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ABSTRACT: Pectinase was covalently immobilized onto the macroporous polyacrylamide (PAM) microspheres synthesized via an
inverse suspension polymerization approach, resulting in 81.7% immobilization yield. The stability of the macroporous PAM
support, which has a large surface area, is not impeded by the adsorbed proteins despite the fact that up to 296.3 mg of enzyme is
immobilized per gram of the carrier particles. The immobilized enzyme retained more than 75% of its initial activity over 30 days, and
the optimum temperature/pH also increased to the range of 50—60 °C/3.0—35.0. The immobilized enzyme also exhibited great
operational stability, and more than 75% residual activity was observed after 10 batch reactions. The kinetics of a model reaction
catalyzed by the immobilized pectinase was finally investigated. Moreover, the immobilized pectinase could be recovered by

centrifuging and showed durable activity at the process of recycle.
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B INTRODUCTION

As one of the important members of biocatalysts, pectinase has
drawn much attention because of the numerous applications
from the food industry for clarification of fruit and vegetable
juices and wines by degrading pectin and reducing viscosity to the
feed industry for the formulation of animal feeds with other
hydrolases."” Despite excellent catalytic properties of pectinase,
the native enzymes as biocatalysts always present some draw-
backs, such as poor stability under operational conditions,
difficulty of product recovery, and impossibility of multiple
reuses in an industrial process.3 To overcome these problems,
enzyme immobilizations were involved to improve the catalytic
features of enzymes against several forms of denaturation as well
as to make the use of expensive enzymes economically viable,
strengthening repeat use. ¢ To date, pectinase has been im-
mobilized on various supports by physical adsorption ’ or
covalent immobilization.*” In general, adsorption techniques
are easy to perform; however, the bonding of the enzyme is often
weak, and such biocatalysts generally lack the degree of stabiliza-
tion achieved by covalent attachment, which has advantage of no
loss of enzyme and long-term stability over adsorption immobi-
lization. However, the final success depends upon the immobi-
lization protocols and the supports.

The essential requirement for any carrier is the need to have a
large surface area. In this respect, porous polymeric materials, which
have obvious advantage of high internal surface areas, have being
increasingly employed as the solid supports."®'" It has been found
that the pore sizes and specific surface area play an important role in
the enzyme loading and activity expression."”” ** However, a very
high loading may produce diffusion constraint, which is not
favorable for enzyme immobilization. It is convenient to use
supports with a very large specific surface, such as macroporous
polyacrylamide (PAM), which provide substrate and product
transport with the least diffusional restriction.
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Macroporous PAM microspheres, a kind of macroporous
amino resin,'> were chosen as immobilization supports in our
report because of their prominent advantages, such as availability
of plentiful surface amino groups, perfect mechanical strength,
large surface area,'® amenable to chemical modifications, adjus-
table particle size, easy regeneration, low operational cost, high
performance of antipollution, good selectivity, and favorable
chemical stability. The advantages above may provide the
pectinase immobilization: (i) a certain number of available
binding sites and a very simple, mild, and time-saving process,
(i) the reuse support,'” (iii) the reduction of immobilization
costs. Moreover, their hydrophilic nature and high water content
provide the enzyme with a microenvironment similar to that
In Vivo. However, there was no report on immobilization using
macroporous PAM microspheres.

In our present work, macroporous PAM microspheres were
synthesized via an inverse suspension approach in the presence of
toluene/carbon tetrachloride as porogenic agents. Pectinase was
covalently immobilized on the macroporous PAM using glutar-
aldehyde (GA) as a crossing-linker, the most frequently used
agent for covalent enzyme immobilization on amino-containing
supports.'® The previous studies stated that, with a support
offering large surfaces to react with the enzyme and activated with
groups, such as glyoxyl or epoxy, not only will the dissociation be
prevented, but the overall rigidity of the protein w111 also be
increased, promoting a further enzyme stabilization.'” When
the immobilization is carried out on preactivated supports, the
primary amino groups of the enzyme would react with the
aldehyde groups that have been 1ntroduced by modification of
the amino groups of the support.”® The cross-linking confers
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mechanical advantages to both support and enzyme, making the
fragile materials become much more sturdy and robust. In fact,
the covalent bonds created during the cross-linking reaction are
stable, even in the presence of substrate or high ionic strength
solutions.”® Although partial enzyme inactivation because of
chemical modification and the interactions between soluble
enzymes is often unavoidable, in most cases, enough catalytic
activity is retained.”' In our report, 81.7% catalytic activity is
retained.

The main objectives of this work were to evaluate the effect of
the immobilization variables, such as contact time, enzyme
concentration, enzyme loading, immobilization pH, and immo-
bilization temperature of the immobilization process and to
obtain the optimum conditions for immobilized pectinase.
Finally, the properties of the immobilized enzyme, such as kinetic
behavior, pH and temperature profile, and storage stability, were
investigated.

Bl MATERIALS AND METHODS

Materials. The commercial purified pectinase enzyme was poly-
galacturonase (PG or endo-PG; EC 3.2.1.15) with a molecular weight of
approximately 38 kDa and an isoelectric point (PI) of ca. 3.6. It is a
glycoprotein and active against pectin (polygalacturonate acid), ob-
tained from the Fluka Chemical Co. Pectin (namely, polygalacturonic
acid) with a molecular weight of approximately 30 000 from citrus peel
was also supplied by Fluka Chemical Co. and used without further
purification. GA was obtained from the Tianjin Chemical Factory
(Tianjin, China). The monomer acrylamide (AM) was purified by
recrystallization from a mixture of benzene and n-hexane and dried in
vacuum. Cross-linker N,N'-methylenebisacrylamide (BA), initiator am-
monium persulfate (APS), continuous-phase cyclohexane, suspension
stabilizer Span-80 acetone, porogenic agent toluene/carbon tetrachlo-
ride (1:1, v/v), and anhydrous methanol were of analytical grade. All
other reagents were purchased from commercial sources and used after
the usual drying and/or distillation without further pretreatment unless
otherwise indicated. Water used in the experiments was double-distilled.

Synthesis of Macroporous PAM Microsphere Supports.
Macroporous PAM microspheres were synthesized as follows: 90 mL of
cyclohexane, S mL of mixture of porogenic agent toluene/carbon
tetrachloride (1:1, v/v), and 0.1 g of Span-80 were added to a 250 mL
three-neck flask equipped with a mechanical stirrer and a nitrogen inlet.
The mixture was stirred under nitrogen purging until the surfactant was
uniformly dispersed. At the same time, 5.0 g of AM, 0.51 g of BA, and
0.05 g of APS dissolved into 30 mL of double-distilled water were added
to the mixture. The mixture was then stirred (360 rpm) continuously
under a nitrogen atmosphere at 68 °C for S h. The macroporous PAM
microspheres were collected and washed alternatively with double-
distilled water and methanol, and the white product was dried overnight
under ambient conditions.

Modification of the Macroporous PAM Supports. Before
immobilization, the macroporous PAM supports were modified with GA
cross-linker agent. A total of 1 g of dry macroporous PAM supports was
added to 10 mL of 025% (v/v) GA aqueous solution at room
temperature for 4 h. The supports were washed with distilled water at
least 3 times and dried overnight.

Enzyme Immobilization. A total of 100 mg of macroporous
PAM support (dry weight) was added to 3 mL of either acetate buffer
solution (pH 2.5—5.0) or phosphate (pH 6.0—8.0), containing different
enzyme concentrations (between 2 and 12 units/mL). The immobiliza-
tion reaction was carried out at 25 °C in a shaking water bath for a
specific contact time (1—6 h). Afterward, the products were separated
and the unbound enzyme was removed by centrifuging at 8000 rpm and

washing 3 times with distilled water. The immobilized enzyme were used
freshly or stored at 4 °C before reuses.

Determination of the Immobilized Protein Amount. The
amount of protein in a solution was determined by the Lowry method.”*
The amount of immobilized protein was calculated by subtracting the
amount of protein recovered in the solution at the end of the
immobilization process and in the washing solutions from the amount
of protein initially used for the immobilization.

Pectinase Activity Assay. The activity of free and immobilized
pectinase was determined by the 3,5-dinitrosalicylic acid method,*
using d-(+)-galacturonic acid monohydrate as the standard compound
used for the calibration curve and pectin (namely, polygalacturonic acid)
as a substrate. A total of 1 unit of pectinase activity was defined as the
amount of enzyme required to catalyze the formation of 1 #mol of
reducing sugar per minute under the described conditions. A total of
1 mL of 1 mg/mL free pectinase was added to 1 mL of 1% (w/v) pectin
solutions prepared in acetate buffer (pH 4.0) and incubated at 50 °C for
30 min. The reaction was stopped by adding 1.5 mL of 3,5-dinitrosa-
licylic acid (DNS). Reaction mixtures were heated in a boiling water bath
for 10 min and then immediately cooled to room temperature. After
dilution with 6.5 mL of water, the reducing sugars were determined at an
absorbance of 475 nm by the ultraviolet—visible (UV—vis) spectro-
photometer (Shimadzu Co., Ltd., Kyoto, Japan) with the help of a
calibration curve. A total of 1 mL of 0.4 g/mL immobilized pectinase was
added to 1 mL of 1% (w/v) pectin solutions prepared in acetate buffer
(pH 3.5) at 50 °C for the same incubation times. The resulting mixture
was separated by centrifugation, and the eluate was collected to
determine the amount of generated reducing sugars as the free enzyme.

Specific activity was defined as the enzyme units per milligram of
protein. Activity retention was defined as the ratio of the activity of the
amount of the enzyme coupled on the macroporous PAM microsphere
supports to the activity of the same amount of free enzyme.

Optimization of the Immobilization Parameters. Immobi-
lization time, pectinase concentration, temperature of the immobiliza-
tion solution, and pH of the enzyme solution were investigated as
immobilization parameters. Immobilization was carried out in a 3 unit/mL
enzyme solution at pH 3.98 to determine times varying between 1 and 6
hat 25 °C. Different enzyme concentrations between 2 and 12 units/mL
at pH 3.98 were used for immobilization to determine the proper
enzyme concentration of the immobilization solution. Temperatures
varying between 0 and 50 °C at pH 3.98 were tested to decide the proper
immobilization temperature. To find the pH value of the immobilization
medium at which maximum enzyme activity was obtained, different
pH values between 2.5 and 8 were investigated.

Optimum pH and Temperature for Free and Immobilized
Pectinase. The effect of pH on the activity of native and immobilized
pectinase was studied at S0 °C by varying the pH of the reaction mixture
in the range of 2.5—8.0 using either acetate buffer solution (pH 2.0—5.0)
or phosphate (pH 6.0—8.0) sodium buffer. Other reaction conditions
and enzyme activity monitoring were as described.

The optimum temperature of free and immobilized pectinase was
determined by performing the reaction in the temperature range of
20—80 °C using sodium acetate at pH 4.0 and 3.5, respectively. Other
reaction conditions and enzyme activity monitoring were as described.

Determination of the Storage Stability of Free and Im-
mobilized Enzyme. The activity of the free and immobilized enzyme
was measured daily at 30 °C for 60 days. The remaining percentage of
immobilized enzyme activity was calculated in each determination.

Reusable Stability of the Immobilized Pectinase. The
operational stability was assessed by carrying out at 50 °C and pH 4
using sodium acetate buffer. This procedure was performed in con-
secutive cycles while repeatedly reusing the enzyme. After each reaction
period, the immobilized pectinase were removed from the reaction
medium and washed with acetate buffer (pH 4) and water to remove any
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Figure 1. SEM images of (a) the holistic morphologies of the PAM macroporous microspheres, (b) the surface morphologies of the PAM macroporous
microspheres, and (c) the internal morphologies of the PAM macroporous microspheres.

residual substrate within/on the immobilized enzyme. They were then
reintroduced into fresh reaction medium. Each incubated solution was
shaken for 30 min to measure the increase in the amount of reducing
sugar for the determination of the enzyme activity.

Determination of Kinetic Parameters. Enzyme activities, in
the free and immobilized forms, were evaluated using the classical
Michaelis—Menten kinetics

Vinax S]

Kin + [S]

where [S] is the substrate concentration, V., is the maximum reaction
rate attained at infinite substrate concentration, and K, is the Michaelis—
Menten constant.

The kinetic parameters of K, and V,,,,, were determined as follows:
the substrate was pectin, and 0.20, 0.25, 0.30, 0.35, 0.40, 0.50, 0.60, 0.80,
1.0, 1.5,and 2.0 mL of 10 mg/mL pectin solution were added to different
tubes. After the addition of acetate buffer (pH 3.98) into every tube with
the columns at 4 mL in a water bath at 30 °C for S min, the immobilized
pectinase or free enzyme solution was added to the tubes and shaken for
the same time. Both the free and immobilized enzyme had the same
concentrations.

Characterization. The morphologies of the macroporous PAM
microspheres were examined by Philips scanning electron microscopy
(SEM) using an accelerating voltage of 20 kV (the samples were coated
with a thin layer of gold before measurement).

The infrared (IR) spectra were recorded on an AVTAR360 Nicolet
Fourier transform infrared (FTIR) spectrometer using a KBr pellet.

The average diameter of the macroporous PAM microspheres was
determined by a laser particle size distribution analyzer using a BI-OOPLUS
instrument. The particle distilled water solution of 3 mL (1 mg/mL) was

put into a polystyrene latex cell and measured at a detector angle of 90°
and a temperature of 20 °C.

The pore parameters related to macropores were determined by
Barrett—Emmett—Teller (BET) and mercury intrusion porosimetry,
respectively. Nitrogen adsorption measurements were performed, using
a ZXF-06 instrument, using BET calculations for the surface area and
pore diameter. Porosity measurements were performed by mercury
porosimetry using AutoPore IV 9500, version 1.07, over a pressure range
of 0.10—30 000.00 pounds per square inch absolute (psia).

Statistical Analysis. The data expressed in various studies were
plotted using Origin-7.5. Each data represents the mean of three
independent assays performed in duplicate with an average standard
deviation of <5%, taking the control value as 100%.

B RESULTS AND DISCUSSION

Morphology of the Macroporous PAM Supports. The
SEM images of the resulting macroporous PAM microspheres
are shown in Figure 1. It can be seen in Figure 1 that the
macroporous PAM microspheres, after being washed with
methanol, are perfect microspheres, with a diameter of less than
50 um (see Figure 1a), and that their surfaces are smooth. The
surface morphologies of the macroporous PAM microspheres
exhibit porous structures (see Figure 1b). Their porous struc-
tures did not change much after being washed by methanol, and
the diameter of their porous is about 25 nm. Figure 1c showed
that the internal morphologies of the macroporous PAM micro-
spheres exhibit porous structures.

FTIR Analysis of the Macroporous PAM Supports. The
typical FTIR spectra of monomer AM and PAM microspheres
was showed in Figure 2. The characteristic absorption bands for
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AM and PAM were clearly observed in panels a and b of Figure 2,
respectively. The characteristic peaks are at 1663 cm™ ' (0c—o),
1541 cm™ ' (0_nm,), and 1447 and 3500—3300 cm ™' (0_np)- In
comparison to Figure 2a, an obvious absorption band around
2927 cm” " originating from —CH appeared and the absorption
band between 900 and 1000 cm ™' originating from —C=C dis-
appeared in Figure 2b. The spectra confirm that PAM was
synthesized successfully.

Particle Size Distribution of the Macroporous PAM Sup-
ports. The average diameter of the macroporous PAM micro-
spheres was determined by a laser particle size distribution
analyzer. Drawn from the results of analysis, the PAM particles
are concentrated at a majority at 25 #m (see Figure 3).

BET Analysis and Mercury Intrusion Porosimetry of the
Macroporous PAM Supports. The pore parameters related to
macropores were determined by mercury intrusion porosimetry and
BET. The results are shown in Table 1 and panels a and b of Figure 4.
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Figure 2. FTIR spectra of (a) AM and (b) PAM.

100

Effective Diameter:25um
90 -

80 4
70+

60

Intension

50 H

40

30

20 4

L e L e L L AL
0 5 10 15 20 25 30 35 40 45 50
Diameter (um>

Figure 3. Particle size distribution of the PAM microspheres.

Table 1 showed the pore parameters determined by BET and
mercury intrusion porosimetry. In comparison to the two groups
of the pore parameters, the pore diameters, specific surface area,
and porous volume were similar to each other. It can also be seen
in Table 1 that the pore diameters present in the PAM micro-
spheres confirm its fine porosity.

The pore diameter distribution curve of the macroporous PAM
microspheres was shown in panels a and b of Figure 4. It obviously
indicates that the pore sizes determined by BET and mercury
intrusion porosimetry are 148.797 and 150.241 nm, respectively.
The two determined methods are consistent with each other. This
suggests that the most likely pore size is between 148 and 150 nm.

All of the above results indicate that the macropore PAM
supports were synthesized successfully.

Immobilization of Pectinase on the Macropore PAM Sup-
ports. Table 2 summarizes the activity parameters of the free and
immobilized pectinase under the optimum reaction conditions. The
amount of bound protein is 296.3 mg/g, and the immobilized
pectinase under its optimum reaction condition retains 81.7% in
comparison to the free enzyme. The decrease in the specific activity
of immobilized enzymes may be attributed to the diffusion effects
caused by the more porous nature and fissured structure of the
macroporous PAM support; this was the not the case in free
enzymes. On the other hand, covalent immobilization methods
may perturb the enzyme native structure and function.”* Moreover,
the interactions between the enzymes may have a very negative
effect on the specific activity of immobilized enzymes.

Effect of Immobilization Parameters on Enzyme Activity.
The following parameters that might influence the interaction
between the enzyme and support were investigated: immobiliza-
tion time, enzyme concentration, pH of enzyme solution, and
immobilization temperature.

The effects of the contact time on enzyme immobilization are
shown in Figure Sa. It was found that the enzymic activity was
more stable after 4 h of immobilization time. This result was also
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Figure 4. Pore diameter distribution curves of the PAM microspheres
determined by (a) mercury intrusion porosimetry and (b) BET.

Table 1. Porous Parameters of the PAM Microspheres Determined by BET and Mercury Intrusion Porosimetry

porous parameters average pore diameter (nm)

BET 148.797

mercury intrusion porosimetry 150.241

surface area (m?*/ g) porous volume (em®/ 2)

29.3719 0.2873
274279 0.2914
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Table 2. Activity Parameters of the Free and Immobilized Pectinase under Optimum Reaction Conditions

samples temperature (°C) pH bound protein (mg/g) specific activity (unit/mg) activity retention (%)
free pectinase S0 4.0 1.654 100
immobilized pectinase S0 3.5 296.3 1.349 81.7
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Figure S. (a) Effect of the immobilization time on enzyme activity (pH, 3.98; T, 25 °C; enzyme concentration, 3 units/mL). (b) Effect of the enzyme
concentration on enzyme activity (pH, 3.98; T, 25 °C). (c) Effect of the immobilization pH on enzyme activity (T, 25 °C; enzyme concentration,
10 units/mL). (d) Effect of the immobilization temperature on enzyme activity (pH, 3.98; enzyme concentration, 10 units/mL).

reported in our previous study,® and the same result was also
obtained using a pectinase—alginate system by Li et al.*®

The residual enzyme activity increased while the enzyme con-
centration increased from 1 to 10 units/mL (Figure Sb). However,
it decreased above an enzyme concentration of 12 units/mL. This
should be attributable to either oversaturation of the pore space of
the macroporous PAM support with the enzyme, as a result of which
relatively large substrate (pectin) diffusion limitations occur, or the
presence of protein—protein interactions becoming more impor-
tant, hindering the substrate conversions. It is considered that
activity is more stable when the enzyme concentration is 10
units/mL, and the same result was also obtained by Lei et al.”

As shown in Figure Sc, the optimal immobilization tempera-
ture is 25 °C. Although low immobilization temperatures (4—
10 °C) are preferred in general, immobilization processes at
temperatures of 20—30 °C were also available.” One possible
reason is that the rate of modified macroporous PAM support
covalent immobilization with the enzyme at low temperatures is
slower than that at 25 °C.

The activity of the immobilized enzyme was affected by
immobilization pH significantly (Figure Sd). The residual activ-
ity of enzyme immobilization at low pH (3.0—4.0) was higher

2596

than that at high pH (5—10). The similar pH was obtained by Li
et al. using sodium alginate support.* Pectinase was immobilized
at pH 3.98, which is nearly the optimum pH for the free enzyme.
In our experiments (data not shown), free pectinase used in this
experiment was stable at a narrow pH range (3.0—4.5) and
would lose most activity in alkaline solution. Moreover, the pI of
pecinase (3.6) is very near the immobilization pH chosen, with
this close relation between pI and optimum immobilization pH
having previously been observed for pectinase immobilized on other
supports.g’26

Effect of Immobilization on the Activity/pH Profile of
Pectinase. The effect of pH on the activity of the free and
immobilized pectinase was assayed in the range of pH from 2.5 to
8.0 (Figure 6a). The maximum pectinase activity was taken as
100%. It was observed that the optimal pH for free pectinase was
obtained at 4.0, whereas the optimum pH of immobilized
pectinase was 3.5, lower than that obtained for the free pectinase.
The pH curve of immobilized enzyme shifted to the acidity side.
In comparison to free pectinase, immobilized enzyme used in this
experiment retained more than 80% activity in a wider pH range
of 3.0—35.0. This result is similar to those published in ref 8. It
means that the scope of pH stability of immobilized pectinase is

dx.doi.org/10.1021/jf103719t |J. Agric. Food Chem. 2011, 59, 2692-2599
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Figure 6. Relative activity of free and immobilized pectinase at different (a) pH values and (b) temperatures. (c) Reusability of immobilized pectinase
on macroporous PAM supports. (d) Storage stability of free and immobilized pectinase at 30 °C.

significantly expanded, which should be attributed to the micro-
environment of the immobilized enzyme on the macroporous
PAM microsphere, and the immobilized enzyme was less affected
from the acidity of the solution. On the other hand, PAM belongs
to polycationic polymer, which causes the partitioning of protons
between the bulk phase and the enzyme microenvironment, so
that the optimum pH of the immobilized enzyme shifted slightly
in the acidic region. The deviation in the optimal pH value of the
enzyme depends upon the enzyme reaction as well as the
structure and the charge of the matrix. The effect should be
attributable to substrate diffusion limitations inside the pores of
the support. If the intrinsic specific activity of the immobilized
enzyme is high, the substrate concentration decreases inside the
pores and the substrate may not reach enzyme molecules
immobilized deep inside the pores. When the pH conditions
are changed and the intrinsic enzymatic activity becomes lower,
the substrate concentration gradient across the pores will be less
steep. Moreover, the covalent bonds between enzyme and the
macroporous PAM supports are stable enough that they can
resist conformational changes and prevent the rate of the
dissociation of the enzyme, even in the presence of substrate
or high ionic strength solutions.?® Therefore, the immobilized
enzyme exhibits good adaptability to environmental acidity and
reveals acceptable pH stabilities over a broad experimental range.

Thermal Stability of the Immobilized Pectinase. We have
also investigated the effect of the temperature on the activities of
free and immobilized enzyme in a range of 20—80 °C. The result is
shown in Figure 6b. It was found that the optimum temperatures for
free pectinase were obtained at 50 °C, whereas the optimum
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temperature of immobilized pectinase was in the range of 50—
60 °C. The result is similar to the results of pectinase immobi-
lized on a chitosan support by Li et al.>” In comparison to free
pectinase, immobilized pectinase exhibited an improved thermal
stability. This is presumably the result of the newly prepared
macroporous PAM microspheres, which result in enhanced
resistance to unfolding in the thermal treatment. On the other
hand, the covalent bond between the pectinase and macroporous
PAM supports is capable of increasing the conformational
rigidity of the enzyme and raising the activation energy of the
thermal denaturation reaction. However, above 70 °C, the
relative activity of immobilized and free enzyme dropped rapidly,
because a certain temperature causes protein denaturation and,
therefore, decreases the reaction rate.

Reusability of the Immobilized Pectinase. Reusability for
the immobilized enzyme is very important in economics, and an
improved stability can make the immobilized enzyme more
advantageous than its free counterpart. To determine the reusa-
bility of immobilized pectinase, the activity of the immobilized
pectinase was assayed in several batches and the same assay
conditions were used for all batches. Activity of the first batch was
taken as a reference (100%). The residual activity of immobilized
pectinase after a number of uses is illustrated in Figure 6c¢, from
which we found that the pectinase bound on PAM microspheres
retained more than 75% of the original activity after use 10 times.
This value was higher than that reported by Roy et al.*® for
pectinase entrapped in alginate, which exhibited a 55% loss in
activity after four batch reactions. It is demonstrated that the
immobilized pectinase has a better reusability. One possible
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Table 3. Determination of Kinetic Parameters for Free and
Immobilized Pectinase at 30 °C

kinetic parameters immobilized enzyme free enzyme
K. (g of pectin/mL) 6.96 6.19
Vi 2.82 327

“In units of mol min~ ' (mg of enzyme) "' and umol min~ ' (mg of
particles) " for free and immobilized enzymes, respectively.

reason for these results is that the amino group of PAM supports
provides a certain number of available binding sites for immo-
bilizing pectinase by covalent coupling, which avoids the enzyme
from falling off the PAM microsphere support and denaturation
of the enzyme molecule.

Storage Stability of the Immobilized Pectinase. The sto-
rage stability of the free and immobilized pectinase at certain time
intervals and the results are shown in Figure 6d. Obviously, the
activity of the immobilized pectinase decreases more slowly than
that of the free pectinase. The free enzyme only maintained less
than 30%, whereas the immobilized enzyme still remains more
than 75% of its original activity after 30 days, which is higher than
our previous report.® The free enzyme maintained less than 5% of
its initial activity over 60 days, whereas the immobilized enzyme
presented nearly 50%. It is found that the immobilized enzyme
provides a prominent advantage stability over free enzyme.
These results would be due to the covalent bonding between
the pectinase molecule and the support PAM microspheres,
avoiding the denaturation of the enzyme molecule at a long
period. Thus, the immobilized pectinase exhibits higher storage
stability than the free enzyme.

Kinetic Parameters of Immobilized Pectinase. The
Michaelis constant (K,,) and maximal activities (V) for free
and immobilized enzyme were determined through a Lineweaver—
Burk plot at 30 °C. The Michaelis constant (K,,) reflects the
effective characteristics of the enzyme and depends upon both
partitioning and diffusional effects, and maximal activities (Vi)
reflect the intrinsic characteristics of the immobilized enzyme but
may be affected by diffusional constraints.

K., and V., of pectinase calculated from the equations of
these plots are summarized at Table 3.

In this study, for pectinase, V,,,, values for free and immobi-
lized enzymes demonstrate almost no change upon immobiliza-
tion, which shows that the immobilized enzyme achieves the
same velocity as the free enzyme when saturated with the
substrate. The apparent Michealis—Menten constant for pecti-
nase was affected after immobilization. The K, value of the
immobilization enzyme is slightly higher than that of the free
enzyme, as expected. This result may due to the diffusion effects,
caused by the three-dimensional structure of the support. Other
reasons that may be invoked include the modeling of the process
of adsorption.

In summary, pectinase was immobilized onto the macropor-
ous PAM microspheres and properties of immobilized enzyme
were compared to those of free pectinase. The immobilized
pectinase exhibited higher relative activity and stability than the
free enzyme in the solution. The optimum activity of the
immobilized enzyme had wider pH and temperature ranges than
that of the free enzyme. The storage stability and reusability of
immobilized pectinase were also enhanced, as compared those of
free pectinase. Furthermore, the immobilized enzyme can be recycled
for turther reaction by centrifugation. Thus, this immobilized enzyme
strategy seemed to permit good results in terms of pectinase

immobilization efficiency and demonstrated promising applica-
tion potential for enzymatic catalysis in the food and agriculture
industry.
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