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Immobilized enzymes are widely used in various biochemical reactions due to higher 
stability and reusability. Immobilization enzyme is a process of confinement enzyme 
molecules onto/within a support or matrix material via the chemical or physical process. 
In this study, the effect of free and CNT-Immobilized cellulase was investigated for 
hydrolysis of different CMC concentrations. The effect of free and CNT-Immobilized 
cellulase on the kinetic parameters Vmax and Km in the CMC hydrolysis was compared. 
The maximum reaction velocity Vmax of CNT-Immobilized cellulase is similar to free 
cellulase which indicates cellulase adsorption in CNT is effective in hydrolyzing CMC. 
However, the observed Km values for CNT-Immobilized cellulase is higher than free 
cellulase for different CMC concentrations. The Km value for CNT-Immobilized shows a 
sharp decrease in substrate affinity as compared to free cellulase due to diffusional 
restrictions by the CNT matrix. In addition, the initial velocity (V0) of CMC hydrolysis by 
CNT-Immobilized cellulase shows similar increasing pattern with the increase of 
reaction mixture viscosity. The current preparation of CNT-Immobilized cellulase have 
almost the same catalytic reaction in CMC hydrolysis as free cellulase. Thus, the current 
preparation of CNT-Immobilized has significant potential for green and sustainable 
biocatalyst in cellulose-based biopolymer hydrolysis reaction. 
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1. Introduction 
 

Carboxymethyl cellulose (CMC) is a derivative of natural cellulose polymer composed of 
glucopyranose monomer units as the main backbone of the polymer. The main structure of CMC is 
characterized by the carboxymethyl groups (-CH2COOH) groups link to the hydroxyl groups (-OH) of 
glucopyranose monomer unit at cellulose backbone. Cellulose is considered as the most abundant 
type of polysaccharide in nature and has been classified as a renewable source to produce biofuels. 
Degradation of cellulose polymer occur in the presence of water molecules for each monomer of 
cellulose. Cellulose can be found in plants as lignocellulose complex associated with lignin. Lignin is 
distinctively characterized by their structural rigidity compound which resistant against enzymatic 
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and acidic molecules. Thus, CMC degradation is considered as slow process as the efforts to develop 
an economically feasible hydrolysis system have been hampered due to low conversion rate. 

Application of immobilized enzyme have received much attention due to several advantages 
including easy product recovery, excellence protection at extreme temperature and pH [1,2]. On the 
other hand, the immobilized enzymes can be used repetitively and continuously, and maintain their 
biocatalytic activity with more stability than mobile enzymes [3,4]. Cellulase enzyme has been 
immobilized on various carrier materials including silicate materials [5], alginate beads [6], chitosan 
microspheres [7], nano-particles [8], and copolymers [9]. Recently, carbon nanotubes (CNT) have 
received significant interest as carrier material for enzyme immobilization due to its outstanding 
properties in thermal, chemical, and mechanical resistances [10]. The preparation of carbon 
nanotubes is carried out by using either multi-walled carbon nanotubes or single-walled carbon 
nanotubes. 

As reported, multi-walled CNT are preferred over single-walled CNT for application in enzyme 
immobilization in favour of their simple preparation and cost effectiveness. The multi-walled CNT is 
considered superior in its tensile strength of structural arrangement rather than single-walled CNT 
[11,12]. Immobilizing cellulase on the multi-walled CNT increases the thermal stability, makes 
enzymatic recycling easier and the catalytic activity can be easily controlled [13]. Studies of enzyme 
immobilization using CNT have shown the significant application of multi-walled CNT in numerous 
enzymes such as catalase [14], cellulase [15], horseradish peroxidase [16], inulinase [17], laccase [18], 
lipase [19], papain [20], phenylalanine ammonia lyase [21], pyranose oxidase [22], xylanase [23], and 
β-galactosidase [24]. 

In the present study, multi-walled carbon nanotubes was used in the immobilization of cellulase 
from Aspergillus niger in carboxymethyl cellulose hydrolysis. Different concentrations of 
carboxymethyl cellulose (CMC) were hydrolyzed by free and immobilized cellulase and their kinetic 
parameters of maximum reaction velocity (Vmax) and Michaelis constant (Km) was calculated. In 
addition, the effect of viscosity from different CMC concentrations on the kinetic parameters of CMC 
hydrolysis was investigated. 
 
2. Methodology  
2.1 Materials 

 
Commercial cellulase (EC 3.2.1.4) from Aspergillus niger (powder, ≥ 0.3 units/mg solid; Cat No: 

C1184), multi-walled carbon nanotubes (MWCNT, Cat No:773840-25G), 3,5-Dinitrosalicylic acid (DNS, 
Cat No: D0550-100G), Glutaraldehyde solution (Grade II 25%, Cat No: G6257-100ML) were purchased 
from Sigma-Aldrich. The components of hydrolysis reaction medium such as substrate 
Carboxymethyl Cellulose (CMC, Cat No: C5678-500G) and buffer sodium acetate (Cat No: 241245-
500G), are of analytical or ACS reagent grade. DNS Reagent preparation including liquified phenol 
(Cat No: P9346-100ML), sodium hydroxide (Cat No: S5881-500G), sodium sulphite (Cat No: 239321) 
are purchased in the form of ACS reagent or analytical grade. All aqueous solutions was prepared 
using ultrapure water (18.2 MΩ cm resistivity) obtained from an ultrapure water purifying system 
(Heal Force®, Shanghai, China). 

 
2.2 Carbon Nanotube Immobilization of Cellulase 
 

Carbon nanotubes suspension was prepared via ultrasonication by adding 200 mg solid powder 
of MWCNT in 50 ml of acetate buffer (50 mM, pH 4.7) for 30 min using a batch sonicator (Elmasonic 
P30H, Elma, Singen, Germany) with 0.8 W sonication power at 37 kHz. About 10.0 mL of cellulase 
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enzyme (20 Unit/mg activity) and 0.3 % (v/v) glutaraldehyde was added into MWCNT suspension 
before subjected to mixing via shaking incubator (200 rpm at room temperature). Then, the mixture 
was centrifuged for 10 minutes at 8000 rpm in order to discard the supernatant from the pellets of 
CNT-Immobilized cellulase. For immediate usage, pellets was washed three times with acetate buffer 
prior adding into the reaction medium. The remaining pellets was kept in a seal container with small 
amount of acetate buffer at 4 °C for maximum 3 days in order to avoid loss of enzyme activity during 
storage. 

 
2.3 Batch Hydrolysis of Carboxymethyl Cellulose 
 

Batch hydrolysis reaction took place in 100 ml glass bottle (Brand: Schott, Germany) consisted of 
20 ml of acetate buffer (pH 4.70), 20.0 ml of substrate carboxymethyl cellulose, CMC (2.5, 5.0, 7.5, 
10.0 and 12.5 mg L-1) and 10.0 ml of CNT-Immobilized cellulase suspension. The glass bottle was 
screwed on with a cap and sealed with PTFE tape to minimize evaporation of reaction mixture. The 
condition for batch reaction was carried out using shaking incubator (Daihan, China) with agitation 
speed of 150 rpm at controlled temperature of 40 °C. About 2.0 mL of samples was withdrawn from 
the batch reaction at regular intervals for reducing sugar analysis. 

 
2.4 Estimation of Glucose Concentration 
 

Glucose concentration was determined via dinitrosalicylic acid (DNS) analysis according to Miller 
[25]. About 1.5 mL of DNS reagent was added into a test tube contain sample of 0.5 ml followed by 
incubation in hot water bath at 90 °C for 15 minutes. Then, 0.5 mL of Rochelle salt solution was added 
into the mixture of DNS reagent and sample in order to stabilize the colour changes, indicates the 
present of reducing sugar product. After cooling down to room temperature, the DNS reagent and 
sample mixture was subjected to spectrophotometric analysis at 575 nm. The actual amount of 
reducing sugar formation was calculated via standard calibration plot of absorbance and different 
known glucose anhydrous concentrations. 

 
2.5 Viscosity Measurement 
 

A vibrational viscometer (SV-10 Brand: A&D) was used to measure sample viscosity. The 
viscometer was filled with fresh reaction mixture until the oscillator was fully submerged and allowed 
to equilibrate for 5 minutes before the viscosity measurement was recorded in 3 replicates for each 
CMC concentrations. 

 
2.6 Enzyme Assay 
 

Enzyme assay determination was carried out with 1 mL enzyme solution was added into reaction 
mixture of 2.0 mL acetate buffer (0.05 M, pH 4.8) and 2.0 mL of CMC salt solution (0.1 % w/v). The 
mixture was incubated in seal test tube at 40 °C, for 20 minutes. DNS assay was used to determine 
the reducing sugar analysis according to Miller [25]. By definition, one unit of enzyme activity (1 U) 
was the required amount of enzyme during the liberation of 1.0 µmol of reducing sugars from 
cellulose substrate per minute at 40 °C. The calculated enzyme activity was determined from Eq. (1) 
where E is the enzyme activity (U) and t is the total reaction time (min). 

 

𝐸(U) =
𝜇×molReducing sugar released

𝑡min
           (1) 
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2.7 Initial Rate and Kinetic Model 
 
Initial rate of reaction was calculated via tangent of origin on the time profile of liberated reducing 

sugars from CMC hydrolysis. Calculated initial rate (V0) was used to fit the Michaelis-Menten model 
as written in Eq. (2). The kinetic parameters of Michaelis-Menten model of CMC hydrolysis reaction 
namely Michaelis-Menten constant (Km) and maximum reaction rate (Vmax) was determined by using 
linearization method of double reciprocal plot of Lineweaver-Burk plots as written in Eq. (3). Curve 
fitting of Michaelis-Menten model on the experimental data of CMC hydrolysis was done by using 
Polymath 6.0. 

 

𝑉0 =
𝑉𝑚𝑎𝑥×𝐾𝑚

𝐾𝑚+𝑆
              (2) 

 
1

𝑉0
=

𝐾𝑚

𝑉𝑚𝑎𝑥(𝑆)
+

1

𝑉𝑚𝑎𝑥
              (3) 

 
3. Results 
3.1 Hydrolysis Reaction 

 
Cellulase from Aspergillus niger was preferred as biocatalyst due to its superior properties as 

compared to other strains and has been frequently used in industry [26, 27]. In this study, free and 
immobilized system were employed for the CMC hydrolysis reaction by Cellulase. Reaction condition 
was carried out at 40°C with different agitation speed of 200 rpm. Figure 1 shows the glucose 
production profile of CMC hydrolysis reaction using free and immobilize cellulase. Glucose 
production in both free and CNT-Immobilized cellulase shows increasing profile until 2 minutes 
incubation for the majority CMC concentrations before glucose production is constant thereafter. In 
addition, the accumulation of glucose causes subsequent drop of cellulase activity due to the 
reduction in reaction velocity which is common in the batch reaction [28,29]. However, reduction in 
reaction velocity is often not observable in this study since the reaction thermodynamics favours 
product formation [30]. 
 

  
(a) (b) 

Fig. 1. CMC hydrolysis profile (a) Free enzyme (b) CNT-immobilized 
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3.2 Enzyme Kinetic Parameters 
 
The effect of enzyme immobilization using carbon nanotube (CNT) in the glucose production 

profile is not clearly observed due to large variation in the typical time courses of CMC hydrolysis 
reaction. To validate the effect of CNT-Immobilized in CMC hydrolysis reaction, the kinetic 
parameters including Km and Vmax are determined by using non-linear regression analysis by Sigma 
Plot Software. Figure 2 showed the double reciprocal plot of both free and CNT-Immobilized cellulase 
for hydrolysis reaction of different CMC concentrations. 

 

 
Fig. 2. Double reciprocal plot for free and CNT-Immobilized 
cellulase for CMC hydrolysis reaction 

 
The apparent kinetic parameters of Michaelis constant (Km) and maximum reaction velocity (Vmax) 

for glucose production in both free and CNT-Immobilized cellulase was summarized in Table 1. 
Coefficient correlation (R2) for both free and CNT-Immobilized cellulase were 0.9869 and 0.9451, 
respectively, indicating better prediction of both kinetic parameters on fitted experimental data [31]. 
The Vmax of both free and CNT-Immobilized cellulase showed similar values due to the direct contact 
of substrates and cellulase active site since the enzyme was immobilized on the surface of CNT [32]. 
From this study, Km of CNT-Immobilized cellulase is higher than free cellulase. Thus, higher enzyme 
concentration is required for the immobilized system to reach maximal reaction velocity [33]. In 
addition, difference in Km values is attributed with the diffusion limitation in the CNT-Immobilized 
cellulase. As compared to CMC hydrolysis using free cellulase, impact of diffusional limitation in the 
CNT-Immobilized was observed as Km value increase. Substrate molecules have to diffuse from bulk 
solution into cellulase active site while overcoming the matrix of CNT. It can be assumed the rate of 
diffusion in CNT-Immobilized cellulase is slower than the rate of transformation since more substrate 
is needed for the reaction to reach maximal reaction velocity [34].  In addition, the stearic effects of 
CNT molecules is associated with the changes in the catalytic activity between cellulase active site 
and substrate as the reason of increase in Km value [35]. 
 

Table 1 
Kinetic parameters for free and CNT-Immobilized Cellulase in CMC 
hydrolysis reaction 

Parameter Free Cellulase CNT-Immobilized 

Km (g L-1) 0.2794 4.6810 
Vmax (g L-1 min-1) 0.1311 0.1342 
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3.3 Effect of Viscosity 
 

According to viscosity analysis of reaction mixture with different CMC concentrations, there was 
an increase of initial velocity of glucose production with increasing viscosity values. At higher 
viscosity, substrate needs to overcome the mass transfer limitation in the viscous reaction mixture 
due to different CMC concentrations [36,37]. At high CMC concentrations, the presents of soluble 
cellulose fibers increased viscosity by means of 10-fold for 1% concentrations [38]. Despite an 
increase of viscosity in the current study, initial velocity (V0) remains increased with CMC 
concentrations (Figure 3). This observation could be due to sufficient mixing in the reaction mixture 
at agitation speeds of 200 rpm which negates the hindering effect of increased viscosity. 

 

 
Fig. 3. Effect of viscosity on initial velocity V0 of CNT-
Immobilized cellulase for different CMC concentrations 

 
4. Conclusions 

 
In conclusion, the catalytic activity of CMC hydrolysis by CNT-Immobilized cellulase can approach 

similar to free cellulase during the production of reducing sugar. The maximum reaction velocity 
(Vmax) of CMC hydrolysis by free cellulase and CNT-Immobilized cellulase was 0.1311 and 0.1342 g L-

1 min-1, respectively. However, the effect of CNT-Immobilized on the Michaelis constant (Km) was 
higher at 4.6810 g L-1 as compared to free cellulase with Km of 0.2794 g L-1. The diffusion limitation in 
high viscous solution increased the Michaelis constant value during the CMC hydrolysis reaction. The 
incorporated of cellulase onto CNT molecules is an innovative technique in nanobiotechnology 
applications from an economic point of view since it can be easily separated from the end product 
and reused for multiple times. 
 
Acknowledgement 
The authors appreciate the facility provided from Institute of Biological Sciences, Faculty of Science, 
Universiti Malaya. The authors also acknowledge financial support from the Office of Deputy Vice 
Chancellor (Research and Innovation), Universiti Teknologi MARA for the funding of CSSR 2022. This 
research was not funded by any grant. 
 
 
 
 



Journal of Advanced Research in Applied Sciences and Engineering Technology 

Volume 30, Issue 3 (2023) 325-333 

331 
 

References 
[1] Abraham, Reinu E., Madan L. Verma, Colin J. Barrow, and Munish Puri. "Suitability of magnetic nanoparticle 

immobilised cellulases in enhancing enzymatic saccharification of pretreated hemp biomass." Biotechnology for 
biofuels 7 (2014): 1-12. https://doi.org/10.1186/1754-6834-7-90  

[2] Basso, Alessandra, and Simona Serban. "Industrial applications of immobilized enzymes—A review." Molecular 
Catalysis 479 (2019): 110607. https://doi.org/10.1016/j.mcat.2019.110607 

[3] Nguyen, Hoang Hiep, and Moonil Kim. "An overview of techniques in enzyme immobilization." Applied Science and 
Convergence Technology 26, no. 6 (2017): 157-163. https://doi.org/10.5757/ASCT.2017.26.6.157  

[4] Verma, Madan Lal, Colin J. Barrow, and Munish Puri. "Nanobiotechnology as a novel paradigm for enzyme 
immobilisation and stabilisation with potential applications in biodiesel production." Applied microbiology and 
biotechnology 97 (2013): 23-39. https://doi.org/10.1007/s00253-012-4535-9 

[5] Sinegani, Ali Akbar Safari, Giti Emtiazi, and Hossain Shariatmadari. "Sorption and immobilization of cellulase on 
silicate clay minerals." Journal of colloid and interface science 290, no. 1 (2005): 39-44. 
https://doi.org/10.1016/j.jcis.2005.04.030 

[6] Kamdem Tamo, Arnaud, Ingo Doench, Aliuska Morales Helguera, Daniel Hoenders, Andreas Walther, and Anayancy 
Osorio Madrazo. "Biodegradation of crystalline cellulose nanofibers by means of enzyme immobilized-alginate 
beads and microparticles." Polymers 12, no. 7 (2020): 1522. https://doi.org/10.3390/polym12071522 

[7] Zang, Limin, Jianhui Qiu, Xueli Wu, Wenjuan Zhang, Eiichi Sakai, and Yi Wei. "Preparation of magnetic chitosan 
nanoparticles as support for cellulase immobilization." Industrial & engineering chemistry research 53, no. 9 (2014): 
3448-3454. https://doi.org/10.1021/ie404072s 

[8] Mishra, Abhijeet, and Meryam Sardar. "Cellulase assisted synthesis of nano-silver and gold: application as 
immobilization matrix for biocatalysis." International journal of biological macromolecules 77 (2015): 105-113. 
https://doi.org/10.1016/j.ijbiomac.2015.03.014  

[9] Tąta, Agnieszka, Katarzyna Sokołowska, Joanna Świder, Anna Konieczna-Molenda, Edyta Proniewicz, and Ewa 
Witek. "Study of cellulolytic enzyme immobilization on copolymers of N-vinylformamide." Spectrochimica Acta Part 
A: Molecular and Biomolecular Spectroscopy 149 (2015): 494-504. https://doi.org/10.1016/j.saa.2015.04.112  

[10] Zdarta, Jakub, Anne S. Meyer, Teofil Jesionowski, and Manuel Pinelo. "A general overview of support materials for 
enzyme immobilization: characteristics, properties, practical utility." Catalysts 8, no. 2 (2018): 92. 
https://doi.org/10.3390/catal8020092  

[11] Yetgin, Salih Hakan. "Effect of multi walled carbon nanotube on mechanical, thermal and rheological properties of 
polypropylene." Journal of Materials Research and Technology 8, no. 5 (2019): 4725-4735. 
https://doi.org/10.1016/j.jmrt.2019.08.018  

[12] Alawi, Omer A., and Haslinda Mohamed Kamar. "Performance of Solar Thermal Collector Using Multi-Walled 
Carbon Nanotubes: Simulation Study." Journal of Advanced Research in Micro and Nano Engineering 2, no. 1 
(2020): 12-21. https://doi.org/10.1016/j.ijthermalsci.2017.05.004 

[13] Li, Li-Juan, Wen-Jing Xia, Gui-Ping Ma, Yue-Lin Chen, and Yue-Yu Ma. "A study on the enzymatic properties and 
reuse of cellulase immobilized with carbon nanotubes and sodium alginate." Amb Express 9, no. 1 (2019): 112. 
https://doi.org/10.1186/s13568-019-0835-0  

[14] Zhang, Chengdong, Shuiming Luo, and Wei Chen. "Activity of catalase adsorbed to carbon nanotubes: effects of 
carbon nanotube surface properties." Talanta 113 (2013): 142-147. https://doi.org/10.1016/j.talanta.2013.03.027  

[15] Ahmad, Razi, and Sunil Kumar Khare. "Immobilization of Aspergillus niger cellulase on multiwall carbon nanotubes 
for cellulose hydrolysis." Bioresource technology 252 (2018): 72-75. 
https://doi.org/10.1016/j.biortech.2017.12.082 

[16] Kim, Bum Joon, Bong Keun Kang, Young Yil Bahk, Kyung Hwa Yoo, and Kook Jin Lim. "Immobilization of horseradish 
peroxidase on multi-walled carbon nanotubes and its enzymatic stability." Current applied physics 9, no. 4 (2009): 
e263-e265. https://doi.org/10.1016/j.cap.2009.06.050  

[17] Temkov, Mishela, Aleksandar Petrovski, Emilija Gjorgieva, Emil Popovski, Maja Lazarova, Ivan Boev, Perica Paunovic 
et al. "Inulinase immobilization on polyethylene glycol/polypyrrole multiwall carbon nanotubes producing a 
catalyst with enhanced thermal and operational stability." Engineering in Life Sciences 19, no. 9 (2019): 617-630. 
https://doi.org/10.1002/elsc.201900021 

[18] Habimana, Pascal, Jing Gao, Jean Pierre Mwizerwa, Jean Bernard Ndayambaje, Hengrao Liu, Pengqian Luan, Li Ma, 
and Yanjun Jiang. "Improvement of laccase activity via covalent immobilization over mesoporous silica coated 
magnetic multiwalled carbon nanotubes for the discoloration of synthetic dyes." ACS omega 6, no. 4 (2021): 2777-
2789. https://doi.org/10.1021/acsomega.0c05081  

[19] Dwivedee, Bharat P., Jayeeta Bhaumik, Shushil K. Rai, Joydev K. Laha, and Uttam C. Banerjee. "Development of 
nanobiocatalysts through the immobilization of Pseudomonas fluorescens lipase for applications in efficient kinetic 

https://doi.org/10.1186/1754-6834-7-90
https://doi.org/10.1016/j.mcat.2019.110607
https://doi.org/10.5757/ASCT.2017.26.6.157
https://doi.org/10.1007/s00253-012-4535-9
https://doi.org/10.1016/j.jcis.2005.04.030
https://doi.org/10.3390/polym12071522
https://doi.org/10.1021/ie404072s
https://doi.org/10.1016/j.ijbiomac.2015.03.014
https://doi.org/10.1016/j.saa.2015.04.112
https://doi.org/10.3390/catal8020092
https://doi.org/10.1016/j.jmrt.2019.08.018
https://doi.org/10.1016/j.ijthermalsci.2017.05.004
https://doi.org/10.1186/s13568-019-0835-0
https://doi.org/10.1016/j.talanta.2013.03.027
https://doi.org/10.1016/j.biortech.2017.12.082
https://doi.org/10.1016/j.cap.2009.06.050
https://doi.org/10.1002/elsc.201900021
https://doi.org/10.1021/acsomega.0c05081


Journal of Advanced Research in Applied Sciences and Engineering Technology 

Volume 30, Issue 3 (2023) 325-333 

332 
 

resolution of racemic compounds." Bioresource technology 239 (2017): 464-471. 
https://doi.org/10.1016/j.biortech.2017.05.050 

[20] Homaei, Ahmad, and Fayezeh Samari. "Investigation of activity and stability of papain by adsorption on multi-wall 
carbon nanotubes." International journal of biological macromolecules 105 (2017): 1630-1635. 
https://doi.org/10.1016/j.ijbiomac.2017.02.038  

[21] Bartha-Vári, Judith Hajnal, László Csaba Bencze, Evelin Bell, László Poppe, Gabriel Katona, Florin-Dan Irimie, Csaba 
Paizs, and Monica Ioana Toșa. "Aminated single-walled carbon nanotubes as carrier for covalent immobilization of 
phenylalanine ammonia-lyase." Periodica Polytechnica Chemical Engineering 61, no. 1 (2017): 59-66. 
https://doi.org/10.3311/PPch.10417  

[22] Kim, Jae Hyun, Sung-Gil Hong, Youngho Wee, Shuozhen Hu, Yongchai Kwon, Su Ha, and Jungbae Kim. "Enzyme 
precipitate coating of pyranose oxidase on carbon nanotubes and their electrochemical applications." Biosensors 
and Bioelectronics 87 (2017): 365-372. https://doi.org/10.1016/j.bios.2016.08.086  

[23] Shah, Shweta, and Munishwar N. Gupta. "Simultaneous refolding, purification and immobilization of xylanase with 
multi-walled carbon nanotubes." Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics 1784, no. 2 (2008): 
363-367. https://doi.org/10.1016/j.bbapap.2007.11.015  

[24] Dutra Rosolen, Michele, Adriano Gennari, Giandra Volpato, and Claucia Fernanda Volken de Souza. "Biocatalytic 
characterization of Aspergillus oryzae β-galactosidase immobilized on functionalized multi-walled carbon 
nanotubes." Biocatalysis and Biotransformation 35, no. 4 (2017): 260-268. 
https://doi.org/10.1080/10242422.2017.1323886  

[25] Miller, Gail Lorenz. "Use of dinitrosalicylic acid reagent for determination of reducing sugar." Analytical 
chemistry 31, no. 3 (1959): 426-428. https://doi.org/10.1021/ac60147a030  

[26] Li, Xinliang, Sandra H. Chang, and Rui Liu. "Industrial applications of cellulases and hemicellulases." Fungal 
cellulolytic enzymes: Microbial production and application (2018): 267-282. https://doi.org/10.1007/978-981-13-
0749-2_15  

[27] Sulyman, Abdulhakeem Olarewaju, A. Igunnu, and S. O. Malomo. "Isolation, purification and characterization of 
cellulase produced by Aspergillus niger cultured on Arachis hypogaea shells." Heliyon 6, no. 12 (2020): e05668. 
https://doi.org/10.1016/j.heliyon.2020.e05668  

[28] Neo, Kristyn Rui Shan, and Kun-Lin Yang. "Continuous hydrolysis of carboxymethyl cellulose with cellulase 
aggregates trapped inside membranes." Enzyme and microbial technology 78 (2015): 34-39. 
https://doi.org/10.1016/j.enzmictec.2015.06.005  

[29] Yin, Yi-Rui, Peng Sang, Wen-Dong Xian, Xin Li, Jian-Yu Jiao, Lan Liu, Wael N. Hozzein, Min Xiao, and Wen-Jun Li. 
"Expression and characteristics of two glucose-tolerant GH1 β-glucosidases from Actinomadura amylolytica YIM 
77502T for promoting cellulose degradation." Frontiers in Microbiology 9 (2018): 3149. 
https://doi.org/10.3389/fmicb.2018.03149  

[30] Illanes, Andrés, Claudia Altamirano, and Lorena Wilson. "Homogeneous enzyme kinetics." Enzyme biocatalysis: 
principles and applications (2008): 107-153. https://doi.org/10.1007/978-1-4020-8361-7_3 

[31] Saat, Muhammad Naziz, and Mohamad Suffian Mohamad Annuar. "One‐pot lipase‐catalyzed esterification of ε‐
caprolactone with methyl‐d‐glucopyranoside and its elongation with free 6‐hydroxyhexanoate monomer 
units." Biotechnology and applied biochemistry 67, no. 3 (2020): 354-365. https://doi.org/10.1002/bab.1859 

[32] Sulym, Iryna, Jakub Zdarta, Filip Ciesielczyk, Dariusz Sternik, Anna Derylo-Marczewska, and Teofil Jesionowski. 
"Pristine and poly (Dimethylsiloxane) modified multi-walled carbon nanotubes as supports for lipase 
immobilization." Materials 14, no. 11 (2021): 2874. https://doi.org/10.3390/ma14112874  

[33] Hassan, Mohamed E., Qingyu Yang, and Zhigang Xiao. "Covalent immobilization of glucoamylase enzyme onto 
chemically activated surface of κ-carrageenan." Bulletin of the National Research Centre 43, no. 1 (2019): 1-11. 
https://doi.org/10.1186/s42269-019-0148-0 

[34] Qamar, Sarmad Ahmad, Mahpara Qamar, Muhammad Bilal, Ram Naresh Bharagava, Luiz Fernando Romanholo 
Ferreira, Farooq Sher, and Hafiz MN Iqbal. "Cellulose-deconstruction potential of nano-biocatalytic systems: A 
strategic drive from designing to sustainable applications of immobilized cellulases." International Journal of 
Biological Macromolecules 185 (2021): 1-19. https://doi.org/10.1016/j.ijbiomac.2021.06.079 

[35] Eldin, Mohy, and D. G. Mita. "Immobilized enzymes: Strategies for overcoming the substrate diffusion-limitation 
problem." Current Biotechnology 3, no. 3 (2014): 207-217. 
http://dx.doi.org/10.2174/221155010303140918114737  

[36] Du, Jian, Yuan Cao, Guodong Liu, Jian Zhao, Xuezhi Li, and Yinbo Qu. "Identifying and overcoming the effect of mass 
transfer limitation on decreased yield in enzymatic hydrolysis of lignocellulose at high solid 
concentrations." Bioresource technology 229 (2017): 88-95. https://doi.org/10.1016/j.biortech.2017.01.011  

https://doi.org/10.1016/j.biortech.2017.05.050
https://doi.org/10.1016/j.ijbiomac.2017.02.038
https://doi.org/10.3311/PPch.10417
https://doi.org/10.1016/j.bios.2016.08.086
https://doi.org/10.1016/j.bbapap.2007.11.015
https://doi.org/10.1080/10242422.2017.1323886
https://doi.org/10.1021/ac60147a030
https://doi.org/10.1007/978-981-13-0749-2_15
https://doi.org/10.1007/978-981-13-0749-2_15
https://doi.org/10.1016/j.heliyon.2020.e05668
https://doi.org/10.1016/j.enzmictec.2015.06.005
https://doi.org/10.3389/fmicb.2018.03149
https://doi.org/10.1007/978-1-4020-8361-7_3
https://doi.org/10.1002/bab.1859
https://doi.org/10.3390/ma14112874
https://doi.org/10.1186/s42269-019-0148-0
https://doi.org/10.1016/j.ijbiomac.2021.06.079
http://dx.doi.org/10.2174/221155010303140918114737
https://doi.org/10.1016/j.biortech.2017.01.011


Journal of Advanced Research in Applied Sciences and Engineering Technology 

Volume 30, Issue 3 (2023) 325-333 

333 
 

[37] Zhang, Heng, Jinyan Lang, Ping Lan, Hongyan Yang, Junliang Lu, and Zhe Wang. "Study on the dissolution mechanism 
of cellulose by ChCl-based deep eutectic solvents." Materials 13, no. 2 (2020): 278. 
https://doi.org/10.3390/ma13020278  

[38] Dhital, Sushil, Grace Dolan, Jason R. Stokes, and Michael J. Gidley. "Enzymatic hydrolysis of starch in the presence 
of cereal soluble fibre polysaccharides." Food & function 5, no. 3 (2014): 579-586. 
https://doi.org/10.3311/PPch.10417  

https://doi.org/10.3390/ma13020278
https://doi.org/10.3311/PPch.10417

