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Crude or purified Aspergillus niger /~-galactosidase preparations were immobilized on 
chitosan (deacetylated chitin, activated with glutaraldehyde). The most active immobilized 
systems were obtained with crude enzyme preparations. The immobilized enzyme hydro- 
lyzed lactose in pure lactose solutions, ultrafiltrate whey permeates, or acid wheys at similar 
rates. The pH activity profiles and K m values of the chitosan-bound enzyme were not 
significantly altered on immobil;zation, and its stability on repetitive use up to 60~ was 
increased by reduction with NaBH4. After 8 weeks on discontinuous operation (8 h use per 
day),/3-galactosidase-chitosan columns were found to retain about 90, 50, or 60% of their 
initial activities with lactose, ultrafiltrate permeate, or acid whey solutions, respectively. 
The efficiency of the B-galactosidase--chitosan conjugate appears to be comparable or 
greater than those of other described systems, and its stability should allow its use on an 
industrial scale. 

INTRODUCTION 

Immobilization of the enzyme fl-galactosidase (fl-D-galactoside galacto- 
hydrolase, EC 3.2.1.23) is attractive, in view of its industrial applications 
(1,2),  B a c t e r i a l  (3,4),  y e a s t  (5 ,6) ,  o r  f u n g a l  ( 7 - 1 1 ) / 3 - g a l a c t o s i d a s e s  h a v e  

b e e n  i m m o b i l i z e d  on  v a r i o u s  c a r r i e r s ,  s u c h  as p o l y a c r y l a m i d e  gels ,  p o r o u s  

ce l l u lo se  s h e e t s ,  a c t i v a t e d  S e p h a r o s e  d e r i v a t i v e s ,  ce l lu lose  a c e t a t e  f ibers ,  

c o l l a g e n ,  m o d i f i e d  i o n - e x c h a n g e  r e s i n s ,  g lass  b e a d s ,  Z r O E - C o a t e d  g lass  

b e a d s ,  T iO2  pa r t i c l e s ,  a n d  ch i t in .  W e  d e m o n s t r a t e d  p r e v i o u s l y  t h a t  ch i -  

t o s a n  ( d e a c e t y l a t e d  ch i t in  f r o m  a r t h r o p o d  she l l s )  w a s  s u i t ab l e  fo r  c o v a l e n t  

e n z y m e  f ixa t ion ,  e .g . ,  p r o t e a s e  i m m o b i l i z a t i o n  (12).  W e  n o w  r e p o r t  t h e  use  

of  c h i t o s a n  as an i n s o l u b l e  s u p p o r t  f o r  i m m o b i l i z a t i o n  of  e i t h e r  c r u d e  o r  

p u r i f i e d  A s p e r g i l l u s  n iger  / 3 - g a l a c t o s i d a s e  p r e p a r a t i o n s .  T h e  a im of  th is  

w o r k  w a s  to  d e s i g n  an  i n s o l u b l e  / 3 - g a l a c t o s i d a s e  s y s t e m  c h a r a c t e r i z e d  by  

g o o d  s t o r a g e  a n d  o p e r a t i o n a l  s t ab i l i t y ,  as we l l  as by  f a v o r a b l e  c h e m i c a l  a n d  

m e c h a n i c a l  p r o p e r t i e s .  

~A preliminary report of this work has already been presented at the 4th International 
Enzyme Engineering Conference (September 25-30, 1977, Bad Neuenahr, FRG). 
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M A T E R I A L S  A N D  M E T H O D S  

Chemicals 

Chitosan was purchased from Fluka (Switzerland), and glutaraldehyde 
from Merck (25% aqueous solution). Acid whey powder (70% lactose, 
11% protein, 2% ashes) was supplied by the Linor Laboratories (Orbe, 
Switzerland). Dry ultrafiltrate (UF) whey permeate (81% lactose, 4% 
protein, 8% ashes) was obtained from the Nestl6 factory in La Mauffe 
(Normandy, France). The bacteriostatic agent Vantocil IB (a polymeric 
biguanide salt) was a product of Imperial Chemical Industries. All other 
chemicals were obtained in the purest form available from commercial 
s o u r c e s .  

Enzymes 

A commercial /3-galactosidase preparation (13% protein and 68% 
total sugars) was purchased from the Rapidase Company (Seclin, France). 
This commercial preparation was further purified and resolved into three 
isoenzymes, as described previously (13). The pure isoenzyme used in this 
work accounted for 83% of the total/3-galactosidase activity of the com- 
mercial preparation. A. niger glucose oxidase and horseradish peroxidase 
were products of Sigma. 

Protein Determination 

The determination of protein in solution was performed using the 
method of Lowry et al. (14), with bovine serum albumin as the standard. 

Enzyme Immobilization 

A 2.5% (wt/vol) acidic chitosan solution was prepared using 0.3 M 
acetic acid. After 4 h vigorous stirring at room temperature, the viscous 
solution was filtered through three cheesecloth layers to eliminate any 
undissolved material, poured, and spread on nonadhesive (Teflon-treated) 
metallic plates (50 ml solution/100 cm2). The chitosan layer was then dried 
at 70~ for 20h, and the resulting rigid dessicated film (thickness 
-0.1 mm) was broken and sifted (2-mm mesh). Figure 1 shows the struc- 
ture of the particles, as revealed by scanning electron microscopy 
(Cambridge $4-10 Stereoscan, used at an accelerating voltage of 20 kV, 
with a tilt angle of 45~ The particles were swollen for 15 min in 0.5 M 
sodium acetate buffer (pH 6.0) at room temperature. Aqueous glutaralde- 
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FIG. 1. Structure of the processed chitosan particles. The magnification was 22, 750, and 
6000 for micrographs A, B, and C, respectively (the bars indicate lengths in micrometers). 
Native chitin and nonprocessed chitosan have porous structures (pore size 100-500 nm). On 
the contrary, processed chitosan as seen in this figure does not appear to have such a porous 
structure. This might minimize diffusional effects for the immobilized/3-galactosidase. 

h y d e  was  a d d e d  to a final c o n c e n t r a t i o n  of  2.5 o r  5 % .  A f t e r  1 h r e a c t i o n  

wi th  t h e  f ree  a m i n o  g r o u p s  of  c h i t o s a n ,  exces s  g l u t a r a l d e h y d e  was  r e m o v e d  

by c e n t r i f u g a t i o n  ( s u p e r n a t a n t ) .  T h e  ac t i ve  pa r t i c l e s  (pe l le t )  w e r e  w a s h e d  

t h r e e  t i m e s  wi th  d is t i l led  w a t e r  a n d  s u s p e n d e d  in 50 m M  s o d i u m  p h o s p h a t e  
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buffer (pH 7.5). The particles having a sedimentation velocity inferior to 
1.5 mm/s  were discarded. All subsequent operations were performed at 
4~ Various amounts (17-2400 mg) of commercial (crude) or purified A. 
niger/3-galactosidase were dispersed in 20 ml of 50 mM sodium phosphate 
buffer (pH 7.5), and these enzyme solutions were added to the activated 
chitosan preparations (total amount  of dry chitosan 1.0-2.4 g). After 12 h 
slow stirring, the obtained /3-galactosidase-chitosan conjugates (GCC) 
were thoroughly washed with 0.15 M NaC1, 0.5 M sodium phosphate 
buffer (pH7.5) ,  and water, down to zero 2 8 0 n m  absorbance. 2 The 
insoluble preparations were used without additional treatment,  or after 
reduction by NaBH4 (see later). All preparations were stored at 4~ 
in 5 0 m M  sodium acetate buffer (pH4.0) ,  containing 0.5% (vol/vol) 
Vantocil IB. 

Reduction by NaBH4 

The active complex (10 g moist weight) suspended in 50 ml of 50 mM 
sodium phosphate buffer (pH 7.5) was reacted for 3 h at 4~ with NaBH4 
(3 mg reductant /ml buffer). The treated particles were then thoroughly 
washed with distilled water and the storage buffer. Treatment  by NaBH4 
may transform imine derivatives into more stable secondary amines, 
thereby enhancing the overall stability of the immobilized/3-galactosidase 
complex. NaBH4 is a mild reducing agent, and did not appear to affect 
soluble or immobilized/3-galactosidase activity. 

Monitoring of fl-Galactosidase Activity 

The activity of the immobilized enzyme preparations was determined 
at 30~ using 5 mM o-nitrophenyl-fl-o-galactopyranoside (ONPG) or 
45 mM lactose as the substrate (in 50 mM sodium acetate buffer, pH 4.0), 
unless otherwise indicated. Hydrolysis of O N P G  was monitored at~ nm, 
which corresponds to the absorbance peak of o-ni trophenol  at acidic pH 
values. Glucose evolution with lactose as the substrate was analyzed using 
the glucose oxidase/peroxidase system (16). Other  details are given in the 
Results section. 

Determination of Kin and Vma x values 

The kinetic constants of immobilized fl-galactosidase were deter-  
mined with stirred batch procedures. With ONPG as the substrate, we used 

2The various theories developed to explain the reactions of glutaraldehyde with proteins have 
recently been reviewed (15). 
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the apparatus described previously (17) (20 mg drained GCC in 25 ml 
substrate solutions). With lactose as the substrate, 100 mg drained G C C  
was reacted in 50 ml substrate solutions (propeller stirring, to minimize 
abrasion). The time course of lactose hydrolysis was monitored by per-  
forming the glucose oxidase/peroxidase  assay (16) on reaction medium 
aliquots withdrawn at various t ime intervals (total volume withdrawn -< 
500/xl).  

Operational Stability 

Chitosan-bound fl-galactosidase was packed into K 9/15 Pharmacia  
columns (3.5 g drained GCC per column), which were fed with a pure 
lactose solution, reconstituted UF  permeate ,  or reconstituted acid whey, 
respectively. The three solutions were prepared in 50 mM sodium acetate 
buffer (pH 4.0), with a lactose concentrat ion adjusted to 4% (i.e., 111 mM) 
in each case. The reconstituted pe rmea te  and whey solutions were clarified 
by filtration through a Celite 535 filter-aid bed, on G-3 sintered glass 
funnels. After  pH adjustment  to 4.0 with glacial acetic acid when neces- 
sary, all three solutions were pumped  through GSWP 14250 Millipore 
filters. The columns were opera ted  8 h /day  at 40~ The flow rate was 
adjusted to 125 ml /cm2/h  (1 m l / min  a column), which ensured an initial 
lactose hydrolysis of approximately  50%. The columns were stored over-  
night at 20~ after having been filled with 0.5% (vol/vol) Vantocil  IB in 
50 mM sodium acetate buffer (pH 4.0) to prevent bacterial growth. 3 

Miscellaneous 

The specific flow resistance of the immobilization support  was deter-  
mined using a 150x  16 mm horizontal column packed with activated chi- 
tosan. The pressure drop at 20~ as a function of flow rate was indicated by 
three manometers  connected to the column at various intervals. The solu- 
tion and swelling medium was distilled water. Flow rates from 5 to 
20 ml /cm2/min  were used. Measurements  were done each time 20 min 
after initiation of the flow. 

The amount  of chi tosan-bound protein was estimated f rom a mass 
balance (difference between the amount  of protein in solution before and 
after immobilization, and in the combined washings), using Lowry 's  

3Vantocil IB has recently been developed by ICI as a biocide suited for the food industry (18). 
Preliminary experiments showed that this compound is an uncompetitive inhibitor of the A. 
niger fl-galactosidase. The inhibition appeared to be fully reversible, since GCC stored for 
10 days at 20~ in 50 mM sodium acetate buffer (pH 4.0) containing 0.5% (vol/vol) Vantocil 
IB showed no significant loss of enzymatic activity after adequate washing. 
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method. When pure fl-galactosidase was used (see Table 1, preparation 4), 
the amount of immobilized enzyme was also determined by acid hydrolysis 
of the active matrix, with subsequent amino acid analysis (Beckman 
Multichrom B amino acid analyzer). The value given in Table 1 is the 
average of the results obtained by both methods. 

R E S U L T S  

Reactivity of Chitosan-Bound t -  Galactosidase 

Tables 1 and 2 present the results obtained with four different typical 
GCC preparations. The efficiency of the chitosan conjugates is seen to 
depend on various parameters involved in the immobilization process, e.g., 
glutaraldehyde concentration, enzyme/support weight ratio, and the purity 
of the enzyme solutions. Lowering the glutaraldehyde concentration from 
5 to 2.5% increased the specific activity of the immobilized enzyme 
(compare preparations 1 and 2 in Table 2). A lowering of the 
enzyme/support weight ratio from 1.0 to 0.5 had the same effect (compare 
preparations 2 and 3), with almost complete binding of the available 
protein. Immobilization of pure enzyme (preparation 4) adversely affected 
the specific activity for lactose, which declined by more than 30%. There- 
fore, enzyme purification does not appear to be a prerequisite for an 
adequate immobilization yield. This substantiates previous findings 
indicating that inert protein reduces the loss of specific activity when 
glutaraldehyde is used in the immobilization process (19). Consequently, 
the experiments described in this report were performed with immobilized 
crude enzyme, except for the determination of Km and Vmax values. 

Table 3 compares our results with those of previous studies. 

Chemical and Mechanical Data 

Chemical basis: partially deacetylated chitin. The structures of chitin 
and chitosan are given in Fig. 2. The degree of deacetylation, which 
corresponds to the percentage of free amino groups, was found to be 64%, 
using a potentiometric method (25). This percentage corresponds to 
3.7 tzmol --NHz/mg dry matrix. These nucleophilic groups are involved 
in the chitosan-glutaraldehyde coupling reaction. 

Functional groups after activation: aldehyde groups -CHO. These 
reactive groups are theoretically involved in the immobilization process, 
but various theories explaining the reactions of glutaraldeyde with proteins 
are still discussed (see footnote 2). 
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TABLE 2. Comparison between Specific Activities a 

Initial Specific Percentage of initial 
specific activity b bound  activity b specific activity 

Enzyme/suppor t  
Preparation weight ratio O N P G  Lactose O N P G  Lactose O N P G  Lactose 

1 1.0 30.0 12.4 24.7 8.3 82 67 
2 1.0 30.0 12.4 29.1 10.4 97 84 
3 0.5 30.0 12.4 30.0 11.1 100 90 
4 - -  83.1 34.6 83.1 20.6 100 60 

aData calculated from Table 1. 
bUnits per milligram of protein. See footnotes c and d in Table 1. 

Chemical stability of the activated matrix. Native chitosan is insoluble 
in water, organic solvents, and alkali, but it dissolves easily in mineral or 
organic diluted acids (except sulfuric acid) (24). By contrast, no dissolution 
or alteration was observed when glutaraldehyde-activated chitosan was 
kept for a week under stong acidic or alkaline conditions (up to 1.0 N H § or 
O H -  at room temperature).  

Water regain : At pH 4 (50 mM sodium acetate buffer), 2.4 ml/g; at 
pH 6 (50 mM citrate phosphate buffer), 2.4 ml/g;  at pH 8 (50 mM Tris- 
HC1), 2.9 ml/g. 

The following mechanical properties were determined: 
Particle size before swelling: - 0 . 1 - m m  thickness, 0.1-1.8 mm length 

(bell-shaped distribution curve). 

0 C H 2 0 H  0 H 

H H  0 H ~ 

~ H H H 

H NH H NH H NH 
I I I 
R R R 

~o  
Ch i t i n  t = - C,,,CH 3 

Chitosan R =-- H 

FIO. 2. Chemical  structure of chitin (N-ace ty l -2-amino-2-  
deoxy-D-glucose) and chitosan (partially deacetylated chi- 
tin). Commercial  chitosan preparat ions  have molecular  
weights ranging from 45,000 to 120,000 (23,24). 
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Particle size after swelling at pH 4: - 0 . 1 5 - m m  thickness, 0.15-2.5 mm 
length (bell-shaped distribution curve). 

Sedimentation velocity: >- 1.5 mm/s .  
Bed volume in columns (pH 4): 1.1 ml /g  drained matrix. 
Flow resistance: - 0 . 3  bar x s2/cm • g. This low coefficient was found 

to be constant within 5% up to the high flow rate of 20 ml /cm2/min,  
indicating negligible compressibility of the chitosan bed. 

Abrasion by magnetic stirring devices was not negligible, which 
indicated that chitosan conjugates are more  suited to column operat ions 
than to stirred tank procedures. 

Stability of Chitosan-Bound 15- Galactosidase 

pH-Activity Profile. The possible alteration of the pH-act iv i ty  profile 
on immobilization was investigated. Figure 3 shows that the profile was not 
dramatically altered. A positive net charge of glutaraldehyde-treated chi- 
tosan might be caused by protonated residual amino groups, and could 
explain the modera te  shift of the p H  profile toward lower values (26). 
Curve B closely resembles the pH activity profile obta ined with the same 
enzyme immobilized on ZrOE-Coated glass particles (10). The shoulder on 
the right of curve B has also been found for the DEAE-Sephadex - so rbed  
15-galactosidase from Curvularia inaequalis (27). 

Immobil ized 15-galactosidases would not be used in practice at pH 
values as low as 2.5 (i.e., the pH op t imum seen on Fig. 3). This explains 
why most  of the experiments described here were pe r fo rmed  at pH 4.0, 
unless otherwise indicated. This p H  value is close to that  of acid whey, 
which is an abundant  prospective feed for/3-galactosidases.  

Temperature Stability. The three purified A. niger /3-galactosidase 
isoenzymes were found to be heat stable up to about  60~ (13). This 
stability was only moderately increased on immobilization (Fig. 4). 

._u so l -  f \ \  

.NCJ -acetate 

I I  I I I I I I I I i 
o -, 

2 3 4 5 
pI-I 

FIG. 3. pH-activity profiles of soluble . and 
immobilized A. niger/3-galactosidase, with 45 mM 
lactose as the substrate, in 50 mM buffers. Curve 
A, soluble crude enzyme; curve B, immobilized 
enzyme (50 mg drained GCC was packed in a 50 x 
5 mm column; flow rate, 0.5 ml/min, ensuring a 
maximum lactose hydrolysis at pH 2.5 of -15%). 
Both buffers were used at pH 3.2, with slightly 
different results. Therefore, the activities reported 
at this abscissa are average results. For each curve, 
the maximum rate was arbitrarily set at 100%. 
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FIG. 4. Thermal stability of normal and NaBH4-reduced immobilized A. niger/3-galacto- 
sidase. Normal and reduced GCC (20 mg, curves A and B, respectively) were packed in 
20 x 5 mm columns immersed in a programmable thermostated bath. The flow rate was set at 
0.7 ml/min per column, and a linear gradient of temperature was established from 20 to 85~ 
(temperature increase per hour, 30~ the temperature reached 85~ after 130 min and was 
then kept constant). The enzymatic activity was monitored using 5 mM ONPG as the substrate. 
The extent of ONPG hydrolysis was continuously determined by recording the 405-nm 
absorbance of the undiluted eluates. ONPG hydrolysis never exceeded approximately 10% 
(i.e., a 405-nm absorbance of 1.5). 

Immobilization could even be considered as detrimental when Arrhenius 
plots are examined (Fig. 5). The plot for the soluble enzyme is linear in the 
range 25-65~ with an activation energy Ea equal to 7.1 kcal/mol. Chi- 
tosan-bound fl-galactosidase has the same Ea up to about 50~ (curve B), 
but for higher temperatures diffusional limitations may become significant, 
with a concomitant decrease of Ea (29). In the range 25--40~ Ea for 
reduced GCC is equal to 5.8 kcal/mol (curve C on Fig. 5), and falls off 
significantly for higher temperatures. On the other hand, it was found that 
reduction by NaBH4 permanently stabilized the immobilized enzyme 

FIG. 5. Arrhenius plots for soluble and 
immobilized A. niger fl-galactosidase. Curve A, 
soluble purified enzyme; curve B, normal GCC 
(replot from Fig. 4); curve C; NaBHa-reduced 
GCC (replot from Fig. 4). The different values of 
activation energy Eo reported in the text were 
calculated from this graph as described by 
Jencks (28). 
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TABLE 4. Kinetic  Constants  of Aspergillus niger 13-Galactosidase ~ 

Kin(raM) Vmax (/zmol substrate hydrolyzed 
min/mg protein) 

ONPG Lactose ONPG Lactose 

Soluble enzyme 2.4 85 122 100 
Immobilized enzyme 3.9 95 38 65 

aThe purified enzyme was used. 

toward heat. This was shown by exper iments  in which a normal and a 
reduced G C C  were subjected to three t empera ture  cycles (i.e., al ternate 
tempera ture  increases and decreases be tween 20 ~and 60~ The normal  
GCC was characterized by significant and irreversible stepwise losses of 
enzymatic activity. By contrast,  the reduced GCC recovered its entire 
initial activity each time. Therefore ,  the operat ional  stability experiments 
described herein were per formed with NaBH4-reduced  conjugates. 

Kinetic Parameters 

The kinetic parameters  of the three soluble /3-galactosidase iso- 
enzymes have already been determined at p H  3.5, i.e., the average pH 
optimum' with O N P G  as the substrate (13, and manuscript  in preparation).  
For comparison,  the Km and Vm,x values of chi tosan-bound/3-galac to-  
sidase were determined at the same p H  value (Table 4). The results in 
Table 4 were calculated from double-reciprocal  plots (least-squares fits). 
With both substrates the plots were adequate ly  linear, indicating minimal 
diffusional effects (Fig. 6 shows the plots for soluble and immobilized 
/3-galactosidase, using O N P G  as the substrate). The increase in the K,,  
values on immobilization is accompanied  by a notable reductiorl of the 
specific activities. Since both O N P G  and lactose are uncharged low mole-  

$ 

4 

3 
V r ~ / v  

2 

.&l 

7 

0.125 O.ISO t 1.JOO I 1,2S 0.75 

I / [ONPG] IO3M -I 

FIG. 6. Determination of Km values for soluble 
and immobilized A. niger g-galactosidase, using 
ONPG as the substrate (normalized ordinate). 
Curve A, soluble enzyme; curve B; immobilized 
enzyme. 
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FIG. 7. Operat ional  stability of G C C  columns 
fed with a pure lactose solution, U F  permeate ,  
or acid whey. The  initial activities were arbi- 
trarily set at 1.0. 

cular weight substrates, these effects must be mainly due to strains on the 
tertiary structure of the immobilized enzyme (29). 

Operational Stability 

Reduced GCC was stable for months when stored in the cold or at 
room temperature. Figure 7 shows that the operational stability was also 
notable. The initial hydrolysis rates were similar in all three cases, indicat- 
ing little or negligible sensitivity of the immobilized enzyme to the ions 
contained in UF permeate and acid whey. Since the initial activities cor- 
responded to about 50% hydrolysis only, the initial plateaus of stability for 
2 weeks cannot be discounted as artifacts, Therefore, the decreases of 
activity do not appear to be exponential. This finding was not investigated 
further. The relatively high temperature and low pH of operation, as well 
as the Millipore filtration and intermittent soaking in Vantocil IB, preven- 
ted uncontrollable bacterial growth. The loss of activity with acid whey and 
UF permeate ( - 6 0  and 50% residual activity, respectively, compared to 
90% with the pure lactose solution) might therefore be mainly due to 
sticking of inert peptides or proteins to the chitosan particles, with pro- 
gressive embedding of the active enzyme molecules. Prolonged exposure to 
the ions contained in the permeate and whey solutions might also have 
eventually resulted in significant inactivation. 

C O N C L U S I O N  

The enzyme/~-galactosidase from A. niger was successfully immobilized 
on chitosan, using glutaraldehyde as the cross-linking agent. This novel 
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s u p p o r t  had  a l r eady  been  used,  u n d e r  va r ious  cond i t ions ,  to immob i l i z e  
p ro t ea se s ,  u rease ,  g lucose  i somerase ,  g lucoamylase ,  g lucose  ox idase ,  and  
ac id  p h o s p h a t a s e  (12,30,31) .  T h e  efficiency of  the  i m m o b i l i z e d  /3- 
ga l ac tos idase  sys tem desc r ibed  in this  r e p o r t  can be  shown to be  c o m p a r -  
ab le  o r  g r ea t e r  than those  of  a l r e a d y  exis t ing  systems.  4 T h e  s tabi l i ty  of the  
ch i tosan  con juga te s  shou ld  al low the i r  use on  an indus t r ia l  scale.  C o n t i n u -  
ous- f low o p e r a t i o n s  wi th  p a c k e d - b e d  r eac to r s  wou ld  be  the  bes t  p r o -  
cedures ,  ensur ing  min imiza t ion  of m e c h a n i c a l  ab ra s ion  and  of inh ib i t ion  by 
ga lac tose  (32,33).  Ch i to san  is r ead i ly  p r e p a r e d  f rom an a b u n d a n t  na tu ra l  
p o l y m e r  (chitin), and  its cost  shou ld  t h e r e f o r e  not  be  p roh ib i t ive  (34). 
F u r t h e r m o r e ,  immob i l i za t i on  via  g l u t a r a l d e h y d e  is easy.  I m m o b i l i z e d  f l -  
ga l ac tos idase  might  be  useful  in p roces s ing  mi lk  b y - p r o d u c t s  into va luab le  
swee tene r s ,  or  into nu t r i t iona l  m e d i a  for  f e r m e n t a t i o n  processes .  I ts  
poss ib le  app l i ca t ion  to solving m a n y  p r o b l e m s  r e l a t ed  to  the  use of l ac tose  
(e.g., d iges t ive  in to le rance ,  c rys ta l l i za t ion ,  and  low swee tness )  shou ld  also 
be  cons ide red .  
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