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Abstract

A torusreactorwasusedto performhydrolysisof caseinwith a proteasémmobilized on beads Chitosanbeadswith two differentsizes
weretestedasimmobilizationmatrices.The mechanicalesistancef beadsn the torusreactorwastestedfor differenttimesandrotation
speedsChitosarbeadsvereconsideredo besuitableasanimmobilizing support The morestablehydrolysisratesin successivassaysvere
obtainedwith the proteasgraftedontothelargestchitosarbeadsThekineticsparametersf freeandimmobilizedenzymesveredetermined
andcomparedn batchstirredtanksandtorusreactorsimmobilizationdecreasethe enzymeactivity to only 5% of thefree enzymeactivity.
No significantdifferencesfor apparenkinetic constantK,,) were observechetweenmmobilizedandfree enzyme.The apparenteaction
rateconstant (M. Was 25 timedess with immobilizedenzymein the torus reactathan with free enzyman the batctreactor.
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1. Introduction The purpose of this work was a preliminary study of ca-
sein hydrolysis with immobilized enzymes in a torus reactor.
Polysaccharides and proteins are produced by agricultural, A torus reactor, which can be considered as a loop reactor,
animal and marine industries. As they present high biolog- presents some advantages over other stirred tank reactors in-
ical, technological and economical interest, it is possible to cluding efficient mixing of reactan{g,2], easy scale-up and
enhance their use in different food and non-food applications design ensured by the absence of dead volume, low power
by diversifying and improving their functional properties by consumptior{3], high heat transfer capacify], prevention
enzymic processes. of deposition of polymer or biomaterial on the reactor wall
In order to improve enzymic processes economically, the [4,5] and efficiency[3,6,7].
enzyme could be used in continuous processes over a long Previous studies with a torus reactor for food protein trans-
time period in order to exploit it completely. Another pos- formation illustrated these advantages in the acetylation of
sibility is to try to recover the enzyme and stop the reac- pea protein isolatgs] and for enzymic hydrolysis of wheat
tion without drastic treatments which could alter its activity proteins[3]. The reactor gave better conversion rates for
and possible reuse. In contrast to these processes, immobigiven energetic criteria than a stirred tank reactor. Finally,
lized enzyme processes offer the following benefits: stability, as consequence of its characteristics, the torus reactor will
repetitive uses, possibility to stop the reaction easily and ob- be able to ensure circulation of enzymes immobilized onto
tain product which cannot be contaminated by the enzymes.particles.

The main objective was to examine the feasibility of the
msponding author. Tels34-977-55-86-19: hydrolysis of casein ip a torus reactor. Casein.was cho;en
fax: +34-977-55-96-67. as a model because its hydrolysis has been widely studied

E-mail addresschengoa@etse.urv.es (C. Bengoa). and well known in the cheese ripening indug8y12]. The



suitability of chitosan as a support for immobilizing enzyme Torus reactor
was investigated and kinetics parameters of the hydrolysis
were determined. Long time batch runs with free enzyme
and continuous runs with immobilized enzyme are also pre-
sented.

2. Materials and methods
2.1. Protein and protease

Casein was purchased from Merck. This casein contains
90% protein and was used without further purification.
For this study, casein was solubilized in sodium phosphate
buffer (0.05M, pH 7). The enzyme used in the study was
the protease XIX fromAspergillus sojae, purchased from Electrical
Sigma—Aldrich (ref. P7026, CAS Number: 9001-92-7, ap- . " cngine

S mm
prox. 0.4 U/mg solid). &
>
- >

2.2. Enzyme immobilization on beads o
2 mm

Chitosan beads, supplied by E. Guibal (laboratoire de |
Génie de I'Environnement Industriel, Ecole des Mines
d’Alés, France), were prepared by an original procedure Fig. 1. Sketch of torus reactor.
[13]. The five batches differed by the bead diameter and the
chitosan percentage. In addition, two of these batches werediameter. The values achieved for crosslinked beads were
crosslinked with glutaraldehyde before immobilization in |ower, the action of glutaraldehyde during the procedure of
order to enhance the rigidity of the beads (Table 1). Pro- reticulation could have modified the structure of the beads.
tease XIX was covalently immobilized with glutaraldehyde
on chitosan beads by a procedure adapted from Carrara an@.3. Stirred tank and torus reactors
Rubiolo [14]. Four hundred microlitres of glutaraldehyde
solution (25%, v/v) was added to 5g of chitosan beads The stirred tanks were a series of 10 ml glass tubes fixed
in 10ml of sodium phosphate buffer (0.05M, pH 7) at on an rotating horizontal axis connected to an electrical mo-
room temperature and maintained with periodic stirring for tor. This provided a gentle stirring of 5rpm.
4h. The beads were then washed three times with phos- The torus reactor used in this study (Fig. 1) was made of
phate buffer. The last washing solution was analyzed by transparent Plexiglas with a planar surface and was disposed
spectrophotometry (280 nm) to control the complete elim- horizontally. It had a volume of 100 ml, an average length
ination of glutaraldehyde. Ten millilitres of protease XIX (L) of 160 mm and an internal diameter®f 25 mm. The
(50 mg/ml) was added on the beads and maintained@t 8 agitation system was constituted by a marine propeller with
with rotative stirring during 12h. The beads were washed three Teflon blades with external diametei)(df 15 mm,
again three times with phosphate buffer. The last washing internal diameter (g of 5mm, a blade angle j¢of 22.5.
solution was also analyzed by spectrophotometry (280 nm) The gap between the blades and the inner wall of the reac-
to control the elimination of free enzyme. Beads were stored tor was 5 mm. The propeller was connected to an electrical
in phosphate buffer at 4C. Values for enzyme loading motor (IKA-WERK, RW 20 DZM). The reactor was placed
are presented iffiable 1. The best value of immobilization in an incubator to achieve experiments at controlled temper-
was obtained with batch no. 1 characterized by the highestatures.

Table 1

Characteristics of the chitosan beads

Batch no. Diameter (Dp in mm) Chitosan (%) Reticulation Enzyme Immobilized (mg enzyme) Percentage of enzyme immobilized
1 2.76 35 No 464 92.8

2 3.39 7.0 No 432 86.4

3 3.45 7.0 Yes 374 74.8

4 1.03 35 No 415 83.0

5 1.03 35 Yes 360 72.0




2.4. Determination of degree of hydrolysis by measurement Tests were carried out with large and small chitosan beads
of free-amino groups (Table 1). Samples were constituted of approximately 100
beads for the large ones and 1100 for the small ones, sus-
The degree of hydrolysis (DH) or conversion was de- pended in 100 ml of sodium phosphate buffer (0.05M, pH
termined following the estimation of NHgroups. The 7.0). Between two consecutive runs of 360 min, beads were
NH2 groups were determined by the OPA (o-Phthaldehyde) stored in buffer at 4C for several days. The detailed oper-
method [15]. Amino groups react withN,N-dimethyl-2- ating conditions for the two types of beads are reported in
mercaptoethyl ammonium chloride (DMMAC) to give Table 2.
an isoindol which was detected by spectrophotometry The mechanical study showed that globally the small
(340nm). A calibration curve was established with known beads batches no. 4 and 5 had an excellent mechanical resis-
concentration ofi-leucine. The degree of hydrolysis, the tance (Table 2). During a 360 min experiment, less than 0.5%
percentage of peptic bonds broken during hydrolysis can beof the beads were destroyed, although a relatively high speed

determined by the relationship: was required to move the beads. No effect of crosslinking
I was noted.

DH (%) = " x 100 (1) Beads of batch no. 1 (large beads) had also a good me-
0

chanical resistance, although their diameter was not much
smaller than the gap between the reactor wall and the pro-
peller blades. For the other large beads, surface erosion was
observed during the first experiment and formation of small
particles during the second. Between 20 and 45% of the
beads were destroyed. This could be due to a higher brit-
tleness of the material, resulting from the higher chitosan
concentration or/and the crosslinking that make the beads
more sensitive to contact with the propeller blades. There-
fore, beads from batches no. 1 and 4 have been chosen for
hydrolysis reactions. Beads with crosslinking were not used
for hydrolysis experiments, because of both bad mechanical
resistance and low ratio of immobilized enzyme that made
these beads less attractive than the other ones.

whereh is the quantity per gram of amino groups liberated
during hydrolysis andhg the total quantity of amino groups
liberated during a total hydrolysis of one gram of protein.
h was directly determined on each hydrolysate sample and
hp was determined after total hydrolysis of the protein by
6N hydrochloric acid at 110C during 24 h under vacuum
as described in literatufd5].

3. Results and discussion
3.1. Mechanical resistance of beads in the torus reactor

Tests were carried out with chitosan beads to determine3.2. Hydrolysis experiments
their resistance during hydrolysis experiments. The deter-
mination of mechanical deformation was achieved by direct ~ This preliminary study was not designed to determine op-
visualization with a video camera and by using OPTIMAS timal temperature and pH conditions. Nevertheless, attention
software for image analysis in order to determine the num- was paid to the choice of pH and temperature. As related,
ber, and contour of the beads and their diameter. After a firstit is appropriate to work approximately under physiologi-
visualization, the beads were introduced into the torus reac-cal conditions, pH 7.5 and 3T [16]. Experiments at pH 7
tor with 100 ml of sodium phosphate buffer. Several runs at were appropiate for good solubilization of casein.
different rotation speeds and residence times were achieved. Preliminary casein hydrolysis assays were performed with
After each run, a second visualization allowed the determi- free and immobilized enzyme in the 10 ml stirred reactor.
nation of the mechanical resistance of the beads in the torusConditions were as follows, casein concentration 5mg/ml

reactor by counting the number of intact beads. in 5ml of sodium phosphate buffer (0.05M, pH 7), free
Table 2

Resistance of the chitosan beads in the torus reactor

Batch No. consecutive Beads initial Min. stirring Stirring speed Time Beads final Aspect

no. assays number speed (rev/min) (rev/min) (min) number

1 1 100 1200 1600 360 100 Intact

1 2 98 1200 1600 360 98 Intact

2 1 107 1500 1800 360 107 Surface erosion
2 2 90 + small bits, bad conditions, weakening during run or storage

3 1 70 1000 1500 360 67 Intact, small bits
3 2 57 + small bits, bad conditions, weakening during run or storage

4 1 1143 1000 1800 360 1142 Intact

4 2 1141 1000 1800 360 1138 Intact

5 1 1129 1700 1800 360 1126 Intact

5 2 1125 1700 1800 360 1123 Intact
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Fig. 2. Casein hydrolysis for beads of batches no. 1 and 4 and free XIX Fig. 3. Hydrolysis conversion in consecutive runs for beads of batches
protease in stirred reactor@®) beads of batch no. 1) beads of batch no. 1 and 4 immobilized XIX protease in stirred reacto®)(beads of
no. 4; (A) free enzyme). batch no. 1, first run; M) beads of batch no. 1, second rudk)(beads

of batch no. 4, first run; @) beads of batch no. 4, second run).

enzyme (1/62.5 enzyme-substrate ratio, 0.4 mg of enzyme) |n the stirred reactor, the small beads (batch no. 4) yielded
or immobilized enzyme (250 mg of beads, 23.20mg of im- higher degrees of hydrolysis than the large one (batch no.
mobilized enzyme for batch no. 1 and 20.75mg for batch 1) in the first run (Fig. 3). During the second run the loss of
no. 4, sedable 1) and temperature of 3C. Reactiontimes  activity of small beads after 120 min was high and the final
were 5, 15, 60 and 120 min. DH was 74% of the first run DH. Conversely, the activity of
The reaction in the 10 ml reactor (Fig. 2) showed that it the large beads decreased only slightly (second run=bDH
is possible to reach high degrees of hydrolysis (higher than 9504 of the first run DH).
20%) with the protease immobilized on small as well as  Experiments carried out in the torus reactor confirmed
large beads. The reaction was approximately linear over 2 h,that the activity of the large beads remained almost constant
whereas that of hydrolysis with the free protease tended to-during the process, DH at the end of the second run of
wards a plateau, but the quantity of enzyme immobilized was 120 min being 94% of DH at the end of the first run (Fig. 4).
50 times higher with the immobilized protease (23.20mg \ith the small beads, the hydrolysis rate reached at the end
for batch no. 1, 20.75mg for batch no. 4) than used with of the second run was only 79% of that obtained at the end
the free protease (0.40mg). Thus, the relative activity of of the first run.
immobilized enzyme is estimated at about 3% of free en-  These results confirmed the feasibility of hydrolysis in the
zyme activity for both bead batches. The decrease of en-torys reactor of a food protein with a protease immobilized
zymic activity after immobilization has been also observed gn chitosan beads. Considering that the stability of the ac-
with B-galactosidase immobilized by the same method on tjvity is a key requirement of the immobilized enzymes for
chitosan beadgi 4], and can be explained by enzyme denat- the development of a reproducible procedure, chitosan large

uration resulting from glutaraldehyde action. In the present peads of batch no. 1 were chosen for further kinetic studies.
case, this loss of activity of immobilized enzyme with re-

spect to free enzyme could be counterbalanced by the reuse 18

of the enzyme (20-30 times). Lilly and Dunnjil7] have 16 | ;

shown that immobilized enzymes could be reused 50 times 14 L

without decrease of hydrolysis rates. However the main oL .

interest of immobilized proteases is to make it easier to .

stop the reaction and to improve the recovery of functional S N

products. B 8r .
Consecutive runs of casein hydrolysis with immobilized 6 | .

enzyme were also performed in the stirred reactor (10 ml) 4t . .

and in the torus reactor (100 ml), this last with a moderate L

agitation (1300 rpm). The operating conditions were: casein - i .

concentration of 5mg/ml in 5ml (stirred) or 100 ml (torus) 0 0 30 20 60 80 100 120 140

of sodium phosphate buffer (0.05M, pH 7), 1/10 immo-
bilized enzyme—substrate ratio, 25 mg of immobilized beads
(batches no. 1 and 4, séable 1) in stirred reactor or 500 mg

in torus reactor, 37C and reaction time of 5, 15, 60 and
120 min.

Time (min.}

Fig. 4. Hydrolysis conversion in consecutive runs for beads of batches
no. 1 and 4 immobilized XIX protease in torus reacto®)(beads of
batch no. 1, first run;l) beads of batch no. 1, second rudk)( beads

of batch no. 4, first run; @) beads of batch no. 4, second run).
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Fig. 5. Activity of free XIX protease in casein hydrolysis with stirred

Fig. 7. Activity of immobilized XIX protease on chitosan big beads of
reactor.

batch no. 1 in casein hydrolysis with stirred reactor, effect of temperature
(@) T =25°C; (M) T =37°C; (A) T = 44°C).
3.3. Free and immobilized enzyme activities
) N o ) 92.8 mg of enzyme was immobilized on 1000 mg of beads.
Free and immobilized protease activities were determined Tpig represents only 4.5% free enzyme activity and is in
in stirred reactor with sodium phosphate buffer (0.05M, pH 4greement with the value estimated from the degrees of
7) at 37°C, with 5mg/ml casein and 0.05, 0.10, 0.20 and hydrolysis reported above.
0.35mg/ml free enzyme or 20, 40, 70 and 100 mg/ml im- “The free enzyme has its optimal activity temperature at
mobilized enzyme beads of batch no.1 (Table 1). 37°C. After immobilization behavioural changes occurred
Hydrolysis assays were carried out for 30 min to allow anq it js necessary to verify if this temperature is optimal.
a sufficient rate of hydrolysis for each concentration and g, example, some differences have been observed with
enable a more precise measure of quantities of reacted sub -galactosidase, working better at 42 after immobiliza-
strate to be produced. These quantities are close to 1% totaﬁon than at 37C [14]. Fig. 7 shows that the apparent reac-
substrate quantity that could be hydrolyzed in order to work g rate at 25C is slower than at 37 or 44. There are
in initial hydrolysis conditions and permit the assumption of 1 gifference between 37 and 4@, the performance of en-
a linear time-evolution of the degree of hydrolygi$]. The zyme was quite similar. The life time of enzyme at°@4
enzyme activity can be determined by the slope of the ap- ghould be lower than that at 3T [14], then the optimal
parent reaction rate versus enzyme concentration. Enzymictemperature is equal to 3T.
activities of free and immobilized protease are presented in
Figs. 5 and 6. The activity of the free enzyme was equal to 3 4 kinetics parameters
0.940p.mol/(min mg enzyme) or 0.940 U/g (where one unit
(V) of hydrolytic activity is lumol peptide bond cleaved The hydrolysis kinetics of reaction studied can be ex-
per minute), while that of the immobilized enzyme was pressed by the following equation:
0.042p.mol/(min mg enzyme) or 0.042 U/g, considering that

k1 i
E+S=ES2H-P + E-P S E 4 P-OH @)
k_1 H,O
0.5
whereky, k_1, ko andks are the rate constants. The apparent
04 reaction rate () is given by theEq. (3) derived from the
. Michaelis mode[18]:
=]
‘E 03t [S]
= Vi = Vimaxe—e——— 3
é 1 max[S] + Km ( )
302} , , )
B whereVmax is the maximum apparent reaction rate aGgl
o1l the apparent kinetic consta#iy, is expressed by theq. (4):
Specific activity : 0.042 Ulg K = kithke ks (4)
0 1 I L 1 1 kl k2 + k3
0 20 40 60 80 100 120 ]
[L] (mg/ml) and the apparent catalytic const&gy; by (5):
Fig. 6. Activity of immobilized XIX protease on chitosan big beads of koks
keat = (5)

batch no. 1 in casein hydrolysis with stirred reactor. T ko + k3
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Fig. 8. Kinetics of free XIX protease on chitosan big beads of batch no. 1 Fig. 9. Kinetics of immobilized XIX protease on chitosan big beads of

in casein hydrolysis, stirred reactor, evolutionbf([S]) and determination batch no. 1 in casein hydrolysis, stirred reactor, evolutioW;offS]) and

of Vimax andKp, (@) experimental values; (—) non-linear regression).  determination 0Vmax and K, (@) experimental values; (—) non-linear
regression).

In the case of immobilized enzymes when no porous sup-
port is used (no intraparticle diffusion phenomena), extra-
particle diffusion phenomena and mass transfer resistance
can be neglected. TheKy, values for immobilized and free
enzymes are similgt.9].

Several graphic representations allows determinations
from the Michaelis—Menten model (Eg. (3)), of the values
of Km andVimax [20]. In this study experimental values were
fitted to the curve given biqg. (2). A non-linear regression
was used to determine valueskyf, andVmax. K, :

Hydrolysis assays achieved over 30 min had a sufficient 0.05 r
hydrolysis rate for each concentration allowing a more pre-
cise measure of reacted substrate quantities. The apparent
reaction rate ()J was determined, after titration of samples,
by calculating the number of substrate moles reacted by litre
of solution and per minute. The kinetics studies were car- Fig. 10. Kine_tics of _immobilizegl XIX protease on chitqsan big beads of
ried with the hydrolyses of casein by protease XIX, free or gamh no. 1 in casein hydrolysis, torus reactor, evolutioV/o{[S]) and
. - . etermination oVmax and Ky, (@) experimental values; (—) non-linear
immobilized on chitosan beads. regression).

Experimental conditions for free enzyme in the stirred
reactor were casein concentration of 5, 15, 25, 40, 50, 60
and 75mg/ml, 5ml sodium phosphate buffer (0.05M, pH

7.0) at 37C and 0.25mg/ml free enzyme. Experimental i firmina Michaelian behavi f hvdrolvsis. Val
conditions for immobilized enzyme in the stirred reactor 'on, confirming Michaefian benaviour othydrolysis. values
of Ky, for free and immobilized enzyme are close, indicat-

were casein concentration of 1, 3, 5, 7, 10, 13, 16 and . o . .
20 mg/ml, 5 ml sodium phosphate buffer (0.05 M, pH 7.0) at ing that the specificity of enzyme is not affected by the im-

37°C and 50 mg/ml immobilized enzyme beads (batch no. mobilization procedure. Conversely, the maximum apparent
1, seeTable 1). Experimental conditions for the immobi- reaction rate is lower for the immobilized enzyme. This was

lized enzyme in the torus reactor were casein concentrationdue to the decreased activity of the immobilized enzyme
of 1, 3, 5, 7, 10, 15 and 20 mg/ml, 100 ml sodium phos-

phate buffer (0.05M, pH= 7) at 37°C, 25 mg/ml immobi-
lized enzyme beads (batch 1, skable 1) and agitation of

0.30

@

i

G
T

@

[\=3

<o
T

Vi (Wmol/I'min)
=) )
S &
T T

5.70-10" mol/
Vimax ¢ 0.15 umol/l'min-g
[E]: 25 mg/ml (beads)

0.00 L
0 3 6 9 12 15 18 21 24
[S] (mg/ml)

observed for immobilized enzyme Kigs. 9 and 10, the ini-
tial reaction rate is proportional to the enzyme concentra-

Table 3
Hydrolysis of casein by protease XIX: kinetics parameters

1300 rpm. ) o ~_ Enzyme configuration Km (mol/l)2 Vimax

Experimental curves allowing the determination of kinetic (mol/l min g)°
parameters of the free and immobilized enzyme in the stirred pree, 10 mi reactor 4.17 x 104 392
and torus reactors are given kigs. 8-10. The plot o¥; Immobilized, 10 ml reactor 5.7& 1074 0.19
5.7 1074 0.15

versus [S] is a rectangular hyperbola in all cases, showing!mmobilized, torus reactor
a Michaelian behavioufl6]. The values oKy, and Viax
derived from the curves are reportedTiable 3. As can be

a Casein average weight 24000 Da.
b Immobilization rate: 92.8 mg enzyme/1000 mg bead.



and by a limited access for substrate. Accessibility is condi- v, apparent reaction rate
tioned by the type of support, the enzyme and by the immo- v/, maximum reaction rate
bilization procedure. No differences Wfax were observed ¢ blades angle

between the stirred and the torus reactors, confirming the

applicability of the latter.
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