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Abstract The present work was aimed at developing

stability enhanced silica gel-supported macroporous

chitosan membrane for immobilization of enzymes. The

membrane was surface modified using various cross-link-

ing agents for covalent immobilization of enzyme Bovine

serum albumin. The results of FT-IR, UV–vis, and SEM

analyses revealed the effect of cross-linking agents and

confirmed the formation of modified membranes. The

presence of silica gel as a support could provide a large

surface area, and therefore, the enzyme could be immobi-

lized only on the surface, and thus minimized the diffusion

limitation problem. The resultant enzyme immobilized

membranes were also characterized based on their activity

retention, immobilization efficiency, and stability aspects.

The immobilization process increased the activity of

immobilized enzyme even higher than that of total (actual)

activity of native enzyme. Thus, the obtained macroporous

chitosan membranes in this study could act as a versatile

host for various guest molecules.
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Introduction

The rapid development in biotechnology is fueling the

demand for reliable, efficient separation and purification

methods for biologically active species such as enzymes.

These enzymes can be adsorbed or immobilized especially

onto matrices bearing functional groups (Shentu et al.

2005). In general, the adsorption techniques resulted into

weak bonding and the degree of stabilization will be very

low (Bautista et al. 1999). Thus, the immobilization tech-

nique (Nisnevitch and Firer 2001) has become an important

goal as it can offer several advantages including reuse, ease

in separation, and improvement in stability. Such immo-

bilization fixes the enzymes or proteins onto solid inert

support either by covalent bonding, physical adsorption, or

encapsulation (Bautista et al. 1999). The selective and

specific binding of the enzymes is based on electrostatic,

ion exchange, hydrophobic, or affinity interaction between

the support surface and enzyme (Kawai et al. 2003). One of

the most important aims of enzyme technology is to

enhance the conformational stability of the enzyme and the

extent of such stabilization depends on the enzyme struc-

ture, the immobilization methods and the type of support.

Thus, preparing a suitable candidate for enzyme immobi-

lization has become a thrust area of research. The affinity

column chromatography was found to be effective for

enzyme separation, but, however, with limitations (Suen

et al. 2000). Recently, the affinity membrane has emerged

as an alternative to affinity column chromatography over-

coming the limitations (Zeng and Ruckenstein 1996a, b,

1998). Commercially available microporous membranes,
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as well as synthetic membranes containing functional

groups have been employed for this purpose. However,

these membranes are (Zeng and Ruckenstein 1996a, b,

1998) hydrophobic, quite inert and they can not easily

acquire macroporous structure. Hence they required

respective chemical modifications before they can be used.

Generally, the affinity membranes are either operated as

macroporous membranes or fiber membranes (Singh and

Ray 1998; Okuyama et al. 1997). In recent times, novel

macroporous chitosan membranes have been developed

and they acquire controlled pore size, good mechanical

strength, chemical stability, as well as biocompatibility

(Beppu and Santana 2001). In addition to this, chitosan

contains a large number of reactive hydroxyl (OH) and

amine (NH2) groups due to which chitosan also possess

enhanced hydrophilicity. Consequently, it is no longer

necessary to increase the number of these groups of the

chitosan as they have already possessed significant amount

of reactive groups (Zeng and Ruckenstein 1996a, b, 1998).

These reactive groups can be readily modified using dif-

ferent ligands and also easily coupled with enzymes (Singh

and Ray 1998) and depending upon the different interac-

tions between ligands and ligates, various type of macro-

porous chitin/chitosan membranes can be developed for the

purification of proteins and enzymes. Thus, chitosan can be

an outstanding candidate for affinity membranes (Zeng and

Ruckenstein 1996a, b, 1998). However, the macroporous

chitosan membrane obtained in earlier report (Zeng and

Ruckenstein 1996a, b, 1998) did not acquire significant or

satisfactory mechanical strength. Hence, there is a need of

new kind of porogen or new pathway to obtain macropo-

rous chitosan membranes that possess suitable mechanical

properties. Thus, silica particles were found as a suitable

porogen as in contrast to chitosan these silica particles are

insoluble in acidic solutions but at the same time soluble in

alkaline solutions. These converse properties allow us to

control the size of the pores during the process in the

preparation of chitosan membranes. Since in many cases,

the biomolecules are eluted in acidic conditions, the

chitosan membrane must be cross-linked to prevent its

dissolution. These cross-linked chitosan membranes are

insoluble both in acidic and basic solutions. So far only

limited studies were carried out to develop such macro-

porous chitsan membranes, and the detailed studies were

also not performed. Thus, the major aim is to prepare a

suitable macroporous chirosan membrane and in this

present work, we have reported the preparation and the

application of silica-supported cross-linked macroporous

chitisan membranes using different cross-linking agents

(1,4-butanedioldiglycidyl ether, glutaraldehyde, epichloro-

hydrin). The effect of concentration of cross-linking agents

was mainly studied. Immobilization of enzyme Bovine

serum albumin (BSA) onto cross-linked macroporous

chitosan membranes was then carried out. Various

parameters on immobilization study such as effect of pH on

the immobilization efficacy, effect of initial enzyme con-

centration, activity assays of free and adsorbed enzyme,

and dependence of enzyme activity on pH and temperature

were extensively studied. These membranes possess affin-

ity ligand (one N-acetyl-D-glucosamine group for each

polymer unit), and hence they can be successfully

employed for separation or purification of enzymes and

proteins. Also, since they contain chemically reactive

groups they can be easily coupled with various affinity

ligands. Despite chitosan contains high content of amine

and hydroxyl functional groups, the amine groups are sole

responsible for the crystallinity and diffusion properties of

the chitosan (Okuyama et al. 1997). Due to this responsi-

bility of amine group, these chitosan membranes can serve

as a weak anion exchanger. Hence, these cross-linked

macroporous chitosan membranes are much cheaper and

have a high adsorption capacity for negatively charged

biomolecules. Further, these can be even employed to

separate various binary mixtures also. Thus, these macro-

porous membranes may also be useful when they are

operated in an ion exchange mode and these membranes

upon different modification processes will be useful for

various purposes depending upon the requirement of

applications.

Thus, in this study for immobilization of enzymes, silica

gel-supported cross-linked macroporous chitosan mem-

brane was prepared by phase inversion method. This silica

gel in the core of the membrane could act as a rigid support

and the chitosan layer could provide a sufficient amount of

amino groups for enzyme coupling. Also enzymes could be

immobilized only on the surface and hence the loss in the

activity and diffusion limitation problems will be reduced,

and the presence of macropores would also facilitate the

incorporation of some other required materials for even

different kinds of purposes.

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

15–40 lm) were obtained from Silicycle. Cross-linking

agent, 1,4-butanedioldiglycidyl 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 glyc-

erol were supplied by J. T. Baker. Enzyme BSA was
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purchased from Sigma. All other chemicals and reagents

used in this study were of analytical grade and used without

any further purification.

Preparation of Chitosan Macroporous Membrane

The chitosan macroporous 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) 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 evapo-

rate. 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, a soluble but strong and flexible mechanically

stable macroporous chitosan membrane (CM15) without

shrinkage was obtained.

The Cross-Linking of Macroporous Chitosan

Membrane

The chitosan membrane was cross-linked by various cross-

linking agents such as 1,4-butanedioldiglycidyl ether, glu-

taraldehyde, and epichlorohydrin solutions of various

concentrations (1, 2, 3, and 4 %) at room temperature for

24 h. The cross-linking was carried out at mild alkaline

condition (NaOH) (Wei et al. 1992) in the presence of

small amount of sodium borohydride (NaBH4) to avoid any

oxidation. Thereafter, the membranes were washed with

distilled water until reaching neutral pH to remove excess

of cross-linking agents and subsequently dried in air. The

structural formulae of cross-linking agents are shown in

Fig. 1a.

Immobilization of Enzyme BSA onto Cross-linked

Macroporous Chitosan Membranes

The immobilization of enzyme (BSA) was carried out at

room temperature by thoroughly mixing macroporous

chitosan membranes (as-synthesized and cross-linked) and

enzyme BSA for 3 h in 0.05 M citrate buffer (pH 5.6) and

the initial immobilization concentration was adjusted

(0.5–1.0 mg/mL). Finally, the immobilized membranes

were collected by centrifugation, and the resulting filtrate

was separated to obtain the activity of supernatant BSA.

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 an HIT-

ACHI-S-800, field emission scanning electron microscope.

TEM was carried out on a transmission electron micros-

copy (JEM-2010 type). A Neclit 6700 model, Fourier

transform infrared spectrometer (FT-IR) was used to record

the FT-IR spectra. Thermogravimetric analyses (TGA)

were performed with Universal V4.4A TA Instruments.

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

trophotometer (Hitachi U-2800 A).

Results and Discussions

Significance of Preparation Conditions of Macroporous

Chitosan Membrane

This study was mainly focused on the preparation of

macroporous chitosan membrane by casting method which

involves various important steps. First, the solution con-

taining chitosan and porogen (silica) was partially evapo-

rated. Then, the pores were generated on membranes by

adding the solvent (NaOH) for porogen, but at the same

time the chitosan was not dissolved by the same. Generally

chitosan dissolves in acidic solution, but not in alkaline

solution. Finally, the process of heat treatment was applied

in order to improve the porosity and stability of the
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Fig. 1 a Structural formulae of cross-linking agents; b Flow rate

through CM15
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membranes. In order to meet the required efficiency, the

macroporous chitosan membrane was modified using three

different types of cross-linking agents before enzymes

immobilization. Thus, the variation in the characteristics of

membranes is mainly determined through porosity control

and functional activity by cross-linking. The obtained

membranes were then characterized using different tech-

niques in order to understand their different physico-

chemical and textural properties.

Flow Rate Analysis and Average Pore Size

The flow rate through different macroporous chitosan

membranes under different conditions is shown in Fig. 1b.

The results showed that the flow rate is very sensitive to

drying conditions, and the flow rate increased if the

membranes were dried well. The flow rate through dried

membranes is greater than that of wet membranes. The

flow rate through the half dried membrane is in between the

dried and wet membranes. Due to the compression at the

high pressure, the flow rate curve on pressure drop is

nonlinear (Zeng and Ruckenstein 1996a, b, 1998). The

particle diameter and the porosity are important factors for

the support materials (Oh and Kim 2000). With larger

macrospheres, there are relatively larger pores into which

enzymes can be easily immobilized on the surface. The

average pore size (pore diameter) of the chitosan mem-

brane CM15 prepared with weight ratio of silica to chitosan

of 15:1 is 0.0212 lm.

Modification of Macroporous Chitosan Membrane

Usually, the biomolecules are often eluted at acidic pHs

during separation process. However, at acidic pH, the

macroporous chitosan membranes are less stable and sol-

uble in acidic solutions. Hence, to avoid such dissolution

the cross-linking of chitosan is required to maintain the

stability of chitosan membranes. Also such cross-linking

can increase the enzymatic stability even on immobiliza-

tion. At the same time, the cross-linking of chitosan

diminishes the ligand density also due to the reaction of

cross-linking agents with the functional groups of chitosan.

As discussed earlier, it is well known that among two

functional groups (OH and NH2) present in chitosan, amino

group (NH2) is more active than OH group, and thus it is

advised to maintain the density of amino group in carefully

selecting the cross-linking agents which are capable of

reacting with only OH group and not with amino group.

Thus, in this study we have chosen the three selective

cross-linking agents as described in experimental section.

The cross-linking was also carried out using different

concentrations of cross-linking agents. Thus, the cross-

linked macroporous chitosan membranes have numerous

advantages such as; (i) the reactive membrane can be

prepared without any activation steps; (ii) it can be easily

used for enzyme immobilization under mild experimental

conditions; (iii) the desired amount of epoxy and amino

groups can be created on the surface; and (iv) the reus-

ability of the membrane support may provide economic

advantages for large scale application. Thus, it is presumed

that among the cross-linking agents selected in this study,

1,4-butanedioldiglycidyl ether is considered to be efficient

as it posses increased epoxy group as well increased oxy-

gen content. These cross-linking agents can block the

amino groups and make chitosan structure more inert and

resistant to acidic media. At acidic and neutral conditions,

a nucleophilic attack by the amino groups of macroporous

chitosan membrane on the olefinic carbon atom occurs and

the intermediate compounds could further associate to form

cross-linked networks. At basic condition, nucleophilic

attack by OH groups occurs via aldol condensation to form

intermediate aldehyde groups. It is implied that these cross-

linking agents would be polymerized prior to cross-linking

(Wang et al. 1998), and thus the cross-linked macroporous

chitosan membrane networks prepared at strong base

consist of primary polymer chains of macroporous chitosan

membrane and long cross-link bridges of cross-linking

agents. Hence, cross-linking agents 1,4-butanedioldiglyc-

idyl ether and epichlorohydrin could affect only OH

functional groups present in the chitosan molecule. But

however, the cross-linking agent glutaraldehyde could

possibly affect amino (NH2) group rather than OH group

resulting into Schiff’s base condensation (Uragami et al.

1994). Cross-linking with glutaraldehyde showed to pro-

duce more hydrophobic structures in chitosan membranes,

which then interfere in the interaction with water and ions

and changes their mechanic characteristics (Beppu et al.

2007). Thus, even though the aim of this work was to

protect the amino content of chitosan, glutaraldehyde has

preference to attack amino group rather than hydroxyl

group. In the absence of any amino group, then it may

interact with hydroxyl group. Thus, the glutaraldehyde

cross-linked macroporous chitosan membrane may differ

from other cross-linked membranes in this work. Actually,

enzyme immobilization may not occur on cross-linked

units in the case of glutaraldehyde cross-linked macropo-

rous chitosan membrane, but still the cross-linking of

glutaraldehye can enhance the stability of macroporous

chitosan membranes in over all and thus facilitate the

enzyme immobilization. Thus, our experimental results

indicated that after cross-linking, the stability of mem-

branes was improved (Ge et al. 2000). Since, the prepared

macroporous chitosan membranes posses silica gel, these

membranes have received great attention (Asaeda et al.

2005; Kuraoka et al. 2000) due to its immobilizing ability

toward various organic functional groups. Thus, different
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enzymes were immobilized onto these membranes to

achieve high selectivity of enzymatic reactions with the

increased chemical and mechanical properties of the sup-

port (Bautista et al. 1999). In this respect, the presence of

silica gel provided a wide range of advantages such as no

change in swelling and porosity with pH, the enzymes are

not subjected to microbial attack and high volume pro-

ductivity. These support systems could provide a large

surface area, and therefore, the enzyme could be immobi-

lized only on the surface and would also provide less dif-

fusion limitation problem than that of the porous supports

(Oh and Kim 2000). The presence of silica gel could

enhance the immobilization process as it combines the

selectivity of enzymatic reactions with its chemical and

mechanical properties. Also, the silica gel would definitely

reduce the risk usually arises when trying to obtain the

enzyme immobilization onto the surface of the support

which is limited by a reduced available surface area,

because it has an ability of immobilizing organic functional

groups onto its surface using some silane coupling agent.

TGA, FT-IR, SEM and UV–Vis Analyses

The presence of reactive functional groups on macroporous

chitosam membrane was identified using FT-IR technique.

The effect of cross-linking agents was also effectively

confirmed by FT-IR analysis. Fig. S1a (See Fig. S1) shows

the FT-IR spectra of macroporous chitosan membranes

before and after cross-linking. The peak around

3,480 cm-1 is due to m(O–H) and m(NH2) (Zakaria et al.

2012). The peak at 2,900 cm-1 is due to alkyl m(C–H). The

peak around 1,600 cm-1 is due to m(N–H), the peak around

(1,300–1,500) cm-1 is due to deformation from alcoholic

and phenolic m(C–OH) and m(C–O–C). The peak around

(1,050–1,100) cm-1 is due to m(C–O) of chitosan (Anjali

Devi et al. 2005; Beppu et al. 2004; Manjubala et al. 2006)

and the peak around 800 cm-1 is due to m(Si–O–Si) and

aromatic m(C–H). The effect of concentration of cross-

linking agents can be explained based on the observation of

changes (increase) in the peak intensity of respective peaks

due to m(C–H), m(C–O–C), and m(C–H) at 2,900 cm-1,

(1,300–1,500) cm-1, and 800 cm-1 ,respectively, as shown

in Fig. S1b (See Fig. S1). Thermogravimetric analyses of

the membranes were conducted from room temperature

(RT) to 800 �C. The TGA and DTA curves are shown in

Fig. 2. It can be seen that TG curve is a smooth curve with

only one weight loss step and that there is only one peak on

the DTG curve, indicating that the thermal degradation of

macroporous chitosan membranes is simple and is a one-

step reaction (Hong et al. 2007). The weight loss curves of

the chitosan membranes in the range 200–400 �C are

associated with the decomposition of chitosan (Desai et al.

2008). The SEM of different membranes obtained by

various systems is shown in Fig. 3. As seen in Fig. 3, the

pores of as-synthesized membrane are distributed uni-

formly indicating the uniform distribution of silica particles

also. The chitosan macrosphere was in the form of spongy

hollow fibers. However, the SEM of membrane alone

showed more flat surface with less distributed holes com-

paratively to that of cross-linked one. Also, the comparison

of the SEM pictures of chitosan membrane before and after

cross-linking indicated that graft branches formed on the

pores of the hollow fibers that the network structure of the

resin phase swelled (Iwata et al. 1991). Thus, the addition

of cross-linking agent blocked the pore entrance of the

hollow fibrous membranes, and thus definitely reduced the

pore size. Upon enzyme immobilization the membranes

still swelled more. Thus, the disparity in the surface mor-

phology as witnessed in Fig. 3, confirmed the successful

cross-linking as well effective immobilization of enzyme.

The effective cross-linking phenomenon can also be con-

firmed by analyzing the UV–visible spectra of cross-linked

macroporous chitosan membranes as shown in Fig. 4. The

UV–visible spectra of cross-linking agents and cross-linked

membranes were recorded at various pH values (pH 1.2,

5.0, 7.4, 10.0, and 13.2). At all pH values except pH 13.2,

1,4-butanedioldiglycidyl ether showed one absorption peak

at 240 nm, but at pH 13.2, it showed a red shift to 270 nm.

However, cross-linked chitosan membranes obtained using

1,4-butanedioldiglycidyl ether showed the random

absorption peaks at various pH values (acidic, neutral, and

alkaline pH) as shown in Fig. 4. This due to the fact that

the nature of nucleophilic attack to form two ring openings

may require different rates under different pH values, and

hence the intermediate formed may be also different from

each other. However, glutaraldehyde showed two absorp-

tion peaks at 240 and 265 nm at all pH values and epi-

chlorohydrin showed one absorption peak at 265 nm at all

pH values. Also the UV–visible spectra of cross-linked

Fig. 2 TGA curve of CM15
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chitosan obtained using these cross-linking agents did not

show any significant change under different pH values like

the corresponding cross-linking agent alone. Thus, it is

confirmed that the different scopes of cross-linking reac-

tion will obviously affect the expansion and biodegradable

properties of cross-linked macroporous chitosan mem-

branes discussed in this study.

Enzyme Immobilization

Covalent immobilization of BSA was carried out in this

study under various pH values using different initial con-

centrations of enzymes. The effective immobilization was

confirmed and the enzymatic activities of native enzyme

and different immobilized macroporous chitosan systems

(before and after cross-linking). The properties of immo-

bilized enzyme can be easily understood from experimental

results as shown in Table S1 (See Table S1). The relative

enzyme activity was determined using 2,20-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid (ABTS) and com-

pared as shown in Table S1 (See Table S1). The percentage

of immobilized enzyme (Eimm) could be determined

(Bautista et al. 1999) by the difference between the relative

activity of the native enzyme (rnat) and the relative activity

of the filtrate (rfil) in the immobilization process as follows;

Eimm¼ rnatð Þ � rfilð Þ=rnatf g � 100

Fig. 3 SEM images of a CM15; b cross-linked C15 using 1 % 1,4-butanedioldiglycidyl ether; c cross-linked C15 using 1 % glutaraldehyde;

d cross-linked C15 using 1 % epichlorohydrin; and e 50 ppm BSA immobilized onto cross-linked C15 using 1 % 1,4-butanedioldiglycidyl ether
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According to the results, the percentage of the immobi-

lized enzymes obtained on cross-linked chitosan mem-

branes is always higher than that of as-synthesized chitosan

membranes. From Table S1, it can be also seen that if the

initial concentration of enzyme increased, the percentage of

immobilization also increased drastically. In the case of

50 ppm BSA, Eimm for as-synthesized membrane is 11 %,

whereas for cross-linked membrane is 44 %. Similarly in

the case of 100 ppm BSA, Eimm for as-synthesized mem-

brane is 44 % where as for cross-linked membrane is 56 %.

If the initial concentration of BSA was further increased,

Eimm for as-synthesized membrane is 55 % and for cross-

linked membrane is 66 %. Thus, it could be concluded that

the cross-linking surface activation of silica-supported

chitosan membranes was effective. However, the extent of

immobilization is not guarantee enough to obtain

Fig. 4 UV–visible spectra of a 1 % 1,4-butanedioldiglycidyl ether; b CM15 cross-linked with 1 % 1,4-butanedioldiglycidyl ether
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appropriate enzyme activity, because after immobilization,

the enzyme practically became inactive also, i.e., it still had

some residual activity in filtrate. Thus, it is well known that

the active sites of enzyme either involved in its attachment

to the support surface or influenced by the steric hindrance

of support. Thus, in the case of immobilization process, the

covalent immobilization onto membranes is stronger and

the actual (total) enzymatic activity was reduced (Bautista

et al. 1999). Thus, the enzymatic activity of only immobi-

lized enzyme was considered to compare the results further.

The relative activity of native BSA, immobilized onto as-

synthesized chitaosan and cross-linked chitosan under var-

ious pH ranges for 30 s is shown in Fig. 5. As seen from

Fig. 5, both the cross-linked membranes as well as as-

synthesized membranes promoted accelerated activation of

immobilized enzyme even higher than that of total (actual)

activity of native enzyme starting from pH 2 to 8 as

observed in this study. But however, the extent of activation

of as-synthesized membranes is lower when compared with

cross-linked one. But only at pH 2, an interesting observa-

tion is connoted that the relative activity of enzyme

immobilized onto as-synthesized membrane was found to

be higher comparatively than that of both and immobilized

onto cross-linked membrane. Among all, enzyme immobi-

lized onto cross-linked membrane displayed lower activity

at pH 2. This discrepancy is probably due to steric hin-

drance of the cross-linked network on the support surface

(Bautista et al. 1999) at pH 2. Thus, it is important to

understand that for covalent immobilization of enzyme onto

the surface of silica support, a treatment of surface activa-

tion with some functional organosilane is also necessary

(Bautista et al. 1999; Plueddmann 1991) particularly at

lower pH. The pH effect as shown in Fig. 5 is a critical

performance to indicate the stability of immobilized

enzyme. As the pH increases, the relative activity decreased

and thus the enzymatic activity is stable at low pH only. In

the case of native BSA, the relative activity increased from

pH 2 to 3, and then gradually decreased on increasing the

pH values, whereas in the case of immobilization onto

cross-linked membranes, the relative activity gradually

decreased from pH 2 to 6 but at neutral pH (7) it suddenly

increased and then it decreased at pH 8. But in the case of

immobilization onto as-synthesized membrane, the activity

gradually kept on decreasing with increasing pH values.

Both in the case of native and immobilized onto as-syn-

thesized membrane, the enzymatic activity of BSA sharply

decreased from higher value to lower value from pH 2 to 4

and thus the deactivation of enzyme occurred quickly,

whereas in the case of cross-linked membrane, the enzy-

matic activity of BSA gradually decreased, and however,

the extent of deactivation is comparatively lower than that

of other cases. It is also indicated that the cross-linked

membranes are somewhat more stable than that of as-syn-

thesized membranes over a pH range. Thus, it is confirmed

that the cross-linking of the membranes definitely increased

the enzymatic activity even higher than that of native

enzyme upon immobilization. Thus, the pH effect on dif-

ferent systems is quite interesting and confirmed that dif-

ferent mechanisms played an important role in different

cases. Perhaps, the most outstanding property of BSA is its

ability to bind reversibly with variety of ligands and metal

ions. The general mechanism of both cross-linking and

immobilization processes can be understood as represented

in Fig. 6. Thus, the activation of chitosan membrane was

obtained on OH functional group (except glutaraldehyde

cross-linking) which is anchored through the cross-linking

agent. Covalent immobilization of the enzyme was carried

out by the interaction of amino group of BSA enzyme with

OH group of the linker formed by cross-linking. However,

in the case of glutaraldehyde cross-linked macroporous

chitosan membrane, the immobilization may occur on OH

group presents in the chitosan unit and not on the cross-

linked unit. Thus, it is very clear that the presence of OH

group is essential for the immobilization process. However,

the presence of silica gel could also enhance such covalent

immobilization of enzyme through effective interaction.

Thus, in the case of cross-linked membranes, the possible

availability of OH functional groups for the coupling of

amino group of enzyme definitely increases due to the

presence of both silica support and cross-linking agents.

Also it is witnessed from the mechanism that the immobi-

lization of enzyme was also obtained on surface of the

membrane leaving the pores created by porogen free, and

thus the cross-linked membrane provides facility for

incorporating some other molecules. Thus, the functional

ability of cross-linked membrane is also well established.

2 3 4 5 6 7 8

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

R
el

at
iv

e 
ac

tiv
ity

 (
%

)

pH

 300 ppm BSA
 300 ppm BSA onto CM15
 300 ppm BSA onto CM15 with 4% 1,4-butanedioldiglycidyl ether

Fig. 5 ABTS relative activity of 300 ppm BSA for 30 s under

various pH values before and after immobilization
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Conclusions

Silica gel-supported macroporous chitosan membranes

with good mechanical strength were prepared successfully

and reported in this study. The flow rate and porosity of the

membranes were affected by both the particle size and

weight ratio of the silica porogen. By increasing the weight

ratio of silica porogen, the flow rate and porosity also

Fig. 6 Schematic

representation of cross-linking

and enzyme immobilization

mechanism
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increased. The activity of the membranes was enhanced by

surface modification using various cross-linking agents and

effect of various parameters was discussed in detail. The

cross-linking of 1,4-butanedioldiglycidyl ether under vari-

ous pH interestingly provided variation in the observation

of results. But other cross-linking agents used in this study

did not provide any change upon cross-linking under var-

ious pH values. The presence of both NH2 groups and large

particle silica support in cross-linked chitosan membranes

could provide large surface for enzyme immobilization.

These obtained membranes could serve as an ion

exchangers and robust receptors for different guest mole-

cules, and thus provide a wide range of application in

various fields. These membranes could also act as both

chemically and mechanically stable host molecules for

enzyme immobilization and enzyme BSA immobilization

was also carried out in this study, and the enzyme immo-

bilized membranes were analyzed in various aspects.

Various techniques were employed to demonstrate the

formation and activity of macroporous chitosan mem-

branes. The extent of immobilization onto cross-linked

membranes is greater than that of as-synthesized mem-

branes and the cross-linked immobilized membranes are

more strong and stable than that of immobilized as-syn-

thesized membranes. However, some extent of loss of

immobilization was obtained throughout the immobiliza-

tion process. However, consequently, the immobilization

process onto both as-synthesized membrane and cross-

linked membrane accelerated the enzymatic activity even

to a higher extent than that of total (actual) activity of

native enzyme. The relative activity of immobilized

enzyme (except pH 2) onto cross-linked membranes is

comparatively higher than that of immobilized enzyme

onto as-synthesized membranes. Besides to enzyme

immobilization, these membranes include synthetic and

analytical applications approach for bioremediation of both

contaminated soils and water.

We also believe that the increase in weight ratio of silica

porogen will definitely alter the pore size also, and thus the

number and size of the pores will be easily controlled by

varying the amount of silica porogen. So our future study

will be further extended to vary the amount of silica gel to

obtain different size membranes and to study their activity.

Also, the major significance of the membranes obtained

using this method is that they can even function as

bifunctional material. Thus, we further plan to incorporate

heavy metal ions into the various membranes and also

study their immobilization activity.
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