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An active microfibrous substrate containing aminated brush obtained by radiation-induced

grafting of glycidyl methacrylate (GMA) onto a polyethylene/polypropylene (PE/PP) mi-

crofibrous sheet followed by amination reaction was prepared and used for immobilisation

of Candida rugosa lipase under various conditions. The aminated microfibrous sheet was

characterised by Fourier-transform infrared spectroscopy (FTIR-ATR) and field emission

scanning electron microscope (FESEM). The amine group density on the aminated microfi-

brous sheet was found to be 3.33mmol/g. Response surface methodology (RSM) was applied

to model and optimise the immobilisation conditions including immobilisation time (2-6 h),

medium pH (pH 7-9) and enzyme/support ratio (5.0-9.0mg/cm2). The model generated

from RSM was significantly correlated with the studied parameters for the residual activity

of the immobilised lipase. The optimum values for immobilisation time, medium pH, and

enzyme/support ratio were found to be 4.24h, pH 8, and 8.51mg/cm2 respectively. The en-

zymatic activity using p-nitrophenyl palmitate (pNPP) as substrate was 1.4588U/cm2 under

optimum conditions. The pH endurance, storage, and thermal stability of the immobilised

lipase were remarkably enhanced. The immobilised lipase can be readily recovered and more

than 50% of its activity was retained following 10 cycles. The results of this study suggested

that the aminated microfibrous sheet of PE/PP grafted with poly(GMA) is a promising

polymer support for enzyme immobilisation with high potential for broad biocatalytic ap-

plications.
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I. INTRODUCTION

Enzymes are biocatalysts that play crucial

roles in the development of bioprocesses and sus-

tainable technologies and thus, rising an interest

in many industries (Nandy, 2016). Of all, lipase

∗corresponding author: maan@iium.edu.my

(triacylglycerol ester hydrolase, EC 3.1.1.3) has

found to have the utmost use in industrial appli-

cations (Andualema and Gessesse, 2012). This

is due to its remarkable catalytic properties in-

cluding high competency, specificity, selectivity,

and its capability to work in mild reaction con-

ditions. Not only that, the utilisation of lipase
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provides an environmentally friendly catalyst as

a green solution for industrial processes (Tran

and Balkus, 2011). Thus, lipase has been widely

used for esterification, processing of fats and oils,

food processing, ester hydrolysis, and transes-

terification in oleochemical industry, detergents,

degreasing formulations, pharmaceuticals, and

cosmetics (Yuce-dursun et al., 2016; Zhang et

al., 2015). However, like other enzymes, the

application of soluble lipase is limited due to

some drawbacks such as non-reusability, sepa-

ration difficulty from products, prohibitive cost,

and low stability over wide ranges of industrial

settings including pH, temperature, and solvent

(Ma et al., 2016; Kuo et al., 2012). This situa-

tion resulted in an increase of industrial demand

for lipase itself as well as for the development of

immobilised lipase with enhanced stability and

reusability through an immobilisation approach.

Immobilisation of enzymes on carriers of-

fers a significant cost-benefit effect by facilitat-

ing enzyme recycling and enabling improvements

in stability (Alkhatib et al., 2012). Microbial

source enzymes are commonly preferred over

others because of their outstanding catalytic ver-

satility, further upgrading potential and rapid

growth on inexpensive feedstocks. Among lipase

enzymes, lipase derived from yeast called Can-

dida rugosa is one of the most well-studied and

best characterised species. C. rugosa lipase is

the source of seven isoforms of extracellular li-

pase with different substrate specificity and high

applicability in the biotransformation of prod-

ucts in various industries (Trbojević Ivić et al.,

2016; Lasoń and Ogonowski, 2010).

Support materials and methods for enzyme

immobilisation are being continuously developed

to enhance the properties of soluble enzymes.

The performances of the immobilised enzymes

rely firmly on the nature of the functional groups

and the type of the support materials (Goto et

al., 2007). The enzyme immobilisation support

materials should also be biologically safe, chemi-

cally stable, mechanically intact, non-toxic, eco-

friendly, and highly potential for protein binding

(Trbojević Ivić et al., 2016). The greatest advan-

tage of synthetic polymers as support materials

is that the monomers build the polymeric chain

can be selected as it strongly affects the solubil-

ity, stability, porosity and mechanical properties

of the polymer (Zdarta et al., 2018).

Various methods for enzyme immobilisa-

tion including covalent binding, microencap-

sulation, adsorption, and entrapment have

been used on many supports/substrates such

as epoxy modified silica (Yuce-dursun et al.,

2016), sol-gel hybrid coating film (Rueda et al.,

2015), octyl-agarose beads (Rueda et al., 2015),

polyethyleneimine, glutaraldehyde-agarose, sep-

abeads, agarose, octyl-agarose, glyoxyl-agarose

(Zhang et al., 2015) and epoxy-activated mi-

crospheres (Zhang et al., 2015). Of them all,

covalent enzyme immobilisation is the most in-

teresting technique to enhance the stability and

reusability by improving the structure rigidity

and reducing the protein unfolding (Chiou and

Wu, 2004). In this technique, the immobilisa-

tion frequently starts with a surface alteration or

activation step (Chiou and Wu, 2004). The ex-

tent of the effectiveness of this technique with re-

gard to stability, activity, selectivity, and speci-

ficity of the enzyme function depends on the

proper environment and suitability of the used

matrix (Venkatanagaraju and Divakar, 2017). It

is important to understand the 3-dimensional

structure in designing and structuring lipases
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for specified purposes so that the active site is

not interrupted for reaction (Dwevedi, 2016).

Moreover, enzyme immobilisation was found to

be affected by factors such as immobilisation

time, enzyme concentration, pH medium, sub-

strate amount, and temperature (Alkhatib et al.,

2012). In this regard, experimental design is an

important tool to study the interactive effects of

the experimental factors with a minimal num-

ber of experiments, therefore reducing the cost.

Response Surface Methodology (RSM) provides

the technique to investigate the interactions of

two or more factors to acquire the optimal values

of the significant parameters under investigation

and to predict the response (Nasef et al., 2016).

Radiation-induced graft polymerisation is

one of the most effective techniques for intro-

ducing functional groups to different polymer

substrates of various morphologies without al-

tering their inherent properties using various

monomers (Nasef and Güven, 2012). Thus,

this technique has been used for the prepara-

tion of various functionalised polymers for sep-

aration and purification purposes and is suit-

able for many chemical and biological processes

(Nasef and Güven, 2012). Monomers such as

glycidyl methacrylate (GMA), which is highly

versatile in allowing further chemical modifica-

tions of the obtained PGMA grafted substrates

such as polyethylene/polypropylene (PE/PP)

microfibrous sheets, led to active polymers suit-

able for variety of biological systems such as

protein extraction, DNA carriers, peptide sep-

aration and drug delivery systems (Barsbay et

al., 2016; Pino-Ramos et al., 2016; Benaglia

et al., 2013). Studies involving immobilisation

of various enzymes such as invertase (Danis-

man et al., 2004), laccase (Kumar et al., 2016),

horseradish peroxidase (Kumar et al., 2016) on

epoxy-functionalised supports has also been in-

vestigated on various occasions (Pérez et al.,

2006).

Lipases have been immobilised on

poly(glycidyl methacrylate) grafted PE/PP

of different physical forms such as hollow fibre

membranes (Abrol et al., 2007), beads (Karagoz

et al., 2010), and nanocomposites (Nasef et

al., 2016). However, applying functionalised

PE/PP microfibrous substrates, a cheap and an

abundant polyolefin, is likely to impart various

desirable properties to lipase immobilisation

including a high feed diffusion rate and fast

kinetics compared to conventional substrates.

This is due to the large void volumes and

surface areas as well as the chemical inertness

of PE/PP microfibrous sheets.

The objective of this study was to prepare

functionalised PE/PP microfibrous sheets by

radiation-induced grafting of GMA followed by

amination with diethylamine (DEA) and sub-

sequent alkalisation to immobilise C. rugosa

lipase under optimum conditions determined

by RSM. The properties of aminated PGMA-

PE/PP sheets were evaluated at various stages.

The properties of the immobilised lipase includ-

ing optimum pH, residual activity, thermal and

pH stability, storage stability, and reusability

were evaluated.

II. MATERIALS AND METHODS

A. Materials

A PE/PP nonwoven sheet (Teijin Ltd.,

Japan) was used as the microfibrous substrate.

GMA (purity¿99.5, Fluka) was used as the graft-
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ing monomer without further purification. Di-

ethylamine (DEA) (Fluka) and ethanol were

used as received. Deionised (DI) water (18MΩ)

was obtained from a NANOpure DIamondTM

water purifier. Lipase was derived from C. ru-

gosa (L1754-Type VII, 2265 700U/mg solid).

One unit (U) of lipase activity was defined as

the amount of enzyme that liberated 1.0 µmol of

p-nitrophenol per minute under the assay con-

ditions. Polyoxyethylene sorbitan monolaurate

(Tween-20) surfactant, p-Nitrophenyl Palmitate

(p-NPP), p-Nitrophenol (p-NP), bovine serum

albumin (BSA) and all other chemicals were pur-

chased from Sigma-Aldrich Co. and used as re-

ceived. Unless otherwise noted, all reagents were

of analytical grade.

B. Preparation of the grafted PE/PP-based

fibrous substrate

Preparation of a poly(GMA) grafted

PE/PP microfibrous matrix was carried out by

radiation-induced grafting of GMA using a pre-

irradiation method reported elsewhere (Nasef et

al., 2016). The electron-beam (EB)-irradiated

sheet (irradiation conditions: 2MeV, 3mA at

28oC and 60kGy at 10kGy/pass) was brought

into contact with N2 flushed GMA emulsion

containing 7% GMA and 0.5% Tween-20 in DI

water for 1 h at 60oC in the grafting reactor.

After the reaction, the poly(GMA) grafted

PE/PP sheet was taken out and rinsed in DI

water for 8 h followed by multiple washes using

methanol to eliminate the leftover homopolymer

and monomer before being vacuum dried. The

sample weight was determined by comparing it

with the initial weight and the degree of grafting

(G%) in the samples was calculated based on

the weight increase in the grafted samples using

equation [1]:

G(%) =
mg −mo

mg
× 100 (1)

where, mg and mo are the weights of the

grafted and original PE/PP microfibrous sheet

respectively.

C. Pre-treatment of the Poly(GMA)

grafted PE/PP microfibrous sheet polymer

The poly(GMA) grafted PE/PP microfibrous

sheet was pre-treated with diethyamine/ethanol

(50:50, v/v) under constant agitation of 140rpm

at 40oC for 4 h. After amination, the aminated

sheet was removed and washed several times

with ethanol to eliminate any unreacted diethy-

lamine. The sample was vacuum dried for 2 h at

a drying temperature of 80oC. The initial and fi-

nal weights of the polymer were determined, and

the amine group density was determined using

equation [2]:

Amine group density

(
mmol

g

)
=
Wa −Wg

Wg
× 1000

73.14
(2)

where, Wa and Wg are the weights of the

final aminated and initial grafted samples re-

spectively. The denominator value of 73.14 is

the molecular weight of diethylamine. The dried

aminated sample was alkalised by immersing in

1M NaOH solution overnight to increase the al-

kalinity followed by washing with distilled water

until pH 7 was reached, followed by drying. The

steps from the modification of the PE/PP sub-

strate to the pre-treatment process are shown in

Figure 1.
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Figure 1. Preparation of poly(GMA) grafted PE/PP microfibrous sheet

D. Immobilising C. rugosa lipase on

activated poly(GMA) grafted PE/PP

microfibrous sheet

C. rugosa lipase was immobilised covalently

on the aminated poly(GMA) grafted PE/PP mi-

crofibrous sheet. A sample area of 1cm2 was

added to a 3ml solution of 50mM phosphate

buffer (different pH) consisting of 5.0-9.0mg of

lipase. The reaction mixture was incubated with

continuous agitation of 180rpm at a temperature

of 37oC. The time for incubation was varied ac-

cordingly between 2-6 h. The loaded substrate

was rinsed in a phosphate buffer prior to storage

until determination of the lipase residual activ-

ity.

E. Characterisation of activated polymer

The incorporation of poly(GMA) and DEA

was investigated using Fourier infrared spec-

troscopy coupled with attenuated total re-

flectance (FTIR-ATR) (Thermo Fischer Scien-

tific) with 4cm−1 resolution at a transmission

mode in a range of frequency at 500-4000cm−1.

Morphological changes accompanied the applied

modification and the amination of PE/PP sheets

was observed using a field emission scanning

electron microscope (JSM-6700F, JEOL, USA)

at 20kV accelerating voltage on gold sputter-

coated samples.

F. Experiment design and data analysis

In optimising the immobilisation conditions,

response surface methodology (RSM) was ap-

plied to maximise the residual lipase activity

of the immobilised enzymes. Three parameters:

immobilisation time (x1), medium pH (x2) and

the enzyme/support ratio (x3) were chosen as

the independent variables for lipase immobili-

sation conditions whereas enzyme residual ac-

tivity was the dependent variable (response).

The 3-factor and 3-level central composite de-

sign (CCD) was chosen to obtain the optimum

values of these parameters and their interactions.

The parameters with ranges of values taken un-

der study were 2-6 h for x1, 7-9 for x2, and 5.0-

9.0mg/cm2 for x3. Overall, there were 20 exper-

imental runs and each was carried out in trip-

licate. The response results of the residual ac-

tivity were evaluated using Design Expert and

SPSS softwares. All experiments were carried

concurrently to reduce the effect of experimen-

tal error in the observed reaction.
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G. Enzyme activity test

Determination of the lipase residual activ-

ity assay was carried out spectrophotometrically

following the method described by Yang et al.

(2016) using substrate of p-nitrophenyl palmi-

tate (pNPP). The hydrolysis of pNPP by li-

pase to produce p-nitrophenol was detected at

410nm. A sample area of 1cm2 poly(GMA)

grafted PE/PP microfibrous sheet containing

immobilised lipase was transferred into a reac-

tion medium containing 100µl of 0.4% (w/v)

pNPP substrate in ethanol and 1.88ml of 50mM

phosphate buffer solution at pH 7. The activity

was allowed to take place at 45oC for 15 min.

The reaction was stopped instantly after 15 min

by immersing in 100oC water bath for 5 min.

To check for any spontaneous hydrolysis of sub-

strate used, a reaction medium without enzyme

was employed to act as a control. The mean of

three parallel experiments were calculated to de-

termine each response value for the immobilised

enzyme residual activity.

H. Finding optimal temperature and pH for

lipase activity

The optimum temperature for the immo-

bilised lipase and its soluble counterpart were de-

termined by measuring their relative activity af-

ter incubation with substrate. The immobilised

and free lipases were immersed in 50mM phos-

phate buffer (pH 7) while the temperature was

varied in the range of 25-65oC. In contrast, the

optimum pH was determined by immersing both

immobilised and free lipase at different pH (6-11)

buffer under optimum temperature.

I. Properties of lipase enzymes on thermal,

pH and storage stability and reusability

In evaluating the thermal stability of immo-

bilised and free lipase, both forms were kept in a

50mM substrate-free phosphate buffer solution

for 30 min, at varying temperature of 25-65oC

under optimum pH. The samples were taken and

cooled to room temperature after the incuba-

tion period before being added to the pNPP sub-

strate. Enzyme assays were conducted at opti-

mum conditions. In the pH stability test, both

immobilised and free enzymes were incubated for

30 min in different substrate-free pH buffers (6-

11) after which the lipase was transferred to fresh

buffer with optimum pH with the presence of

substrate and the activity was evaluated at an

optimum temperature as described above.

The ability of the immobilised lipase to be

reused was evaluated by recovering the tested

sample from the reaction medium by spatula and

washing several times with phosphate buffer (pH

7). This is to eliminate any residue or unreacted

substrate on the fibrous sheet. Then, the sam-

ple was once again introduced into a new reac-

tion medium having the same experimental con-

ditions. The same immobilised lipase sample was

reused up to 12 times under the same procedure.

The first activity cycle was considered as 100%

in comparison with the relative activity of oth-

ers to determine the reusability of immobilised

lipase residual activity. To determine lipase stor-

age stability, immobilised and free lipases were

respectively kept in 50mM phosphate buffer (pH

7) at 4oC for up to 30 days. Aliquots were peri-

odically extracted for activity determination on

day 1, 3, 5, 10, 20 and 30. To determine the

residual activity, the activity assay of day 1 was
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set as 100%.

III. RESULTS AND DISCUSSION

A. Preparation of poly(GMA) grafted

PE/PP microfibrous sheet polymer with

amino group

Grafting of GMA led to the incorporation of

covalently bonded epoxy rings originating from

the grafted poly(GMA) on the surfaces of the

PE/PP microfibrous sheet, which allowed fur-

ther ring opening modification through ami-

nation. The features of FTIR spectra shown

in Figure 2 provide evidence of the activation

involving incorporation of poly(GMA) to the

PE/PP microfibrous sheet and subsequent am-

ination of the grafted sheet. Compared to a

pristine PE/PP sheet having typical features

of CH2 and CH3 bands in the region of 2800-

3100cm−1, the poly(GMA) grafted sheet showed

additional strong bands at 906 and 844cm−1,

representing the epoxy group. This was coupled

with a carbonyl group peak at 1724cm−1. Af-

ter amination, the peaks representing the epoxy

group disappeared with parallel appearance of

a –OH broad peak at 3500cm−1 resulted from

the ring opening reaction. The remaining car-

bonyl group peak at 1724cm−1 proved that the

epoxy ring opening took place by amination.

The FTIR results of poly(GMA) grafted and

aminated PE/PP sheets in this study are in a

complete agreement with literature obtained by

Nasef et al. (2014). The amine group den-

sity of the activated polymer is calculated to

be 3.33mmol/g. After immobilisation, the alkyl

group peak at 1153cm−1 showed a reduction in

intensity in which is used for covalent attach-

ment for the enzyme to be immobilised on the

polymer. This showed that covalent attachment

forms a peptide bond between enzyme and sub-

strate releasing alkyl group from the polymer.

FESEM images provided further evidence of

grafting of GMA amination and subsequent li-

pase immobilisation as indicated by the differ-

ence in the fibre diameters (Figure 3). The

pristine PE/PP showed fibres with diameters

in the range of 12∼15µm (Figure 3(A)) com-

pared to 25∼33µm diameter in poly(GMA)

grafted PE/PP microfibrous sheet shown in Fig-

ure 3 (B). The aminated poly(GMA) grafted

PE/PP microfibrous sheet shows similar mor-

phology with minor increase in fibre diameter

(Figure 3(C)). The diameter of lipase immo-

bilised poly(GMA) grafted PE/PP fibres further

increased and formed some spots as shown in

Figure 3 (D) indicating the attachment of lipase

between polymer networks. It can be concluded

that the procedure employed in this study i.e.

grafting and functionalisation were successful in

modifying the fibrous structure of PE/PP per-

manently with poly(GMA) offering epoxy rings

that were aminated prior to hosting the lipase

enzyme.

The use of synthetic polymer allows the con-

trol of the length of the matrix support-enzyme

spacers for improved enzyme activity (Zdarta et

al., 2018). This result is in accordance to the

study by Goto et al. (2007) which showed that

the pre-treatment of polymer with diethylamine

groups has allowed the expansion of polymer

due to mutual electrostatic repulsion for mul-

tilayer enzyme immobilisation and space for en-

zyme activity reactions to occur effectively. This

can be shown from the observation of swelling

that has occurred within the aminated poly-
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Figure 2. FTIR spectra of: (A) pristine PE/PP (B) poly(GMA) grafted PE/PP and (C)

aminated poly(GMA) grafted PE/PP (D) lipase immobilisation on poly(GMA) grafted PE/PP

microfibrous sheets

(a) (b)

(c) (d)

Figure 3. FESEM images of pristine PE/PP (A), poly(GMA) grafted PE/PP (B), aminated

poly(GMA) grafted PE/PP (C), and lipase immobilised poly(GMA) grafted PE/PP (D)

microfibrous sheets at magnification of 300x and 1500x, respectively

mer and improved enzyme activity after the pre-

treatment. Besides, the hydrophilicity of chemi-

cally modified polymer allows better solubility of

enzyme in the solution. The aminated polymer

provides excellent mechanical strength, chemi-

cal and thermal stability and spacious surface
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area for enzyme immobilisation by covalent at-

tachment. The hydrophilic surface illustrates

good resistance to non-specific bonding between

biomolecules and the membrane surfaces (Zhu

and Sun, 2012).

The use of grafted polymer served the same

function as a spacer arm in providing further ex-

tension for efficient enzyme immobilisation. Var-

ious studies conducted previously, had modified

the polymer prior to immobilisation to increase

enzyme loading, give efficient bonding, and im-

prove enzyme activity. Modifications provided

more area for the immobilised lipase to be ac-

cessed by the lipid substrate. Lipase attached

directly to the polymer surface tends to lose its

active conformation in its attempt to maximise

contact with the surface, which consequently

gives low activity (Bayramoğlu, 2005). The use

of synthetic polymer for enzyme immobilisation

by covalent binding allows improved enzyme ac-

tivity and stability.

B. Optimisation of lipase immobilisation on

poly(GMA) grafted PE/PP microfibrous

sheet

The nature of the experimental result and

optimum values for the variables under study

were determined by applying face-centred cen-

tral composite design (FCCCD) with RSM. For

the optimisation, the independent variables cho-

sen were immobilisation time, medium pH, and

enzyme/support ratio (Table 1) to maximise the

response value of the immobilised lipase by de-

termining the residual activity. The influences of

variables on the result were calculated by the De-

sign Expert software v.7.1 (Stat-Ease Inc. Min-

neapolis).

The ‘analysis of variance’ (ANOVA) test for

the response surface quadratic model is dis-

played in Table 2. The established F-value of

the model, which is 11.76, indicated that the

model was significant. The chance that this F-

value was generated due to noise is only 3%.

The probability value (Prob>F=0.0003), which

was very low, proved that the model and its

term were very significant and sufficient to ex-

plain the actual relationship between the signif-

icant parameters and the response. Moreover,

the insignificant ‘lack of fit’ with F-value=3.28

was highly desirable and related to the pure er-

ror (p>0.05). The value demonstrated the pre-

cision and reliability of the designed model for

good reproducibility. The determination coeffi-

cient (R2) indicated the accuracy of the model

with the value of 0.9136. This indicated that

91.36% of the variables matched the response.

A coefficient of determination value near to 1

showed that the experimental data were defined

and well represented by the model established.

Post hoc comparisons using Tukey test indi-

cated that the mean score for the time between

2 to 4 h and 4 to 6 h were significantly different.

However, mean score for the time between 2 to 6

h was not significantly different. The mean score

for pH showed pH 7 to pH 8 and pH 8 to pH

9 were significantly different while pH 7 to pH

9 was not significantly. Factor enzyme/support

ratio showed mean score for all groups of 5.0,

7.0 and 9.0mg/cm2 were significantly different

to one another.
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Table 1. Responses of optimisation of enzyme immobilisation by RSM
 

Treatment no. Factor Enzyme residual 

activity (U) per 

cm2 
Time (h), 

 x1 

pH,  

x2 

Enzyme/support ratio 

(mg/cm2),  x3 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

0(4) 

1(6) 

-1(2) 

-1(2) 

1(6) 

0(4) 

0(4) 

0(4) 

0(4) 

-1(2) 

1(6) 

0(4) 

0(4) 

-1(2) 

1(6) 

-1(2) 

0(4) 

1(6) 

0(4) 

0(4) 

-1(7) 

-1(7) 

1(9) 

0(8) 

0(8) 

0(8) 

0(8) 

1(9) 

0(8) 

-1(7) 

-1(7) 

0(8) 

0(8) 

1(9) 

1(9) 

-1(7) 

0(8) 

1(9) 

0(8) 

0(8) 

0(7.0) 

-1(5.0) 

1(9.0) 

0(7.0) 

0(7.0) 

0(7.0) 

1(9.0) 

0(7.0) 

0(7.0) 

-1(5.0) 

1(9.0) 

0(7.0) 

0(7.0) 

-1(5.0) 

1(9.0) 

1(9.0) 

-1(5.0) 

-1(5.0) 

0(7.0) 

0(7.0) 

0.4838 

0.2766 

0.5452 

0.6771 

0.8109 

0.9933 

0.9220 

0.6761 

0.9150 

0.4491 

0.6320 

0.9676 

0.9933 

0.3638 

0.5071 

0.5205 

0.6543 

0.3886 

0.9319 

0.8248 

 

C. Interactions of immobilisation factors

and response

Surface response plots of the quadratic poly-

nomial model were used to interpret the effects

of the immobilisation conditions on the response

of enzyme residual activity. One variable was

kept fixed while the interactions of the other

two variables were analysed. The fitted re-

sponse function was represented by the 3D re-

sponse surface and 2D contour plots. Figure

4 (a) displays the influences of immobilisation

time, medium pH, and their mutual interaction

on the enzyme activity at an enzyme/support

ratio of 7.0mg/cm2. As the value increased,

the immobilised lipase residual activity increased

(from 0.48 to 0.87U/cm2 poly(GMA) polymer)

and the highest activity was achieved at the cen-

tral point of the plot. The red colour gradi-

ent indicated the optimum level of time and pH
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Table 2. ANOVA for RSM FCCD model

   SS Df MS F-value P-Value  

Model 0.92 9 0.10 11.76 0.0003 Significant 

Residual 0.087 10 8.72E-003    

Lack of Fit 0.067 5 0.013 3.28 0.1019 Not significant 

Pure Error 0.020 5 4.074E-003    

Cor Total 1.01 19     

that were between the range of pH 7.5 – 8.5

and time of 3 – 5 h. Although immobilisation

may be performed at neutral pH in many cases,

incubation at alkaline pH values, where the re-

activity of the protein nucleophiles may be im-

proved, was convenient to have a high enzyme-

support reaction (Kuo et al., 2012). Figure 4

(b) displays the effects of the immobilisation

time, the enzyme/support ratio and their mu-

tual interaction on the enzyme activity at pH

7. For an immobilisation time between 2 and

6 h, the residual activity showed a gradual in-

crease (0.65 to 0.99U/cm2 poly(GMA) polymer)

as the enzyme/support ratio increased from 5.0

to 9.0mg/cm2. The combined result of pH and

the enzyme/support ratio (Figure 4 (c)) on the

immobilised lipase residual activity at a constant

immobilisation time of 4 h increased the residual

activity (over 0.8575U /cm2 poly(GMA) poly-

mer) starting from pH 8 and enzyme/support

ratio from 7.0 – 9.0mg/cm2.

The results showed that the residual ac-

tivity of immobilised lipase increased with en-

zyme/support ratio at average pH and time.

However, when pH increased beyond 8, the resid-

ual activity dropped off. Suitable mild alkalin-

ity conditions and higher enzyme/support ratios

needed to be applied to increase the enzyme

attachment competency on the poly(GMA)

grafted PE/PP microfibrous sheet, thereby al-

lowing the higher activity. Two theories can be

used to describe this occurrence. First, sufficient

enzyme/support ratio was necessary for the en-

zyme to immobilise on the polymer and increas-

ing that ratio gave better chances for the immo-

bilisation to occur. Second, a slightly alkaline

condition allowed for the best bond between the

enzyme and the membrane. Higher pH medium

affected the ionic condition for the enzyme im-

mobilisation to the polymer. The suitable time

was crucial in providing better immobilisation

effect. The extension of time caused the enzyme

on the polymer to be saturated and thus, the

active site of enzyme activity was blocked, de-

creasing the lipase activity (Yuce-dursun et al.,

2016). Besides, saturation limitation with a de-

ficient amount of substrate decreased the chance

for the enzyme activity to take place.

Time, pH, and enzyme/support ratio had a

significant effect on the immobilisation of lipase

and thus affected the residual activity. Sufficient

time and suitable pH with high enzyme/support

ratio were required for an optimum condition

for enzyme immobilisation in giving the highest

residual activity.
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Figure 4. 3D surface plots showing the effects of immobilisation factors and their interaction. (a)

pH and time (b) enzyme/support ration and time (c) enzyme/support ration and pH

D. Achieving optimum condition for

immobilisation

The optimum immobilisation conditions were

established using the statistical analysis of the

Design Expert software that calculated the es-

timated maximum response from the results.

The estimated immobilised lipase activity (re-

sponse; Y ) was figured following the immobili-

sation model, as shown in Table 3. According to

the analysis, the optimum immobilisation con-

ditions, which depended on the highest resid-

ual activity, could be obtained at an immobil-

isation time of 4.24 h, a medium pH of 8, and an
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enzyme/support ratio of 8.51mg/cm2 with the

maximum experimental activity of 1.46U/cm2.

E. Characterisation of immobilised lipase

1. Optimum temperature for immobilised lipase

residual activity
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Figure 5. Effect of temperature on enzyme

activity for immobilised and free lipase

Figure 5 shows the highest relative activity

on the hydrolysis of lipase on p-NPP obtained

at 45oC for free lipase and 55oC for immobilised

lipase at pH 7. The immobilised lipase showed

higher optimum temperature in contrast to the

free enzyme, which lost more than 30% of its

activity when incubated above 45oC. The con-

formational mobility of immobilised lipase was

restricted due to the covalent bond that ex-

isted on the matrix and thus required higher

kinetic energy to attain suitable conformation

for catalytic reaction. While substrate conver-

sion continued at high temperature, enzyme de-

naturation appeared to be shifted to an even

higher temperature where lipase was denatured.

In the study of Yuce-Dursun (Yuce-dursun et

al., 2016), in which C. rugosa lipase was cova-

lently immobilised on hybrid epoxy-silica poly-

mer films, the immobilised enzyme showed im-

proved thermostability over the free enzyme.

Other studies supported improved thermostabil-

ity on immobilised lipase, including Huang et

al. (2011) and Zhu and Sun (2012). The re-

sults appear to support the notion that immo-

bilised enzyme via covalent attachment to a ma-

trix demonstrated increased resistance to heat.

2. Optimum pH for immobilised lipase residual

activity
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Figure 6. Effect of pH on enzyme activity for

immobilised and free lipase

The optimum pH for free lipase was at pH

7. After immobilisation, the optimum activity

was slightly shifted to the acidic region of pH 6

(Figure 6). This condition was due to the proton

exchange properties of the immobilisation poly-

mer that produced a different microenvironment

characteristic around the enzymes than the bulk

solution (Tastan et al., 2011). The polycationic

polymer surface of grafted poly(GMA) causes its

microenvironment pH value to be higher than

its bulk pH. The shift occurred due to the co-

valent attachment on the surface of the support

which limited the transition of lipase conforma-

tion against the change of pH. A study by Yuce-

dursun et al. (2016) reported similar result for

optimum pH of free and immobilised C. rugosa
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Table 3. Estimated and experimental maximum (lipase residual activity)

Validation Time 

(h), 

X1 

pH, 

X2 

Enzyme/Support 

Ratio (mg/cm2), 

X3 

Estimated 

Activity 

(U/cm2 ) 

Experimental 

Activity 

(U/cm2) 

1 4.39 7.77 8.40 0.93 1.41 

2 4.12 8.15 8.97 0.93 1.44 

3 4.24 8.00 8.51 0.94 1.46 

4 4.54 8.12 8.41 0.94 0.99 

 

lipase by covalent bonding on epoxy-silica poly-

mer films at 7.0 and 6.0, respectively. Ren et al.

(2011) in his study revealed that the reasons for

a shift toward the acidic regions are due to the

covalent attachment on the surface of the sup-

port which limits the transition of lipase confor-

mation against the change of pH. The presence of

the amine groups on the surface of polymer near

the active sites of lipase molecules that could di-

minish the concentration of protons. Therefore,

both the notions support the shift result of the

optimum pH found for the grafted-PGMA poly-

mer.

3. Stability of the immobilised lipase

Temperature and pH stability, reusability

and storage life were the essential aspects for

the commercial application of biocatalyst. Fig-

ure 7 (a) shows the effect of temperature on the

free and immobilised lipase that was tested for

their relative activity at each optimum pH and

temperature. Below 35oC, the activity of both

immobilised and free lipase was not easily af-

fected. However, the relative activity of the free

lipase showed a significant drop above 35oC and

it decreased about 32% of the initial activity at

65oC. In contrast, immobilised lipase decreased

less and more slowly than the free lipase and

still retained up to 50% of activity at 65oC. This

was because the presence of covalent linkage in

immobilised lipase improved thermal stability,

thereby reducing protein denaturation at higher

temperature (Huang et al., 2011). Furthermore,

the fibrous mesh helped prevent denaturation as

well (Huang et al., 2011). A study by (Trbojević

Ivić et al., 2016; Zhu and Sun, 2012) show simi-

lar result where they found the residual activity

of the immobilised and free lipase remained to

be 73% and 54% respectively after 20 min of in-

cubation at 60oC.

The effect of pH stability on the free and im-

mobilised lipase, tested on its relative activity

at optimum pH and temperature, is shown in

Figure 7 (b). The activity of immobilised lipase

on the poly(GMA) grafted PE/PP microfibrous

sheet was retained throughout a wider pH range

compared to free enzymes. Immobilised lipase

was most stable at pH 9 and maintained better

residual activity, exhibiting the lowest residual

activity (∼48%) at pH 11. In contrast, free li-

pase was stable at pH 6 – 8, but was adversely

affected once the pH was raised beyond this pH

region. At pH 11, approximately only 12% resid-
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Figure 7. (a) Temperature stability and (b) pH stability of immobilised lipase over free enzymes;

(c) reusability of immobilised lipase; (d) Storage stability

ual activity was retained. The improved stabil-

ity of immobilised lipase is due to the multipoint

attachment that physically restricted the mobil-

ity of amino acid residues against environmen-

tal changes and thus improved the pH stabil-

ity of the immobilised lipase (Dwevedi, 2016).

The increase in the stability performance of the

immobilised lipase was due to the large surface

area of the polymer which gave better geometri-

cal congruence between the enzyme surface and

high superficial density of the reactive group.

The groups present were also very reactive, sta-

ble and showed minimal steric hindrances dur-

ing reaction (Kuo et al., 2012; Ren et al., 2011).

Several authors have shown a similar pattern of

improved stability (Rivero and Palomo, 2016)

proving that multipoint covalent bonding on the

polymer support has been a very compelling ap-

proach to stabilise enzymes (Kuo et al., 2012).

The most important benefit of immobilisa-

tion technology is the recycling of enzymes,

which is extremely important for industrial ap-

plications. Figure 7(c) shows the activity of li-

pase immobilised on poly(GMA) grafted PE/PP

microfibrous sheet after multiple cycles of sepa-

ration and reuse. The immobilised lipase was

seen to retain high activity on the first two cy-

cles at 99% and 97% of the original activity, re-

spectively. The residual activity dropped signif-

icantly on the fourth cycle onwards but still re-

tained more than 60% for as many as ten cycles.

However, the activity reduced below 50% after

10 cycles and retained only 34% of its initial ac-

tivity at cycle number twelve. Enzymes that are

attached by covalent bond are found to be very

stable with higher reusability. It is possible that

the activity was lost due to the inactivation of

enzymes by continuous use and also to leakage of
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the enzyme from the polymer by multiple sepa-

rations, washes and soaking processes during the

recycling reaction (Zhang et al., 2015). A highly

significant difference was observed in the relative

activity between the immobilised and free lipases

(Figure 7 (d)). The immobilised lipase retained

its full activity until day 20 and dropped slightly

on day 30 to 93% whereas the free enzyme dras-

tically reduced its activity to 91% after the third

day period. The immobilised lipase exhibited a

higher storage stability than the free counter-

part due to the presence of the attachment of a

rigid covalent bond that prevented autodigestion

and thermal denaturation (Dwevedi, 2016). The

immobilising strategy involving the attachment

between the enzyme subunit allowed further in-

crease in its stability. However, the dissociation

of the subunit caused by the inactivation over

time led to the decrease of lipase activity towards

the end of the experiment (Zdarta et al., 2018).

IV. CONCLUSION

An interesting oxiran containing a fibrous

substrate obtained by radiation-induced graft-

ing of GMA onto a PE/PP microfibrous sheet,

followed by amination and alkalisation was pre-

pared and successfully used for the immobilisa-

tion of C. rugosa lipase. The lipase immobili-

sation conditions were carefully optimised using

RSM. The optimum values for immobilisation

time, medium pH, and enzyme/support ratio

were found to be 4.24 h, pH 8, and 8.51mg/cm2

respectively. The immobilised lipase showed an

activity of 1.46U/cm2 coupled with enhanced en-

zyme stability. Based on the results of this study,

it can be concluded that radiation-induced graft-

ing and subsequent functionalisation provide a

highly efficient method for converting PE/PP

microfibres into active substrates for enzyme im-

mobilisation. RSM is an effective tool for op-

timisation of immobilisation conditions, leading

to high enzyme activity and stability. Finally,

the activated poly(GMA) grafted PE/PP mi-

crofibrous sheet showed strong potential for en-

zyme immobilisation for various biocatalytic re-

actions.
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[21] Nasef, M.M. and Güven, O. (2012) Radiation-

grafted copolymers for separation and purifica-

tion purposes: Status, challenges and future di-

rectio. Progress in Polymer Science, 37(12), pp.

1597-1656.

[22] Nasef, M.M., Abbasi, A., and Ting, T.M. (2014)

New CO2 adsorbent containing aminated poly

(glycidyl methacrylate) grafted onto irradiated

PE-PP nonwoven sheet. Radiation Physics and

Chemistry, 103, pp. 72-74.

[23] Nasef, M.M., Alinezhad, S.S., Mat, R., Yusof,

R., Zakeri, M. and Farag, H. (2016) Prepara-

tion of alkaline polymer catalyst by radiation

induced grafting for transesterification of tri-

acetin under neural network optimized condi-

tions. Journal of Macromolecular Science, Part

A: Pure and Applied Chemistry, 53(9), pp. 557-

565.
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