CONCLUSIONS

Penicillin G acylase was immobilized onto poly diethyleneglycol dimethacrylate (pDGDA)
grafted nylon of 8%percent grafting. After optimization ofthefactors affecting the activity of
the immobilized enzyme, 12%of the activity isretained. Binding in the wrong orientation of
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the immobilized enzyme, multipoint attachment tothe matrix, and binding with groups inthe
active site, are the probable reasons for the loss of activity. Increasing the amino group
concentrationonthematrix surface wasfound tohave anegative influence ontheactivity,but
a possitive influence on the thermal stability. By protecting the active site of the penicilin
acylase through the immobilization process using PAA, both the activity and the retention of
activity were improved byafactor oftwo,the latterreaching30%.
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GENERAL DISCUSSION

INTRODUCTION
This thesis presents graft copolymers as promising matrices for enzyme immobilization and
for enzymatic reaction under non-isothermal conditions as a solution to reduce the effect of
thediffusion-limitation problems.
Two different enzymes, (3-galactosidaseand penicillin Gacylase,were immobilized onto two
different grafted membranes i.e. grafted Teflon and grafted nylon respectively. y-Radiation
was used as initiation system for grafting the membranes. P-Galactosidase has been
immobilized by two techniques: entrapment through the grafting of the enzyme with
2-hydroxyethyl methacrylate (HEMA) solution to grafted Teflon membranes and covalent
bindingtothe carboxylic orhydroxylic groupsafter activation. Ontesting theactivity ofthese
catalytic membranes under non-isothermal conditions, only the enzyme immobilized by
covalent means worked under non-isothermal conditions. The enzyme entrapped by grafting
leaked from the membranes during the first experiment and no residual activity was detected
onthe membranes. This could be improved by using a crosslinker in the second grafting step
and by prolonging the irradiation time for better crosslinking. In addition to the benefits of
preventing enzyme leakage from the matrix, the reduction of matrix hydrophilicity enhances
thefunctioning ofthemembrane undernon-isothermal conditions.
Penicillin G acylase was covalently immobilized to grafted nylon membranes and particles.
Theenzyme immobilized onmembraneswastestedundernon-isothermal conditions.
Theactivity ofboth immobilized enzymes,p-galactosidaseandpenicillin Gacylase, increased
when non-isothermal conditions wereused.
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P-Galactosidaseimmobilization

Entrapmentmethod
Thevery lowactivity obtained bythedirect grafting of enzyme-HEMA solution to un-grafted
Teflon membranes doubled by grafting the membranes first with acrylic acid (AA). The
factors affecting the grafting process were optimized. Increase of the ferrous ammonium
sulfate (FAS) concentration during the first grafting step with AA did not affect the
percentage of grafting. However, the activity of the immobilized enzyme decreased sharply.
At the time we wrote Chapter 3 we believed that protein-protein interactions caused this
effect. In fact, this effect could also beexplained otherwise. Thecarboxylic groups of the AA
branches, can easily exchange their protons with F e + cations. As a result, the
2+

microenvironment of the enzyme entrapped in the matrix will be rich with Fe cations. A
2+

very simple experiment designed to study the effect of the presence of Fe cations on the
activityoftheenzymeinthefree form isshown inFigure 1.
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Figure 1. Effect of FAS concentration on the activity of free p-galactosidase in buffer solution. Activity before
(FFAS) (o) and after (SFFAS) (•) centerfugation.

The figure shows that 50%of the enzyme activity was lost as aresult of the presence of Fe
cations in the medium. The activity of the enzyme solution remained the same before and
after centrifugation indicating that no enzyme precipitated as a result of the presence of Fe
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cations.Notprotein-protein interactions,butFASisthusthelikely cause for theobserved loss
in activity. Other interesting results emerged when the enzyme was dissolved in bidistilled
water instead of phosphate buffer. In that case very little loss of activity was observed upon
addition ofFAS(Figure2).
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Figure 2. Effect of FAS concentration on activity of the free (3-galactosidase in water solution. Activity before
(FFAS) ( • ) and after (SFFAS) (•) centerfugation.

2+

This means that not the presence of the Fe cations, but the interaction between the Fe
cationsandthebuffered mediumgavethenegativeeffect ontheactivity oftheenzyme.
Substituting the AA in the first grafting step with methacrylic acid (MAA) or acrylamide
(Am)affected the activity and theproperties ofthe immobilized enzymeby inducing changes
to the microenvironment of the enzyme. As result of diffusion limitation a lower Vm and
higher Km compared to the free enzyme for all the immobilized forms were found. No
changes in the pH optimum of the enzymatic reaction were found, except for the enzymes
immobilized on membranes without the first grafting step. For the temperature the case was
different, since all immobilized forms had a higher optimum reaction temperature with the
exception of the Teflon-AA. The latter isexplained by the high degree of swelling (300%) of
the Teflon-AA derivative, which makes the microenvironment match that ofthe free enzyme.
Theeffects ofthetemperature ontheactivity atdifferent pHvaluesweremodeled andyielded
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a simple equation. This equation allows the planning of the best experimental conditions for
obtaining the highest yield of the enzyme reaction when one of the two parameters, i. e.
temperature orpH,isfixed.

Covalentmethod
One ofthemembranes prepared for enzyme entrapment by grafting (Chapter 4) was prepared
free of enzyme with the aim tocovalently attach the enzyme tothis membrane later. Because
ofthemembrane's two functional groups, i.e. -COOH groups oftheMAA branches and -OH
groupsoftheHEMAbranches,twopossible sitesfor enzyme attachment wereavailable.
Attachment of the enzyme to -COOH groups shifted the optimum reaction temperature to
higher values.No such shift wasnoticed incase of enzyme immobilized to -OH groups. Shift
of the pH optimum to the more acidic region, as compared to the free enzyme, was found in
both cases. The formation of Schiff s bases explains the case for the enzyme attached to COOH groups. The enzyme attached to -COOH groups has a higher Vm and lower Km in
comparison with the enzyme entrapped by grafting. This illustrates the possible effects of
varying the immobilization method on the kinetic parameters of the resulting immobilized
enzyme.

Penicillin G acylase immobilization

Penicillin Gacylase was covalently attached tografted-nylon supports.Twophysical forms of
nylon were used: membranes and particles. Two monomers were used for the membrane
grafting, i.e. methyl methacrylate (MMA) and diethylene glycol dimethacrylate (DGDA)
using y-radiation as initiation system. The ester groups of both membranes were activated
using 1,6-hexamethylene diamine, introducing terminal primary amino groups. The
temperature of the activation process was found to be the most influential factor. No shift of
the optimum enzymatic reaction temperature was observed in the case of the MMA-grafted
membranes,while anoticeable shift tohigher temperatures wasfound withthe DGDA-grafted
membranes. Another interesting result was the pronounced shift of the pH optimum of the

172

Chapter 10

enzymatic reaction to the alkaline side. This was contrary to the expected shift to the acidic
side due to the formation of Schiff sbases. This could be explained by the presence of high
electrostatic charges on the membranes. These negative charges are not compensating the
positive chargeof Schiff sbases.
Thenylonparticleswere grafted only withonemonomer (DGDA)using achemical initiation
system: potassium persulphate. The grafted particles were activated by the same method as
the nylon membranes. The temperature of the activation process and the pH of the
glutaraldehyde solution were found to be the most decisive factors affecting the activity. The
difference between nylon membranes and nylon particles can be shown by comparing the
obtained activities of one gram of immobilized enzyme preparation, which was 13
umoles.min"1for the membranes and 0.45 \x moles.min" for the particles. This might be due
to the difference in the grafting percentage or in other words the number of reactive groups
created on the support. The grafting percentage achieved was 40 and 8% for the nylon
membranes and particles, respectively. Improving the grafting percentage of the nylon
particlestoahigher limit couldthusasignificant positiveeffect ontheactivity.Moreover, the
surface area, which inthe case of nylon membranes isvery high owing totheporosity, might
alsohaveplayed asignificant roleinthewidely varyingactivities.
The operational stability of enzyme immobilized on two different membranes was
investigated (Figure 3and 4).

I I I I I I 1I I I I I I I I I I I I I
01 2 3 4 5 6 7 8

9 1011121314151617181920
Cycle number

Figure 3. Operational stability of penicillin Gacylase immobilized onto pMMA-grafted nylon membranes
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The membranes were repeatedly used and washed after each of the first ten cycles with
bidistilled water and after each ofthe last ten cycles withthe same buffer as was used for the
reaction; lOmM of cephalexin in glycin buffer pH 9.0 at 30°C for 30 minutes were the
experimental conditions for these experiments. Both membranes, pMMA-grafted nylon and
pDGDA-grafted nylon did not loose their activity after 20 repeated cycles (10 hours). The
poor reproducibility may be explained by the reversible pore blockage which occasionally
occurs with porous carriers. Although the reproducibility of the activity is not good, the
positive effect of using buffer instead of water for washing the membranes after each cycle is
clear. Using nylon particles that are non-porous could have the advantage of a better
reproducible activity for measuring the operational stability. More important, the diffusion
limitation could possibly be reduced because the enzyme is immobilized only on the surface
oftheparticles.

I I I I I I I I I I I I I I I I I
0 1 2 3 4 5 6 7 8

9 1011121314151617181920
Cycle number

Figure4. Operational stability of penicillin Gacylase immobilized onto pDGDA-grafted nylon membranes

Addition of the inhibitor phenyl acetic acid (PAA) to the enzyme solution during the
immobilization process as protecting agent for the enzyme active sites was found to have a
significant effect on both the activity and the retention of the activity. In addition to the
pDGDA-grafted nylon particles, the enzyme was also immobilized onto other matrices i.e.,
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polyethylene-co-maleic anhydride and Eupergit, with different nature and having different
functional reactive groups. Table 1shows the activity and the retention of the activity for the
enzyme immobilized onto these carriers.From the table we can seethat both the activity and
the retention of the activity for all the immobilized forms were significally improved by
addition ofPAA.
Theeffect ofthepresence ofhighconcentrations ofamino groupsonthe surface ofthe grafted
nylon particles on the activity of the immobilized enzyme was investigated. For that, nylon
particles were grafted with a different monomer, acrylic acid, which was activated by using
1,6-hexamethylene diamine, as well as by using thionyl chloride. The activity of the
immobilized form prepared by using the thionyl chloride was found to be 100% higher than
the immobilized form prepared by using 1,6-hexamethylene diamine as activator of the
matrix. These results confirm the negative effect ofthe presence of primary amino groups on
the immobilized enzyme activity. High concentrations of amino groups on carriers should
thusbeavoided for theimmobilization ofPGA.

Table 1. Effect of the phenyl acetic acid on the activity and the retention of activity of the
immobilized enzyme.
Activity(umoles.min'1)

Carriername

Retention ofactivity (%)

PAA-

PAA+

Increment (%)

PAA- PAA+ Increment (%)

pDGDA-g-nylon

5.80

9.90

70

15

29

93

PE-co-MaA

3.90

14.90

278

5.2

19.6

280

Eupergit

7.40

14.33

94

15.4

28.7

86

Non-isothermal bioreactors

Testing the activity of enzymes immobilized on membranes in non-isothermal bioreactors
gave promising results. The activity under non-isothermal conditions was found to be higher
than under isothermal conditions. The activity increment reached 100% with immobilized
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penicillin G acylase operating at TAV = 25 °C and AT= 30°C and 70%with immobilized 0galactosidase under the same conditions. A direct relation has been found between the
hydrophobicity ofthemembranes andthe activity increment. Incase ofthemore hydrophobic
membranes, the effect of the non-isothermal conditions is higher (Chapter 6). Even higher
values of the activity increment can be expected if the membrane is produced without the
second grafting step. In general, the activity increment under non-isothermal conditions is
mainly due to the reduction of diffusion limitation. The non-isothermal conditions thus
present a new solution for the diffusion-limitation problem. Despite the benefits from using
non-isothermal bioreactors, this type of reactor still faces some difficulties to be applied on
industrial scale: 1) the control of the temperature difference when using large volume
bioreactors, 2) surface area limitation. Overcoming these difficulties could be achieved by
circulating the reaction volume with higher velocity and using tubular membrane bioreactors
instead offlat membrane bioreactors.
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SUMMARY

Immobilized enzymescanbereused,easily separated from thereactionmedium,and aremore
stable in most of the cases. Despite of these advantages, there are still some problems facing
the usage of the immobilized enzymes in industry. One of those problems is diffusionlimitation of both the reactants and the products. This problem becomes even more serious
when the products are inhibitors of the enzymes. Different strategies for overcoming this
problem havebeendiscussed inChapter2
To overcome the problem of diffusion limitation, the enzymatic reaction can for instance be
executed in non-isothermal bioreactors. For that the enzymes have to be immobilized on a
hydrophobic membrane. Both (J-galactosidase and penicillin G acylase have been
immobilized onto different hydrophobic membranes, i.e. Teflon and nylon. The membranes
were functionalized first using the grafting technique to create reactive groups on it. In
Chapter 3 and Chapter 4 the Teflon membranes were grafted using a two-steps technique by
which P-galactosidasewasentrapped. Theeffect ofthefactors controlling thegrafting process
on the enzyme activity was studied (Chapter 3). The effect of variation of the
microenvironment throughchanging thetypeofmonomer used inthefirstgrafting steponthe
properties and the activity of the immobilized enzyme is described in Chapter 4. The
immobilized enzyme shows good activity under isothermal conditions, but it completely
failed to work under non-isothermal conditions, since all the immobilized enzyme leaked out
themembranematrixduringthefirst experiment innon-isothermal bioreactors.
The enzyme was then immobilized by a covalent method to one of those membranes
(Chapter 5) using different functional groups on the membrane. The kinetic parameters and
the properties of the immobilized enzyme were determined in dependence of the
microenvironment oftheimmobilized enzyme.
One of those membranes was tested in a non-isothermal bioreactors (Chapter 6). The
hydrolysisofthelactoseundertheseconditionswasfound tobehigherthanthe corresponding
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isothermal ones. The activity increase reached 70%.The magnitude of the effect of the nonisothermal conditions wasfound tobedependent onthehydrophobicity ofthemembranes.
The second enzyme, penicillin G acylase, was immobilized on nylon. The membranes were
first grafted with different acrylate monomers, followed by activation to bind the enzyme
covalently (Chapter 7).Theproperties ofthe immobilized enzymewerestudied and compared
withthefree enzyme.
A selected membrane was tested in non-isothermal bioreactors for the hydrolysis of
cephalexin. The activity under these conditions was found to increase by a factor 2 as
compared to the corresponding isothermal conditions (Chapter 8). In general, the application
of the non-isothermal conditions seems to be promising to solve the diffusion-limitation
problems.
In addition to that, the effect of the physical form of the matrix on the activity of the
immobilizedpenicillin Gacylasehasbeeninvestigated (Chapter 9).Nylonparticles havebeen
grafted using achemical initiator instead ofy-rays.Theprocesses of thematrix activation and
enzyme immobilization were partially optimized. The activity of the particle-immobilized
enzyme was found tobe very lowin comparison with the activity oftheenzyme immobilized
onmembranes.
Inthegeneral discussion (Chapter 10)sometopicsarepresentthatwerenotdiscussed before.
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