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Abstract: In order to improve the substrate diffusion properties
and stability of an immobilized enzyme, alginate microgels
modified with TiO, nanoparticles were employed as the
enzyme immobilizing support. Ionotropic gelation was applied
for the preparation of hybrid gels, while Ca’*, Ce’*, Ni**,
Cu’" and Fe'* were employed as the crosslinkers. Papain was
selected as the model enzyme. UV-Vis spectroscopy was
employed to investigate the activity of papain to evaluate
kinetics and stability. Analysis results show that the highest
affinity, the lowest Michaelis-Menten constant (K, = 11. 0
mg/mL) and the highest stability are obtained when using
Cu** as the crosslinker. The effect of the mass ratio of TiO, to
papain on the stability and leakage of papain is also
investigated, and the results show that 10: 1 (TiO,: papain) is
optimal because the proper use of TiO, can reduce enzyme
leakage and ensure enzyme stability. Preparing Cu/alginate/
TiO, hybrid gels via ionotropic gelation can provide a
satisfactory diffusion capability and enzyme stability.
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anoparticles are found in an increasing number of
Napplications in biological materials because of their
interesting properties and behaviors'"'. Their large specif-
ic surface area allows them to immobilize enzymes and
retain enzymatic activities under moderate conditions in a
state of high-leveled dispersion'”™. Nanosized TiO, is an
ideal enzyme support, ascribed to its strong bioadhesive
properties, high enzyme loading capacity and activity,
and efficient substrate diffusion'" .

Ionic biopolymers such as alginate and pectin undergo
ionotropic gelation and precipitation to form micro-
spheres, in the presence of divalent cations such as Ca’*,
Cu’*, Zn’", and trivalent cations such as AlI’*. The
mechanism of ionotropic gelation is an electrostatic force
between the carboxylic acid groups and cations”'. Ion-
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crosslinked alginate microgels are suitable enzyme sup-
ports, because of the relatively mild/inert aqueous envi-
ronment within their matrix, and high gel porosity for
substrate and product diffusion'. A properly structured
alginate matrix can decrease steric hindrance, and provide
a network to accommodate conformational change during
enzyme reactions. Structures with larger pores allow rapid
diffusion, fast enzyme reactions and high enzyme activi-
ty. However, enzyme leakage from porous alginate ma-
trices can reach 30% to 80% '"*'.

The current study aims to improve the substrate diffu-
sion properties and immobilized enzyme stability of algi-
nate microgels. Nanosized TiO,-modified alginate was
used as an immobilizing support. Ca’*, Ce'", Ni’",
Cu’* and Fe'”
lation, and papain was used as a model enzyme. The
effect of crosslinkers on enzyme kinetics and stability was
investigated. The effect of the mass ratio of TiO, to papa-
in in relative enzyme activity was optimized for Cu/algi-
nate/TiO, hybrid gel-immobilized papain.

were used as crosslinkers for ionotropic ge-

1 Materials and Methods
1.1 Materials

The nanoparticles of TiO,(14 nm) with a surface area
of 280 m’/g was prepared in the laboratory. Enzyme,
papain, cysteine and sodium alginate were purchased
from the Chinese Medicine Group Co., Ltd. Calcium
chloride, cerous nitrate, nickel chloride, copper chloride
and ferric chloride were bought from Shanghai Hua Jing
Biological High-Tech Co., Ltd. All reagents were used
as received.

1.2 Preparation of alginate/TiO, microsphere hybrid
gel-immobilized papain

TiO, nanoparticles (0.2 g) were ultrasonically dispers-
ed in 2 mL of 0. 1 mol/L tris ( hydroxymethyl) amin-
omethane (Tris) buffer (pH 7.5) for 20 min. Thereaft-
er, 1 mL of 20 mg/mL papain was added and shaken for
30 min. After a total of 5 mL of alginate was added, the
mixture was stirred for 30 min, and then poured into 10
mL of crosslinker solution and aged at room temperature
for 1 h to yield the immobilized enzyme microgels. Poly-
mer chains were crosslinked by exchanging gluronic acid
Na*with Ca’*, Ce’*, Ni’", Cu’" and Fe’".
ture formed was called an egg-box as depicted in Fig. 1.
As a result, gel networks were formed through the

The struc-
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crosslinking of several different chains. Immobilized en-
zyme microgels were rinsed with pH 7. 5 Tris buffer,
dried at room temperature for 6 h and stored at 4 C until
use.

Fig.1 [Egg-box association of alginate matrix undergoing iono-
tropic gelation procedure in the presence of multivalent cations

1.3 Assays of immobilized enzyme activity

Papain activity was assayed using a casein substrate.
The hydrolysis of casein catalyzed by papain released
tyrosine, whose presence was detected by the UV absor-
bance at 275 nm. An appropriate amount of microgels
was added to 3 mL of enzyme activator containing 0. 005
mol/L cysteine and 0. 002 mol/L EDTA. The resultant
solution was incubated at 37 C for 10 min. After adding
10 mL of 10 mg/mL casein ( preheated to 37 C in a wa-
ter bath), the solution was incubated at 37 C for 10 min.
10 mL of 5% quality fraction trichloroacetic acid was
added to terminate the reaction'”. After centrifuging at
circa 4 000 g for 10 min, the serum was measured by u-
sing a UV/VIS spectrophotometer ( Metertek SP-830,
Metertech Inc., Taiwan, China). One unit of enzyme
activity (U, active unit) was defined as the amount of
enzyme liberating 1 pg of tyrosine per minute under the
assay conditions. The residual activity and relative activi-

ty of the immobilized enzyme were calculated by"”’

Residual activity =
Uimmobilized enzyme
Uinitial enzyme used for immobilization

x100% (1)

Relative enzyme activity =
Uany group inparallel experiments
Uhigest enzyme activity

x100%  (2)

1.4 Microgel catalytic kinetics
and Michaelis-

Menten constant K, were determined at pH 7.5 and 37
€. The casein substrate concentration was varied from
2.0 to 10. 0 mg/mL. The papain reaction rate V was
estimated from the Michaelis-Menten equation, and pa-
rameters for the equation were estimated using the linear-

The maximum reaction velocity V,

max

. . . 10
ization method of Lineweaver-Burk"”.

1.5 Determination of leakage from metal/alginate/
TiO, hybrid gels

The enzyme leakage from alginate/TiO, hybrid gels
was evaluated. Immobilized microgels in 10. 0 mL of Tris

buffer were shocked at 37 C for 6 h. The mixture was
centrifuged at approximately 4 000 g, and the clear super-
natant was collected. The mass of papain was determined
spectrophotometrically (275 nm) at 37 C. Microgel
leakage is calculated by

Percentage of leakage of the microspheres =
Mass of papain detected in supernatain

100%
Mass of papain encapsulated X v

2 Results and Discussion
2.1 Preparation of immobilized enzyme microgels

Crosslinking with the different cations yielded well-dis-
persed microgels of alginate/papain. Alginate/TiO,/pa-
pain hybrid microgels all had an average diameter of 2.5
mm. The microgels were immersed in saturated calcium
chloride to investigate their density and the effect of the
crosslinker. Microgels ionotropic-gelated by the five dif-
ferent cations possessed different alginate network struc-
tures, particularly with respect to surface characteristics
and the pore structure, as shown in Fig. 2. It was ob-
served that the density of the two microgels crosslinked
with Cu®* and Ca’", respectively, which is less than that
of the saturated CaCl, solution. It is suggested that their
porosity and specific surface areas were different'".
Lower density microgels exist on the top of the saturated
calcium chloride, and the higher density ones at the bot-
tom. This implies that the diffusion properties of porous
hybrid microgels can be controlled by the ionotropic gela-
tion conditions.

A

PP

Fig.2 Different density properties of immobilized enzyme mi-

crospheres affected by cross-linking agent in saturated calcium
chloride solution

2.2 Kinetics of catalytic hydrolysis

Kinetic parameters were obtained by using the Lin-
eweaver-Burk double reciprocal model:

K

m

1
v v s

max

1
%

Microgel porosity greatly depended upon the type of
crosslinker and its concentration. In the immobilized en-
zyme reaction, the substrate had to be transported from
the reaction solution to the outer surface of gel matrix,
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and then to the inner matrix. Accordingly, the resulting
diffusion and mass transfer properties were important pa-
rameters in the ionotropic gelation procedure.

The same amount of free and immobilized enzyme ap-
plied to 10 mL Tris buffer solution (0.1 mol/L, pH7.5)
at 37 C for 10 min was 20 mg. The substrate concentra-
tion of casein varied between 2. 0 and 10. 0 mg/mL.
Each point represented the average value of three inde-
pendent measurements.

The K, values of free (not shown) and immobilized
papain on Ca’*, Ce’*, Ni**, Cu’** and Fe’* crosslinked
microgels (shown in Fig.3 and Tab.1) were 7.3, 19.3,
24.3, 20.5, 11.0 and 27.7 mg/mL, respectively. Low-
er K values for immobilized papain indicated a higher af-
finity to the substrate, and correspondingly, a higher cat-
alytic activity at a lower substrate concentration. The sub-
strate affinity of the microgels decreased after ionotropic
gelation, likely because of a lower accessibility of the
substrate to the enzyme’s active site. At the same ionic
concentration, Cu/alginate/TiO, hybrid gel microspheres
exhibited the highest affinity. Such characteristics depen-
ded on the crosslinker affinity'”’. Cu®* has a stronger af-
finity with the carboxyl group than other divalent ions,
which improved the permeability of the matrix by exchan-
ging more Na * within the alginate. This benefited the rap-
id diffusion of the substrate and product'”. Multivalent
ions have a high ionic strength, which restrained the ad-
sorption of the enzyme in the matrix, leading to low af-

[91

finity' .
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Fig.3 Lineweaver-Burk plot for immobilized enzyme with dif-
ferent cations as crosslinking agent

Tab.1 Summary of kinetic parameters for hydrolysis of
casein catalyzed by papain

Crosslinker K,/(mg-mL™") Vv, /(mg-(L-s)™")
Free enzyme 7.3 2.25

Cu?* 11.0 2.20

Cce* 24.3 2.07

Ni** 20.5 1.98

Ca** 19.3 2.10

Fe’* 27.7 2.15

K of the immobilized enzyme was likely predominant-
ly affected by steric hindrance at the enzyme active site,
electrostatic forces from ionized functional groups and dif-
fusion limits of substrates within the porous gel.

In summary, the hybrid gel microstructure can be rea-
sonably controlled through the ionotropic gelation condi-
tions. An appropriate pore structure facilitated access of
the substrate to the enzyme active site, and afforded a
high catalytic efficiency with low K values.

2.3 Stability of immobilized papain in microgel

The operational stability test were carried out for 5
batch reactions in which the immobilized microspheres
were shaken with casein (10 mg/mL) at 37 C for 6 min,
and their relative activity were determined by taking the
activity of the first batch as a reference( 100 % ). The ac-
tivities of free enzyme after one cycle of reaction are
shown in Fig.4. Immobilized enzyme activity was meas-
ured by the method in Section 1.3. It is clear that papain
immobilized in microgels crosslinked with Fe’* exhibited
a considerable decrease in activity. Only 30 % of its ini-
tial activity was retained after one cycle of the reaction.
In contrast, the activity of papain immobilized in the mi-
crogels crosslinked with Cu’*, Ce’*, Ni’" and Ca*", re-
spectively, exhibited a gradual reduction with the increas-
ing cycles of reaction. As shown in Fig. 4, correspond-
ingly, the retained activities were 68 %, 54 %, 56 %
and 58 % of initial activity after five cycles of reaction,
respectively. The gradual decrease in activity was attribu-

ted to enzyme leakage'"'.
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Fig.4 Operational stability of immobilized enzymes gelated by
different crosslinking agents

The differing microstructures and gel rigidities of papa-
in immobilized microgels were predominantly ascribed to
the varying affinities of metal ions and ionic strength'.
Cu/alginate/TiO, hybrid gels exhibited the strongest af-
finity and lowest leakage, ensuring a high activity of the
Changes in ionic strength during
ionotropic gelation generally impacted profoundly on the

immobilized papain.

matrix structure. The high ionic charge of Ce’* and Fe’”
severely reduced the electrostatic interaction and affinity
between the metal ions, papain and alginate; thus, the
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stability of papain immobilized in microgels was lower.

2.4 Effect of mass ratio of TiO, to papain on the rel-
ative activity of immobilized enzyme

The porosity of the alginate matrices results in potential
enzyme leakage. Cu/alginate/TiO,hybrid gels appeared
an attractive support material for overcoming this prob-
lem. Increasing the mass ratio of TiO, to papain from 5: 1
to 17.5:1 for Cu/alginate/TiO,hybrid gels resulted in a
gradual increase in relative enzyme activity until 10: 1 was
reached. After that, as shown in Fig. 5(a), further in-
creasing the ratio led the relative enzyme activity to de-
crease. Enzyme activity related to the amount of adsorbed
enzyme. Therefore, the highest activity at 10: 1 was at-
tributed to adsorption saturation. An appropriate use of
nanosized TiO, can ensure enzyme stability and reduce
leakage''"'. The effect of TiO, on enzyme leakage is
shown in Fig. 5(b). The determination of leakage from
metal/alginate/TiO, hybrid gels was measured by the
method of section 1.5. Enzyme leakage from the hybrid
gel matrix changed with time. There was about 41% to
51% leakage from the alginate gel, while the hybrid gel
exhibited a leakage of approximately 14% to 15% . This
indicated that TiO,-modified alginate hybrid gel strongly
adsorbed the enzyme, preventing leakage and improving

T

stability.
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Fig. 5  Optimization of Cu/alginate/TiO, hybrid gels. (a)
Effect of mass ratio of TiO, to papain on relative enzyme activity; (b)

Effect of TiO, on enzyme leakage

3 Conclusion

Tonotropic gelation induced by Ca®*, Ce'", Ni’",
Cu’" and Fe’* can improve the diffusion properties and

stability of immobilized papain in TiO,-alginate hybrid
gels. The hydrolysis of casein catalyzed by papain immo-
bilized in Cu** crosslinked microgels exhibited the smal-
lest K of 11.0 mg/mL, and thus the highest stability.
The optimal ratio of nanosized TiO, to papain for the best
performance of Cu/alginate/TiO, hybrid gels was 10: 1.
Nanosized TiO, in microgels help to prevent leakage of
the immobilized papain. Metal ions are effective in regu-
lating the internal pore structure of alginate matrices, and
ensuring high rates of diffusion.
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