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ABSTRACT: Poly (methyl methacrylate) (PMMA)–starch composites were prepared by emulsion polymerization technique for

L-asparaginase (L-ASNase) immobilization as highly activated support. The hydroxide groups on the prepared composites offer a very

simple, mild and firm combination for enzyme immobilization. The pure PMMA and PMMA-starch composites were characterized

as structural, thermal and morphological. PMMA-starch composites were found to have better thermal stability and more hydrophilic

character than pure PMMA. L-ASNase was immobilized onto PMMA-starch composites contained the different ratio of starch (1, 3,

5, and 10 wt %). Immobilized L-ASNase showed better performance as compared to the native enzyme in terms of thermal stability

and pH. Km value of immobilized enzyme decreased approximately eightfold compared with the native enzyme. In addition to,

immobilized L-ASNase was found to retain 60% of activity after 1-month storage period at 4 8C. Therefore, PMMA-starch compo-

sites can be provided more advantageous in terms of enzymatic affinity, thermal, pH and storage stability as L-ASNase immobiliza-

tion matrix. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43421.
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INTRODUCTION

L-asparaginase (EC 3.5.1.1; L-ASNase) is a hydrolytic enzyme that

is catalyzed in the conversion of L-asparagine to aspartic acid and

ammonia.1 L-asparagine is a nutritional requirement of both nor-

mal and leukemic cells.2 The leukemic cells are unable to synthe-

size the adequate levels of L-asparagine for their metabolism, due

to the lack of L-asparagine synthetase, while normal cells can self-

synthesize L-asparagine.3,4 In the presence of L-ASNase, leukemic

cells cannot grow and die because of the lack of protein synthe-

sis.5,6 Therefore, this enzyme has been used in certain disease

including acute lymphoblastic leukemia (ALL),7 lymphosarcoma8

and non-Hodgkin’s lymphoma,9 as a potent anti-tumor or anti-

leukemic drug. In spite of its high therapeutic efficacy, prolonged

use leads to hypersensitivity, ranging from mild allergic reactions

to life-threatening anaphylaxis,10 due to the high molecular mass

of the enzyme and its bacterial origin.11 To reduce the immuno-

logical response, prolong the action time and enhance the drug’s

effects in blood, the native L-ASNase has often been immobilized

with various kinds of biocompatible polymers to produce immo-

bilized/modified L-ASNase. The modification or immobilization

of the enzyme not only reduced its immunity and toxicity to

humans but also greatly improved its resistance to proteolysis in

comparison with native L-ASNase.12 Several natural or synthetic

polymers have been commonly used as the matrix used in the

methods of enzyme immobilization. The structure of the matrix

material is vitally important to the performance of immobilized

enzymes. Nowadays, materials having unique physical properties,

wide application potential, more biodegradable and biocompati-

bility than the polymers have been intensively investigated as the

immobilization matrix. In this sense, composites or nanocompo-

sites have attracted the attention of researchers. Therefore,

researchers aim to develop novel composite containing natural

and high-performance polymers such as starch, chitosan, dextrin

etc. for various applications.13–17 Examples of such biopolymer

that L-ASNase has already been incorporated in are dextran,18

chitosan,19,20 and poly (D,L-lactide-co-glycolide).21 Immobiliza-

tion of enzymes onto composite containing biopolymer allows

increased stability to changes in conditions such as pH or temper-

ature. It also may increase resistance to proteases and other

denaturing compounds. The use of the starch for enzyme immo-

bilization is preferable to other natural polymers because of the

higher reactivity and porosity of starch and/or its lower cost. In

our works, the essential aim in the using of starch for the prepara-

tion of PMMA composites is the activation of PMMA with
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hydroxyl groups of starch for L-ASNase immobilization. PMMA

activated with hydroxyl groups can also easily interact with

L-ASNase due to the hydrophilic character. Therefore, we investi-

gated PMMA-starch composites as an enzyme immobilization

matrix in order to improve L-ASNase half-life and enzymatic

stability.

In this study, biodegradable PMMA-starch composites were syn-

thesized by emulsion polymerization using different weight ratios

of starch as a biodegradable and biocompatible reinforcement.

The obtained composites were characterized by Fourier transform

infrared (FT-IR) spectroscopy technique. Thermal analysis techni-

ques such as thermogravimetric analysis (TGA), differential scan-

ning calorimetry (DSC) and differential thermal analysis (DTA)

were used for thermal properties of the PMMA-starch compo-

sites. The hydrophilicity of the composites was also characterized

by water contact angle. The results revealed that the hydrophilicity

of the composite samples was significantly and permanently

improved. L-ASNase was immobilized onto PMMA-starch com-

posites. Among them, the most appropriate composite (PMMA-

S-3%) was selected as the matrix. The surface morphology of the

composite was characterized by scanning electron microscopy

(SEM) and energy-dispersive X-ray (EDX) analysis. Then, immo-

bilized L-ASNase onto PMMA-starch composite was investigated

parameters such as optimum temperature, optimum pH, kinetic

parameters and in vitro storage stability and compared with native

enzyme.

EXPERIMENTAL

Materials and Reagents

L-ASNase, L-asparagine, methyl methacrylate (MMA), sodium

dodecyl sulfate (SDS) and Nessler’s reagent were purchased from

Sigma Ltd. (St.Louis, USA). Starch and tris base were supplied by

Merck AG (Darmstadt, Germany). Trichloroacetic acid (TCA)

and potassium persulfate (K2S2O8) were purchased from Riedel–

deHaen AG (Darmstadt, Germany). The other chemicals such as

solvents, acids and other reagents were analytical grade. Deionized

water was used for all preparations.

Characterization

FT-IR spectrum of the samples was recorded in the range of

4000–400 cm21 using a Mattson 1000 FT-IR spectrometer. The

spectra was the result of 30 scans. The spectral resolution was

4 cm21. The absorption spectra of the samples was recorded as

KBr pellets. GPC analysis of pure PMMA was performed at room

temperature using THF as eluent at a flow rate of 0.5 mL min21.

A refractive index detector was used as a detector. The instrument

(Agilent 1100 series GPC-SEC system) was calibrated with a mix-

ture of polystyrene standards (Polysciences; molecular masses

between 200 and 1200,000 Da) using GPC software for the deter-

mination of the average molecular masses and polydispersity of

the polymer sample. Thermo-gravimetric analysis (TGA) was

determined with Shimadzu TGA-50 instrument from room

temperature to 800 8C at a heating rate of 10 8C min21 under air

atmosphere. Differential scanning calorimetry, DSC (Shimadzu

DSC-60) was used to measure glass transition temperature (Tg).

Differential thermal analysis (DTA) was performed using

Shimadzu DTA-50 in temperature range room temperature to

800 at a heating rate 10 8C per minute.

The surface morphology, porosity and fractured surface of the

samples were observed by scanning electron microscope (SEM).

The SEM images were acquired on LEO Evo-40 VPX scanning

electron microscope in the secondary electron imaging mode.

Emission current was 10 lA, accelerating voltage was 2 kV, and

the working distance was 3 mm for the analysis. Carbon tape

(Spectro tabs, 12 mm O.D.) attached to the aluminum specimen

stubs were used for the sample preparation; pressured air was

applied to remove the loosely attached particles. Samples for SEM

analysis were sputter coated with Au/Pd using a sputter coater

(Bal-Tec SCB 050). Chemical composition analysis by EDX was

performed with an EDX; R€onteck Xflash detector analyzer associ-

ated to a scanning electron microscope (SEM, Leo-Evo 40xVP).

The incident electron beam energy was varied from 3 to 30 keV.

In all cases, the beam was at normal incidence to the sample

surface and the measurement time was 100 s.

The water contact angles were measured using an SEO Phoenix 300

contact angle measuring apparatus. A Shimadzu UV2vis spectro-

photometer (UV–vis 1601, Shimadzu) was used to analyze the

activity of the both native and immobilized enzymes at 480 nm.

Preparation of PMMA

The PMMA was synthesized by emulsion polymerization method

of methyl methacrylate monomer. Methyl methacrylate (MMA,

10 mL) and surfactant sodium dodecyl sulfate (SDS, 0.04 g) were

added into 100-mL Schlenk flask and stirred for 30 min with a

nitrogen line and a magnetic stirrer. An aqueous solution of potas-

sium persulfate (KPS, 0.5 g) was subsequently added to the

medium. Then, the mixture was heated in a water bath with a mag-

netic stirrer heating until 80 8C. The polymerization was main-

tained for 3–4 h at 80–90 8C. The polymer was filtered, washed

with water to demulsify, dried at 50 8C. After that, the poly (methyl

methacrylate) particles were pulverized and were named as PMMA

(yield was about 90%).

Preparation of PMMA–Starch Composites

PMMA–starch composites were performed in a 100-mL Schlenck

flask equipped with a nitrogen line and a condenser. For the syn-

thesis of PMMA–starch composites, the monomer MMA and var-

ious weight percentage of starch (1, 3, 5, and 10 wt %) were

dispersed in 100 mL of water containing 0.04 g of SDS and stirred

for 30 min with a magnetic stirrer. An aqueous solution of potas-

sium persulfate (0.5 g) was subsequently added to the medium.

Then, the mixture was heated in a water bath with a magnetic stir-

rer heating until 80 8C and the polymerization was maintained for

3–4 h at 80–90 8C. Thereafter the Schlenck flask was removed

from the water bath and it was cooled to room temperature. The

prepared PMMA-starch composites were collected by filtration

and washed several times with distilled warm water to remove

unreacted starch from the composites. The samples were dried in

a vacuum oven at 50 8C for 24 h and were pulverized. After, the

samples were named as PMMA-S-1%, PMMA-S-3%, PMMA-

S-5%, and PMMA-S-10%, respectively.

Preparation of L-Asparaginase Immobilized

PMMA-Starch Composites

Nearly 0.1 g of pure PMMA and PMMA–starch composite sam-

ples were added to Eppendorf tubes containing distilled water

(0.75 mL) and L-ASNase (100 IU) and were stirred for 30 min
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with an orbital shaker at 4 8C, respectively. Then, the mixture was

centrifuged at 5000 rpm for 5 min at 4 8C. Following of centrifu-

gation, the supernatants were taken and unbound enzyme was

removed by washing the solid with sterilized distilled water.

Finally, the solid containing L-ASNase was dried using a vacuum

evaporator. Schematic image of preparation and effect mechanism

of PMMA-Starch-L-ASNase composites was illustrated in Figure

1. The solid sample (5 mg) was taken to measure the enzyme

activity. PMMA-starch composites have free volume for L-ASNase

immobilization. It was determined that PMMA-S-3% has opti-

mum free volume for L-ASNase compared with other synthesized

materials. The free volumes of PMMA-S-5% and PMMA-S-10%

are higher than other PMMA-starch composites. In these compo-

sites, activities of immobilized L-ASNase decreased in compared

with PMMA-S-3%-LASNase. These declines are due to leaching

of the enzyme from the free volume of PMMA-S-5% and PMMA-

S-10%. Therefore, PMMA-S-3% was used as the model matrix for

determination of immobilization parameters due to the highest

activity of PMMA-S-3%-L-ASNase (Table I).

Biodegradation Study of Pure PMMA and PMMA–Starch

Composites

The samples of pure PMMA and PMMA-starch composites were

weighed 0.1 g and were placed in biodegradation medium. The

medium composition was prepared as 50 mM phosphate buffer

solution (PBS) of pH 7.4. Each sample (0.1 g) was placed into an

individual vial containing 10 mL PBS, and incubated at 37 8C.

The samples were taken out after 1, 2, and 4 weeks and washed

with distilled water. The samples were dried in a vacuum oven at

room temperature for 2 days and were reweighed to determine

the weight loss percent using the following formula:

Weight loss %ð Þ5 mo2
md

mo

� �
x100

where mo and md are the masses of pure polymer and compo-

sites before and after biodegradation. All experiments were per-

formed in triplicate.

Activity Assays of Native and Immobilized L-Asparaginase

The native and immobilized L-ASNase activity were measured

based on the amount of released ammonia during the hydrolysis

of the substrate using Nessler’s reagent, as described by Mashburn

and Wriston.21 The reaction mixture contained 1 mL of 10 mM

L-asparagine (prepared with 0.05M Tris-HCl pH: 8.6) and the

sample (native LASNase: 5 IU, PMMA-S-LASNase: 5 mg). The

mixture was incubated for 30 min at 37 8C, after the reaction was

terminated by the addition of 0.01 mL of 1.5M trichloroacetic

acid (TCA) and then, centrifuged to separate the precipitated pro-

tein from the solution. The liberated ammonia was determined by

adding 0.25 mL of Nessler’s reagent. All experiments were per-

formed in triplicate. The absorbance was recorded at 480 nm after

10 min. L-asparaginase activity was defined as mmol of NH1
4

formed per minute and expressed in IU.22

Effect of pH and Temperature on the Enzymatic

Activity of Native and Immobilized L-Asparaginase

The effect of pH on the enzyme activity on both native and

immobilized L-ASNase was examined using acetate buffer (pH;

4.0, 5.0, 6.0) and Tris-HCl buffer (pH; 7.0, 7.5, 8.0, 8.5, 9.0, 10.0)

at 37 8C. The optimal temperature of the native and immobilized

L-ASNase was determined by measuring in the temperature range

of 25–65 8C in Tris-HCl (50 mM, pH 8.6). All these reactions

were performed according to the method in the activity assays of

native and immobilized L-asparaginase. All experiments were per-

formed in triplicate. The highest activity was expressed as 100%

and all activity values were given in comparison to 100% as rela-

tive activity.

Kinetic Analysis of Native and Immobilized L-Asparaginase

To obtain the kinetic parameters of native and immobilized

L-ASNase were measured the enzymatic activity in 50 mM Tris-

HCl (pH 8.6) at 37 8C with different concentrations (0.1, 0.5, 1.0,

2.0, 5.0, 10.0, 20.0, and 50.0 mM) of L-asparagine as substrate. All

experiments were performed in triplicate. The kinetic parameters

(Vmax and Km) of L-ASNase under the native and immobilized

Figure 1. Schematic image of preparation and effect mechanism of PMMA-starch-L-ASNase. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table I. Relative Enzyme Activities and the Contact Angles of Pure

PMMA and PMMA–Starch Composites

Sample Relative activity (%) Contact angle (8)

PMMA 0.9 85.44

PMMA-S-1% 68.9 72.92

PMMA-S-3% 100 62.92

PMMA-S-5% 56.4 50.95

PMMA-S-10% 47.5 35.18
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conditions were calculated from a Lineweaver–Burk equation.

Protein concentration was estimated with Bradford method using

bovine serum albumin as a standard.23

Storage Stability of Native and Immobilized L-Asparaginase

The storage stability of native and immobilized L-ASNase at 4

and 25 8C was measured by calculating the residual activity for

a month. All experiments were performed in triplicate. Samples

were taken at different time intervals during incubation, and

the relative activity was determined using the method described

in the enzyme assay.

RESULTS AND DISCUSSION

FT-IR Analysis of Pure PMMA and PMMA–Starch

Composites

The pure PMMA and PMMA-starch composites were developed

from in situ emulsion polymerization of methyl methacrylate

and different ratio starch in the presence of sodium dodecyl sul-

fate. The FT-IR bands of the pure PMMA and PMMA–starch

composite were shown in Figure 2. In this figure, the sharp

peak correspond to the carboxyl group of the acrylate of pure

PMMA was at 1735 cm21.24 A intense peak appeared ranging

from 2899 to 2950 cm21 due to the presence of aliphatic CH2

stretching vibration. The peaks at 1274 cm21 were assigned to

CAO stretching vibration of the ester bond. Other peaks at

1195 cm21, 1144 cm21 were assigned to AOACH3 stretching

vibrations and CH3 stretching, respectively. It was clear that all

of the composites was the same peak. However, sharp of the

AOACH3 and C@O peaks reduced with the addition of the

starch into PMMA. This reduction could be due to the hydro-

gen bonding between the OAH group of starch and the acrylic

group of PMMA.25 From the Figure 2, a strong and broad peak at

3200–3600 cm21 was assigned to the characteristic absorption

peak due to the stretching vibrations of OAH. In conclusion, we

successfully synthesized a series of PMMA–starch composites.

GPC Analysis of Pure PMMA

The weight-average molecular weight (Mw), number-average

molecular weight (Mn) and polydispersity (PDI: Mw/Mn) of

pure PMMA were obtained by GPC analysis. Mw and Mn values

of PMMA were determined as 258,070 and 197,000 g mol21,

respectively. Also, the PDI value of the PMMA was calculated as

1.31. On the basis of these results, we can deduce that pure

PMMA with a unimodal molecular weight distribution and a

low polydispersity index was obtained.

Thermal Analysis of Pure PMMA and PMMA–Starch

Composites

The TGA curves of pure PMMA and PMMA-starch composites in

the temperature range from 20 8C to 800 8C were compared in

Figure 3. The TGA curve presented that pure PMMA decomposed

in two stages. The first stage assigned roughly 5% weight loss ratio

at between 200 and 350 8C. This mass loss indicated that degrada-

tion of the side groups in the polymeric structure. The second loss

peak (�90%) starting at above 350 8C was ascribed to thermal

degradation of the PMMA.26 In the thermogram of PMMA-

starch composite, initial decomposition temperature was shifted

lower temperatures.

Figure 4 shows DTA curves of pure PMMA and PMMA–starch

composite. In this thermogram, in the temperature range of ther-

mal decomposition of pure PMMA a sharp endotherm peak. DTA

results were also parallel with TGA thermograms.

Figure 2. FT-IR spectra of (A) PMMA, (B) PMMA -S-1%, (C) PMMA-S-3, (D) PMMA-S-5%, (E) PMMA-S-10%. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4342143421 (4 of 11)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


DSC curves of pure PMMA and PMMA–starch composites con-

taining different proportions starch were given in Figure 5. From

these curves, glass transition temperature (Tg) for the pure

PMMA was determined at 110 8C. This Tg value is very similar in

literature.27 As can be seen in Figure 5, Tg values of PMMA-S-1%,

PMMA-S-3%, PMMA-S-5%, and PMMA-S-10% were deter-

mined as 119, 122, 130, and 147 8C, respectively. The increase of

Tg values caused high interaction between chains and obtained

rigid structure depending on the amount of starch.28

Presence of Enzyme Binding

The binding of L-ASNase to PMMA-starch composite was

approved by FT-IR analysis. The FT-IR spectra in Figure 6 rep-

resent the spectra of PMMA, PMMA-S-3% and of PMMA-S-

3%-L-ASNase. As we look at the spectra in detail, PMMA-S-

3%-L-ASNase also displays all of characteristic bands.29 How-

ever; a decrease in the band intensity of the stretching can be

seen in this spectrum. Thus, it can be indicated that the enzyme

was successfully immobilized the composite support material.

Figure 3. TGA thermograms of pure PMMA and PMMA–starch composites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. DTA thermograms of pure PMMA and PMMA–starch composites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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To investigate the influence of L-ASNase incorporated into the

PMMA/starch composites on the morphology, PMMA and

PMMA-S-3%-L-ASNase were examined by scanning electron

microscopy. Figure 7 represents the typical SEM images of

PMMA and PMMA-S-3%-L-ASNase with high and low magni-

fication. It has been reported that the morphology of PMMA-

S-3%-L-ASNase is found to be very fragmental in shape.

EDX spectra of the PMMA and PMMA-S-3%-L-ASNase were

collected and investigated to determination of enzyme presence

in the polymeric matrix (Figure 8). The presence of N and S

can be clearly seen from the EDX spectra of PMMA-S-3%-

L-ASNase. Thus, the EDX analysis confirmed that L-ASNase

was successfully incorporated into PMMA-starch composites

structure.

Figure 5. DSC thermograms of pure PMMA and PMMA–starch composites. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. FT-IR spectra of the pure PMMA, PMMA-S-3% and PMMA-S-3%-L-ASNase. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Measurements of Contact Angle

We measured contact angle of samples using a Wilhelmy plate

technique and calculated average of three measurements. Table I

shows the contact angles of pure PMMA and PMMA-starch com-

posites. The contact angle of PMMA surfaces was 85.448. In the

literature, for PMMA, the contact angle values ranged from 798 to

1178.30 The measured value is consistent with the literature. The

wettability of composite films increased with the amount of

starch. The contact angles of PMMA-S-1%, PMMA-S-3%,

PMMA-S-5%, and PMMA-S-10% films were measured as 72.928,

62.928, 50.958, and 35.188, respectively.

Biodegradation Study

PMMA has low biodegradability as enzyme immobilization matrix.

Thus, the biodegradability of PMMA can also be enhanced by

incorporating of the natural and easily degradable molecules into

the polymer structure. Starch as easily degradable molecule is one

of the promising materials for the production of biodegradable

plastics. Starch has been incorporated into polyethylene in order to

increase the biodegradability. In this study, to increase the biode-

gradability of the PMMA, different ratios of starch was used. The

biodegradation of PMMA-starch composites was compared with

pure PMMA in a study for 1 month during 7th, 14th, and 28th

Figure 7. SEM image of the pure PMMA (a,d), PMMA-S-3% (b,e) and PMMA-S-3%-L-ASNase (c,f). (a, b and c are low magnification. d, e and f are

high magnification). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. EDX spectra and EDX-mapping of the pure PMMA and PMMA-S-3%-L-ASNase. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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days. Degradation results were shown by calculating percentage

weight loss in Figure 9. It was found that the percentage of weight

loss in composites were increased with the ratio of starch compared

with pure PMMA. Biodegradability of the composite is related to

the amount of starch and interactions between PMMA and starch.

PMMA-S-3% and PMMA-S-5% have same or low biodegradability

compared with PMMA-S-1%. It can be explained with strong

interactions between the PMMA and starch. It is formed more

compact with stacked polymer chain structure. The good interac-

tion between starch and the polymer affects chemical and thermal

stability and biodegradability of this stacked structure decreases.

Another effect in biodegradability properties of the composites is

the most hydrophilic character in high starch concentration. Espe-

cially, in PMMA-S-10%, the incorporating of the starch caused the

high increase in the hydrophilic character of PMMA-starch. There-

fore, this composite has more hydrolytic biodegradability com-

pared with other PMMA–starch composites.

Effect of pH and Temperature on the Enzymatic

Activity of Native and PMMA-S-3%-L-ASNase

The effect of pH on the activities of native L-ASNase and PMMA-

S-3%-L-ASNase was studied by changing the pH of different

buffer from 4.0 to 10.0. The results were shown in Figure 10(a).

The both native and immobilized L-ASNase showed an optimal

pH as 8.5. This result was consistent with previous studies based

on chemical modification of L-ASNase by immobilization with

chitosan-tripolyphosphate nanoparticles19 and calcium alginate-

gelatine composites.31 However, immobilized L-ASNase exhibited

at high activity above 60% in the between pH values of 7.0 and

10.0 and immobilized enzyme showed more catalytic activity and

stability under alkaline media. It is explained that PMMA is less

affected with pH due to the inert character of PMMA. When the

obtained results compared with different techniques in the litera-

ture, in a study of Ashrafi et al., L-ASNase was covalently immobi-

lized onto fatty acids having different chain lengths. Increasing of

activity of the immobilized L-ASNase was only determined

approximately 20% under in the range from pH 7.0 to 10.0.32

In the study of Zhang et al., they synthesized silk sericin peptides–

L-ASNase bioconjugates via covalent modification. Residual activ-

ity of silk sericin peptides–L-ASNase was �20–40% the pH of

from 7.0 to 10.0, even the native enzyme was more stable than the

immobilized enzyme.12 According to these works, we can report

that our results are more advantageous in term of pH resistance.

Thermal stability experiments were carried out for native and

PMMA-S-3%-L-ASNase, incubated at different temperatures

ranging from 25 to 60 8C. The experimental data obtained for

both native and immobilized enzymes were shown in Figure

10(b). The optimal temperature was 45 8C for the native and

immobilized enzyme. The results showed that high temperatures

(55 and 60 8C) caused to total inactivation of the native

enzyme. This expressive inactivation is attributed to a higher

vibration of the atoms of the protein caused by high tempera-

tures, which may break some chemical bonds resulting in dras-

tic changes of its 3D structure.33 Although residual activity of

native enzyme was 30% at 55 8C, residual activity of

Figure 9. The biodegradation of pure PMMA and PMMA-starch compo-

sites. Each value is the average of triplicate experiments with error bars

indicating STDEVs(rn-1). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 10. (a) Effect of pH on activities of native and immobilized L-

asparaginase. Each value is the average of triplicate experiments with error

bars indicating STDEVs(rn-1). (b) Effect of temperature on activities of

native and immobilized L-asparaginase. Each value is the average of tripli-

cate experiments with error bars indicating STDEVs(rn-1).
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immobilized enzyme was 80%. In addition, while the native

enzyme denatured at above of 55 8C, even the immobilized

enzyme was able to maintain rate to �20% of its activity at 60

8C. That is why protected the active center and structure of the

enzyme after immobilization. Vina et al. reported that immobi-

lization of L-ASNase on polysaccharide levan. Their studies evi-

denced that the residual activity of immobilized enzyme was

measured as �70% at 50 8C.22 Zhang et al. prepared silk fibroin

nanoparticle-L-ASNase bioconjugates and determined optimal

conditions of the enzyme.34 According to effects of reaction

temperature on immobilized L-ASNase, optimal temperature

was 50 8C for the native and the immobilized enzyme. However,

the native enzyme was more thermally stable than the immobi-

lized enzyme at 60 8C.

In conclusion, we determined high enzymatic activity in large

pH and temperature scale for immobilized L-ASNase than com-

pared with literature. These advantages of the immobilized L-

ASNase make it a good candidate in the different applications.

Kinetic Analysis of Native and PMMA-S-3%-L-ASNase

Reaction kinetics were analyzed for native and PMMA-S-3%-L-

ASNase in Tris-HCl buffer, pH 8.6, at 37 8C using different con-

centrations of L-asparagine. The classical Lineweaver-Burk

model was used to determine these kinetic parameters. The

kinetic parameters of the native and immobilized L-ASNase

were listed in Table II. The obtained Km and Vmax values were

of 0.216 mM and 301 U mg21 protein for native enzyme and

0.0256 mM and 253 U mg21 protein for immobilized L-

ASNase, respectively. These results show that native and immo-

bilized L-ASNase present distinct behaviors. For comparison, it

could be observed that the Km value of PMMA-S-3%-L-ASNase

was approximately eight lower than native enzyme. It is shown

that the affinity between L-ASNase and its substrate asparagine

was considerably increased when L-ASNase was immobilized on

the PMMA-starch composite. Vmax, decreases about 1.2 times

for immobilized L-ASNase when compared to native L-ASNase.

This decrease in Vmax is in agreement with the results reported

in literature comparing native and immobilized enzymes.35

Storage Stability of Native and PMMA-S-3%-L-ASNase

The native and PMMA-S-3%-L-ASNase were incubated at 4 8C

and room temperature to measure the residual activity for 30 days.

The results were shown in Figure 11. In general, there were no

notable differences between the residual activities of both native

and immobilize L-ASNase after incubated at 4 8C. However, the

end for 15 days at 25 8C, even though the native enzyme progres-

sively lost initial activity, the immobilized enzyme showed 20% ini-

tial activity. This evident that the modification of enzyme with

PMMA-starch considerably enhanced the resistance to room

temperature.

CONCLUSIONS

In the present work, L-ASNase was successfully immobilized onto

biodegradable and biocompatible PMMA-starch composites. The

hydroxyl groups of starch provide interaction between L-ASNase

and PMMA-starch composites. Therefore, while PMMA-starch-L-

ASNase showed high activity, PMMA-L-ASNase exhibited little or

no activity. The affinity of the immobilized L-ASNase increased

considerably compared with that of native enzyme in terms of the

thermal, pH and storage stabilities. The immobilization process

advanced the L-ASNase thermal stability above 60 8C and pH

activity range from pH 8.5 to pH 10.0. The Km values were 0.216

and 0.026 mM for native and immobilized enzyme, respectively.

The affinity of L-ASNase with its substrate L-asparagine increased

considerably when modified with the PMMA-S-3%. As a result

of, PMMA-starch composite prepared by in situ dopping of starch

to PMMA can be provided more advantageous in term of enzy-

matic affinity, thermal, pH and storage stability for L-ASNase

immobilization.
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