JOURNAL OF
MOLECULAR
CATALYSIS

B: ENZYMATIC

HVINO3 10N

S

IER Journal of Molecular Catalysis B: Enzymatic 8 (2000) 221-232

www.elsevier.com/locate,/ molcatb

Non-isothermal cephalexin hydrolysis by penicillin G acylase
immobilized on grafted nylon membranes

M.S. Mohy Eldin 2!, M. Santucci 2°, S. Rossi 2, U. Bencivenga 2, P. Canciglia 22,
F.S. Gaeta ?, J. Tramper ¢, A.E.M. Janssen ¢, C.G.P.H. Schroen ¢, D.G. Mita **

& |nternational Institute of Genetics and Biophysics, CNR Via Marconi, 12, 80125 Naples, Italy
® Department of Human Physiology and Integrated Biological Functions, || University of Naples, Via SM. di Costantinopoli, 16,
80138 Naples, Italy
¢ Department of Food Technology and Nutritional Sciences, Wageningen Agricultural University, P.O. Box 8129,
6700 EV Wageningen, Netherlands

Received 12 March 1999; accepted 17 May 1999

Abstract

A new catalytic membrane has been prepared using a nylon membrane grafted by ~v-radiation with methylmethacrylate
(MMA) and using hexamethylenediamine (HMDA) as spacer. Penicillin G acylase (PGA) and cephalexin were employed as
catalyst and substrate, respectively. Cephalexin hydrolysis was studied in bioreactors operated under isothermal and
non-isothermal conditions. A hydrolysis increase was found when the temperature of the warm membrane surface was kept
constant and the temperature of the other membrane surface was kept at a lower value. The hydrolysis increase was linearly
proportional to the applied temperature difference. Cephalexin hydrolysis increased to about 10% when a temperature
difference of 1°C was applied across the catalytic membrane. These results have been attributed to the non-isothermal
cephalexin transport across the membrane, i.e., to the process of thermodialysis. In this way, the enzyme immobilized on and
into the membrane reacts with a substrate concentration higher than that produced by simple diffusion under isothermal
conditions. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The design and construction of new catalytic
membranes represent one of the growing areas
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in the study of applications of immobilized
enzymes to biotechnological processes. Transfer
of the results from the research laboratories to
industry gives, sometimes, origin to negative
surprises [1]. The immobilization process is a
critical fundamental step since allowing easy
separation of the enzyme from the reaction mix-
tures often improves catalyst stability at ele-
vated temperatures and at extreme pH values.
One of the most interesting enzymes used in
biotechnological processes is penicillin G acy-
lase (PGA). This enzyme plays a relevant role
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in pharmaceutical industries, since it catalyzes
the synthesis of important intermediates in the
production of semi-synthetic penicillins and
cephalosphorines [2,3], as well as in the resolu-
tion of racemic mixtures [4].

Many papers have been recently published
[5-9] on the immobilization of penicillin acy-
lase using different polyacrylic carriers and dif-
ferent immobilization methods. Recently, we
have also gained interest in the immoabilization
of this enzyme [10]. The biochemica and bio-
physical characterization of the immobilized en-
zyme derivatives, prepared until now, has so far
only been done under isothermal conditions.

Recently, it has been found [11-17] that it is
possible to increase the activity of membrane-
bound enzyme by operating under non-isother-
mal conditions. The activity of the catalytic
membrane increases from 20 to 40% when a
temperature difference of 1°C is applied across
it. The activity increase depends on the enzyme
and immobilization methods used. The results
here referred to were obtained with purified
enzymes as well as with immobilized cells. In
the latter case, the activity of both internal and
cell wall-bound enzymes was studied.

A prerequisite for obtaining these results was
the presence of a hydrophobic teflon membrane
coupled to a hydrophilic catalytic membrane.
The hydrophobic Teflon membrane in the pres-
ence of a temperature gradient induces trans-
membrane mass transport of substrate and prod-
ucts by the process of thermodiaysis [18—22].
This process consists in the selective mass
transport across a hydrophobic membrane sepa-
rating two identical or different aqueous solu-
tions, maintained at different temperatures.
Thermodialysis is considered as one of the
physical causes inducing the observed increase
of the enzyme reaction rate when cataytic
membranes are employed in non-isothermal
bioreactors.

With the aim of obtaining membranes, both
catalytic and hydrophobic, we have recently
modified commercia Teflon or nylon mem-
branes by means of a double grafting technique

and by using ~y-radiation [23—27]. One of these
membranes, loaded with B-galactosidase, has
been successfully employed in non-isothermal
bioreactors [27].

The present work ams to study under
isothermal and non-isothermal conditions the
behaviour of PGA immobilized onto a nylon
membrane grafted with methylmethacrylate
(MMA) and using hexamethylenediamine
(HMDA) as spacer. From this new membrane,
we expect two advantages. The first concerns
the replacement of the double membrane sys-
tem, one hydrophobic and the other catalytic,
employed until now in non-isothermal bioreac-
tors with a single membrane carrying out, at the
same time, catalysis and thermodiaysis. The
other concerns the realization of a process by
which it is possible to increase the hydrolysis of
cephalexin in industrial bioreactors, thus reduc-
ing the production time with all the consequent
economical implications. Here, the hydrolysis of
cephalexin is used as model reaction.

2. Experimental
2.1. The bioreactor

The apparatus employed consisted of two
cylindrica haf-cells (Fig. 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 peristatic pump through hydraulic circuits
starting and ending in the common cylinder C.
Each half-cell was thermostatted at a tempera-
ture T, (i =1, 2). When the apparatus worked
under isothermal conditions, T, was equal to
T,. Thermocouples, placed a 1.5 mm from each
of the membrane surfaces, measured the tem-
peratures inside each half-cell and allowed the
calculation of the temperature profile across the
catalytic membrane when the apparatus was
kept under non-isothermal conditions. The tem-
peratures measured by the thermocouples are
indicated by the symbol T, the ones calculated



M.S. Mohy Eldin et al. / Journal of Molecular Catalysis B: Enzymatic 8 (2000) 221232 223

¢
N

Thermostat at Tp

Thermostat at T4

¥
s, ¥ X s
o A
A

PP

Y Y

C
-

Fig. 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; (S;) stopcocks; (T) thermostatic magnetic stirrer; (PP) peristaltic pump.

at the membrane surfaces are indicated by the
symbol T*. The values related to the warm and
cold side, respectively, will be indicated by the
subscripts w and c. Under these assumptions,
AT=T,—T, and AT* =T} — T, as well as
Ty=(T,+T)/2 and T} =(TF+T*)/2. In
non-isothermal experiments T <T,,, T > T,
and AT* < AT.

The correlation between the temperatures read
by the thermocouples and the actual tempera

tures on the catalytic membrane surfaces will be
given in the experimental part.

2.2. Materials

As solid support to be grafted, we used nylon
Hydrolon membranes, a precious gift from the
Italian Division of Pall (Pal Italia, Milano,
Italy). These membranes are hydrophobic and
have a nominal pore size of 0.2 pmol. The pore
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size is related to the size of the minimum value
of the diameter of the smallest particles that the
membrane retains, since in the membrane there
are 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, Milano, Italy) and used without
further purification. As monomer to be grafted,
MMA was used. HMDA (70% aqueous solu-
tion) was used as spacer between the grafted
membrane and the enzyme. A 2.5% glutarade-
hyde (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 specific
activity, with cephalexin, was 250-300 p.mol
min~! ml~?! for the original enzyme solution.
The cephalexin has a purity of 92.5% w /w, 6%
(w/w) being water and the remaining sub-
stances being impurities.

The PGA hydrolyses the cephalexin to phenyl
glycine (PG) and 7-aminodesacetoxy cephalo-
sporanic acid (7-ADCA).

2.3. Methods

2.3.1. Membrane grafting

Membrane grafting was done by irradiation
with ~v-rays. The irradiation source was Cae-
sium 137 in a gammacell 1000 Elite by Nordion
International, Canada. The average dose rate in
the core of the radiation chamber (central dose
rate) was 2.35 X 10* rad h™*.

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 irra-
diated for 8 h. After this treatment, the mem-
branes were washed with water to remove the
homopolymers adhered to its surface and after
that soaked in acetone for about 1 h to swell the
membranes and allowing the release of the in-
cluded 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 mem-
brane mass before, G, and after, G,, the graft-
ing according to the expression:

Gy~ G
X(%) = % X 100.

B

The result of all these steps is a nylon-poly-
MMA grafted membrane ready to be activated
for enzyme binding.

2.3.2. Membrane activation

To activate the grafted membranes, they were
soaked in a 10% HMDA (v/v) agqueous solu-
tion for 1 h at room temperature. After a further
washing with water, the aminoalkylated mem-
branes were immersed, for 1 h at room tempera-
ture, in a GA 2.5% (v /v) agueous solution, thus
obtaining membranes activated and ready to
bind the enzyme.

2.3.3. Enzyme immobilization

To immobilize the enzyme, the activated
membranes were immersed for 20 h at 4°C in a
0.1 M phosphate buffer solution, pH 7.0, con-
taining 15% (v /v) of the original enzyme solu-
tion.

After washing with water, the membranes
were ready for use. When not used, the catalytic
membranes were stored at 4°C in 0.1 M phos-
phate buffer solution, pH 7.0.

2.3.4. Determination of the time stability of the
catalytic membrane

Time stability of the biocatalytic membranes
was assessed by analyzing every day their activ-
ity under the same experimental conditions. Af-
ter 2 days, during which the membranes lost
some activity, a stable condition was reached,
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remaining unchanged for more than 2 months.
Only these 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, containing a 20-mM cephalexin concen-
tration, the absolute membrane activity was 1
wmol min~*, corresponding to an activity of
285 wmol min~! per m? of membrane surface.

2.3.5. Treatment of the experimental data

All the experimental results reported below
have been done recircul ating in the two half-cells
of the bioreactor 25 ml of a 20 mM cephalexin
solution at pH 7.0. The catalytic membrane
activity was assessed through the amount of
alkaline solution (0.5 N NaOH) needed to keep
the treated cephalexin solution at the initial pH
value. Membrane activity is expressed as pmol
min~*. One experiment lasted for 30 min.

Every experimental point reported in the fig-
ures represents the average of three experiments
done under the same conditions. The experi-
mental errors never exceeded 5%.
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3. Results and discussion

3.1. Isothermal characterization of the catalytic
membrane

All the membrane used in the experimenta
tion had, before the immobilization phase, an
MAA grafting percentage value of 43 + 3%.

In Fig. 2, the catalytic membrane activity as a
function of the temperature is reported. The
activity of the free enzyme is also reported. The
figure shows that the optimum temperature of
the enzyme reaction is practically coincident for
the free and the immobilized form of the biocat-
alyst. Our results can be attributed to the pres-
ence of the spacer, HMDA, which binds the
enzyme far enough away from the electric field
generated by the amide groups constituting the
backbone of the nylon membrane. In this way,
the enzyme structure undergoes small modifica-
tions.

3.2. Non-isothermal characterization of the cat-
alytic membrane

Having characterized the catalytic membrane
behaviour under isothermal conditions, the ef-

O % (MMA)
— R - % (free)

T (°C)

Fig. 2. Relative activity for the free and immobilized PGA as a function of temperature.
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fect of temperature gradients on the activity of
the immobilized PGA was further studied.

In Fig. 3, the catalytic membrane activity as a
function of the temperature difference read by
the thermocouples is reported. Each curve is
referred to a specific average temperature. The
results indicate a linear increase of the enzyme
reaction rate with the applied temperature dif-
ference, at each of the average temperatures
used.

A parameter giving information on the use-
fulness of non-isothermal bioreactors in indus-
trial processes is the percentage activity increase
(P.A.l.) defined, at every average temperature,
as.

P.A.IL
[Activity] 7. ~° — [Activity] 117,
- [Activity] 7. ~° X100
1)

where [Activity]%_;#0 and [Activity]%l?ﬁs are the
catalytic membrane activity found, at deter-
mined T = T,, under non-isothermal and
isothermal conditions, respectively. The P.A.I.
values, calculated from the results of Fig. 3, are

—©—T,=40°C

o

05 [

Catalytic membrane activity (umoles min’™)
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reported in Fig. 4 as a function of AT. Inspec-
tion of Fig. 4 shows that the P.A.l. is a linear
function of the applied AT. At the same AT,
P.A.l. decreases with increasing average tem-
perature. This means that for obtaining a signifi-
cant increase of cephalexin hydrolysis, it is
sufficient to operate at low average tempera
tures and temperature gradients instead of higher
average temperatures and gradients. Looking at
Fig. 4, for example, it is evident that a 50%
activity increase is obtained under the condi-
tions T, =25°C and AT =15°C while a T,
= 30°C a AT of 22°C is needed. It is unques-
tionable that the former conditions are more
interesting for practical application of the tech-
nology of non-isothermal bioreactors in indus-
trial processes.

In Fig. 5, the catalytic membrane activity is
reported as a function of the system average
temperature. The temperature difference read
by the thermocouples is the parameter of each
represented curve. Also, in this casg, it is inter-
esting to observe how, keeping the average
temperature constant, the catalytic membrane
activity increases with the increase of the ap-
plied temperature difference.

[ 5 10

15

20
AT (°C)

25 30 35

Fig. 3. Catalytic membrane activity as a function of temperature difference read by the thermocouples. Curve parameter is the average

temperature T, = (T,, + T.) /2.
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Fig. 4. Percentage activity increase, calculated according to Eq. (1), as a function of temperature difference read by the thermocouples.

Curve parameter is the average temperature.

In Fig. 6, the P.A.l. of the catalytic mem-
brane has been reported as a function of the
average temperature at which the bioreactor is
operated. Conclusions similar to the ones de-
duced from the results reported in Fig. 4 are
obtained observing the results of Fig. 6. The

©— AT= 0°C
- AT=10°C
-~ AT=20°C
-~ AT=30°C

25 [

Catalytic Membrane Activity (umoles min™")

0,5

20 25 30

results in Fig. 6 show that at the same average
temperature, the percentage activity increase is
a function of the applied AT. The figure also
shows how the same value of the P.A.l. can be
obtained by operating the bioreactor at a low
average temperature and gradients or under

35 40 45

T, (C)

Fig. 5. Catalytic membrane activity as a function of T, . Curve parameter is AT, i.e., the temperature difference read by the thermocouples.
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Fig. 6. Percentage activity increase as a function of T, . Curve parameter is the temperature difference read by the thermocouples.

higher average temperature and temperature
gradients, the latter conditions being less conve-
nient.

All the results reported above clearly show
the effect of the temperature gradient on the
cephalexin hydrolysis by immobilized PGA in
non-isothermal bioreactors. It is important now
to measure the real magnitude of this effect. To
do this, it is important to refer the catalytic
membrane activities measured under non-iso-
thermal conditions to the actual temperatures
existing at the catalytic surfaces rather than to
the ones measured by the thermocouples. As a
consequence of the heat flow across the bioreac-
tor, the actual temperature difference across the
catalytic membrane AT* will be smaller than
the temperature difference read by the thermo-
couples, AT. This means that all the observed
effects attributed to a macroscopic AT must be
referred to the actual AT*. Since it is impossi-
ble to measure the temperatures right at the
faces of the catalytic membrane, they must be
calculated from the ones measured at the ther-
mocouples. It has been shown elsewhere [16]
that the solution flow in each half-cell constitut-
ing the bioreactor is laminar. For this reason,
the heat propagation in the two half-cell occurs
by conduction between isothermal liquid planes

perpendicular to the direction of heat flow. This
alows the heat transport equation to be ex-
pressed by Fourier's law: J, = K,(AT/AX); =
const, where K; is the thermal conductivity of
the ith medium crossed by the heat flow and
(AT/AXx), is the temperature gradient existing
in the same medium, having a thicknesses A x;.
In this way, knowing the thermal conductivities
and thicknesses of the cephalexin solutions and

Table 1

Actua temperatures on membrane surfaces

Correspondence between the temperature values read by the ther-
mocouples (indicated by the symbol T) and the ones calculated at
the surfaces of the two catalytic membranes (indicated by T*).
The subscripts w and c refer to the warm solution and to the cold
solution, respectively.

T, AT T, T, TE¥OTEF OTE AT*
0 (0 (o (o (o (o (o (o

25 10 20 30 245 256 25 11

25 20 15 35 239 261 25 22

25 30 10 40 234 266 25 3.2

30 10 25 35 295 306 30 11

30 20 20 40 290 311 30 22

30 30 15 45 284 317 30 32

35 10 30 40 345 366 35 11

35 20 25 45 340 361 35 22

35 30 20 50 334 367 35 3.2

40 10 35 45 395 406 40 11

40 20 30 50 389 411 40 22

40 30 25 55 384 417 40 33
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Fig. 7. Catalytic membrane activity as a function of AT*, the actual temperature difference across the membrane. Curve parameter is the

temperature on membrane surface facing the warm half-cell.

catalytic membrane, it is possible to calculate
the temperature values at the membrane sur-
faces. In Table 1, the results of these calcula-
tions are listed, with reference to the experimen-
tal conditions employed in this study. From
Table 1, it is possible to see that a AT of 10°C
reduces to a AT* of 1.1°C; similarly, a AT of
20°Ctoa AT* of 2.2°C, and a AT of 30°C to a
AT* of 3.2°C. Inspection of the temperature
values in the table enables us to write the
following empirical equations:

TF = T, — aAT
T* = T, + bAT (2)
AT* = AT[1-(a+b)]

where a and b are constant. In this case, con-
cerning a symmetric system, a = b = 0.445°C.
Accounting for the temperatures at the mem-
brane faces listed in Table 1, one can re-plot the
results of Fig. 5 to obtain the graph reported in
Fig. 7. In Fig. 7, the catalytic membrane activity
is reported as a function of the actua AT*
applied on the membrane. The curve parameter
is T i.e, the actua temperature of the catalytic
membrane surface facing the warm half-cell.
The results clearly indicate that it is possible to

increase the reaction rate of cephalexin hydroly-
sis keeping constant the temperature of the warm
side of the catalytic membrane and lowering the
temperature of its opposite face. The amount of
the reaction increase depends on the AT*. The
linear behaviour evidenced by Fig. 7 alows us
to write the following general equation:

[Activity] 717 ° = [Activity] i °(1+ «*AT*)

3
for each value of T*. The o* coefficients
represent the relative increase of catalytic mem-
brane activity when a temperature difference of
1°C is applied across the membrane. o™ is the
physical parameter indicating of the perfor-
mance of the non-isothermal bioreactor. The o™
values calculated by means of Eq. (3) applied to
the results in Fig. 7 are reported in Table 2.

Table 2
a™* coefficients at different T¥. a™ values calculated through Eq.
(3) by the results reported in Fig. 7

Tk (°C) a* x100(°C™ Y
25 13
30 10
35 9
40 7
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These values clearly indicate the usefulness of
executing cephalexin hydrolysis in non-isother-
mal bioreactors by means of immobilized PGA.
All the experimental results reported above
can be explained considering the way by which
the substrate reaches the catalytic site of the
enzyme immobilized on and into the membrane.
Under isothermal conditions, only diffusion
occurs. The diffusive substrate flux (mol cm—2
s 1) is expressed by the equation:
J§ =D* de (4)
s dx

where D* is the restricted diffusion coefficient
(cm? s71) and dc/dx is the concentration gra-
dient (mol cm™*).

Under non-isothermal conditions, i.e., when a
temperature gradient is applied across a hy-
drophobic membrane, catalytic or not, the mem-
brane is crossed by differential matter fluxes,
solvent and solutes, produced by the process of
thermodialysis. Both matter fluxes are directly
proportional to the magnitude of the tempera-
ture gradient applied across the membrane [18—
22]. Under these conditions, two separate matter
fluxes are observed: a volume flux (water) from
warm to cold, measured in (cm®* cm~2 s™1) and
expressed by the equation:

J LdT 5
H,O0 — & ()

and a solute flux from cold to warm, measured

in (mol cm~2 s~ 1) and expressed by the equa-

tion:

Jtherm =D'*C d_T (6)
S (o d X

In these equations, dT /d x is the temperature
gradient across the membrane (K cm™?), C, is
the actual concentration of solute in the cold
half-cell (mol cm~3) and L is the thermoos-
motic coupling coefficient (cm? s~ K1),

In association with the volume flux, thereis a
solute flux, know as ‘‘solvent drag’’, given by:

Jgrag = JHzon = VHzon (7)

where C,, is the solute concentrations in cold
half-cell, from which the water flux is coming
and V,, o is the rate of water transport in cm
s L

Of course, also under non-isothermal condi-
tions, the contribution of isothermal substrate
diffusion still remains.

Summing up, under isothermal conditions,
the only substrate traffic is given by that repre-
sented by Eq. (4); under non-isothermal condi-
tion, the substrate traffic across the membrane is
due to three distinct contributions. from that
expressed by Eq. (4) and from those indicated
by Egs. (6) and (7). A no-scae picture of
substrate traffic across the catalytic membrane
operating under isothermal and non-isothermal
conditions is given in Fig. 8.

On the basis of al these considerations, it
easy to conclude, therefore, that under non-iso-
thermal conditions, the enzyme immobilized

a) jnzyme

 F

*D
Js

#* Ti=Tz

#
::T, substrate molecule

catalytic membrane working volumes

b) enzyme

T1>T2

substrate molecule

catalytic membrane working volumes

Fig. 8. A no-scale picture of substrate traffic across the catalytic
membrane operating under isothermal () and non-isothermal (b)
conditions.
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onto the hydrophobic—catalytic membrane
‘“‘faces’ a higher substrate traffic and, hence,
interacts with a substrate concentration higher
than under isothermal conditions.

The same reasoning is applicable to the prod-
uct removal from the active site, since the ther-
modialysis processes increase the removal speed
from the catalytic site. As a consequence of the
presence of a temperature gradient, the apparent
turn-over number of the enzyme reaction ap-
pears to increase, thus increasing the rate of the
enzyme reaction.

4. Conclusions

In the first place, it is possible to observe that
the aim of this work has been reached since it
has been demonstrated that the rate of cephalexin
hydrolysis depends on whether the bioreactor is
operating under isotherma or non-isothermal
conditions.

The effect of temperature gradients on the
catalytic membrane activity, and hence on the
amount of hydrolyzed cephalexin, is evident
from all the experimental data presented. The
magnitude of this effect, measured through the
a™ coefficient, appears attractive for practical
applications. Incidentally, the a™ values found
with the present membrane are smaller but of
the same order of magnitude of the ones ob-
tained with the two-membrane system used in
the past. This means that the idea of obtaining a
single membrane, catalytic and hydrophobic,
able to work in non-isothermal bioreactors was
right.

Experiments are in progress in our laboratory
to construct other catalytic and hydrophobic
membranes able to increase the yield of an
enzymatic process executed in bioreactors oper-
ating under non-isothermal conditions.
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