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ABSTRACT

Bilayer glucose isomerase was immobilized in porous p-trimethyl-
amine-polystyrene (TMPS) beads, through a molecular deposition tech-
nique. Some of the factors that influence the activity of immobilized
glucose isomerase were optimized, with the enzyme concentration of
308 IU/mL, enzyme:matrix ratio of 924 IU/g wet carrier, and hexameth-
ylene bis(trimethylammonium iodine) concentration of 15 mg/mL,
giving the maximum catalytic activity (2238 IU/g dry gel) of the immo-
bilized bilayer glucose isomerase, retaining 68.5% of the initially added
activity. The half-life of the immobilized bilayer glucose isomerase was
approx 45 d at pH 8.5, 60°C, with 50% (w/v) glucose as substrate. The
specific productivity of the immobilized bilayer glucose isomerase was
223 g dry D-glucose/g dry immobilized enzyme per day.

Index Entries: Glucose isomerase; enzyme immobilization; molecular
deposition; bilayer enzyme; high fructose syrup.

INTRODUCTION

D-glucose/xylose isomerase (GI, EC 5.3.1.5), which converts D-xylose
to D-xylulose and D-glucose to D-fructose, is one of the highest-value and
highest-tonnage commercial enzymes. It has the largest market as an
immobilized enzyme for production of high fructose syrup (HFS) (1). High
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fructose sweeteners are valuable, because they are 2-3X as sweet as glu-
cose, and possess several other advantageous chemical and physical prop-
erties (2). They are preferred by the food industry as sweeteners because
they do not pose the problem of crystallization, as sucrose does.

Enzyme immobilization is an important technique in biotechnology.
The development of immobilized glucose isomerase (IGI), and its applica-
tion for the production of HFS, has been the subject of great interest (3).
Many methods have been reported for the immobilization of GI. However,
only a few have been used by enzyme suppliers to produce an economi-
cally feasible IGI preparation that has the properties necessary for the com-
mercial production of HFS. In previous work, a novel immobilization
method was developed to immobilize GI, based on molecular deposition
technique (4,5), which forms multilayer, ultrathin film by alternate deposi-
tion of bipolar amphophilic cationic and anionic layers (6,7).

In the present continuous work, bilayer GI is immobilized in the
porous p-trimethylamine-polystyrene (TMPS) beads through molecular
deposition technique. The immobilization conditions are optimized. The
properties of soluble and immobilized enzyme are investigated compara-
tively. Particularly, the production of HFS using the bilayer IGI in a
26 X 4-cm packed-bed column is successfully conducted.

MATERIALS AND METHODS

Materials

GI from streptomyces, with an activity of 3080 IU/mL, was purchased
from Genencor International (Rochester, NY). Beads of porous TMPS,
mean pore diameter 46 nm, were provided by the Department of
Chemistry of Jilin University. The hexamethylene bis(trimethylammonium
iodine) was synthesized by the authors. All other materials used were
commercially available with analytical grade.

Methods
Assay of Gl Activity

The determination of GI activity was achieved by measuring the
amount of fructose produced, following Tomas’ cysteine carbazole method
(8), using glucose as substrate. The standard catalytic reactions were car-
ried out at pH 8.5, 60°C, using 2 M glucose as the substrate. To initiate a
reaction, 3 mL of the substrate solution, preheated to 60°C, was added to a
mixture of 1 mL 0.5 M Gly-NaOH buffer (pH 8.5), 1 mL 0.05 M MgSO,, and
15 mg IGI, stirring at 130 rpm for 15 min. The reaction was stopped by the
addition of 5 mL 0.5 M HCIO,. Then 0.1 mL of the reaction mixture was
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sampled for measuring the produced fructose. One U of GI activity is
defined as the amount of enzyme required to liberate 1 wmol fructose in
1 min under the reaction conditions.

Immobilization of GI

Before use, the TMPS beads were suspended in a pH 2.0-3.0 HCI
solution for 2 h to transfer the exchange ion into CI—, then washed with
2H,0 until the wash pH became neutral. To immobilize GI, 1 g treated
TMPS beads (wet wt) were suspended in 3 mL GI solution containing
an activity of 308 IU/mL, at pH 7.0, 4°C, for 2 h. After filtering and wash-
ing, the TMPS beads with the immobilized monolayer GI were obtained.
Then the TMPS beads with monolayer GI were immersed in 3 mL
hexamethylene bis(trimethylammonium iodine) solution under conditions
of pH 7.0, 4°C. Two h later, the TMPS beads were filtered and washed
again with 2H,O for 2 h, and subsequently reimmersed in 3 mL GI solution
and incubated at pH 7.0, 4°C, for 2 h, to absorb the second layer of GIL
After filtering and washing with 2H,0 the bilayer IGI was obtained. In
order to prevent the desorption of the adsorbed GI from the supports, the
adsorbed enzyme molecules were crosslinked with 0.15% (v/v) glu-
taraldehyde at room temperature for 4 h.

Protein Measurements

The amount of bound enzyme was measured as follows: 2 mL of 6 N
HC1 and 1 mg phenol were added to a hydrolysis tube that contained
0.1 g immobilized enzyme (wet). The tube was sealed and the sample
hydrolyzed for 24 h at 105°C. The hydrolysate was dried using steam
heat, then dissolved in 5 mL 0.002 N HC1, filtered through quantitative fil-
ter paper, and amino acid was measured using a Hitachi 835-50 amino-
acid analyzer (Tokyo, Japan).

Kinetic Parameters

Kinetic parameters (K,, and V_, ) for soluble and immobilized GI were

determined in 0.1 M Gly-NaOH (pH 8.5, containing 0.01 M Mg?") at 60°C.
K, and V_, values were calculated from Lineweaver-Burke plots.

Operational Stability of Bilayer IGI

One g dry bilayer IGI was packed in a 6 X 1-cm column. The operat-
ing temperature was maintained at 60°C. The substrate solution, con-
taining 50% (w/v) glucose and 0.01 M Mg**, was pumped through the
column at a constant flow rate of 22.8 mL/h. The expressed activity of
the packed bilayer IGI was determined by measuring the amount of resul-
tant fructose.
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Fig. 1. Effect of enzyme concentration on the relative activity of immobilized mono-
layer glucose isomerase.

Continuous Production of HFS by Bilayer IGI Column

Twenty-five g of dry bilayer IGI were packed in a 26 X 4-cm column.
The packed bilayer IGI column was continuously operated at 60°C, using
50% (w/v) glucose solution (containing 0.01 M Mg?*" ions, pH 8.2-8.5) as
substrate. The flow rate of the substrate solution pumped through the col-
umn was manipulated, to maintain the isomerization rate at approx 42%.

RESULTS
Preparation of Bilayer IGI

There are many factors that influence the activity of immobilized
enzyme. In order to obtain the maximum activity and relatively high activ-
ity recovery in the present work, the effects of enzyme concentration,
enzyme:matrix ratio and hexamethylene bis(trimethylammonium iodine)
concentration on the activity of IGI were investigated.

Effect of Enzyme Concentration

The effect of enzyme concentration on the activity of monolayer IGI
is shown in Fig. 1. The percent maximal activity increased with the
increase in enzyme concentration, reached a maximum at enzyme concen-
tration of 308 IU/mL, and decreased with the further increase in enzyme
concentration. The optimum enzyme concentration for preparing mono-
layer IGI was 308 IU/mL.
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Fig. 2. Effect of enzyme:matrix ratio on the relative activity (@) and activity recov-
ery (+) of immobilized monolayer glucose isomerase.

Effect of Enzyme:Matrix Ratio

Figure 2 shows that, up to 800 IU/g wet gel, the activity of the mono-
layer IGI was proportional to the enzyme:matrix ratio. Throughout this
range, the monolayer IGI retained between 75 and 95% of the initial activ-
ity. Maximum binding activity occurred at 924 TU/g wet gel, retaining
68.5% of the initial activity. In order to obtain the highest immobilized
enzyme activity and relatively high activity recovery, the point of 924 1U/g
wet gel was chosen as the most appropriate enzyme:matrix ratio for all the
subsequent experiments.

Effect of Hexamethylene bis(Trimethylammonium lodine) Concentration

Figure 3 shows the effect of hexamethylene bis(trimethylam-
monium iodine) concentration on the activity of bilayer 1GI. The percent
maximum activity increased sharply, and then decreased, which gave a
maximum activity of 2238 IU/g dry gel at an optimum concentration
of 15 mg/mL. The properties of GI immobilized on the TMPS beads
and soluble GI are comparatively shown in Table 1.

Properties of Bilayer IGI
Optimum pH

Bilayer IGI and soluble GI activities were assayed at pHs ranging
from 7.5 to 9.5. The effect of pH on GI activity is illustrated in Fig. 4. The
optimum pH values was found to be about 8.5 for both soluble GI and
bilayer IGL
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Table 1
Properties of Soluble, Immobilized Monolayer and Bilayer Glucose Isomerase

Activity Protein loading  Specific activity
Enzyme (IU/g dry gel)  (mg/g dry gel) (IU/mg protein)

Soluble 370* 6.6" 56
Monolayer 1043 34.5 30
Bilayer 2238 70.3 29

“Activity of soluble enzyme in [U/mL.
*Protein content of soluble enzyme in mg/mL.

110
100
g
2 9t
B
2
2
E 80 r
&
70 |
60 1 i 1 L i

0 5 10 15 20 25
Concentration of hexamethylene
bis (trimethylammonium iodine)

Fig. 3. Effect of concentration of hexamethylene bis(trimethylammonium iodine) on
the activity of immobilized bilayer glucose isomerase.

Optimum Temperature

The bilayer IGI and soluble GI were assayed at temperatures ranging
from 50 to 90°C. The optimum temperature increased from 70°C for the
soluble GI to 85°C for the bilayer IGI (Fig. 5).

Kinetic Parameters

Figure 6 shows the effect of immobilization on the kinetic parameters
of GI, with glucose as the substrate. The K, for glucose of the mono-
layer IGI (0.30 M) and the bilayer IGI (0.33 M) increased 66.7 and 83.3%,
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Fig. 4. Effect of pH on the activity of immobilized bilayer glucose isomerase.

Enzyme assays were carried out under standard conditions, except for the pH of the
reaction mixture.
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Fig. 5. Effect of temperature on the activity of immobilized bilayer glucose iso-

merase. Enzyme assays were carried out under standard conditions, except for the
temperature of the reaction mixture.

respectively, compared to that of the soluble GI (0.18 M), upon immo-
bilization. However, the V_, of monolayer IGI (298.3 pmol fruc-
tose/min/mL) and bilayer IGI (294.2 pumol fructose/min/mL) only

decreased 4 and 5%, respectively, compared to that of free enzyme
(310.3 pmol fructose/min/mL).
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Fig. 6. Lineweaver-Burk plots of soluble, immobilized monolayer and bilayer
glucose isomerase.

Operational Stability

The results for conversion of glucose by bilayer IGIin a 6 X 1-cm bed
column, at a constant flow rate, showed that the bilayer IGI was more sta-
ble at higher pH. It can be seen, at pH 7.5, when a 50% (w/v) substrate
solution containing 0.01 M Mg*" was passed through the column, that the
activity decreased gradually to 50% of the initial activity after 21 d. At pH
8.5, the activity of bilayer IGI still maintained 50% of the initial activity
after 45 d.

Continuous Production of HFS by Bilayer IGI Column

The production of HFS by bilayer IGI column was continuously oper-
ated at 60°C, pH 8.2-8.5 for 45 d, with the substrate solution containing
50% (w/v) glucose and 0.01 M Mg*". The flow rate was 17 mL/min at the
beginning, then was adjusted according to the change of the isomerization
rate, to maintain the isomerization rate at approx 42%. The variation of
flow rate and specific productivity of bilayer IGI are shown in Table 2 and
Table 3, respectively.

It can be seen in Table 3 that the specific productivity of bilayer IGI,
after an initial increase, dropped gradually with the operation time. It can
be calculated that 1 g of dry bilayer IGI can convert 10 kg dry D-glucose to
42% HFS in 45 d.

DISCUSSION

The use of immobilized enzymes in industrial processes depends on
many factors. The ability to produce, by simple means, a relatively low-
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Table 2
Flow Rate Control of Continuous Production of HFS Using Immobilized
Bilayer Glucose Isomerase Column

Time 1.7 8-14 15-20 21-25 26-30 31-35 36-40 41-45
(day)

Flow Rate 17 15 13 11 9 7.5 6.5 5
(ml/min)

Table 3
Specific Productivity of HFS in Continuous Production Using Immobilized
Bilayer Glucose Isomerase Column

Operational time Specific productivity ~ Average isomerization
(day) (g dry glucose/g dry rate
bilayer IGI/day) (% of initial)
5 338 42
10 350 44
15 330 42.7
25 285 42 4
35 254 423
45 223 422

Note: The total sugar concentration is 50% (w/v).

cost immobilized enzyme product with high activity per weight of sup-
port, with adequate operational stability, and efficient use of that product,
is an important technical consideration (9). This article has examined the
preparation of bilayer IGI in inexpensive porous TMPS beads through
molecular deposition technique. The preparation developed here provides
several important advantages over the methods that have been outlined
previously for the immobilization of GI (3,10,11).

Immobilization of bilayer GI, using porous TMPS beads, can be
achieved simply and without the use of harsh pH or temperature condi-
tions. The TMPS beads have good mechanical and flow properties, and
they are resistant to enzyme and microbial attack, unlike most previously
used supports (3,10,11). Moreover, bilayer enzyme can be successfully
immobilized on the support surface by molecular deposition technique.
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This method is superior to the traditional adsorption technique, which can
only absorb one layer of enzyme molecules. In order to obtain bilayer IGI
with maximum activity, the immobilization conditions should be opti-
mized. There exist optimum values for enzyme concentration and
enzyme:matrix ratio to give maximum activity of monolayer IGI (Figs. 1
and 2). Under optimum conditions, the enzyme molecules may not be
enough to saturate the supports, so the monolayer IGI activity increased
with the enzyme concentration and enzyme:matrix ratio. The decrease of
the monolayer IGI activity over the optimum value might be caused in the
overcrowding of enzyme on the matrix, supported by the decrease in
the specific activity of the immobilized enzyme (data not shown). The
effect of hexamethylene bis(trimethylammonium iodine) concentration on
the activity of bilayer IGI showed a peak plot. We consider 15 mg/mL as
the threshold concentration of hexamethylene bis(trimethylammonium
iodine) for absorbing the second layer of GI. Under this concentration,
less amount of GI was absorbed because of the smaller amount of posi-
tive charge covering the first layer of GI provided by hexamethylene
bis(trimethylammonium iodine) molecules. However, over this concentra-
tion, the excess hexamethylene bis(trimethylammonium iodine) molecules
may shield the activity center of GI in the first layer. Under the optimized
immobilizing conditions, about 68.5% of the enzyme added was success-
fully immobilized, giving the bilayer IGI an maximum activity of 2238
IU/g dry gel. The percentage of enzyme activity immobilized onto TMPS
beads compares favorably with reports of GI binding to other supports:
polyurethane foam bound 50%, and granular chicken bone bound 32%
(2,12). The maximum activity of bilayer IGI is higher than those reported
for other IGI preparations, such as GI from Streptomyces phaeochromogenes
bound to silanized-coated porous glass (13) and GI from Bacillus coagulans
bound to DEAE-cellulose (9).

This same optimum pH for both soluble GI and bilayer IGI was
observed in this work (Fig. 4). This result is different from that of other IGI
prepared through electrostatic adsorption, such as GI from B. coagulans
bound to DEAE-cellulose, whose optimum pH shifted slightly from 7.2 to
6.8 (9). Chibata (14) and others (15-17) have provided a thorough discus-
sion, with many examples of the effects of charged supports on the pH
optima, or pH/activity profiles of ionically bound enzymes. In general, the
apparent pH for optimal activity shifts toward the acid side when an
enzyme is bound to a polycationic support, and to the alkaline side if
bound to a polyanionic support. Shifts in pH optima may be minimized by
carrying out the catalytic reactions at higher ionic strengths. In such cases,
the charges on the carrier are neutralized by Na* and CI7, rather than by
H" and OH", with the result that the difference in the pH between the
internal and external environments is lessened (14). In the previous work
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conducted in this lab (18), it was demonstrated that the pH optimum for
GI immobilized on porous TMPS shifted only a little in higher concentra-
tion buffer (higher than 0.016 M). The buffer concentration utilized in this
paper was 0.1 M, and the high ionic strength of the buffer shielded the
charged groups on the supports, diminishing the pH differences between
the interior of the support and the bulk solution.

The increase in the optimum temperature (Fig. 5) must be because of
the increased stability of GI because of immobilization. This result is simi-
lar to that of GI adsorbed onto Indion 48-R (1), but different from that of
GI from Streptomyces flacogriseus coupled to DEAE-cellulose (19), whose
optimum temperature did not change at all, compared to that of free
enzyme. Although the bilayer IGI showed much higher activity at 85°C
than at 60°C, the temperature of 85°C was not preferred in industry
because of glucose loss and color formation. Moreover, the half-life of IGI
at 85°C was much shorter than 60°C. Thereby, the temperature of 60°C was
chosen as the operating temperature in the production of HFS, using
packed bilayer IGI column.

The increased K, and V__ values of GI after immobilization were
observed in the present work (Fig. 6). The net result of these changes
resulted in the k, (V,./K,) values for monolayer IGI and bilayer 1GI
dropped by 1.2- and 1.3-fold, respectively (taking into account that only
68.5% of the enzyme was immobilized). Therefore, GI was adversely
affected by the process of immobilization, but remained functional.
Although the k,, of bilayer IGI is little smaller than that of monolayer IGI,
the activity of per weight unit of bilayer IGI is much larger than that of
monolayer IGI. This will increase the amount of enzyme loaded per unit of
reactor column, thereby reducing the energy and equipment costs. So the
preparation of bilayer IGI is economically more valuable than that of
monolayer IGL.

Prolonged half-life (45 d) of bilayer 1GI was observed at higher pH,
which was 2X longer than that at lower pH (Fig. 7). The activity loss of
bilayer IGI at higher pH could be considered as the gradual denaturation
of the enzyme. However, the sharp activity loss at lower pH may be
mostly because of the desorption of GI from the supports, as well as par-
tially to the denaturation of the enzyme. The half-life of bilayer IGI at
higher pH is longer than those obtained for several other IGI preparations
(1,9,11). The prolonged half-life of bilayer IGI is quite important for its
application in industry.

Productivity of an immobilized enzyme is an important factor used
to evaluate the immobilization preparation. It can be calculated from Table
3 that approx 10,000 g dry glucose were isomerized to 42% HFS in 45 d
of the operating time by 1 g dry bilayer IGI. This result is higher to that of
Miles, Clinton, and Novo IGI products, which were 8000, 8000-9000, and
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Fig. 7. Operational stability of immobilized bilayer glucose isomerase, with 50%
D-glucose as substrate at pH 7.5 and pH 8.5.

8000 g glucose/g dry IGI, respectively (Miles, Clinton, and Novo industry
product information).

To prepare 1 kg dry bilayer IGI will cost $40 in this laboratory; these
immobilized enzymes can isomerize 10 t glucose into 14 t 42% HFS (71%
solid, w/v). The cost attributed to immobilized enzyme of per-ton HFS is
only about $2.9. It is important to note that these cost estimates are based
on lab-scale data, and by assuming that the same level of productivity is
possible at industrial scale. If we take into account the charge for capital
costs, the costs result will be in some degree larger than $2.9. Although
these results are only estimates of operating costs, they are valuable for
estimating the possibility of the application of bilayer IGI in industry.

CONCLUSIONS

In this study, bilayer IGI was successfully immobilized onto porous
TMPS beads through molecular deposition technique. The immobilization
preparation is simple and mild, giving bilayer IGI with high activity per
unit of weight of support (2238 IU/g dry gel) and relatively high activity
recovery (68.5%). The support utilized in the present work is inexpensive,
resistant to enzyme and microbial attack, and has good mechanical and
flow properties. The bilayer IGI showed adequate half-life (45 d at 60°C)
and high productivity (10,000 g dry glucose/g dry bilayer IGI in 45 d). All
these results indicate that the bilayer IGI prepared in this paper has
tremendous potential for use in industry for HFS production.
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