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Abstract 
 

Surface chemistry of magnetic nanoparticles (MNP) is crucial to provide a 

strong protein-support interaction for the immobilization process. The stability 

and biocompatibility of the MNP can be structurally enhanced by integrating 

with organic materials. In this study, MNP from KI/FeCl3 has successfully 

synthesized that showed a stronger magnetic strength (72.5 emu/g) compared 

to common standard precursors, FeCl2/FeSO4 (< 60 emu/g). The synthesized 

MNP was then incorporated via in-situ with functionalized starch; dialdehyde 

(DAS-MNP), thiol (TS-MNP), and carboxymethyl (CMS-MNP) for Laccase (Lac) 

immobilization. From docking analysis, CMS-MNP portrayed the highest binding 

affinity and interacted with highest number of Lac amino acids residues 

compared to DAS- and TS-MNP. Aligned with this result, immobilized Lac using 

CMS-MNP achieved the highest recovery activity (80.3%), highly stable at 75 °C 

for 4 h, and retained more than 50% of its initial activity after 10 cycles. The 

CMS-MNP-Lac also showed about the same catalytic efficiency with free Lac 

(1.19 and 1.58 mM-1s-1, respectively). It is demonstrated that the functional 

group of the starch-MNP plays a crucial role in attaining a stable immobilized 

Lac. Therefore, yield a promising biocatalyst to be applied in various fields. 

 

Keywords: Magnetic nanoparticles, functionalized starch, laccase, covalent 

immobilization 

 

Abstrak 
 

Kimia pada permukaan zarah nano magnetik (MNP) adalah penting untuk 

menghasilkan interaksi protein-sokongan yang kuat untuk proses imobilisasi. 

Kestabilan dan keserasianbio MNP boleh dipertingkatkan secara struktur 

dengan mengintegrasikannya bersama bahan organik. Dalam kajian ini, MNP 

daripada KI/FeCl3 telah berjaya disintesis yang menunjukkan kekuatan 

magnetik yang lebih kuat (72.5 emu/g) berbanding dengan perkursor piawai 

kebiasaan FeCl2/FeSO4 (< 60 emu/g). MNP yang telah disintesis kemudiannya 

digabungkan melalui di situ dengan kanji yang telah difungsikan; dialdehid 

(DAS-MNP), tiol (TS-MNP), dan karboksimetil (CMS-MNP) untuk imobilisasi Lakase 
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1.0 INTRODUCTION 
 

Laccase (Lac) from Trametes versicolor (EC 1.10.3.2) 

is a multi-copper-containing oxidase produced by 

living organisms which catalyses one-electron (e-) 

oxidations of diverse organic and inorganic 

substrates [1]. It is known to has the ability to 

decolorize textile dyes, participate in delignification 

of lignocellulosic materials and remove antibiotic 

wastes [2]. Nevertheless, industrialized operation of 

enzyme in its free form is hindered by a few factors 

including high production cost, inconvenient in 

separation and lack of enzymatic effectiveness after 

one cycle. To address these issues, enzyme 

immobilization technique is introduced as an 

alternative to improve the enzymatic properties [3]. 

Generally, adsorption on a surface [4], covalent 

bonding to a support [5], entrapment in polymer gel 

[6], and cross-linked aggregation [7] are commonly 

used in Lac immobilization. Moreover, different 

immobilization support offers different physical and 

chemical properties. For example, immobilized 

enzyme onto a porous support usually has 

remarkably high enzyme recovery. However, it is 

often associated with substrate diffusion limitation [3]. 

Other than that, the use of polymer gels could 

certainly increase enzyme stability but these supports 

exhibited swelling and easily broken down into 

pieces making them unsuitable for enzymes that 

require prolonged reaction time [8]. Magnetic 

nanoparticles (MNP) is receiving considerable 

attention as it exhibits great performance for particle 

size ranging from 10 to 100 nm [9]. Besides, the fact 

that MNP offers large specific surface area as well as 

quick response towards magnetic field adds its 

appeal for use in enzyme immobilization. However, 

unmodified MNP has a tendency to aggregate, 

resulting in larger particle size, and is easily oxidized in 

air [10]. Thus, the surface of the MNP usually 

undergoes modification to counter these issues. 

Grafting or coating the MNP with organic and 

inorganic materials allows structural tuning for stability 

and biocompatibility of the MNP [11]. In recent years, 

organic polysaccharides such as starch, chitosan, 

dextran, maltodextrin and fucan have been used in 

fabricating the MNP [12]. Starch is a polymeric 

carbohydrate consists of large number of glucoses 

linked with α-1,4 and α-1,6-glycosidic bonds. It is a 

green renewable polysaccharide source that has 

good biocompatibility [13]. Thus, starch has emerged 

as one of the promising materials in fabricating eco-

friendly MNP. Besides, starch offers vast applications 

due to the presence of three hydroxyl groups at 2, 3 

and 6 carbon atoms in each anhydroglucose unit, 

which enable chemical modification to various 

functional groups [14]. The incorporation of 

functionalized starch does not only rectify the 

downsides of unmodified MNP but also acts as 

bioligand which assists in the attachment of enzyme 

in enzyme immobilization. 

Studies on enzyme immobilization using MNP as a 

support thus far have solely focused on only one type 

of functional group; aldehyde-MNP using 

glutaraldehyde [15], thiol-MNP using N-

Hydroxysuccinimide ester [16], and carboxymethyl-

MNP using Nα,Nα-Bis(carboxymethyl)-l-lysine hydrate 

[17]. The aldehyde, thiol, and carboxymethyl are 

among chemical groups that bind to the nucleophile 

of the enzyme with high recovery and stability [18]. It 

can be concluded that with changes or addition of 

functional group can affect the surface chemistry of 

a support which gives strong interaction and high 

stability of immobilized enzyme. To the best of our 

knowledge, a comparative study between the best 

three functional groups (aldehyde, thiol and 

carboxymethyl) for Lac immobilization has yet to be 

well studied. 

Therefore, the aim of this study is to determine the 

type of precursor producing the strongest magnetic 

strength and to determine the preferential functional 

groups for Lac immobilization. Herein, MNP was 

synthesized where a total of six precursors were 

screened to yield the highest magnetic strength. 

Following this, functionalized starch; dialdehyde 

(DAS), thiol (TS), and carboxymethyl (CMS) were 

incorporated with the synthesized MNP for the 

development of Lac immobilization. The results 

showed that, fabrication of MNP from KI/FeCl3 which 

has never been used in any enzyme immobilization 

application, produced the strongest magnetic 

(Lac). Melalui analisis mengedok, CMS-MNP menunjukkan ikatan keafinan 

tertinggi dan interaksi dengan bilangan sisa asid amino Lac terbanyak 

berbanding DAS- dan TS-MNP. Sejajar dengan keputusan ini, imobilisasi Lac 

menggunakan CMS-MNP mencapai aktiviti pemulihan tertinggi (80.3%), 

kestabilan yang tinggi pada 75 °C selama 4 jam, dan mengekalkan lebih 

daripada 50% aktiviti awalnya selepas 10 kitaran. CMS-MNP-Lac juga 

menunjukkan kecekapan pemangkinan yang sama dengan Lac bebas 

(masing-masing 1.19 dan 1.58 mM-1s-1). Ini menunjukkan bahawa kumpulan 

berfungsi kanji-MNP memainkan peranan penting dalam mencapai imobiisasi 

Lac yang stabil. Oleh itu, menghasilkan biomangkin yang berpotensi untuk 

diaplikasikan dalam pelbagai bidang. 

 

Kata kunci: Zarah nano magnetik, kanji berfungsi, lakase, imobilisasi kovalen 
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strength. Besides, the incorporation of CMS with MNP 

successfully increased the biocompatibility, resulting 

higher recovery activity, stability, and reusability of 

Lac in comparison with DAS and TS. The experimental 

data was supported with the analysis from molecular 

docking that portrayed CMS-MNP has the highest 

binding affinity and farthest distance interaction with 

Lac active site. This suggests that the immobilization 

of Lac on CMS-MNP is proven to generate promising 

performance of biocatalyst for various application. 

 

 

2.0 METHODOLOGY 
 

2.1 Synthesis of Magnetic Nanoparticles (MNP) 

 

The MNP was synthesized according to previous study 

by Sulistyaningsih et al. [19] with some modification. 

Six types of precursors such as copper (II) chloride 

(CuCl2), zinc (II) chloride (ZnCl2), cobalt (II) chloride 

(CoCl2), nickel chloride (NiCl2), potassium iodide (KI) 

and ferrous sulphate (FeSO4) was mixed with iron (III) 

chloride (FeCl3) using molar ratio of 2:1 in total 

volume of 25 mL distilled water. Then, 25% (w/v) of 

sodium hydroxide was added dropwise at 50 °C 

under constant stirring until the pH of the solution 

increase to 11. After 3 h of aging, the product was 

collected by external magnet through magnetic 

decantation. The synthesized product was 

continuously washed and rinsed with distilled water 

to neutral pH and dried at 60 °C in an oven for 

overnight. Among the precursors, only NiCl2, KI and 

FeSO4 were successfully retrieved by using the 

external magnet. Thus, these three precursors were 

tested with Vibration Sample Magnetometer (VSM) 

to determine the highest magnetic strength. The 

magnetization applied field (1.4 Tesla) was measured 

at room temperature. The selected precursor with the 

highest magnetic strength was further investigated 

by varying the molar ratio (0.5,1, 2 and 3) with FeCl3 

[20]. 

 

2.2 Preparation of Functionalized Starch and 

Functionalized Starch MNP 

 

Dialdehyde starch (DAS), thiolate starch (TS) and 

carboxymethyl starch (CMS) was functionalized by 

chemical modification. Details can be found in 

Supplementary Materials.  

To prepare DAS-, TS-, and CMS-MNP, each of the 

functionalized starch was dissolved in distilled water 

separately and added into magnetic solution at 

temperature of 30 °C. Then, 25% (w/v) of NaOH 

solution was added dropwise until the pH reached 

pH 11. After 3 h of aging, the functionalized starch 

MNP was collected by external magnetic, washed 

with distilled water until it reached pH 7 and finally 

dried at 60 °C for overnight.  

2.3 Immobilization of Lac onto Functionalized Starch 

Magnetic Nanoparticles 

 

The immobilization of commercial Lac was optimized 

by manipulating immobilization parameters via one 

factor at a time (OFAT) approach. The details on 

immobilization process, determination of Lac assay, 

protein content, and recovery activity can be found 

in Supplementary Materials.  

 

2.4 Computational Analysis, Biological and Physical 

Characterization 

 

Details on computational analysis, biological 

characteristics of free and immobilized Lac (thermal 

stability, kinetics study, and reusability) and physical 

characterization on CMS-MNP (XRD, TGA, ICP-OES, 

FTIR, and SEM) can be found in Supplementary 

Materials. 

 

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Development of MNP 

 

The MNP was developed via co-precipitation 

method. Ferric chloride (FeCl3) solution was mixed 

with various type of precursors such as copper (II) 

chloride (CuCl2), zinc (II) chloride (ZnCl2), cobalt (II) 

chloride (CoCl2), nickel chloride (NiCl2), potassium 

iodide (KI) and ferrous sulphate (FeSO4). The 

synthesized MNP using these precursors were 

analyzed based on the magnetic strength.  

Preliminary results showed out of six precursors that 

were screened, the MNP synthesized from the mixture 

of FeCl3/CuCl2, FeCl3/ZnCl2, and FeCl3/CoCl2 have 

failed to be attracted towards the external magnet. 

This reveals that the MNP synthesized from these 

precursors have very slow response towards external 

magnet (Figure 1). According to Harada et al. [21], 

the magnetic strength of the MNP tend to reduce by 

the periodic arrangement due to the strong 

dependence on the cation magnetic moment. Thus, 

Cu2+, Zn2+, and Co2+ are among the cation that 

would produce a weak attraction towards the 

external magnet. Due to this, the synthesized MNP 

from these three types of precursors are unsuitable to 

be used for the application of enzyme immobilization 

in this study as it would cause inefficient enzyme 

separation process. The mixture of FeCl3/NiCl2, 

FeCl3/KI, and FeCl3/FeSO4 were able to be attracted 

towards external magnet thus were further examined 

using Vibration Sample Magnetometer (VSM) and 

the result was presented in the form of hysteresis loop 

as shown in Figure 1(A).  
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Figure 1 Magnetization of (A) different type of precursor and 

(B) different molar ratio of KI/FeCl3 

 

 

The types of precursor used in the fabrication of 

MNP clearly influenced the hysteresis loop. This is due 

to change in distribution of cation of the precursor 

during the precipitation process [22]. Based on the 

loop, KI (55.456 emu/g) showed the highest 

magnetization saturation (Ms) followed by FeSO4 and 

NiCl2 (37.311 and 0.771 emu/g, respectively). Since 

co-precipitation of KI/FeCl3 recorded the highest 

magnetization saturation, hence, mixture of KI/FeCl3 

was selected for further optimization to enhance the 

magnetic property. The molar concentration of KI 

was varied from 0.5 to 3 mol while the concentration 

of FeCl3 was fixed to 1 mol and the results were 

illustrated in Figure 1(B). Based on the figure, the 

magnetization saturation when using molar ratio of 

1:1 (72.54 emu/g) was higher compared to molar 

ratio of 2:1 which was 71.53 emu/g. According to 

Mitzutani et al. [23] molar ratio is one of the important 

operating factors which affects the nucleation-

growth rate during the synthesis of MNP. This, 

consequently, affects the crystallinity of the particles 

as well as the magnetic saturation [24]. In this study, 

molar ratio of 1:1 was used to incorporate with 

functionalized starch in the next section. It is 

noteworthy that fabrication of MNP using KI/FeCl3 in 

this study was the first one to be reported for enzyme 

immobilization, while previous studies used 

Fe(II)/Fe(III) mixture as a standard protocol [9]. The 

magnetization saturation value in this study was 

higher compared to previous studies where majority 

reported less than 60 emu/g [25]–[28]. The low 

magnetization saturation, consequently affecting the 

recovery of the immobilized enzyme due to weak 

magnetic attraction during separation process. 

 

3.2 Preparation and Characterization of 

Functionalized Starch 

 

Dialdehyde (DAS), thiolate starch (TS), and 

carboxymethyl starch (CMS) was functionalized on 

soluble starch through oxidation process using 

sodium periodate, thioglycolic acid and 

monochloroacetic acid, respectively. The oxidation 

parameters such as concentration, temperature and 

time for the three functional groups were 

investigated. The results were tabulated in the Table 

S2. From the results, final aldehyde content was 

37.03%, thiol content was 58.1%, and carboxymethyl 

content was 32%, respectively.   

The FTIR spectra for native starch, DAS, TS, and 

CMS are shown in Figure 2. For native starch (Figure 

2A), the main functional groups are the secondary -

OH groups at the position of C2 and C3. The broad 

peak at 3334 cm-1 portrays the -OH stretching present 

in the starch structure [29]. To confirm the presence 

of aldehyde functional group, peak at 1689 cm-1 was 

observed in the FTIR spectra (Figure 2B). The peak 

was not as intense as in the study by Yu et al. (2010) 

[30] due to smaller amount of aldehyde produced in 

this study. Other than that, the peak of C-O bond 

stretching in C-O-H group in the anhydro glucose ring 

of starch was approximately at 1149 cm-1. The weak 

peak at 2510 cm-1 contributes to the S-H bond for 

thiol group in starch (Figure 2C). As for CMS (Figure 

2D), new peaks occurred at 1573 and 1476 cm-1 

indicating the substitution of COO- group on the 

molecular chain producing unsymmetrical and 

symmetrical stretching vibration, respectively [31]. 

The morphological structure was viewed by using 

SEM at magnification of 500 times (Figure 2). The 

figure shows that after the native starch (Figure 2A) 

was oxidized to DAS, the starch particles changed 

from smooth granular shape into oblate spheres with 

collapse structure in the middle of the particles 

(Figure 2B) indicating that the amorphous and crystal  

structure of the starch granules were discrete in the 

interior and outer region [32]. Meanwhile, TS (Figure 

2C) portrays aggregation of the starch particles at 

the same magnification which is consistent with the 

study reported by Das and Das [33]. As for CMS 

(Figure 2D), the granules have indented surface and 

have become shrunken, wrinkled, and certain 

particles were broken. This observation is similar to a 

study by Li, Mujyambereb, and Liu [34]. Generally, 

starch granules that undergo chemical modification 

would display disrupted structures. Hence, resulting in 

the shape of DAS, TS and CMS as shown in this study. 

Both FTIR and SEM analysis from Figure 2 proved that 

starch has successfully been functionalized to 
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aldehyde, thiol, and carboxymethyl. These 

functionalized starches were incorporated with the 

synthesized MNP and their performance as support 

for Lac immobilization were evaluated in the next 

section. 

 

3.3 Immobilization of Lac on Functionalized Starch 

MNP 

 

Concentration of functionalized starch used in the 

preparation of MNP is crucial for the immobilization of 

Lac as well as magnetic strength of the MNP. The 

attraction of MNP with the external magnet 

decrease when higher concentration of 

functionalized starch was used and this reflect in very 

weak/no magnetic strength of the nanoparticles 

[35]. Figure 2 shows the recovery activity of Lac at 

different concentrations of functionalized starch. The 

concentration for TS-MNP and CMS-MNP ranged 

from 0.06 to 1.0%, whereas DAS-MNP used 

functionalized starch at concentrations of 0.06 to 

0.6% (Figure 2). 

The highest recovery activity achieved was 54.1% 

when the concentration of 0.2% CMS-MNP-Lac was 

used (Figure 2). Meanwhile, its lowest recovery 

activity was recorded at 0.06% concentration with 

the recovery activity of 42.9%. As for DAS-MNP-Lac 

and TS-MNP-Lac, the highest recovery activity was at 

concentration 0.4% and 0.2% with recovery activity of 

59% and 61.5%, respectively. The concentration of 

functionalized starch is an important factor; whereby 

if the concentration is too low, low attachment can 

occurs resulting less efficient Lac immobilization. 

However, excess functionalized starch support can 

result in a complete loss of enzyme flexibility thus 

affecting the activity recovery. Figure 2 showed that 

further increase in the functionalized starch 

concentration resulted in a decrease in enzyme 

recovery which might be due to the compact 

linkage between  Lac and MNP that affects the 

diffusion of substrate into the active site of the 

enzyme [36]. 

 

 
Figure 2 Effect functionalized starch concentration on 

recovery activity 

 

 

The effect of Lac loading on Lac immobilization 

was determined by varying the Lac concentration 

from 1 to 6 mg/mL (0.083 to 0.110 U/mL). The results in 

Figure 3 indicated that the recovery activity was 

increased as the enzyme concentration increased 

from 1 to 3 mg/mL for DAS-MNP-Lac, while TS-MNP-

Lac and CMS-MNP-Lac increased from 1 to 5 mg/mL. 

This shows that the increment in Lac concentration 

enhanced the driving force for the binding of Lac 

onto the MNP. CMS-MNP-Lac showed the highest 

recovery activity (80.3%, 4.060 U/g) at Lac 

concentration of 3 mg/mL, meanwhile, the highest 

activity recorded for DAS- and TS-CMP-Lac were 

70.4% (3.459 U/g), and 74.4% (3.629 U/g), respectively 

at 5 mg/mL of Lac. Increasing Lac concentration 

from 3 to 6 mg/mL for CMS-MNP-Lac immobilization 

resulted a decreased in its activity recovery while 

DAS- and TS-MNP-Lac showed a stagnant activity 

recovery at increasing Lac concentration from 5 to 6 

mg/mL. This could be explained by the 

oversaturation of enzyme on the surface of 

functionalized starch MNP. The excessive enzyme 

molecules crowding on the surface of the 

immobilization support has proven to reduce enzyme 

activity due the protein-protein interaction and 

inhibit flexible structure of enzyme which leads to 

spatial restriction, limited active site accessibility and 

thus the inactivation of enzyme [37]. The 

overcrowding condition may also cause difficulty in 

modulating suitable conformation for the binding 

and releasing of the substrate and product 

molecules, respectively [38]. 

 

 

 

The immobilization of Lac was performed at time 

ranging from 1 to 5 h. The result presented in Figure 4 

showed that DAS-MNP-Lac requires longer 

immobilization time (4 h) to achieve the highest 

recovery activity (68.8%) in comparison with CMS-

MNP-Lac which requires only 2 h to achieve 72.7% of 

activity recovery. As for TS-MNP-Lac, the highest 

recovery activity recorded was at 2 h with 64.9%. The 

increase in contact time increased the amount of 

enzyme interacting on the surface of MNP resulting in 

improvement of Lac immobilization. Even though 

some of immobilization processes take shorter time 

for the enzyme to be immobilized, the interaction of 

enzyme and support is a time dependable process in 

which its proper binding of enzyme is needed, 

Figure 3 Effect of Lac concentration on recovery activity 
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otherwise immobilization will not occur [39]. 

Nevertheless, prolong incubation time increases the 

interaction of Lac with the MNP hence making the 

structure becoming more compact, consequently, 

introduces substrate diffusion limitation. This explained 

the decreased of recovery activity once they have 

reached the optimized immobilization time. 

 

Figure 4 Effect of immobilization time on recovery activity 

 

 

The effect of mass of functionalized starch MNP 

was investigated from 1 to 5 mg as shown in Figure 5. 

Based on the result, the efficiency of Lac 

immobilization was affected by the mass of DAS-

MNP, TS-MNP, and CMS-MNP. The highest recovery 

activity showed by CMS-MNP-Lac (80.3%) followed 

by TS-MNP-Lac (74.4%) when using 4 mg 

functionalized starch MNP, respectively. Meanwhile, 

the highest activity recovery recorded for DAS-MNP-

Lac was 67.5% when 2 mg of functionalized starch 

MNP was used. From Figure 5, the increase in 

recovery activity as the mass of functionalized starch 

MNP increased in CMS-MNP-Lac is due to the 

availability of the surface for the binding of Lac [40]. 

This result is similar with a study reported by Mohamed 

et al. [41] who varied unmodified MNP onto 

horseradish peroxidase (HRP). In the study, the HRP 

required 200 mg of MNP to achieved highest residual 

activity (90%). In this current study showed that 

considerably high activity recovery is achieved with 

small amount of functionalized starch MNP. 

 

 

Figure 5 Effect of mass of functionalized starch MNP on 

recovery activity 

 

 

3.4 Molecular Docking Analysis 

 

For immobilization of Lac, strong interaction between 

enzyme and functional group on the surface of MNP 

is needed to produce a stable immobilized Lac. In 

this study, molecular docking technique was 

employed to predict the binding of aldehyde, thiol 

and carboxymethyl as ligands with Lac as receptor. 

Table 2 shows the predicted binding energy and 

predicted Lac residues involved in the interaction 

with the functional groups examined in this study. 

Among the three functional groups, CMS showed the 

lowest predicted binding energy in comparison with 

DAS and TS. Low predicted binding energy is 

associated with low equilibrium dissociation resulting 

in stronger binding affinity [42]. Other than that, CMS 

was predicted to interact with 8 amino acid residues 

in Lac which offer greater strength in interactions 

than DAS and TS. This predicted result was in 

agreement with the experimental study which has 

been conducted in the previous section.  

In order to have an effective catalytic reaction of 

immobilized enzyme, substrate should be able to 

diffuse and reach the active site of the immobilized 

enzyme easily. The affinity of substrate towards the 

active site depends on the enzyme’s position and 

orientation on the immobilization support [43]. Figure 

3 shows the interaction distance between Lac active 

site residues (His-395, His-458 and Cys-453) (shown in 

yellow) with the functionalized starch DAS, TS, and 

CMS (shown in blue). Based on Figure 3, it was 

estimated that the distance for CMS was the farthest 

(11.0 Å) followed by DAS (8.9 Å) and TS (8.0 Å). The 

interaction distance plays a significant role that 

directly affect kinetic parameters for immobilized 

enzyme in which, the farther the distance, the lesser 

the substrate diffusion limitation during enzymatic 

reaction [44]. 

 

3.5 Biochemical Characterization of Free and 

Immobilized Lac 

 

3.5.1 Thermal Stability 

 

The thermal stability of free Lac, DAS-MNP-Lac, TS-

MNP-Lac and CMS-MNP-Lac were determined at 

different temperatures ranging at different time 

intervals as presented in Figure 4. The temperature 

profile at 30 °C in Figure 4A revealed that both free 

and immobilized Lac displayed almost similar stability 

trends and retained more than 70% relative activity 

after 5 h. Nonetheless, at 50 °C, the stability of DAS-

MNP-Lac and TS-MNP-Lac dropped to 65 and 63% 

while free Lac and CMS-MNP-Lac, both retained 74 

and 77% of their relative activity (Figure 4B). At 75 °C, 

the relative activity of DAS-MNP-Lac and TS-MNP-Lac 

dropped significantly after 1.5 h of incubation time 

and only managed to retain less than 10% of their 

relative activity after 4 h incubation. In comparison, 

free Lac and CMS-MNP-Lac displayed higher thermal 

resistance as both exhibited higher that 30% of their 

relative activity after 4 h of incubation. The overall 
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decrease of relative activity for the immobilized Lac 

might be due to the leaching of iron in magnetic 

nanoparticles itself. This is because, when Inductively 

Coupled Plasma – Optical Emission Spectroscopy 

(ICP-OES) analysis was conducted, more than 400 

µg/L trace of iron was found in the residue after 

incubation at 75 °C which indicated that the iron was 

not able to tolerate high temperature for an 

extended period of time (Table 3). The leaching of 

iron has caused most of the immobilized Lac to 

detach from the MNP and directly affected the 

thermal stability, hence the low relative activity. 

Nevertheless, between the three types of 

functionalized starch MNP studied in this report, CMS-

MNP is far more stable than DAS and TS. This was 

attributed to the fact that carboxymethyl functional 

group was predicted to have the strongest binding 

with enzyme Lac in comparison to aldehyde and 

thiol functional groups (Table 2).  Moreover, the 

thermal stability of CMS-MNP-Lac is related to the 

interaction where carboxymethyl groups offer 

greater stability for the Lac in terms of structural 

rigidity and less susceptible to thermal changes in 

conformation compared to aldehyde and thiol 

groups. The structural perseverance thereby retained 

the active site of Lac from denaturation. This trend 

was also in agreement with a study by Fortes et al. 

[45] which reported that the relative activity of free 

and Lac immobilized on silica coated magnetic 

nanoparticles remained consistent after 5 h of 

incubation in 60 °C.  

Thermal deactivation analysis of free Lac, DAS-

MNP-Lac, TS-MNP-Lac and CMS-MNP-Lac was 

determined by plotting pseudo-first order-plot graph 

as shown in Figure 5. The thermal deactivation 

kinetics such as deactivation constant (kd) and half-

life (t1/2) for free and immobilized Lac are tabulated 

in Table 1. Based on the results, the value of kd 

showed no significant difference at temperatures of 

30 °C and 50 °C. Meanwhile, at temperature 75 °C, 

CMS-MNP-Lac showed about the same kd value with 

free Lac (0.276 h-1 and 0.286 h-1, respectively. TS-

MNP-Lac (0.633 h-1) showed a higher kd value 

followed by DAS-MNP-Lac (0.931 h-1). Smaller kd 

value indicates that CMS-MNP-Lac is not prone to 

rapid degradation at higher temperature compared 

to DAS-MNP-Lac and TS-MNP-Lac. Corroborating 

these results, CMS-MNP-Lac showed a similar trend for 

half-life (t1/2) indicating that CMS-MNP-Lac has the 

slowest enzyme deactivation rate. This similar trend 

might be due to the strong interaction of Lac with the 

carboxymethyl group on the surface of the MNP and 

the rigidity of the structure that able to withstand at 

high temperature. 

 
Table 1 Thermal deactivation constants of free and 

immobilized Lac 
 

Enzyme T (°C) kd (h-1) t1/2 (h) 

Free Lac 30 0.065 10.647  
50 0.067 10.299  
75 0.220 3.148 

Enzyme T (°C) kd (h-1) t1/2 (h) 

DAS-MNP-Lac 30 0.075 9.304  
50 0.078 8.852  
75 0.692 1.002 

TS-MNP-Lac 30 0.079 8.785  
50 0.086 8.069  
75 0.798 0.869 

CMS-MNP-Lac 30 0.061 11.326  
50 0.064 10.847  
75 0.240 2.894 

 

 

3.5.2 Kinetic Study of Free and Immobilized Lac 

 

The catalytic efficiency of the immobilized and free 

Lac was studied by determining the reaction rate at 

different ABTS concentrations. The rates of reaction 

were fit into Lineweaver-Burk plot in order to obtain 

Michaelis-Menten kinetic parameters. Table 2 shows 

that Vmax value of CMS-MNP-Lac is closer to free Lac 

by 1.09-fold in comparison with DAS-MNP-Lac and TS-

MNP-Lac with 1.63 and 1.19-fold, respectively. The 

value of Vmax can be depicted as the maximum rate 

of reaction when the active site is saturated with 

substrate. From the previous report, the value of Vmax 

for immobilized enzyme would be slightly lower 

compared to free enzyme. Furthermore, the recovery 

activity was also contributing factor for lower Vmax 

showed by DAS-MNP-Lac and TS-MNP-Lac in this 

study. 

 
Table 2 Kinetic parameters for free and immobilized Lac 

 

Kinetic 

parameter 

Free 

Lac 

DAS-MNP-

Lac 

TS-MNP-

Lac 

CMS-

MNP-Lac 

Vmax  

(µmol mL-1min-1) 

4.28 2.62 3.58 3.92 

Km (mM) 2.8 3.61 3.71 3.40 

kcat (s-1) 4.42 2.7 3.70 4.05 

kcat/Km (mM-1s-1) 1.58 0.75 1.0 1.19 

 

 

On the other hand, the Km value of the CMS-

LMNP-Lac was 3.4 mM, which was slightly higher than 

free Lac with 2.8 mM. Nevertheless, DAS-MNP-Lac 

and TS-MNP-Lac exhibited the highest Km values 

among all. The interaction of Lac with substrate are 

specified by the Km value in which small Km value 

indicated good substrate affinity at the active site. 

The results presented in Table 2 showed that 

immobilization influenced structural conformation, 

resulting in slightly low affinity for substrate as 

compared to free Lac, where the catalytic site could 

directly undergo reaction without any hindrance. This 

result is in accordance with the docking analysis 

shown in Figure S3 in which both DAS-MNP-Lac and 

TS-MNP-Lac exhibited the nearest distance to the 

active site. Thus, the orientation of the immobilized 

Lac might limit the mass transfer diffusion of the 

substrate to the active site of the enzyme, hence 

resulting in high Km value. In contrast with CMS-MNP-
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Lac, lower Km value was probably due to farther 

interaction distance with the active site of Lac that 

prevent the limitation of substate diffusion. 

Furthermore, DAS-MNP-Lac and TS-MNP-Lac have 

lower value of kcat demonstrating that the catalysis 

rate of the immobilized enzyme is slower than the 

free enzyme thus proving that orientation of the 

enzyme on a support is crucial in immobilization. 

 

3.5.3 Reusability of Immobilized Lac 

 

The reusability of the DAS-MNP-Lac, TS-MNP-Lac and 

CMS-MNP-Lac was tested repetitively up to 10 cycles 

using ABTS at 25 °C and was recovered using 

magnetic separation. The operational stability of 

immobilized Lac is shown in Figure 6. The trend 

showed a slight decrease in activity for all three 

functionalized starch MNP after each cycle. 

However, the immobilized Lac exhibited good 

activity in which CMS-MNP-Lac retained more than 

52% of its initial activity followed by DAS-MNP-Lac 

with 45% and TS-CMS-Lac with 40% throughout the 10 

cycles. The reusability in this study is comparatively 

higher than a study conducted by Chen et al. [46] 

which reported that residual activity of immobilized 

Lac on amino functionalized MNP retained about 

40% after only 8 cycles. The application of MNP in 

enzyme immobilization is attractive considering that 

the enzyme recovery simply requires magnetic field 

to separate the immobilized enzyme from reaction 

mixture. Moreover, the use of magnet eliminates the 

need for centrifugation in separation step which 

often leads to structural loss of enzyme, hence 

causing enzyme inactivation after each cycle [47]. 

 

 
Figure 6 Reusability of Lac immobilized on different 

functionalized starch MNP 

 

 

3.6 Physical Characterization of MNP, CMS-MNP and 

CMS-MNP-Lac 

 

Comparing DAS, TS and CMS-MNP in the earlier 

sections, the latter yielded positive results for the 

immobilization of Lac. This section is therefore 

focused more on the physical characterization of the 

CMS-MNP. The XRD patterns of MNP and CMS-MNP 

are shown in Figure 6(A). The characteristic peaks 

which occurred in the spectrum of MNP at 

2θ = 31.56°, 35.48°, 45.34°, 53.64°, 57.22°and 62.78°, 

correspond to (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), 

and (4 4 0), respectively [48]. These diffraction peaks 

are identical with the standard spectrum of Fe3O4, 

and related crystal matched with JCPDS No. 82-1553. 

When comparing spectrum of MNP with that of CMS-

MNP (Figure 6B), it could be seen that CMS-MNP was 

missing one peak at 53.64°C. Based on this finding, 

the MNP's crystalline structure had shown to change 

after interacted with CMS. Besides, after the 

calculation of crystalline size for both MNP and CMS-

MNP using Debye Scherrer equation [49], the MNP 

size was 7.8 nm which was smaller in comparison with 

CMS-MNP which was 9.97 nm. This demonstrated 

minor changes in crystallinity following CMS 

adjustment.  

TGA were performed at temperature ranging 

from 30 – 900 °C as shown in Figure 7. The 

thermogram profile at 30 °C to 120 °C displays that 

CMS-MNP-Lac exhibited slight weight loss behavior of 

approximately 6.43 % in comparison with CMS-MNP 

with 5.4 %. This shows that physically bonded water 

molecules were evaporated, and unreacted 

constituents were lost at this phase[50]. Meanwhile, 

at temperature >250 °C both components showed a 

decrease in the weight percentage mainly due to 

the decomposition of organic compounds such as 

starch in the MNP [51]. However, extensive 

decomposition (14%) could be seen for CMS-MNP-

Lac whereby it contributed to the pyrolysis of Lac 

which is also reported by Wang et al. [52]. Maximum 

decomposition temperature (Tmax) of CMS-MNP and 

CMS-MNP-Lac were at 297 and 267 °C, respectively. 

This suggests that thermal stability of the CMS-MNP 

after the immobilization process decreased which 

might be attributed to the slight change in 

crystallinity structure observed in XRD analysis in the 

previous section. This observation is in agreement 

with the thermal stability of CMS-MNP-Lac that 

showed a slightly lower relative activity compared to 

free Lac after incubation at 75 °C for 4 h. 

TEM images and SEM-EDX of MNP and CMS-MNP 

were visualized as shown in Figure 8. The MNP (Figure 

8A) had a typical spherical morphology with an 

average size of 10.3 nm. After the incorporation of 

CMS, the particles of CMS-MNP (Figure 8B) 

maintained the shape and had an average size of 

14.8 nm. This reveals that the presence of CMS in the 

MNP did not significantly affect the size of the 

particles. Similar changes in size before and after 

modification of MNP were also reported from 

previous study where the functionalized MNP with 

tetraethyl orthosilicate and (3-

Aminopropyl)triethoxysilane affected the size of the 

particles [53]. These sizes, however, were slightly 

bigger than the crystalline sizes calculated from XRD 

analysis. This could be due to the presence of 

multiple crystal domain in one particle. Nevertheless, 

the size obtained in this study is within the range of 

nanoparticle size (between 1 – 100 nm) as described 

by Ali et al., [54]. The nano size of the particles 
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provides large specific surface area for the effective 

attachment of Lac in immobilization which reflected 

the recovery activity in Section 3.3. Finally, through a 

SEM-EDX micrographs analysis, the surface of CMS-

MNP-Lac (Figure 8D) was rougher in comparison with 

CMS-MNP (Figure 8C) which indicated that there was 

Lac presence on the CMS-MNP. The existence of N 

element from amino acid residues in elemental 

composition of CMS-MNP-Lac further confirmed the 

presence of Lac. It was also observed that CMS-MNP 

shown to have an increase in cavity compared to 

MNP only. Increasing in porosity showed by the CMS-

MNP probably resulting in large surface area thus 

corroborated with the high recovery activity of CMS-

MNP-Lac immobilization. Furthermore, the presence 

of high cavities also can be the contributing factor of 

its catalytic efficiency. In this study, CMS-MNP-Lac 

possessed about the same catalytic efficiency as 

free Lac.   
 

 

4.0 CONCLUSION 
 

Magnetic nanoparticles (MNP) synthesized from 

KI/FeCl3 was successfully prepared and managed to 

obtain the highest magnetic strength which 

significantly assisted in the recovery of immobilized 

laccase (Lac). The incorporation of the MNP with 

carboxymethyl starch (CMS) has successfully 

increased the biocompatibility with Lac via covalent 

bonding whereby, the CMS-MNP-Lac showed the 

highest recovery activity, thermal stability, and 

reusability compared to dialdehyde starch (DAS) and 

thiolate starch (TS). In this study, CMS portrayed the 

highest binding affinity with Lac and has the farthest 

interaction distance with Lac active sites as 

demonstrated in molecular docking analysis which 

could reduce substrate diffusion limitation after 

immobilization. Thus, with the easy magnetic 

separation step using MNP, the application in various 

industries especially in bioremediation is beneficial 

since filtration or centrifugation that frequently 

affects the structure of immobilized enzyme could be 

avoided. 
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