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Abstract A series of silica-supported macroporous

chitosan membranes (CM15, CM20, and CM25) was pre-

pared by varying the ratio of 70–230-lm-sized silica par-

ticles. These synthesized membranes were further cross-

linked using different cross-linking agents for covalent

immobilization of biological macromolecules especially

enzymes and in this study, Bovine serum albumin and

laccase. Effects of silica particle and cross-linking agents

on their flow rates, surface properties, and chemical and

biological properties were explored. Pore size of as-syn-

thesized membranes was 0.1192, 0.1268, and 0.1623 lm,

respectively, for CM15, CM20, and CM25. The effect of

various parameters such as temperature and pH on the

relative activity of both free and immobilized enzymes was

studied in details. The relative enzyme activity upon

immobilization was greatly enhanced several folds of its

original activity. The stability of enzymes over a range of

temperature and pH was significantly improved by immo-

bilization. The optimum temperature and pH were deter-

mined to be 50 �C and pH 3, respectively, for both the free

and the immobilized enzymes. The immobilized enzyme

possessed good operational stability and reusability prop-

erties that support its potentiality for practical applications.

Among three membranes, CM25 is confirmed to be effi-

cient candidate due to its improved characteristics.

Keywords Chitosan membranes � Silica particle �
Cross-linking � Enzyme immobilization � Temperature

Introduction

The technical approaches to separate or purify biomole-

cules/biological macromolecules mainly target on polymer

scaffolds which greatly serve to support, reinforce, and

organize the biomolecules such as proteins and enzymes.

Such scaffolds are expected to provide many application

scenarios. These varied functional performances of these

scaffolds necessarily demand a porous micro or macro-

structure, with the porosity being specific for required

applications (Madihally and Matthew 1999). Nano-, meso-,

and macroporous composite materials consisting of organic

biopolymers are attractive candidates as they may provide

new application orientations due to their potential and

environmentally benign nature (Sh. Rashidova et al. 2004).

Chitosan is one of such promising biopolymers which hold

standard chain structure (Sh. Rashidova et al. 2004). In

recent years, much of the researches have been devoted to

chitosan functional biopolymer as it has numerous signif-

icant biological and chemical properties (Kim et al. 2003).

Among the various distinct applications of chitosan,

chitosan affinity membranes are broadly suggested for the

immobilization of proteins and enzymes as they are

expected to possess high affinity for these biomolecules.

However, the range of potential application of affinity

membranes in the field of biotechnology is broad and there

is a continuous quest for membrane materials which either

possess some specific properties or have wide applicability,

and can easily be tailored for desired properties. Thus, we

expected that chitosan, an amino polysaccharide, is a

suitable candidate for this purpose. As it is known that in

acidic solutions, the chitosan molecules are easily soluble

due to the protonation of free amino groups, and thus

becoming a polycationic polymer (Chen et al. 2007). This

pH-dependent solubility of chitosan provides a convenient
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mechanism for variety of effective synthetic approaches for

designing a suitable chitosan membrane candidate for

biological and chemical applications (Kim et al. 2003).

There have been only a few chitosan membranes reported

for clinical purpose (Hu et al. 2001). The main reason

behind this limited report is primarily because of the

preparation methods. The conventional methods are time

consuming, and moreover the prepared membranes possess

poor mechanical strength and flexibility (Hu et al. 2001).

Thus, the main scope of this investigation is to find an

effective method to obtain chitosan membranes with

improved physical, chemical, and biological properties.

Porous chitosan membranes were significantly reported as

affinity membranes and in such cases the selection of

porogen is more important (Zeng and Ruckenstein 1996a).

In this present study, we tend to suggest a new kind of

macroporous chitosan membranes that have suitable

mechanical properties using silica particles as porogens.

These silica particles in contrast to chitosan are soluble in

alkali solutions, whereas chitosan is soluble in acidic

solutions. Based on these contrary properties, few macro-

porous chitosan membranes were reported earlier by us

(Yang et al. 2014) and others (Zeng and Ruckenstein

1996a, b). However, so far, detailed studies on how the

particle size and ratio of these porogens eventually influ-

ence the preparation and properties of porous membranes

are not comprehensively explored. It is also believed that

the size of the pores of macroporous chitosan membranes

and the mechanical properties are effectively controlled by

silica porogen which is aimed at this present work. In this

work, we tried to explore the effect of particle size and

ratio of silica gel porogen on the pore size and properties of

macroporous chitosan membranes. After obtaining the

macroporous chitosan membranes using different particle

sizes and ratios of silica gel porogen, these membranes

were cross-linked using different cross-linking agents to

prevent the dissolution of porous chitosan membranes.

These cross-linking agents also have the potential to play a

crucial role on improving the relative properties of chitosan

membranes (Chen et al. 2007).

Thus, in this present study, we tested the feasibility of

using different particle sizes and ratios of silica gel porogen

and successfully obtained macroporous chitosan mem-

branes using casting method with enhanced mechanical

properties for enzyme immobilization purpose. These

chitosan membranes were further chemically modified

using cross-linking agents for the purpose of different

enzyme immobilizations. To analyze and compare the

properties of as-synthesized as well as modified macropo-

rous chitosan membranes, we have used three different

cross-linking agents such as 1,4-butanediol diglycidyl

ether, glutaraldehyde, and epichlorohydrin. At the same

time, the effect of ratio of cross-linking agents as well as

pH and temperature were also explored in this study. For

the purpose of immobilization, two enzymes Bovine serum

albumin (BSA) and Laccase were chosen, and the extent of

immobilization and enzyme activities were studied and

discussed. We found that both particle size and ratio of

silica gel, cross-linking agents and reaction parameters

such as pH and temperature eventually affected the prep-

aration, physico-chemical, and biological properties

(immobilization efficacy) of resulted macroporous chitosan

membranes.

Materials and Methods

Chemicals

Deionized distilled water was used to prepare all solutions.

Chitosan (medium molecular weight, Mw * 750,000) was

obtained from Sigma. Silica gels (sizes in the range

70–230 lm) were obtained from Silicycle. Cross-linking

agent, 1,4-butanediol diglycidyl ether (95 %) was obtained

from Aldrich, glutaraldehyde solution (25 wt% in H2O)

was obtained from Sigma, and epichlorohydrin (99 %)

was obtained from Alfa Aesar. Acetic acid and acetic

anhydride were obtained from TEDIA. Sodium hydroxide

and glycerol were supplied by J. T. Baker. Enzyme Bovine

serum albumin (BSA) and Laccase were purchased from

Sigma. All other chemicals and reagents used in this study

were of analytical grade and used without any further

purification.

Preparation of Macroporous Chitosan Membranes

The macroporous chitosan membranes were prepared as

follows: a solution of chitosan was first obtained by dis-

solving 1 g of chitosan in 100 ml of 1 vol % aqueous

acetic acid solution. To this solution, silica particles

(weight ratio of silica to chitosan of 15:1, 20:1, and 25:1)

were added, followed by vigorous stirring for 6 h in order

to disperse them uniformly. Then the solution was poured

onto a rimmed glass plate and the liquid was allowed to

evaporate. The dried membrane was immersed in a 5 wt %

aqueous NaOH solution and kept at 80 �C for 2 h in order

to dissolve the silica particles and to generate a porous

membrane. Finally, the porous membrane was washed with

distilled water to remove the remaining NaOH. In order to

prevent its shrinkage during drying, the membrane was

immersed in a 20 vol % aqueous glycerol solution (soft-

ening agent) for 30 min and, after the excess glycerol

solution was removed, placed on a glass plate and allowed

to dry. Thus, soluble but strong and flexible mechanically

stable macroporous chitosan membranes without shrinkage

were obtained. The chitosan membranes obtained for

232 W. Yang et al.: Effects of Porogen and Cross-Linking Agents

123



different ratios 15:1, 20:1, and 25:1 are referred as CM15,

CM20, and CM25, respectively.

The Cross-Linking of Macroporous Chitosan

Membranes

The macroporous chitosan membranes were cross-linked

by various cross-linking agents such as 1,4-butanediol di-

glycidyl ether, glutaraldehyde, and epichlorohydrin solu-

tions of various concentrations (1 and 4 %) at room

temperature for 13 h. The cross-linking was carried out at

mild alkaline condition (NaOH) (Wei et al. 1992). There-

after, the membranes were washed with distilled water until

reaching neutral pH to remove excess of cross-linking

agents and subsequently dried in air.

Immobilization of Enzymes Onto Macroporous

Chitosan Membranes

The immobilization of enzymes (BSA and Laccase) was

carried out separately at room temperature by thoroughly

mixing macroporous chitosan membranes (as-synthesized

and cross-linked) and enzymes, BSA and Laccase, for 7 h

in 0.05 M citrate buffer (pH = 5.6), and the initial

immobilization concentration was adjusted. Finally, the

immobilized membranes were separated and collected.

Characterization Techniques

The flow rate and the average pore diameter (pore size)

were measured by capillary flow analysis using capillary

flow meter PSM 165. SEM was carried out on HITACHI-

S-800, field emission scanning electron microscope.

A Neclit 6700 model, Fourier transform infrared spec-

trometer (FT-IR) was used to record the FT-IR spectra.

UV–visible spectra were obtained using UV–visible spec-

trophotometer (Hitachi U-2800 A).

Results and Discussions

In this study, preparation, characterization, and application

of different macroporous chitosan membranes obtained

using various sizes and ratios of silica particle were

discussed. Apart from these, various parameters during

cross-linking process were also explored. Thus, it is pos-

sible to tune and control the physico-chemical and bio-

logical properties of chitosan membranes.

Effect of Size and Ratio of Silica Particle

The characteristics of different chitosan membranes CM15,

CM20, and CM25 are given in Table 1. The flow rate

diagram through different macroporous chitosan mem-

branes is shown in Fig. 1. From Fig. 1, it is clearly

understood that the flow rate was greatly affected by drying

conditions and the observed flow rate of dried membranes

is comparatively higher than that of wet membranes. The

results showed that the flow rate is very sensitive to drying

conditions and the flow rate is increased if the membranes

are dried well. The average pore sizes (pore diameter) of

the chitosan membranes CM15, CM20, and CM25 as

shown in Table 1 are 0.1192, 0.1268, and 0.1623 lm,

respectively. From Table 1, it is clearly understood if the

ratio of silica particles is gradually increased, the pore size

of the obtained membranes is also gradually increased, and

among three membranes CM25 possessed larger pore size.

It was already reported that the quantity, particle size, and

porosity of the supporting materials play a vital role in

determining the flow rate and particle size of the resulted

membranes (Oh and Kim 2000). The characteristics of the

porogen matrix also are of paramount importance in

determining the performance of the immobilized enzyme

system. Ideal support properties include physical resistance

to compression, hydrophilicity, inertness toward enzymes

ease of derivatization, biocompatibility, resistance to

microbial attack, and availability at low cost. Larger size

and ratio of porogens could enhance the immobilization of

enzymes onto the resulted membranes due to the larger

pore size of macroporous membranes. In order to under-

stand the effect of particle size and ratio of silica gel used

in this study, the physico-chemical characteristics of

obtained macrocycles using 70–230 lm particle size silica

sel are compared with those obtained using 15–40 lm

particle size of silica gel in our previous report (Yang et al.

2014). The information revealed if larger particle size of

silica gel is used, the flow rate and pore size of the resulted

chitosan membranes are significantly increased. Because

Table 1 The characteristics of

the macroporous chitosan

membranes

Characteristics CM15 CM20 CM25

Membrane material Silica ? chitosan Silica ? chitosan Silica ? chitosan

Silica: chitosan 15:1 20:1 25:1

Average pore size (lm) 0.1192 0.1268 0.1623

Thickness of the membranes (mm) 0.22 0.27 0.32
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on this increased pore size of larger macroporous chitosan

membranes, the extent of enzyme immobilization could be

expected to be enhanced. With larger macroporous, there are

relatively larger pores into which enzymes could be immo-

bilized, and the diffusion of substrate and product will be the

rate controlling step. With small ones, enzyme will be

immobilized more on the surface, and substrate and product

would give less restriction for diffusion (Oh and Kim 2000;

de Oliveira et al. 2000). From this point, it is expected that the

small-sized support would reduce the loss in activity and

diffusion limitation problems in the immobilized enzyme

system. Hence, larger particle size and ratio of silica gel

support is advised in this study. These larger particle porous

supports are generally preferred because the high surface

area allows for a higher enzyme loading and the immobilized

enzyme receives greater protection from the environment.

Thus, in this study, it is suggested that the larger size of silica

particle (70–230 lm) is preferred as a support when com-

pared to that of smaller size (15–40 lm) silica particle used

in our previous report (Yang et al. 2014). From Table 1, we

can assume that the increase in ratio of silica gel gradually

increased the thickness of the resultant chitosan membranes.

The thickness of the obtained membranes is slightly

increased as 0.22, 0.27, and 0.32 mm for CM15, CM20, and

CM25, respectively.

A comparative study on flow rate analysis of macropo-

rous chitosan membranes CM15, CM20, and CM 25

obtained using larger silica particle with the one obtained

using smaller silica particle clearly revealed that the flow

rate capacity of chitosan membranes obtained in this study

is observed to be superior even in the low pressure range,

i.e., because of the large silica particles used to obtain

chitosan membranes, swelling of the membrane is dimin-

ished and its compressibility decreased at lower pressure

range itself (Ruckenstein and Zeng 1998). Thus, the

membranes CM15, CM20, and CM 25 are considered to be

effective at low pressure range. Whereas in the case of

chitosan membranes obtained using smaller silica particle,

the compressibility is not diminished at lower pressure

range and such a pressure compression is possibly observed

only at higher pressure level due to swelling of membranes.

As a result of this, the relationship between flow rate and

pressure drop of CM15, CM20, and CM 25 is almost linear

below 10–30 psi (Ruckenstein and Zeng 1998). But such a

linear relationship is almost continued till higher pressure

range in the case of membranes obtained using smaller

silica particles. As a consequence of this, the extent of

increase in the flow rate capacity of CM15, CM20, and

CM25 is more even in the lower pressure range than that of

chitosan membranes obtained using smaller silica particles.

However, in this study, it is not possible to obtain a cor-

relation between membrane thickness and flow rate. If the

membrane thickness was slightly increased for CM20 than

that for CM15, the flow rate was decreased for CM20

compared to that for CM15, but for CM25 the flow rate was

further increased even the membrane thickness was

increased. This can be explained due to the combined

effect of thickness and pores size of the obtained mem-

branes. In the case of CM20, the pore size was just slightly

increased (0.1268 lm) compared to that of CM15

(0.1192 lm), but in the case of C25, the extent of increase

in pore size was slightly more (0.1623 lm). Thus, in the

present study, in the case of C25, the effect of pore size of

membrane dominated the effect of thickness of the mem-

brane; whereas in the case of C15 and C20, the effect of
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membrane thickness dominated the effect of pore size.

Based on these above results, it is clearly known that the

variation of size and ratio of silica particle induced even

small changes in the membrane characteristics which are

still very significant. Thus, the significance of ratio and size

of silica particles used as a porogen in preparing macro-

porous chitosan membranes is now well established.

Effect of Cross-Linking Agents

In order to increase the mechanical strength and stability of

the macroporous chitosan membranes obtained in this study,

cross-linking of membranes were carried out using three

different cross-linking agents as described in experimental

section. Macroporous chitosan membranes CM15, CM20,

and CM 25 were characterized by FT-IR and SEM analyses

before and after cross-linking. The FT-IT technique is useful

to identify the presence of reactive functional groups on

macroporous chitosan membrane and also to understand the

effect of cross-linking agents. FT-IR spectra of macroporous

chitosan membranes showed a peak around 3,480 cm-1 due

to m(O–H) and m(NH2) (Zakaria et al. 2012), a peak around

2,900 cm-1 is due to alkyl m(C–H), a peak around

1,600 cm-1 due to m(N–H), a peak around (1,300–1,500)

cm-1 due to deformation from alcoholic and phenolic

m(C–OH) and m(C–O–C), a peak around (1,050–1,100) cm-1

due to m(C–O) of chitosan (Anjali Devi et al. 2005; Beppu

et al. 2004; Manjubala et al. 2006), and a peak around

800 cm-1 is due to m(Si–O-Si) and aromatic m(C–H). If the

ratio of cross-linking agents was increased from 1 to 4 %, the

peak intensity of respective peaks due to m(C–H), m(C–O–C),

and m(C–H) was observed to increase and thus explaining the

effective cross-linking. Thus, it was believed that increase in

concentration of cross-linking agents in turn would also

increase the effectiveness of enzyme immobilization onto

cross-linked chitosan membranes.

The SEM images of CM15, CM20, and CM 25 are shown

in shown in Fig. 2. As seen in Fig. 2, as-synthesized chitosan

membranes are associated with uniformly distributed pores

which further indicating the uniform distribution of silica

particles also. All the obtained chitosan macrospheres

seemed to be spongy hollow fibers. It can also be noted that

the structural uniformity regularly increased from CM15 to

CM20 which was still further increased for CM25. This also

clearly explained the effect of ratio of silica particles used in

this study. The SEM images of cross-linked chitosan mem-

branes using different cross-linking agents are shown in

Fig. 3. On comparison of chitosan membranes before and

after cross-linking, the SEM of membrane alone showed

more flat surface than that of cross-linked one. Also the

comparison of the SEM pictures of chitosan membrane

before and after cross-linking clearly showed the formation

of graft branches on the pores of the hollow fibers due to

which the swelling of resin phase network structure is also

possible (Iwata et al. 1991). Thus, it is expected that the

addition of cross-linking agent would also block the pore

entrance of the hollow fibrous membranes, and thereby

would reduce the pore size. Upon enzyme immobilization,

the membranes were still swelled more as shown in Fig. 4.

Thus, the difference in the surface morphology as witnessed

from Figs. 2, 3, and 4, confirmed the successful cross-linking

as well effective immobilization of enzyme. Invariably, the

increase in concentration of all three cross-linking agents

from 1 to 4 % facilitated the extent of effective cross-linking

of as-synthesized chitosan membranes. Thus, in this study, it

is confirmed that the different factors of cross-linking agents

would obviously affect the structural property of different

chitosan membranes, and thereby would also affect the

expansion, biodegradable, and mechanical properties of

different cross-linked macroporous chitosan membranes.

Enzyme Immobilization Onto Macroporous Chitosan

Membranes

Enzyme immobilization technique is currently considered

to be the object of interest due to its steadily increased

Table 2 The relative enzyme

activity at different

temperatures

Systems Relative enzyme activity (%) at various temperatures

30 �C 40 �C 50 �C 60 �C 70 �C

1,000 ppm free BSA 15.4417 39.3125 57.3750 70.5500 39.3125

3,000 ppm free BSA 39.1630 41.9884 72.3681 75.7130 73.9500

5,000 ppm free BSA 23.2711 47.6472 82.9411 88.0647 84.1217

0.5 U/ml free laccase 259.1367 463.3633 615.7528 620.3442 428.5133

CM15 ? 4 % epichlorohydrin ? 1,000 ppm

BSA

– 30.2600 166.0900 89.0800 5.2700

CM20 ? 4 % epichlorohydrin ? 1,000 ppm

BSA

– – 231.8800 543.4900 658.7500

CM25 ? 4 % epichlorohydrin ? 1,000 ppm

BSA

435.0300 639.5400 651.2700 416.8400 309.4000
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extensive applications. This immobilization enhances the

concentration at the proper location and it may also protect

the enzyme from being destroyed. The main targeted

benefits are easy separation of the enzyme and reuse of the

enzyme. The characteristics of immobilized enzyme prep-

arations are governed by the combined properties of both

the enzyme and the carrier material. The specific interac-

tion between the enzyme and carrier material would pro-

vide an immobilized enzyme with distinct chemical,

biochemical, mechanical, and kinetic properties as shown

in Fig. 5. Thus, it is very important to keep in mind that the

physico-chemical properties of carrier material play an

important role in determining the activity of immobilized

enzyme. Thus, in order to improve the mechanical stability

of macroporous chitosan membranes, cross-linking was

carried out before immobilization and after which enzymes

were immobilized onto cross-linked membranes. While

talking about the stability of the immobilized enzymes, the

operational stability is a matter of working conditions and

of detrimental effects from the selected reaction conditions,

such as pH, temperature, solvents, impurities, and other

factors, and such operational stability determines the

enzyme’s performance. In order to study the effect of

parameters such as temperature and pH on the covalent

immobilization of enzymes, the enzymatic activity of

enzymes BSA and laccase was studied at different tem-

peratures (30, 40, 50, 60, and 70 �C) as shown in Table 2

and at different pH values (3, 4, 5, 6, and 7) as shown in

Table 3. From the experimental results, it is clearly

understood that the percentage of enzyme immobilization

onto cross-linked membranes is significantly higher if the

initial concentration of enzyme was increased. As a con-

sequence of this, the activity of enzyme was accelerated in

the case of immobilized enzymes. Both the temperature

and pH showed interesting and peculiar characteristics on

the relative enzymatic activity as shown in Fig. 6. How-

ever, experimental investigations have produced unex-

pected results such as a significant reduction and also an

increase in activity in some conditions especially in the

case of temperature effect. For all concentration of

enzymes, the activity of free enzymes BSA and laccase

gradually increased as the temperature increased from 30 to

60 �C after which, the activity of free enzyme tend to

decline at 70 �C. However, for the immobilized enzymes in

Fig. 2 SEM images of a CM15; b CM20; c CM25
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the case of cross-linked CM15 and CM 25, the activity of

immobilized enzyme was sharply increased from 30 to

50 �C after which, the activity suddenly decreased. How-

ever, in the case of cross-linked CM20, the activity of

immobilized enzyme kept on sharply increasing if the

temperature was increased from 30 to 70 �C. In practice,

immobilized enzymes are much less temperature

dependent when their reaction rate is diffusion controlled.

But in the case of pH effect, invariably, the activity of both

free and immobilized enzymes was found to be more at

lower pH (pH3) and beyond which (pH3 to pH7), it tend to

decrease significantly. This is due to the fact that the

electrostatic attraction between enzymes and chitosan

membranes would tend to decrease at pH values higher

Fig. 3 SEM images of a cross-linked CM15 using 1 % epichloro-

hydrin; b cross-linked CM15 using 4 % epichlorohydrin; c cross-

linked CM20 using 1 % epichlorohydrin; d cross-linked CM20 using

4 % epichlorohydrin; e cross-linked CM25 using 1 % epichlorohy-

drin; f cross-linked CM25 using 4 % epichlorohydrin
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than 3. Otherwise another possible explanation may be that

there is electrostatic repulsion between enzyme molecules

that have bound to chitosan membranes and unbound free

enzyme molecules with same charge (Susanto et al. 2013).

This decreasing tendency at particular temperature and pH

values was also probably due to the steric hinderance of the

cross-linked network on the surface of the support (Bautista

et al. 1999). This reduced activity rate may also result from

external diffusion restrictions on the surface of carrier

materials. Thus, for all cases, 50 �C temperature and pH3

were considered to be optimum conditions.

The effects of pH and temperature are critical observa-

tions to understand the stability of both free and immobi-

lized enzymes. As observed from the experimental results,

as the pH increased, the relative activity gradually

decreased, and thus the enzymatic activity is stable at low

pH only. In the case of free enzymes, the relative activity

was sharply decreased on increasing the pH values, and

thus the deactivation of enzymes occurred rapidly; whereas

in the case of immobilized enzymes onto cross-linked

membranes, such a deactivation was observed slowly

compared to that of free enzymes. This higher stability

against thermal and pH denaturation compared to that of

free enzymes is because of the fact that the cross-linking

Fig. 4 SEM images of a 0.5 U/ml laccase immobilized cross-linked

CM15 using 4 % epichlorohydrin; b 500 ppm BSA immobilized

cross-linked CM15 using 4 % epichlorohydrin; c 500 ppm BSA

immobilized cross-linked CM20 using 4 % epichlorohydrin;

d 500 ppm BSA immobilized cross-linked CM25 using 4 %

epichlorohydrin

Enzymes (BSA and Laccase)

Carrier 
(Silica + 
chitosan 
membrane + 
cross-linker) 

Biochemical properties Chemical Characteristics 
and mechanical properties

Covalent immobilization Mass transfer effect, 
efficiency

Operational stability

Ultimate Performance

Fig. 5 Proposed characteristics of immobilized enzymes
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prevented the unfolding of enzymes under thermal and pH

stress conditions (Cabana et al. 2007). Among these, CM25

regularly increased the enzyme activity in all cases without

any discrepancy. This observation clearly witnessed the

enhanced strength of the cross-linked membranes and also

the cross-linking of the membranes definitely increased the

enzymatic activity even higher than that of free enzyme

upon immobilization. The results obtained from enzyme

activity studies clearly indicated that among three mem-

branes reported in this study, under similar conditions,

CM25 showed superiority compared to that of other

membranes CM15 and CM20 by favorably enhancing the

enzyme activity of immobilized enzymes due to its

improved characteristics. Thus, the activity of immobilized

enzymes was strongly affected by the characteristics of

membranes (Malmiri et al. 2012), and in this study

increased pore size and thickness of the C25 membrane

facilitated the effective immobilization of enzyme as well

as the enhanced relative enzyme activity. Thus, the

appreciably higher enzymatic activity over wide tempera-

ture and pH range due to immobilization is in good

agreement with few earlier reports (Liu et al. 2005; Tang

et al. 2006; Zhang et al. 2009). Among two enzymes

studied in this present work, both BSA and laccase showed

similar trend of behavior and hence both are equally

capable of enhancing their activity upon immobilization.

Thus. both are equally significant in this study.

Conclusions

Three types of silica gel-supported macroporous chitosan

membranes (CM15, CM20, and CM25) were prepared

successfully using different weight ratios of silica particles

Table 3 The relative enzyme activity at different pH values

Systems Relative enzyme activity (%) at various pH

pH3 pH4 pH5 pH6 pH7

1,000 ppm free BSA 56.0056 64.5764 – – –

3,000 ppm free BSA 68.0394 65.0958 – – –

5,000 ppm free BSA 71.8533 90.9406 – – –

0.2 U/ml free laccase 227.3396 205.1333 164.8646 71.6597 0.4250

0.5 U/ml free laccase 200.4442 165.4667 91.3183 76.1317 1.0342

0.8 U/ml free laccase 456.5054 413.8899 242.6484 67.4745 0.9355

CM15 ? 4 % epichlorohydrin ? 1,000 ppm BSA 487.90 220.15 254.49 – 27.37

CM20 ? 4 % epichlorohydrin ? 1,000 ppm BSA 827.39 497.25 286.28 60.01 82.28

CM25 ? 4 % epichlorohydrin ? 1,000 ppm BSA 2,225.13 596.87 50.66 34.31 82.11

CM15 ? 4 % epichlorohydrin ? 0.5 U/ml laccase 2,115.82 1,540.37 1,146.82 687.31 126.48

CM20 ? 4 % epichlorohydrin ? 0.5 U/ml laccase 3,239.52 2,200.14 1,165.52 558.28 35.19

CM25 ? 4 % epichlorohydrin ? 0.5 U/ml laccase 4,585.24 2,974.32 2,819.45 574.60 224.91
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Fig. 6 a Effect of temperature; b effect of pH on relative enzyme

activity
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in this study. The flow rate, thickness, and porosity, of the

membranes were greatly affected by both the particle size

and weight ratio of the silica particle. Among these, CM25

possessed larger pore size, thickness, and flow rate. These

chitosan membranes were cross-linked using three different

cross-linking agents. Enzymes BSA and laccase were

immobilized onto these cross-linked membranes. The rel-

ative enzyme activity of both free and immobilized

enzymes was studied at different temperatures and pH

ranges. Invariably, in all cases, the stability and relative

enzyme activity increased upon increasing the temperature

to some extent beyond which no favorable observation was

occurred. However, on increasing the pH values, both the

activity and stability of enzymes decreased significantly,

and thus lower pH was always preferred, Based on the

experimental results, the optimum temperature and pH

were found to be 50 �C and pH3, respectively. The extent

of immobilization onto cross-linked membranes was fur-

ther increased upon increasing the enzyme’s concentration.

Also the relative enzyme activity of immobilized enzymes

was found to be several folds greater than that of free

enzyme, and the extent of deactivation in the case of

immobilized enzymes onto cross-linked membranes was

appreciably lower than that of free enzyme. Both BSA and

laccase were equally capable of increasing their enzyme

activity upon immobilization and thus both are compara-

tively significant to each other. Thus, comparatively, CM25

membrane greatly enhanced the activity of immobilized

enzymes and it is considered to be effective compared to

that of other membranes. In overall, it could be concluded

that the present methodology is more advantage due to its

simple and feasible approach, the more strong and stable

cross-linked immobilized membranes and enhanced rela-

tive enzyme activity.
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