
 
 

UNIVERSITI PUTRA MALAYSIA 
 

IMMOBILIZATION OF CYCLODEXTRIN 
GLUCANOTRANSFERASE ON ELECTROSPUN 

POLYVINYL ALCOHOL NANOFIBERS 
 
 
 
 
 
 
 
 
 
 

SURYANI BINTI SAALLAH 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FK 2014 108 



© C
OPYRIG

HT U
PM

 

 

 

IMMOBILIZATION OF CYCLODEXTRIN 

GLUCANOTRANSFERASE ON ELECTROSPUN 

POLYVINYL ALCOHOL NANOFIBERS  

 

 

 

 

 

 

 

 

 

SURYANI BINTI SAALLAH 

 

 

 

 

 

 

 

 

MASTER OF SCIENCE 

UNIVERSITI PUTRA MALAYSIA 

 

 

2014 



© C
OPYRIG

HT U
PM

 

 
 

 

 

IMMOBILIZATION OF CYCLODEXTRIN GLUCANOTRANSFERASE ON 

ELECTROSPUN POLYVINYL ALCOHOL NANOFIBERS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By 

 

 

SURYANI BINTI SAALLAH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thesis Submitted to the School of Graduate Studies, Universiti Putra Malaysia, 

in Fulfilment of the Requirements for the Degree of Master of Science 

 

 

September 2014 



© C
OPYRIG

HT U
PM

COPYRIGHT 

  

All material contained within the thesis, including without limitation text, logos, 

icons, photographs and all other artwork, is copyright material of Universiti Putra 

Malaysia unless otherwise stated. Use may be made of any material contained within 

the thesis for non-commercial purposes from the copyright holder. Commercial use 

of material may only be made with the express, prior, written permission of 

Universiti Putra Malaysia. 

 

Copyright © Universiti Putra Malaysia 

 

 



© C
OPYRIG

HT U
PM

i 

 

Abstract of thesis presented to the Senate of Universiti Putra Malaysia in  

fulfilment of the requirement for the degree of Master of Science 

 

 

IMMOBILIZATION OF CYCLODEXTRIN GLUCANOTRANSFERASE ON 

ELECTROSPUN POLYVINYL ALCOHOL NANOFIBERS 

 

By 

 

SURYANI BINTI SAALLAH 

 

September 2014 

 

 

Chairman : Mohd. Nazli Naim, PhD 

Faculty : Engineering 

 

There are many types of nanostructured materials that have been used for enzyme 

immobilization which include nanoporous, nanoparticles and nanofibers. The use of 

nanofibers as support material is favorable owing to their high porosity and 

interconnectivity and can be easily recovered and reuse. In this study, cyclodextrin 

glucanotransferase (CGTase) enzyme was successfully immobilised on PVA 

nanofibers via post-spinning and simultaneous electrospraying and electrospinning. 

In the post-spinning method, the PVA solution was electrospun to produce 

nanofibrous membrane at first and followed by the electrospraying of CGTase 

particles onto the membrane. The latter method involved the simultaneous 

electrospraying of CGTase solution and electrospinning of PVA solution conducted 

at opposite polarity. Before the immobilisation step, the transformation of CGTase 

from solution to solid particles via electrospraying in Taylor cone-jet mode was 

studied to obtain fine and monodispersed particles that can be attached uniformly on 

the PVA membrane. The CGTase functional groups and activity were preserved 

during the process as confirmed by FTIR and enzyme activity analysis. The 

Columbic fission that occurred during electrospraying has changed the enzyme 

morphology from clusters into a single particle as observed by Scanning Electron 

Microscope (SEM) and effectively reduced the average enzyme particle size from 

200 ± 117 nm to 75 ± 34 nm when the spraying tip to the collector distance was 

increased from 10 cm to 25 cm. The enzyme particles collected at the longest 

distance demonstrated the highest enzyme activity. The microstructure of 

electrosprayed CGTase immobilised on PVA nanofibers was observed using SEM 

and the effectiveness of the two immobilisation approaches was compared in terms 

of enzyme loading, enzyme activity and reusability with enzyme concentration 

ranging from 1 to 7.5% v/v. Post-spinning deposition produced nanofibers with 

denser particles deposited on its surface, while uniform distribution of particles 

within the nanofibers was observed when simultaneous electrospraying and 

electrospinning was applied.   Higher enzyme loading efficiency was obtained by 

using the simultaneous method with maximum value of 14 mg/g compared to 9 mg/g 

for the post-spinning method. The enzyme activity analysis showed that up to 17% 

higher enzyme activity could be achieved through the simultaneous method in 

comparison to the post-spinning. Vapour phase crosslinking that was applied to the 

CGTase/PVA membranes to facilitate the enzyme reusability did not cause 



© C
OPYRIG

HT U
PM

ii 

 

significant losses to the immobilised enzyme activity. The membranes produced via 

both the post-spinning and simultaneous method exhibited almost similar trend of 

reusability with up to 50% of the initial enzyme activity retained after the fifth cycle 

of the enzymatic reaction. The results indicate that the electrospraying and and 

electrospinning hybrid method is a promising approach for enzyme immobilisation. 
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SURYANI BINTI SAALLAH 

 

September 2014 

 

 

Pengerusi : Mohd. Nazli Naim, PhD 

Fakulti : Kejuruteraan 
 

Terdapat pelbagai jenis bahan berstruktur nano yang telah digunakan untuk 

imobilisasi enzim termasuk nanoporos,nanopartikel dan nanogentian. Penggunaan 

nanogentian sebagai bahan sokongan adalah lebih digalakkan kerana nanogentian 

mempunyai  keporosan dan jaringan yang tinggi dan mudah diasingkan dan diguna 

semula. Dalam kajian ini, enzim Cyclodextrin glucanotransferase (CGTase) telah 

berjaya diimobilisasikan pada gentian nano polivinil alkohol (PVA) melalui dua 

kaedah hibrid elektrosemburan dan elektroputaran iaitu pasca-putaran, dan 

elektosemburan dan elektroputaran serentak.  Dalam kaedah pasca-putaran, larutan 

PVA  terlebih dahulu dielektroputar  untuk menghasilkan membran bergentian nano, 

diikuti dengan elektrosemburan zarah CGTase pada membran tersebut. Kaedah yang 

seterusnya pula melibatkan elektrosemburan larutan CGTase dan elektroputaran 

larutan PVA dijalankan serentak. Sebelum langkah imobilisasi, transformasi CGTase 

daripada larutan kepada zarah pepejal melalui elektrosemburan dalam mod kon-jet 

Taylor dikaji untuk mendapatkan zarah yang halus dan monodispersi yang boleh 

melekat dengan sekata pada membran PVA. Kumpulan berfungsi dan aktiviti 

CGTase dapat dipelihara melalui kaedah ini sepertimana yang disahkan oleh analisis 

FTIR dan aktiviti enzim. Pemecahan Columbic yang berlaku semasa 

elektrosemburan telah mengubah morfologi enzim daripada berkelompok kepada 

partikel tunggal seperti yang diperhatikan melalui Mikroskop Elektron Payaran 

(SEM) dan berkesan mengurangkan saiz purata zarah enzim daripada 200 ± 117 nm 

kepada 75 ± 34 nm apabila jarak daripada hujung alat penyembur kepada alat 

pengumpul ditingkatkan daripada 10 cm kepada 25 cm. Zarah enzim yang dikutip 

pada jarak yang paling jauh menunjukkan aktiviti enzim yang  paling tinggi. Struktur  

mikro CGTase yang telah diimobilisasi pada nanogentian PVA diperhatikan dengan 

menggunakan SEM dan keberkesanan kedua-dua kaedah imobilisasi ini 

dibandingkan dari segi muatan enzim, aktiviti enzim dan kebolehan diguna semula 

dengan kepekatan enzim antara 1 hingga 7.5% v/v. Kaedah pasca-putaran 

menghasilkan nanogentian dengan partikel yang padat melekat pada permukaannya, 

manakala partikel tersebar secara sekata dapat dilihat dengan menggunakan kaedah 

serentak. Kecekapan muatan enzim yang lebih tinggi telah diperolehi dengan 

menggunakan kaedah serentak dengan nilai maksimum 14 mg/g berbanding 9 mg/g 

bagi kaedah pasca-putaran. Analisis aktiviti enzim menunjukkan bahawa aktiviti 

enzim sehingga 17% lebih tinggi boleh dicapai melalui kaedah serentak berbanding 
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dengan saingannya. Paut-silang fasa wap yang telah diaplikasikan terhadap membran 

CGTase/PVA untuk membolehkan penggunaan semula enzim tidak menyebabkan 

kehilangan yang besar kepada aktiviti enzim yang telah diimobilisasi. Membran yang 

dihasilkan melalui kedua-dua kaedah pasca-putaran dan kaedah serentak 

menunjukkan trend yang serupa dari segi kebolehan diguna semula di mana 50% 

daripada aktiviti enzim yang asal dapat dikekalkan selepas lima kali melalui tindak 

balas enzim. Secara keseluruhannya, kaedah hibrid elektrosemburan dan 

elektroputaran adalah satu pendekatan yang sangat berpotensi untuk imobilisasi 

enzim.  
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CHAPTER 1  
 

 

INTRODUCTION 

 

 

This chapter covers the overview and problem statements, objectives, scope, and 

significance of the study. 

 

 

1.1  Overview and problem statements  

 

In the drive towards sustainable and environmental friendly technology, a highly 

efficient biocatalyst known as an enzyme has been utilized extensively for a wide 

range of applications (Wang & Hsieh, 2008). These include the synthesis of 

pharmaceutical products, food processing, fabrication of biosensors, biofuel and 

bioremediation (Brena, González-Pombo, & Batista-Viera, 2013; Hwang & Gu, 

2013). The growing interest in utilising enzymes in industrial processes has resulted 

in the rapid growth of the global enzyme business which was worth about 7 billion 

USD in 2013 with a growth rate of 6.7 % (Gupta, Rajput, Sharma, & Gupta, 2013; 

Jochems, Satyawali, Diels, & Dejonghe, 2011).  

 

Enzymes offer many benefits in comparison with the conventional inorganic catalyst. 

Notable among them are their high selectivity, reduced side reactions and mild 

reaction conditions (Sheldon, 2007). Despite the advantages offered, enzymes 

however are generally unstable and difficult to recover and reuse, which limits their 

efficiency in industrial applications (Iyer & Ananthanarayan, 2008; Liese & 

Hilterhaus, 2013). These drawbacks could be overcomed by immobilising enzyme by 

fixing it to a solid support (Sheldon & van Pelt, 2013).  

 

The performance of the immobilised enzyme strongly is affected by the properties of 

the support materials such as size and structure. Reduction of the support geometric 

size provide extremely high surface area for enzyme attachment which resulted in 

high enzyme loading and effectively improve the catalytic efficiency (Kim, Grate & 

Wang, 2006). In this regard, increasing interest is being shown in incorporating 

enzymes into nanostructured materials which include nanoporous, nanoparticles and 

nanofibers. 

 

Immobilisation of cyclodextrin glucanotransferase (CGTase) into nanostructures has 

been achieved by using nanoparticles and nanoporous. CGTase responsible for 

catalyzing transglycosylation reaction of starch into cyclodextrins (CDs), a ring 

structured molecules that have been used in numerous applications due to their 

unique feature of having both the hydrophobic internal cavity and hydrophilic 

surface. In comparison to the conventional support materials that have been applied 

for CGTase such as agarose, eupergit c and alginate, the immobilisation of CGTase 

using magnetic nanoparticles and nanoporous silica has shown significant 

improvement in enzyme stability and enzyme loading (Ibrahim et al., 2014; Ivanova, 

2010a). However, despite the advantages, some of the drawbacks of the nanoparticles 

and nanoporous materials are difficult to overcome.  
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The major problem associated with nanoporous media is the confinement of the 

enzyme on its inner surface which limits the enzyme-substrate interaction and 

reduces the catalytic efficiency (Kim, Grate, & Wang, 2006). In the case of 

nanoparticles, their dispersion in the reaction solution and the associated complex 

recovery procedure is a daunting task. Magnetic nanoparticles can be easily 

recovered due to their magnetic properties but the fabrication and activation 

procedures before the immobilisation steps are more complex (Kim, Jia, & Wang, 

2006).  

 

Electrospun nanofibers could be an excellent candidate to be used as an enzyme 

support for several reasons. First, various types of polymer including both natural 

and synthetic polymers can be processed into nanofibers with different characteristics 

to meet the requirements of enzyme support. Secondly, the high porosity and 

interconnectivity of the nanofibers could reduce the mass transfer limitation through 

the meshes. Next, the non-woven nanofibers meshes can be easily recovered and 

reused which would allow them to be applied in an enzymatic membrane bioreactor 

(Herricks et al., 2005).  

 

Immobilisation of enzymes using nanofibers support has been achieved mainly 

through a surface attachment and encapsulation method. The attachmnent method 

generally uses hydrophobic polymers such as polystyrene and polysulphone which 

requires several modification steps to increase their biocompatibility for enzyme 

attachment (Yunrong, 2010). Encapsulation of enzymes within the nanofibers 

structure can be realised through co-electrospinning of the enzyme and a water 

soluble polymer followed by the crosslinking method (Dror, Kuhn, Avrahami, & 

Zussman, 2008). This method requires only a very simple process and high enzyme 

loading can be achieved. However, the limited accessibility of the substrate to the 

enzyme and the difficulty of controlling the fibre structure with the addition of an 

enzyme remains a chief issue.  

 

Considering the advantages of nanofibers as an immobilisation support and the 

limitations of the current immobilisation techniques, in this study the immobilisation 

of CGTase enzyme on PVA nanofibers through an electrospraying and 

electrospinning hybrid method is demonstrated. Electrospinning enables the 

formation of fibres with diameter ranging from micro to nano-metre scale from a 

viscous liquid by applying electrical forces on the liquid, while electrospraying 

involves electrical atomisation of a non-viscose liquid into fine solid particles by 

subjecting the liquid to high voltage (Jaworek et al., 2009). The argument put 

forward here is that this hybrid method could allow deposition of CGTase particles 

on the nanofibers without affecting the fibres properties. The electrosprayed particles 

attached to the nanofibers surface could provide maximal enzyme substrate 

interaction. An overview of the research is shown in Figure 1.1. 
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Figure 1.1: Research overview 
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1.2  Objectives of the study 

 

The aim of this work is to evaluate the use of nanofibers as a support for 

immobilising the CGTase enzyme by using the electrospraying and electrospinning 

hybrid method. The objectives of this study are: 

 

1. To study the transformation of CGTase enzyme from solution to fine and 

monodispersed solid particles via electrospraying.  

2. To immobilize CGTase on polyvinyl alcohol (PVA) nanofibers via post 

spinning and simultaneous electrospraying and electrospinning methods. 

3. To evaluate the immobilized enzyme microstructure, loading efficiency, 

catalytic activity and reusability.  

 

 

1.3  Scope of the study 

 

The purpose of this study is to develop an immobilised enzyme-nanofibrous 

membrane by combining the electrospraying and electrospinning approach. CGTase 

from Bacillus macerans is chosen as a model enzyme while polyvinyl alcohol (PVA) 

nanofibers are selected as an immobilisation matrix.  

 

During the electrospraying of CGTase solution, the spraying tip to collector distance 

is varied in the range of 10 – 25 cm to examine its effect on the enzyme particle 

structure and size. Scanning electron microscope (SEM) was used to observe the 

morphology of the CGTase particles. The SEM images were analyzed by using 

image processing software to determine the particle size and distribution. Fourier 

Transform Infra-red (FTIR) spectrometer was used to identify the changes in the 

enzyme functional group before and after the electrospraying.  

 

The support to immobilise the CGTase particles was prepared by electrospinning of 

the PVA solution with concentration ranging from 6 to 10 wt%. The jet behaviour 

during the electrospinning was captured with a digital camera while the fibers 

morphology and size was analyzed using SEM and ImageJ software, respectively.  

The CGTase particles were immobilised on the electrospun PVA nanofibers through 

post-spinning, and simultaneous electrospraying and electropinning. The deposition 

of the CGTase particles on the PVA nanofibers was characterized by using SEM. The 

performance of the CGTase immobilised via the post-spinning and simultaneous 

electrospraying and electrospinning were analyzed and compared in terms of enzyme 

loading efficiency, catalytic efficiency and reusability. The analyses were conducted 

by using UV-VIS spectrophotometer. The enzyme loading efficiency was measured 

using the Bradford method to determine the amount of protein that can be attached to 

the support. The catalytic efficiency was analysed based on the amount of the α-CD 

produced after the enzymatic reaction of CGTase and starch. The reusability of the 

immobilised enzyme was determined by measuring the activity repeatedly after 

subsequent batch reaction of α-CD production.  

 

Overall, the study was conducted to investigate the feasibility of electrospraying and 

electrospinning to immobilise the CGTase enzyme. No process optimization 

involved. The ranges of parameters used were selected based on the range suggested 

by previous researchers. During the work, measurement of solution viscosity and 
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surface tension were unable to be performed. The value for viscosity and surface 

tension reported in the thesis especially for calculation part was obtained from the 

literature. Besides that, during electrospraying and electrospinning, wastage of 

materials that affect the yield might be occurred. However, this wastage is not 

considered in the present work. 

 

 

1.4  Significance of the study 

 

In this research, a new method of CGTase immobilisation on nanofibers support is 

demonstrated. It is expected that this new method will provide a new commercially 

viable route for the immobilisation and stabilisation of CGTase and other type of 

enzymes and biomolecules such as proteins and cells. In addition, based on the 

unique advantages of immobilised CGTase, it is further expected that the resultant 

nanostructured biocatalyst will facilitate new and expanded uses of CGTase enzymes 

in bioprocess applications such as bioconversions and biosensors.  



© C
OPYRIG

HT U
PM

63 

 

REFERENCES 

Amud, A. E., da Silva, G. R. P., Tardioli, P. W., Soares, C. M. F., Moraes, F. F., & 

Zanin, G. M. (2008). Methods and supports for immobilisation and stabilization 

of cyclomaltodextrin glucanotransferase from Thermoanaerobacter. Applied 

Biochemistry and Biotechnology, 146(1-3), 189–201.  

Angammana, C. J., Member, S., & Jayaram, S. H. (2011). Analysis of the Effects of 

Solution Conductivity on Electrospinning Process and Fiber Morphology. IEEE 

Transactions on Industry Applications. 47(3), 1109–1117. 

Arya, S. K., & Srivastava, S. K. (2006). Kinetics of immobilized cyclodextrin 

gluconotransferase produced by Bacillus macerans ATCC 8244. Enzyme and 

Microbial Technology, 39(3), 507–510.  

Atanasova, N., Kitayska, T., Yankov, D., Safarikova, M., & Tonkova, A. (2009). 

Cyclodextrin glucanotransferase production by cell biocatalysts of alkaliphilic 

bacilli. Biochemical Engineering Journal, 46(3), 278–285.  

Biwer, A, Antranikian, G., & Heinzle, E. (2002). Enzymatic production of 

cyclodextrins. Applied Microbiology and Biotechnology, 59(6), 609–17.  

Blanco, K.C., dos Santos, F.J. Bernardi, N.S., Júnior, M.J.,  Monti, R. & Contiero, J. 

(2013). Reuse of Cyclodextrin Glycosyltransferase through Immobilisation on 

Magnetic Carriers. Enzyme Engineering, 2, 111. 

Bock, N., Dargaville, T. R., & Woodruff, M. A. (2012). Electrospraying of polymers 

with therapeutic molecules: State of the art. Progress in Polymer Science, 

37(11), 1510–1551.  

Bock, N., Woodruff, M. A., Hutmacher, D. W., & Dargaville, T. R. (2011). 

Electrospraying, a reproducible method for production of polymeric 

microspheres for biomedical applications. Polymers, 3(1), 131–149.  

Brady, D., & Jordaan, J. (2009). Advances in enzyme immobilisation. Biotechnology 

Letters, 31(11), 1639–50.  

Brena, B. M., & Batista-viera, F. (2013). Immobilisation of Enzymes A Literature 

Survey. In J. M. Guisan (Ed.), Immobilisation of Enzymes and Cells (pp 15-31). 

New York, NY: Humana Press 

Castillo, Y. (2012). Interaction between electrospinning variables and to optimize 

the fiber diameter of electrospun poly (d,l-lactide-co-glycolide) scaffolds for 

tissue engineered constructs (Master's thesis). Retrieved from 

http://digitalcommons.calpoly.edu/theses/780/ 

Chen, D., Wendt, C. H., & Pui, D. Y. H. (2000). A novel approach for introducing 

bio-materials into cells. Journal of Nanoparticle Research 2, 133–139. 

http://link.springer.com/book/10.1007/978-1-62703-550-7


© C
OPYRIG

HT U
PM

64 

 

Chen, H., & Hsieh, Y.-L. (2005). Enzyme immobilisation on ultrafine cellulose 

fibers via poly(acrylic acid) electrolyte grafts. Biotechnology and 

Bioengineering, 90(4), 405–13.  

Chi, E. Y., Krishnan, S., Randolph, T. W., & Carpenter, J. F. (2003). Physical 

stability of proteins in aqueous solution: mechanism and driving forces in 

nonnative protein aggregation. Pharmaceutical Research, 20(9), 1325–36. 

Ciach, T. (2007). Application of electro-hydro-dynamic atomization in drug delivery. 

Journal of Drug Delivery Science and Technology, 17(6), 367–375. 

De Jonge, L. T., Leeuwenburgh, S. C. G., van den Beucken, J. J. J. P., Wolke, J. G. 

C., & Jansen, J. a. (2009). Electrosprayed Enzyme Coatings as Bioinspired 

Alternatives to Bioceramic Coatings for Orthopedic and Oral Implants. 

Advanced Functional Materials, 19(5), 755–762.  

De La Mora, J. F. & Loscertales, J. I. G. (1994). The current emitted by highly 

conducting Taylor cones. Journal of Fluid Mechanics, 260, 155-184. 

Del Valle, E. M. M. (2004). Cyclodextrins and their uses: A review. Process 

Biochemistry, 39(9), 1033–1046.  

Dror, Y., Kuhn, J., Avrahami, R., & Zussman, E. (2008). Encapsulation of Enzymes 

in Biodegradable Tubular Structures. Macromolecules, 41(12), 4187–4192.  

Elnashar, M. M. M (2010). Review Article: Immobilized molecules using 

biomaterials and nanobiotechnology. Journal of Biomaterials and 

Nanobiotechnology, 1, 61-77. 

Ferrarotti, S. A., Bolivar, J. M., Mateo, C., Wilson, L., Guisan, J. M., & Fernandez-

Lafuente, R. (2006). Immobilisation and stabilization of a cyclodextrin 

glycosyltransferase by covalent attachment on highly activated glyoxyl-agarose 

supports. Biotechnology Progress, 22(4), 1140–5.  

Figueiredo, K. C. S., Alves, T. L. M., & Borges, C. P. (2008). Poly (vinyl alcohol) 

films crosslinked by glutaraldehyde under mild conditions. Journal of Applied 

Polymer Science, 111, 3074–3080. 

Ganan-Calvo, A. M. (1999). The surface charge in electrospraying : Its nature and its 

universal scaling laws. Journal of Aerosol Science, 30(7), 863–872. 

Gao, H. & Lian, K. (2012). Advanced proton conducting membrane for ultra-high 

rate solid flexible electrochemical capacitors. Journal of Materials Chemistry, 

22 (39), 21272. 

Gary J. Van Berkel, Feimeng Zhou, J. T. A. (1997). Changes in bulk solution pH 

caused by the inherent controlled-current electrolytic process of an electrospray 

ion source. International Journal of Mass Spectometry and Ion Processes, 162, 

55–67.  



© C
OPYRIG

HT U
PM

65 

 

Gholami, A., Tavanai, H., & Moradi, A. R. (2010). Production of fibroin 

nanopowder through electrospraying. Journal of Nanoparticle Research, 13(5), 

2089–2098.  

Ghosh, S., Chaganti, S. R., & Prakasham, R. S. (2012). Polyaniline nanofiber as a 

novel immobilisation matrix for the anti-leukemia enzyme l-asparaginase. 

Journal of Molecular Catalysis B: Enzymatic, 74(1-2), 132–137.  

Gomez, A., Bingham, D., Juan, L., & Tang, K. (1998). Production of protein 

nanoparticles by electrospray drying. Journal of Aerosol Science, 29(5/6), 561–

574.  

Gupta, R., Rajput, R., Sharma, R., & Gupta, N. (2013). Biotechnological applications 

and prospective market of microbial keratinases. Applied Microbiology and 

Biotechnology, 97(23), 9931–40.  

Hartman, R. P. A., Brunner, D. J., Camelot, D. M. a., Marijnissen, J. C. M., & 

Scarlett, B. (2000). Jet Break-Up in Electrohydrodynamic Atomization in the 

Cone-Jet Mode. Journal of Aerosol Science, 31(1), 65–95.  

Hazeri, N., Tavanai, H., & Moradi, A. R. (2012). Production and properties of 

electrosprayed sericin nanopowder. Science and Technology of Advanced 

Materials, 13(3), 035010. 

 Herricks, T. E., Kim, S.-H., Kim, J., Li, D., Kwak, J. H., Grate, J. W., … Xia, Y. 

(2005). Direct fabrication of enzyme-carrying polymer nanofibers by 

electrospinning. Journal of Materials Chemistry, 15(31), 3241.  

Higuti, I. H., Anunciação, P., Papp, J., & De, V. M. (2004). Colorimetric 

determination of α and β -cyclodextrins and studies on optimization of CGTase 

production from B. firmus using factorial designs. Brazilian Archives of Biology 

and Technology, 47, 837–841. 

Hilton, G. R., & Benesch, J. L. P. (2012). Two decades of studying non-covalent 

biomolecular assemblies by means of electrospray ionization mass 

spectrometry. Journal of the Royal Society Interface, 9(70), 801–16.  

Hong, Y., Li, Y., Yin, Y., Li, D., & Zou, G. (2008). Electrohydrodynamic 

atomization of quasi-monodisperse drug-loaded spherical/wrinkled 

microparticles. Journal of Aerosol Science, 39(6), 525–536.  

Huang, Z.-M., Zhang, Y.-Z., Kotaki, M., & Ramakrishna, S. (2003). A review on 

polymer nanofibers by electrospinning and their applications in 

nanocomposites. Composites Science and Technology, 63(15), 2223–2253.  

Hutmacher, D. W., & Dalton, P. D. (2011). Melt electrospinning. Chemistry, an 

Asian Journal, 6(1), 44–56.  

Hwang, E. T., & Gu, M. B. (2013). Enzyme stabilization by nano/microsized hybrid 

materials. Engineering in Life Sciences, 13(1), 49–61.  



© C
OPYRIG

HT U
PM

66 

 

Ibrahim, A. (2010). Characterization of immobilized alkaline 

cyclodextringlycosyltransferase from a newly isolated Bacillus agaradhaerens 

KSU-A11. African Journal of Biotechnology, 9(44), 7550–7559.  

Ibrahim, A. S. S., Al-Salamah, A. A., El-Toni, A. M., El-Tayeb, M. A., Elbadawi, Y. 

B., & Antranikian, G. (2014). Cyclodextrin glucanotransferase immobilisation 

onto functionalized magnetic double mesoporous core–shell silica nanospheres. 

Electronic Journal of Biotechnology. doi:10.1016/j.ejbt.2014.01.001 

Iqbal, T. (2010). An Investigation on the Effect of Solution Concentration , Applied 

Voltage and Collection Distance on Electrospun Fibres of PVA Solutions. 

(Master's Thesis). Retrieved from 

http://etheses.bham.ac.uk/1424/1/Iqbal_11_MRes.pdf. 

Ivanova, V. (2010). Immobilisation of Cyclodextrin glucanotransferase from 

Paenibacillus macerans ATCC 8244 on magnetic carriers and production of 

cyclodextrins. Biotechnology and Biotechnology Equipment, 24(SE), 516-528.  

Ivanova, V., Tonkova, A., Atanassova, N., Safarikova, M. &  Hristov, J.  (2010). 

Immobilization of CGTases from Bacillus circulans and Bacillus 

pseudalcaliphilus on Aminosilane and PEI Modified Magnetic Nanoparticles 

and Modified Silica Particles. International Review of Chenical Engircering, 

2(2): 278-288 

Ivanova, V., Tonkova, A., Petrov, K., Petrova, P., & Gencheva, P. (2012). Covalent 

attachment of cyclodextrin glucanotransferase from genetically modified 

Escherichia coli on surface functionalized silica coated carriers and magnetic 

particles. Journal of Bioscience and Biotechnology, SE, 7–13. 

Iyer, P. V., & Ananthanarayan, L. (2008). Enzyme stability and stabilization—

Aqueous and non-aqueous environment. Process Biochemistry, 43(10), 1019–

1032.  

Jaworek, A., Krupa, A., Lackowski, M., Sobczyk, A. T., Czech, T., Ramakrishna, S., 

… Pliszka, D. (2009). Electrostatic method for the production of polymer 

nanofibers blended with metal-oxide nanoparticles. Journal of Physics: 

Conference Series, 146, 012006.  

Jaworek, A. (2006). Electrospray droplet sources for thin film deposition. Journal of 

Materials Science, 42(1), 266–297.  

Jaworek, A., Krupa, A., Sobczyk, A. T., Lackowski, M., Czech, T., Ramakrishna, S., 

… Pliszka, D. (2008). Electrospray Nanocoating of Microfibres. Solid State 

Phenomena, 140, 127–132.  

Jaworek, A., & Sobczyk, A. T. (2008). Electrospraying route to nanotechnology: An 

overview. Journal of Electrostatics, 66(3-4), 197–219.  

Jaworek, A., Krupa, A., Lackowski, M., Sobczyk, A. T., Czech, T., Ramakrishna, S., 

… Pliszka, D. (2009). Electrospinning and Electrospraying Techniques for 



© C
OPYRIG

HT U
PM

67 

 

Nanocomposite Non-Woven Fabric Production, Fibres and Textiles in Easten 

Europe, 17(4), 77–81. 

Jia, H., Zhu, G., Vugrinovich, B., Kataphinan, W., Reneker, D. H., & Wang, P. 

(2002). Enzyme-carrying polymeric nanofibers prepared via electrospinning for 

use as unique biocatalysts. Biotechnology Progress, 18(5), 1027–32.  

Jochems, P., Satyawali, Y., Diels, L., & Dejonghe, W. (2011). Enzyme 

immobilisation on/in polymeric membranes: status, challenges and perspectives 

in biocatalytic membrane reactors (BMRs). Green Chemistry, 13(7), 1609.  

Kebarle, P., & Tang, L. (1993). From ions in solution to ions in the gas phase, the 

mechanism of electrospray mass spectrometry. Analytical chemistry, 65(22), 

972-986. 

Kebarle, P., & Verkerk, U. H. (2009). Electrospray: From ions in solution to ions in 

the gas phase, what we know now. Mass Spectrometry Review. doi 10.1002/mas 

Kelly, R. M., Leemhuis, H., Rozeboom, H. J., van Oosterwijk, N., Dijkstra, B. W., & 

Dijkhuizen, L. (2008). Elimination of competing hydrolysis and coupling side 

reactions of a cyclodextrin glucanotransferase by directed evolution. The 

Biochemical Journal, 413(3), 517–25.  

Kim, B. C., Nair, S., Kim, J., Kwak, J. H., Grate, J. W., Kim, S. H., & Gu, M. B. 

(2005). Preparation of biocatalytic nanofibers with high activity and stability via 

enzyme aggregate coating on polymer nanofibers. Nanotechnology, 16(7), 

S382–8. 

Kim, J., Grate, J. W., & Wang, P. (2006). Nanostructures for enzyme stabilization. 

Chemical Engineering Science, 61(3), 1017–1026.  

Kim, J., Jia, H., & Wang, P. (2006). Challenges in biocatalysis for enzyme-based 

biofuel cells. Biotechnology Advances, 24(3), 296–308.  

Korina, E., Stoilova, O., Manolova, N., & Rashkov, I. (2013). Multifunctional hybrid 

materials from poly(3-hydroxybutyrate), TiO2 nanoparticles, and chitosan 

oligomers by combining electrospinning/electrospraying and impregnation. 

Macromolecular Bioscience, 13(6), 707–16.  

Krupa, A., Jaworek, A., Sobczyk, A. T., Lackowski, M., Czech, T., Ramakrishna, S., 

Sundarrajan, S. & Pliszka, D. (2008). Electrosprayed nanoparticles for 

nanofiber coating. In: Proceedings of ILASS-2008, Como Lake, Italy. 

Lee, B., Kamiya, N., Machida, S., Yamagata, Y., Horie, K., & Nagamune, T. (2003). 

Fabrication of a protein film by electrospray deposition method and 

investigation of photochemical properties by persistent spectral hole burning. 

Biomaterials, 24(12), 2045–2051.  



© C
OPYRIG

HT U
PM

68 

 

Lee, B. U., Kim, J. O., Ishimoto, K. A., & Yamagata, Y. U. (2003). Fabrication of 

protein microarrays for immunoassay using the electrospray deposition ( ESD ) 

method. Journal of Chemical Engineering of Japan, 36(11), 1370–1375. 

Lee, J. S., Choi, K. H., Ghim, H. Do, Kim, S. S., Chun, D. H., Kim, H. Y., & Lyoo, 

W. S. (2004). Role of molecular weight of atactic poly (vinyl alcohol) (PVA) in 

the structure and properties of PVA nanofabric prepared by electrospinning. 

Journal of Applied Polymer Science,93, 1638-1646. 

Lee, Y.-H., Wu, B., Zhuang, W.-Q., Chen, D.-R., & Tang, Y. J. (2011). 

Nanoparticles facilitate gene delivery to microorganisms via an electrospray 

process. Journal of Microbiological Methods, 84(2), 228–33.  

Lejeune, L., Sakaguchi, K., & Imanaka, T. (1989). A spectrophotometric of 

cyclomaltohexaose glucanotransferase assay for the cyclization. Analytical 

Biochemistry, 181, 6–11. 

Li, K.-Y., Tu, H., & Ray, A. K. (2005). Charge limits on droplets during evaporation. 

Langmuir : The ACS Journal of Surfaces and Colloids, 21(9), 3786–94.  

Liese, A., & Hilterhaus, L. (2013). Evaluation of immobilized enzymes for industrial 

applications. Chemical Society Reviews. doi:10.1039/c3cs35511j 

Livage, J., Coradin, T., & Roux, C. (2001). Encapsulation of biomolecules in silica 

gels. Journal of Physics: Condensed Matter, 13(33), R673–R691.  

Elnashar, M. M. (2010). Review Article: Immobilized Molecules Using Biomaterials 

and Nanobiotechnology. Journal of Biomaterials and Nanobiotechnology, 1, 

61–77.  

Majhi, P. R., Ganta, R. R., Vanam, R. P., Seyrek, E., Giger, K., & Dubin, P. L. 

(2006). Electrostatically driven protein aggregation : low ionic strength β-

lactoglobulin at low ionic strength. Langmuir. doi: 10.1021/la053528w 

Martin, M. T., Alcalde, M., Plou, F. J., & Ballesteros, A. (2002). Covalent 

immobilisation of cyclodextrin glucanotransferase (CGTase) in activated silica 

and sepharose. Indian Journal of Biochemistry and Biophysic, 39, 229–234. 
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