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Abstract Fibrous poly(styrene-b-glycidylmethacrylate)

brushes were grafted on poly(styrene–divinylbenzene) (P(S–

DVB)) beads using surface-initiated atom transfer radical

polymerization. Tetraethyldiethylenetriamine (TEDETA)

ligand was incorporated on P(GMA) block. The ligand

attached beads were used for reversible immobilization of

lipase. The influences of pH, ionic strength, and initial lipase

concentration on the immobilization capacities of the beads

have been investigated. Lipase adsorption capacity of the

beads was about 78.1 mg/g beads at pH 6.0. The Km value for

immobilized lipase was about 2.1-fold higher than that of

free enzyme. The thermal, and storage stability of the

immobilized lipase also was increased compared to the

native lipase. It was observed that the same support enzyme

could be repeatedly used for immobilization of lipase after

regeneration without significant loss in adsorption capacity

or enzyme activity. A lipase from Mucor miehei immobi-

lized on styrene–divinylbenzene copolymer was used to

catalyze the direct esterification of butyl alcohol and butyric

acid.

Keywords Enzyme immobilization � Adsorption �
Lipase � Kinetics � Ester synthesis

Introduction

Lipase (triacylglycerol acylhydrolase, EC 3.1.1.3) is an

enzyme possessing an intrinsic capacity to catalyze the

cleavage of carboxy ester bonds in tri-, di-, and mono-

acylglycerols to glycerol and fatty acids. Lipases from

different sources are currently used in various biochemical

reactions including triacylglycerols hydrolysis, esterifica-

tion of fatty acids with various alcohols [1–3]. Esters of

carboxylic acids are important components of natural aro-

mas, contributing to the flavor in most fruits and many

other foods. The lipase-catalyzed synthesis of several fla-

voring esters has been described to date [3–5] and in

principle, the reaction can be carried out in a mixture of

alcohol and carboxylic acid with or without solvents,

resulting in very high productivities and yields [6, 7].

However, like many other enzymes, lipases have limited

use in industrial applications due to their short life-times.

For this reason, the improvement of the stability of lipases

is crucial for their use in large-scale biotechnological

processes. The stability of lipases can be improved by

immobilization to insoluble supports. Several methods,

namely, adsorption, cross-linking and covalent attachment

have been employed for the immobilization of lipase [8–

11]. Among the different immobilization techniques, the

adsorption technique for immobilization of enzyme might

be a good option, due to simplicity and avoidance of the

tedious work-up. Although bonding by a physical adsorp-

tion is a weak interaction in general, this provides a

reversible immobilization of the enzyme. However, to

avoid the enzyme loss while processing or washing, a
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relatively strong Van-der Waals interaction between the

enzyme and support is essential. Multi-modal ligand

functionalized polymers may provide very strong hydro-

phobic and electrostatic interactions between enzyme and

supports to preclude the enzyme leakage [12–18]. Addi-

tional advantage of the reversible immobilization is

recovery of the support by easy removal of the inactivated

enzyme and it may reuse in further cycles, which makes the

process cost effective.

Specially designed functional hairy brushes tethered to

solid surfaces are promising materials for immobilization

of enzymes due to their intrinsically high surface areas,

providing the quantity and better accessibility of the

binding sites for high immobilization capacity [19, 20].

Epoxy functional polymer brushes such as poly(glycidyl

methacrylate) can be created on an insoluble polymeric

support via surface-initiated atom transfer radical poly-

merization methodology [21]. In this hybrid polymer sys-

tem, ligand attached polymer brush layers will effectively

involve in high capacity-enzyme binding and could

increase the enzymatic reaction rates [21–23].

In this study, P(S–DVB) beads were prepared by sus-

pension polymerization and modified with poly(styrene-

b-glycidylmethacrylate) brushes using surface-initiated

atom transfer radical polymerization aiming to decorate the

beads surface with a fibrous polymer. A multi-modal ligand

(i.e., TEDETA) was incorporated to the P(GMA) block

via epoxy-amine reaction. The resulting polymer was

employed as adsorbing material for a fungal lipase (from

Mucor miehei). The adsorption parameters (i.e., initial

lipase concentration, pH, and ionic strength) were investi-

gated and nature of the lipase binding mechanism was

studied. Finally, the immobilized lipase was then, used

successfully to esterify n-butanol with butyric acid yielding

butyl butyrate which is a pleasant aroma having extensive

use in creating sweet fruity flavors.

Materials and methods

Materials

Lipase from Mucor miehei (lyophilized powder,

C4,000 Units/mg solid (using olive oil), p-nitrophenyl

palmitate (p-NPP), CuBr, dibenzoyl peroxide and Gum

Arabic were supplied by the Sigma-Aldrich Chemical Co.

(St. Louis, MO, USA) and used as received. Styrene and

divinyl benzene (DVB) were obtained from Merck AG

(Darmstadt, Germany), and inhibitor was rendered by

washing with NaOH solution (3%, w/w) prior to use.

Dibenzoyl peroxide was recrystallized from ethanol. All

substrates were dehydrated before use, with 0.32-cm

molecular sieves (aluminum sodium silicate, type 139,

BHD Chemicals). CuBr was freshly prepared by the pro-

cedure as described in the literature [25]. The ATRP

ligand, H-TETA (1,1,4,7,10,10-hexakis [hexyl 1,4,7,10-

tetraazadecane]) was prepared by alkylation of triethyl-

enetetramine with 1-bromohexane as described previously

[19]. N,N,N0,N0-Tetraethyldiethylenetriamine (TEDETA)

and glycidyl methacrylate were distilled before use, and

were obtained from Merck Chemical Co (Darmstadt,

Germany). n-Butanol, butyric acid and all other chemicals

were of analytical grade products and were purchased from

Merck AG (Darmstadt, Germany).

Preparation of 2-bromoacetyl bromide

modified P(S–DVB) beads

P(S–DVB) beads were prepared by cross-linking copoly-

merization of styrene–divinyl benzene mixture (with 9/1 M

ratio) in aqueous suspension using Gum Arabic as stabi-

lizer, according to the method given in the literature [4].

The beads were dried, sieved, and 210–422 lm size of

fraction was used for acetoxy mercuration reaction. The

acetoxymercurated beads were subjected to chlorine

exchange reaction in saturated NaCl solution for 24 h at

room temperature, and the chloromercurated beads were

obtained after the chlorine exchange reaction. Then, the

beads were reacted with 2-bromoacetyl bromide (Fig. 1).

Grafting of 2-bromoacetyl bromide modified P(S–DVB)

beads with P(S) and P(GMA) were carried out in a glass

reactor as described previously. Briefly, the 2-bromoacetyl

bromide modified P(S–DVB) beads were charged to the

reactor and swelled in dry toluene for 2 h. After this period,

styrene, H-TETA and CuBr were transferred into the

reactor under nitrogen atmosphere. The grafting reaction

was carried out at 90 �C for 6.0 h under continuous stir-

ring. After reaction period, the beads were filtered and

dried under reduced pressure at 60 �C for 24 h (Fig. 1).

The P(GMA) was also grafted as a functional second block

on the P(S–DVB)-g-P(S) beads using SI-ATRP method.

For this grafting procedure, P(S–DVB)-g-P(S) beads, tol-

uene and GMA were transferred in a three-necked round

bottom flask. The medium left in contact for 1.0 h to swell.

Then, H-TETA and CuBr were added under nitrogen

atmosphere. The grafting reaction was carried out at 60 �C

for 4.0 h under continuous stirring. The beads were washed

with THF to eliminate residuals. The product was dried

under reduced pressure at room temperature for 24 h

(Fig. 1). Attachment of multimodal tetraethyldiethylene-

triamine ligand on the P(GMA) block of the beads was

carried out in a reactor (100 mL). It was equipped with a

reflux condenser and a dropping funnel, and P(GMA)

grafted beads (5 g) and THF (20 mL) was transferred in the

flask. The TEDETA ligand (5 g) in distilled water was

added to this mixture, and was stirred for 24 h at room
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temperature and then heated to 60 �C for 4 h. The ligand

attached beads were collected by suction and washed with

excess water. The product was cleaned with THF and dried

under vacuum at 45 �C for 24 h (Fig. 1).

Immobilization studies

Immobilization of lipase on the TEDETA ligand attached

beads (0.5 g) via adsorption was studied at various pH, in

either acetate (50 mM, pH 3.0–5.5) or in phosphate buffer

(50 mM, pH 6.0–8.0). The initial concentration of lipase

was kept at 2.0 mg/mL in each corresponding buffer

solution (30 mL). The effect of initial lipase concentration

on the immobilization efficiency was studied at different

initial lipase concentrations in the range of 0.2–2.0 mg/mL

and at pH 6.0. The immobilization experiments were

conducted at 25 �C for 2 h with continuous shaking. After

the immobilization was done as described above, the beads

were separated from the enzyme solution and washed with

respective buffer solutions. The amount of immobilized

lipase was obtained by using the following equation:

Q ¼ Co � Cð ÞV½ �=m ð1Þ

where Q is the amount of lipase immobilized onto beads (mg/

g); Co and C are the concentrations of the lipase in the initial

and final solutions (after combining wash solution), before

and after immobilization, respectively (mg/mL); V is the

volume of the aqueous solution (mL); m is the mass of the

P(S–DVB)-g-P(S–GMA)–TEDETA beads (g). The amount

of protein in medium and wash solutions was determined by

the Bradford method [24]. A calibration curve was prepared

using lipase as a standard (0.1–2.0 mg/mL). All the above

experiments were performed in triplicates. For each set of

data present, standard statistical methods were used to

determine the mean values and standard deviations. Confi-

dence intervals of 95% were calculated for each set of

samples in order to determine the margin of error. The

enzyme leakage from TEDATA ligand attached beads was

studied in the different enzyme operation conditions as

described above. Any measurable enzyme leakage was not

observed under all these studied conditions.

Activity assays of free and immobilized lipase

The reaction rate of the free and adsorbed lipase prepara-

tions was determined as described previously [15].

Fig. 1 The chemistry for the

preparation of beaded support
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A 100-mL reaction mixture was prepared by mixing with

50 mL ethanol containing 15 mM p-NPP and 50 mL buffer

solution (50 mM) in a flask. The reaction was started by the

addition of 0.1 mL free enzyme (or 20 mg immobilized

enzyme) into 4 mL reaction mixture. The artificial sub-

strate p-NPP hydrolysis was carried out at 35 �C for

5.0 min in a shaking water-bath at 150 rpm. After 5 min,

the reaction was terminated by the addition of Na2CO3

(0.25 M, 2.0 mL). After removing the enzyme immobi-

lized beads by filtration, the reaction mixture (0.5 mL) was

diluted tenfold with purified water. The absorbance was

measured at 410 nm using UV–vis spectrophotometer (PG

Instrument Ltd., Model T80?; PRC). One enzyme unit was

the amount of biocatalyst liberating 1.0 mmol of p-NPP per

minute under given experimental conditions. These activity

assays were carried out over the pH range 4.0–9.0 and

temperature range 20–60 �C to determine the pH and

temperature profiles for the free and the immobilized

enzymes. The results of pH and temperature are presented

in a normalized form with the highest value of each set

being assigned the value of 100% activity.

Determination of the kinetic parameters of the free

and immobilized enzyme

The kinetic constants were determined using tributyrin as

substrate (in the concentrations range (5–50 mM) using

free and immobilized lipase and titrating the butyric acids

produced with 50 mM NaOH as described previously [15].

The experiments were conducted under the optimized

assay conditions. The apparent Km and Vmax values for

the free and immobilized lipase were calculated from

Lineweaver–Burk plots by using the initial rate of the

enzymatic reaction data:

v�1 ¼ fKm= ðVmax S½ ��1Þg þ V�1
max ð2Þ

where [S] was the concentration of substrate, v and Vmax

represented the initial and maximum rate of reaction,

respectively. Km was the Michaels constant. One lipase unit

corresponded to release of 1 lmol fatty acid per minute

under assay conditions. The specific activity is the number

of lipase units per mg protein.

Thermal and storage stability of lipase preparations

The activity of free and immobilized lipase after storage in

phosphate buffer (50 mM, pH 6.0 at 4 �C was measured for

8 weeks in a batch-mode as given above. The tests for the

determination of the thermal stability of free and immo-

bilized lipase were carried out by measuring the residual

activity of the enzyme, exposed to two different tempera-

tures (55 and 65 �C) in phosphate buffer (50 mM, pH 6.0)

for 120 min. A predetermined time interval, a sample was

removed and assayed for enzymatic activity as described

above.

Reusability of the lipase immobilized

P(S–DVB)-g-P(S–GMA)–TEDETA beads

In order to determine the reusability of the lipase immo-

bilized P(S–DVB)-g-P(S–GMA)–TEDETA beads, enzyme

adsorption and desorption cycle was repeated six times.

Desorption experiments were carried out in alkaline solu-

tion (1.0 M NaOH). Lipase immobilized P(S–DVB)-g-

P(S–GMA)–TEDETA beads was placed in the desorption

medium for 2 h with a stirring rate at 150 rpm, and at

25 �C. The beads were washed several times with phos-

phate buffer (50 mM, pH 6.0), and were then reused in

lipase immobilization. Lipase concentration within the

desorption medium was determined as described above.

Esterification studies

Esterification activity of free and immobilized lipase was

estimated through a model esterification reaction of butyric

acid and butyl alcohol. A typical esterification reaction

was as follows: free lipase solution (0.1 mL) or enzyme

immobilized beads (0.1 g) was added to a 100 mL round

bottomed flask containing a mixture of butyric acid

(200 mM) and butyl alcohol (200 mM) in n-heptane

(20 mL). The flask was placed on a controlled temperature

shaker at 30 �C and was shaken with an agitation speed of

100 rpm. The reaction was stopped after 24 h by removing

the enzyme immobilized beads. The remaining butyric acid

was determined by titration with 0.1 M NaOH and using

phenolphthalein as indicator. The total acid content before

reaction was determined by titration of a blank sample,

without enzyme. The esterification yield was calculated

from the decrease in butyric acid concentration after 24 h

of reaction. All of the experiments were carried out in

triplicate. The control experiments (no enzyme) were per-

formed and it was observed that ester yield is less than

1.7%.

These ester synthesis reactions were carried out at four

different temperatures (i.e., 20, 30, 40, and 50 �C) and with

different percent water content (between 0.5 and 3.0%)

to determine optimum esterification conditions for the

immobilized enzyme.

Operational stability of the immobilized enzyme during

of butyl butyrate synthesis was studied using the same

enzyme immobilized beads (0.1 g). Reaction conditions

were the same as described above. After each batch, the

enzyme immobilized beads was removed from the reaction

medium and washed with phosphate buffer (50 mM, pH

6.5). After air drying of enzyme immobilized beads, the

enzyme immobilized beads were reintroduced into a fresh
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medium containing a mixture of 200 mM butyl alcohol and

200 mM butyric acid in n-heptane. The reaction was

repeated up to six cycles for ester synthesis.

Characterization of beads

The bromide content of the beads was determined by

simple titration. For this purpose, 0.2 g of the bromoacet-

ylated polymer was mixed with 10 mL methanolic NaOH

solution (5 M) in a 50 mL flask and refluxed for 4 h. The

mixture was filtered and washed with distilled water and

the filtrate was transferred into a volumetric flask and

diluted to 250 mL with distilled water. The NaBr content

of the solution was assayed calorimetrically by mercuric

thiocyanate method [25]. This analysis gave 0.84 mmol

bromine per gram of the polymer. Determination of the

amine content of the P(S–DVB)-g-P(S–GMA)–TEDETA

beads was carried out by potentiometric titration. Briefly,

the beads sample (1.0 g) was mixed with HCl acid (15 mL,

1.0 M) in a flask and stirred for overnight. The mixture was

filtered and 2 mL of the filtrate was titrated with NaOH

(0.1 M) in the presence of phenolphthalein. NaOH con-

sumption was determined as 18.6 mL. These results

revealed that P(S–DVB)-g-P(S–GMA)–TEDETA beads

has 1.05 mmol amine group or else 0.35 mmol chelating

units per gram of the polymer.

The specific surface area of the P(S–DVB)-g-P(S–

GMA)–TEDETA beads was measured by a surface area

apparatus and calculated using the Brunauer, Emmett, and

Teller (BET) method.

The Fourier transform infrared (FTIR) spectra were

carried on a spectrophotometer (Shimadzu, FTIR 8000,

Japan) at room temperature and the samples were prepared

in pellet form using spectroscopic grade KBr. The P(S–

DVB) and modified counterpart beads (0.01 g) and KBr

(0.1 g) were thoroughly mixed and the mixture was pressed

to form a tablet, and the spectrum was recorded.

The surface morphology of the P(S–DVB)-g-P(S–

GMA)–TEDETA beads was observed by scanning electron

microscopy (SEM). The dried beads were coated with gold

under reduced pressure and their electron micrographs

were obtained using a scanning electron microscope

(JEOL, JSM 5600, Japan).

Results and discussion

Properties of the support

Using surface-initiated atom transfer radical polymeriza-

tion (SI-ATRP) technique, fibrous polymer chains on the

polymeric beads surface can be created to produce uniform

and flexible surface layer. In this study, P(S–DVB) bead

surfaces were sequentially grafted with PS and P(GMA)

via SI-ATRP (Fig. 1). The functional epoxy groups of the

grafted fibrous polymer were further modified by attach-

ment of a tri-dentate ligand, TEDETA serving multi-mode

interaction for adsorption of proteins as illustrated in

Fig. 2.

The synthesis of the beaded support and chemical

transformations in each step were followed by monitoring

characteristic bands in FT-IR spectra of the products

(Fig. 3a). In the spectrum of P(S–DVB) bearing bromo-

acetyl groups, typical stretching vibration band of the

carbonyl (C=O) group is observed at 1719 cm-1 as a weak

band. And also a weak band associated with C–Br vibration

is observable at 795 cm-1 (Fig. 3a). This band becomes

almost invisible after grafting with PS due to its con-

sumption by utilization in the grafting. Similarly, the car-

bonyl band vibration at 1719 cm-1 disappears because of

its decreasing concentration of this group (Fig. 3b). After

followed grafting with GMA, typical methacrylate ester

vibrations associated with stretching vibrations of car-

bonyl, CO–O and COO–C bonds are observed at 1725,

1255, and 1150 cm-1, respectively. However, the typical

bands of the epoxy group are not observed around

1000 cm-1, because these are obscured by the other bands

in the same region. The shoulder around 1170 cm-1 might

be ascribed to C–O–C stretching vibration of the epoxy

group. Intensity of this band decreases after modifica-

tion with TEDETA and the broad band emerged at

3100–3500 cm-1 range indicates O–H vibration band due

to opening of the epoxy ring (Fig. 3c). FT-IR spectrum of

P(S–DVB)-g-P(S-d-GMA) beads modified with TEDETA

(Fig. 3d) shows a weak band around 970 cm-1 that can be

assigned to C–N bond formed by reaction of NH group of

TEDETA with the epoxy unit.

Scanning electron microscopy (SEM) micrographs in

Fig. 4 exhibits a smooth surface texture of the P(S–DVB)-

g-P(S–GMA)–TEDETA beads, which indicates retaining

of the bead shapes after the modifications.

BET measurements revealed a specific surface area of

14.6 m2/g for the P(S–DVB)-g-P(S–GMA)–TEDETA beads.

The epoxy group content of the P(S–DVB)-g-P(S–GMA)

beads was determined to be 0.18 mmol per gram. The ligand

content of the P(S–DVB)-g-P(S–GMA)–TEDETA beads

were determined simply by acid titration method. The result

showed an amine content of 1.05 mmol g-1 amine group

which corresponds to a 0.35 mmol of the ligand units per gram

of the polymer.

Immobilization of lipase on the P(S–DVB)-

g-P(S–GMA)–TEDETA beads

Activity retention on the support is one of the most

important aspects in the enzyme immobilization process.
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Any chemical modification or the physical adsorption in

the procedure of immobilization will affect their activity to

some extent. Adsorption through multi-mode interactions

might be relatively a mild protein immobilization method,

since the multi-modal ligand attached adsorbents have been

Fig. 2 Schematic

representation of the

immobilization of lipase via

adsorption on the P(S–DVB)-g-

P(S–GMA)–TEDETA ligand

Fig. 3 FTIR spectra: (a) P(S–DVB)-Br; (b) polystyrene grafted

(S–DVB); (c) the second block P(GMA) grafted on to the first

styrene block; (d) TEDETA ligand attached P(S–DVB)-g-P(S–GMA)

beads

Fig. 4 Scanning electron micrograph of P(S–DVB)-g-P(S–GMA)–

TEDETA beads
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applied in several protein separation and refolding pro-

cesses [26–28]. The enzyme lipase contains several inter-

active amino acid residues on the surface. The presence of

these amino acid residues on the surface of lipase can be

interacted with mixed mode upon contacting with a support

carrying multi-modal ligand. The pH of the adsorption

medium influences the ionization state of the amino acid

residues. The effect of pH on the adsorption of lipase onto

TEDETA ligand attached beads is shown in Fig. 5. The

maximum amount of lipase adsorption on the support was

observed at pH 6.0. TEDETA is a multi-modal ligand, the

optimal adsorption with multi-modal ligand was generally

obtained at around the pI value of the target protein. Since

the pI value of lipase is around 6.2, and as expected the

maximum lipase adsorption was obtained at pH 6.0. Sim-

ilar observations are reported in the literature for various

multi-modal ligands [4, 29]. For a multi-modal ligand, a

mixed type interaction is observed between ligand and

target protein such as electrostatic and hydrophobic bind-

ing interactions. The TEDETA multi-modal ligand pos-

sessing three tertiary amine and four hydrophobic ethyl

groups that can interact with the target molecule (i.e.,

lipase) in different ways, thus, a mixed mode interaction

can be obtained. In addition, the polystyrene segment of the

fibrous polymer has several aromatic rings for hydrophobic

interaction with the target enzyme molecules. Thus, these

interactions between lipase and TEDETA-functionalized

beads at pH 6.0 may result from both the conformational

state of the functional groups on the grafted polymer chains

and amino acid side chains of the lipase molecule. In

addition, during the epoxy ring opening reaction a hydroxyl

group was formed in the proximity of the TEDETA ligand.

Thus, the relative position of the hydroxyl groups on the

ligand incorporated polymer chains could also provide an

additional hydrogen bonding sites for the target biomole-

cules. Thus, a created specific binding side could also

improve the adsorption capacity of lipase. As medium pH

rises, the TEDETA ligand incorporated polymer chains are

closely packed, limiting the interaction of lipase with

functional groups, thus, a decrease in adsorption capacity

will be observed for TEDETA-incorporated beads.

As shown in Fig. 6, the adsorption capacity increased

with increasing initial lipase concentration in the medium.

As expected, an increase in the adsorption capacity of the

TEDETA ligand attached beads was observed for lipase

[30–32]. The maximum adsorption capacity of lipase on

the multi-modal beads was 78.1 mg/g dry beads. As seen in

figure, the experimental lipase adsorption isotherm is very

steep at low lipase concentration and reached a plateau

about 1.0 mg/mL initial lipase concentration due to the

saturation of binding sides of the immobilized ligand

molecules.

Effect of pH and temperature on activity

The effect of pH on the activity of free and immobilized

lipase in p-NPP hydrolysis was carried out in the pH range

4.0–9.0 and the results are presented in Fig. 7. The maxi-

mum activity for free enzyme was observed at pH 6.5. The

optimum pH value of the immobilized lipase was shifted

0.5 units to acidic region. The shift could depend on the

method of immobilization as well as the functional groups

of the support. It may be a result of the basic nature of the

TEDETA ligand attached beads, the amino groups on the

beads surface could prevent the uniform distribution of

hydrogen ions between the surface and the bulk solution. In

other similar research, the optimum pH value of the

immobilized lipase was shifted toward acidic or alkaline

regions [33, 34]. It should be noted that the pH profile of

the immobilized lipase is broader than that of the free

enzyme, which means that the immobilization methods

preserved the enzyme activity in a wider pH range. These

results could probably be attributed to the stabilization of

Fig. 5 Effect of pH on the immobilization efficiency of the lipase on

the modified beads

Fig. 6 Effect initial lipase concentration on the immobilization

efficiency of the enzyme on the beads
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lipase molecules resulting from multipoint interactions

with the TEDETA ligand.

The effect of temperature on the activity of free and

immobilized lipases for p-NPP hydrolysis at pH 6.5 and

6.0, respectively, in the temperature range of 20–60 �C is

presented in Fig. 8. As seen in this figure, the maximum

activity for the free and immobilized lipase was observed at

35 �C. Whereas the profile of temperature effect on

immobilized enzyme is a slightly broader than that of free

enzyme [35, 36]. The improvement in the temperature

profile can be caused by the changing physical properties

of the lipase upon immobilization. The immobilization of

lipase might also reduce the conformational flexibility via

non-covalent interactions and may provide a higher sta-

bility for the immobilized enzyme in the tested temperature

ranges compared to free lipase. In a previous study,

Rhizomucor miehei lipase was covalently immobilized on

the P(S–DVB)-g-P(S–GMA) beads, and stabilizations in

pH and temperature profiles of immobilized lipase was

observed compared to free counterpart [4].

Kinetic parameters for free and immobilized lipase

The initial reaction rates of the hydrolysis of the substrate

(tributyrin) were measured at different substrate concen-

trations (i.e., 5–50 mM) with the free and adsorbed

lipase. The kinetic data for hydrolysis of tributyrin was

fitted to the Michaelis–Menten equation. The Linewe-

aver–Burk plot of 1/v vs. 1/S, Michaelis constant (Km)

and the maximum reaction velocity (Vmax) of the free and

the immobilized enzymes were calculated. For the free

lipase the Km value was found to be 22.5 mM, and the

Vmax was calculated to be 3810 U/mg enzymes. Km value

was found to be 48.2 mM for the immobilized enzyme.

The apparent Km for the immobilized enzyme was

increased by about 2.1-fold compared to the free enzyme.

The Vmax value of immobilized enzyme was calculated as

2420 U/mg enzymes. The Vmax value of the immobilized

enzyme decreased about 1.6-fold compared to the free

enzyme. The reason for activity loss of the adsorbed

lipase could be extensive interaction of the surface amino

acid residues with the ligand. Further, aggregation of

fibrous polymer chains with each other could be another

reason. In this case, adsorbed lipase on the ligand

attached fibrous polymer chains could cause protein/

protein interaction and could become large aggregated

enzyme/fibrous polymer layers. Thus, the diffusion of

substrate and product from fibrous polymer layers could

become limiting-step and lead to decline in total activity

of the adsorbed lipase.

The efficiency factor g can be calculated from the

maximum reaction rates of the adsorbed enzyme over that

of the free counterpart:

g ¼ vimmobilized=vfree ð3Þ

where vimmobilized was the reaction rate of the adsorbed

enzyme and vfree that of the free enzyme. From this cal-

culation, TEDETA ligand–enzyme system provided an

efficiency factor of 0.635 for the adsorbed lipase. The

ratio Vmax/Km defines a measure of the catalytic efficiency

of an enzyme-substrate pair. In this study, the catalytic

efficiencies (Vmax/Km) of the free and adsorbed lipase

were found to be 169 and 50, respectively. The catalytic

efficiency of lipase was decreased about 3.4-fold upon

immobilization.

Fig. 7 Effect of pH on the activity of free and immobilized lipase on

the TEDETA attached beads; the relative activities at the optimum pH

were taken as 100% for free and immobilized lipase, respectively

Fig. 8 Effect of temperature on the activity of the free and

immobilized lipase on the P(S–DVB)-g-P(S–GMA)–TEDETA beads;

the relative activities at the optimum temperature were taken as 100%

for free and immobilized lipase, respectively
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Thermal and storage stability of the enzyme

preparations

Thermal stability experiments were carried out with the

free and the immobilized enzymes, which were incubated

in the absence of substrate at various temperatures (data not

shown). The thermal inactivation rate of the adsorbed

lipase was smaller than that of the free counterpart. At

55 �C, the free enzyme retained 71% of its initial activity

after a 120 min of heat treatment while the adsorbed

enzyme showed significant resistance to thermal inactiva-

tion (retaining about 86% of its initial activity after the

same period). At 65 �C, the free enzyme retained 19% of

its initial activity after a 120 min of heat treatment, on the

other hand, the immobilized form was inactivated at a

much slower rate than the native form. These results sug-

gest that the thermostability of adsorbed lipase becomes

significantly higher at higher temperature [37, 38].

The free and immobilized enzymes were stored in

phosphate buffer (50 mM, pH 6.0) at 4 �C and activity

measurements carried out for a period of 8 weeks (data not

shown). The free enzyme lost its all-initial activity within

6 weeks. The immobilized lipase preserved its initial

activity more than 71% at the end of 8 weeks storage

period (data no shown). Thus, the immobilization of lipase

via adsorption on the beads definitely appears to hold the

enzyme in a stable position in comparison to the free

counterpart [39].

Synthesis of butyl butyrate by free and immobilized

lipases

The capacity of the free and immobilized lipases to cata-

lyze butyl butyrate synthesis in n-heptane medium was

investigated. Butyl butyrate is a short chain ester widely

used in food industry due to its pleasant pineapple flavor

[40, 41]. The butyl butyrate synthesis experiments were

carried out under 1:1 acid/alcohol molar ratio and present

of about 1.5% water. The immobilized enzyme was a

higher catalytic activity about 1.7-fold in the esterification

of n-butyl alcohol and n-butyric acid compared to the free

enzyme. The amount of synthesized butyl butyrate was

72.4 and 42.6% for the free and the immobilized enzyme in

the n-heptane. Similar results related to the increment in

the amount of ester synthesized after immobilization of

lipases were reported in earlier studies [42, 43].

These ester synthesis reactions were carried out in the

temperature ranges 20–50 �C. As reported previously, a

high temperature value results in the decrease of ester

synthesis in organic medium. In this study, the ester pro-

duction decreased up to 34% when the temperature level

raised from 30 to 50 �C in n-heptane medium. On the other

hand, an opposite trend was observed for increase

temperature from 20 to 30 �C, and in this case, the increase

reaction temperature significantly increased the esterifica-

tion yield and an optimum reaction temperature was

obtained at 30 �C (Fig. 9). Similar observations were

reported by several researchers [3, 6].

The amount water in the organic media plays a critical

role in enzymes structure and function. A small amount of

water is essential for the enzymatic activity during ester

synthesis reaction and excess water leads to a lower reac-

tion rate as reported earlier. The necessary amount of water

for the optimal esterification activity of lipases in organic

media depends on the origin of lipase, the surface prop-

erties of supports and the polarity of organic solvents [44,

45]. In this study, the effect of water content on the

esterification activity of immobilized lipase for synthesis of

butyl butyrate from butyric acid and butyl alcohol was

carried out in n-heptane medium by addition of different

amount of water. As seen in Fig. 10, the immobilized

enzyme activity increased significantly as the water content

increased up to 1.5% (v/v) water content. It should be noted

that the immobilized lipase on the beads had a higher

esterification rate at the reaction system containing 1.5%

(v/v) water content than that of the pure n-heptane medium.

As reported previously, the excess amount of water can

attacks the polar site of the immobilized lipase causing

reduction in esterification activity. Thus, the hydrophilicity

of the support material could play an important role in

deciding the extent esterification activity lost [44]. A low

esterification yield was observed for the adsorbed lipase

when the water content was higher than 1.5% may be a

result of accumulation of water molecules surrounding of

the immobilized enzyme, which led to a diffusional barrier

between enzyme and substrates.

Fig. 9 Effect of temperature on the ester synthesis activity of the

immobilized lipase
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Operational stability of lipase in butyl butyrate

synthesis

Lipase is an industrial enzyme, and its repetitive use in the

immobilized form is very important as far as the economy

of the process is concerned. The operational stability and

multiple uses of immobilized lipase can make the process

more viable over its free counterpart. Operational stability

of the immobilized lipase was determined for six succes-

sive batch operations at 30 �C in n-heptane and results are

presented in Fig. 11. The residual conversion is given as

percentage of initial conversion of butyric acid (first cycle

of synthesis) under standard conditions. As seen in Fig. 11,

the retained activity of immobilized lipase was around 92%

after the third cycle of ester synthesis reaction. After third

operation cycle, a steady decrease in ester synthesis capa-

bility of the immobilized lipase was observed, and this loss

reached to about 73% after six cycles of batch operation.

This result showed that the operational stability of immo-

bilized lipase was improved by adsorption on the multi-

modal ligand attached beads. In this immobilization

system, the active conformation of enzymes might be more

stable due to the multi point electrostatic and strong

hydrophobic interactions between lipase and the multi-

modal ligand. In addition, hydrophilic/hydrophobic func-

tionality of the beaded support could also provide a proper

microenvironment for the immobilized enzyme by pre-

venting the accumulation of excess of water around

enzyme molecules during the long-time ester synthesis

reaction.

Regeneration of the support for reuse in enzyme

immobilization

Regeneration is a crucial step for reversible enzyme

immobilization techniques. It was thus necessary to eval-

uate the regeneration efficiency of the TEDETA ligand

attached beads after inactivation of the adsorbed enzyme

upon use. In order to show the reusability of the beads,

adsorption–desorption cycle of lipase was repeated six

times by using the same beads. In this system, the lipase

adsorbed on the TEDETA ligand attached beads was

placed within the cleaning medium containing 1.0 M

NaOH. The adsorption–desorption cycle of lipase was

repeated five times by using the same beads. The immo-

bilization capacity of the affinity beads did not change

significantly after five times use in the repeated use of the

support after regeneration of the beads in cleaning medium

for 2 h (data not shown). The sixth adsorption–desorption

cycle of lipase, the amount of immobilized enzyme

(72.8 mg/g beads) was about 5% lower than that of the first

use (78.1 mg protein/g beads). It should be noted that the

immobilized enzyme activity was not changed during these

reversible immobilization cycles of lipase on the same

support. The activity performance of the immobilized

enzyme was also same on the support as the first load at the

end of the six cycles. This indicates that the prepared

TEDETA attached beads were of high stability in repeated

enzyme loading.

Conclusion

In this study, the P(S-b-GMA) grafted and TEDETA ligand

attached to P(S–DVB) beads were used for the immobili-

zation of Mucor miehei lipase via physical adsorption. The

adsorption behavior of the lipase onto the nanofibrous

polymer coated and multi-modal-ligand attached beads was

investigated in various reaction conditions. It was observed

that pH and initial concentration of enzyme greatly effects

Fig. 10 Effect of water content on the ester synthesis activity of the

immobilized lipase

Fig. 11 Operational stability of the immobilized lipase during ester

synthesis reaction
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on the adsorption equilibrium. Notably, the optimum pH

and temperature profiles of the immobilized enzyme did

not differ so much from those of the free enzyme. The Vmax

and Km values for the immobilized enzyme were lower and

higher compared to free counterpart, respectively. The

thermal and storage stability of the lipase was shown to

increase upon immobilization. These results show that

fibrous polymer grafted and ligand attached beads are

promising supports in the reversible enzyme immobiliza-

tion technology for industrial applications. Finally, the

immobilized lipase showed enhanced activity for butyl

butyrate synthesis compared to the free counterpart and

exhibited a good operational stability for the esterification

reaction in n-heptane medium. The overall results showed

that, the supported-enzyme system presented is suitable

biocatalyst which is useful in the synthesis of different

flavors for pharmaceutical and food industries.
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