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ABSTRACT 
 

 
This project focused on using mesoporous silica as a solid support to encapsulate enzymes 

for operating a highly economic, and recyclable biomass processing system. The main objective 

is to turn non-food biomass sources into food products.  

Enzymes are macromolecules with the structural backbone of proteins or ribonucleic acid 

sequences (RNAs) which work as catalysts in living organisms. Enzymes have the advantage of 

being the least contaminating catalyst due to normal catalyst might generate toxic by-product, and 

preferable to organic and inorganic catalysts, especially when used for product related to human 

used, which require biocompatibility of final product. 

However, there are several disadvantages in enzyme utilization. Their fabrication is time-

consuming and requires elaborated molecular biology processes. Most of the enzymes need well-

defined reaction conditions to be functional and operate at high yield. Unfortunately, although they 

are reusable as normal catalysts, it proves difficult to extract or reuse the enzymes from a reaction. 

Also, enzyme molecules are easily degradable and demand proper storage. 

To overcome some of the disadvantages, especially regarding stability to degradation, 

recovery, and reusability, immobilization of enzyme on solid support has become a thriving 

methodology. In recent years, mesoporous silica nanomaterials(MSN) have been at the forefront 

of enzyme immobilization given their extensive surface area, which provides capability to increase 
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enzyme loading and for their demonstrate ability to protect enzyme from degradation, thus 

enabling high recyclability. Mesoporous silica is biocompatible and has already been used for 

several applications included. Catalysis, drug delivery, and Bio-imaging. Previously published 

research utilized mesoporous silica to deliver drugs, DNAs, RNAs or encapsulate single enzyme.  

The objective of this research is completed to develop a new porous silica platform that is 

unique in its porosity structure and develop it into a dual-enzyme platform with the scope of 

demonstrating a multi-reaction bio nanocatalyst. In regard to the further applications, the stellate 

MSN can be used as drug delivery or become a package of the biomacromolecule delivery system 

kit. 
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CHAPTER 1. INTRODUCTION 

The focus of my thesis is on enzymes and proteins encapsulation, and their applications, including 

enzyme immobilization and protein delivery. Several concepts were used as the foundation for this 

research, and a brief description of these concepts is presented as follows.   

 

1.1 Host-Guest Chemistry  

Compared to traditional chemistry, supramolecular chemistry focuses on the reversible and 

weaker noncovalent bonding (intermolecular forces, electrostatic or hydrogen bonding), which 

involves discrete structure provided by assembled molecular subunits. Supramolecular chemistry 

is critical to study biochemical systems due to the complexity of noncovalent interaction occurring 

in macromolecules.  Host-guest chemistry represents one of the important subdivisions of 

molecular chemistry and describes the relation of the molecules complexes made by multiple 

Figure 1.1. Molecular chemistry vs. Supramolecular chemistry 2 
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molecules, ions or both, as illustrated in Figure 1.1. The interactions in host-guest chemistry are 

mostly attributed to hydrogen bonds, Van der Waals forces, hydrophobic/hydrophilic interactions 

and ionic bonds. An important application is enzyme immobilization, where the host-guest 

chemistry concept is applied to bind enzymes to a solid support, such as a mesoporous silica 

nanoparticle (MSN).1-4 

 

1.2 Porous Materials 

Since the beginning of the human history, materials’ innovations have always been related to 

the progress of human civilization. Material science applications are versatile, and many 

applications, from consumer goods to industrial machinery components involve materials 

developments.  

For the past few decades, porous materials have impacted many research fields. According to 

IUPAC’s definition, porous materials with pore diameters smaller than 2 nm are classified as 

“microporous” materials with pores larger than 50 nm are classified as “macroporous” materials. 

The category with the intermediate pore size distribution, between 2~50 nm, are distinguished as 

“mesoporous”, and their pores can be either ordered or disordered.5-7 Mesoporous materials can 

be made up of metal oxides, silica or both. Silica (SiO2), in smaller scale, might be known as sand. 

It is used as glass precursor, industrial casting mold or food additive.  

Specifically, mesoporous silica nanoparticles (MSN) are widely applied in many fields, such 

as catalyst chemistry, drug delivery, gas absorption, etc.8-12 

MSN is produced through a sol-gel process involving the transformation from liquid (sol) 

phase into a solid (gel) phase by hydrolysis and condensation of the metal oxide around a template. 
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Attachment of organic functional groups onto the particle is possible due to the process by addition 

of precursors.  

Enzymes or therapeutic proteins can interact with the organic functional groups on the 

material via host-guest chemistry, enabling the transport of enzymes into cells.13-17 

 

1.3 Enzyme Immobilization  

In the chemical or pharmaceutical industries, it is critical to have economic, consistent and 

stable manufacture procedures, and to reduce the usage of energy and reactants, toxic by-products 

and waste.  

Catalysts, chemical substances that increase reactions rate by decreasing the activation 

energy, often involve expensive transitional metals, with difficult recovery, and potential toxic by-

products generation. In order to have more efficient and clean chemical synthesis procedures, 

chemical catalysts could be replaced by bio-derived catalysts, enzymes.18-20 Enzymes are proteins 

or RNAs, which work as catalysts in living organisms. Most of the enzymes used in research are 

proteins.21-24 With different three-dimension structures, they are able to provide three significant 

advantages in synthesis reactions: high substrate specificity, high selectivity and high catalytic 

efficiency with mild reaction conditions.25 On the other hand, the production cost of enzymes is 

high due to the time-consuming preparation and purifications steps. In addition, enzymes require 

proper storage and usage condition. Various techniques, including immobilization, protein 

engineering and recombinant DNA technologies. are widely utilized to improve the use of 

enzymes. 
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Protein engineering and recombinant DNA technology have been proven to perform the 

aimed characteristic (e.g., chemoselectivity, regioselectivity, stereoselectivity long-term stability, 

activity in the presence of high substrate concentrations, and tolerance towards organic solvents).27  

To harness all the above properties and add convenient handling, easier product separation 

by eliminating protein contaminants, high reusability, higher stability under extreme physical and 

chemical conditions, easier shipment of enzyme from one place to another, making the complete 

process more viable economically, and providing easier process control,26 enzyme immobilization 

allows optimized processes in versatile enzyme-immobilization applications.28  

Several ways to immobilize enzymes have been studied.29-31 As shown in figure 1.2, there 

are two major approaches: physical method (adsorption, entrapment, and encapsulation) as well as 

the chemical method (cross-linking, and covalent attachment) on substrates such as natural 

polymers, synthetic polymers or inorganic materials.26,32,33 

Enzyme 
immmobilization

EN Z  EN Z  

EN Z  EN Z  

Absorption 

 

EN
Z 

 

EN

EN Z

EN Z

Covalent 

 

 
 

 

 
 

 

Crosslinking 

Entrapment 

  

 

  

 

Encapsulation 

 

Figure 1.2. Enzyme immobilization methods 
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1.3.1 Absorption 

There are three kind of forces facilitating enzyme immobilization : ionic interactions, 

hydrogen bonds and Van der Waals. The material used can be either organic or inorganic in nature. 

Examples are:  activated carbon, ceramic, porous glass, cellulose, starch, chitosan, and more. The 

method is a possible strategy for preventing enzyme degradation, but it involves extensive 

optimization due to the numerous factors such as pH, temperature, solvent, ionic strength and high 

substrate concentrations that play a significant role in enzyme micro-environment. 

1.3.2 Entrapment and Encapsulation 

Entrapment and encapsulation center on the similar concept of enzyme containment. 

Entrapment implies that the carrier is covering almost every side chain present on the surface of 

the enzyme by physical entrapment within the polymer lattice. However, this method would only 

contain limited number of enzymes. Encapsulation involves wrapping up enzymes within semi-

permeable polymers or membranes with controlled porosity (1–100 μm). Encapsulation, giving 

access to large surface areas of the material, leads to higher catalytic efficiency. 

1.3.3 Cross-linking 

This method uses covalent bonding to bridge the support with the enzyme by connecting 

functional groups of the two entities. This requires formation of a number of covalent bonds 

between enzyme and the matrix; sometimes this could lead to the loss of a large amount of enzyme 

or enzyme functionality due to the difficulty to regulate the reaction.  

1.3.4 Covalent Attachment 

This immobilization method involves non-essential amino acids, which are the ones not on 

the active site of enzymes, to binds to the solid support covalently, but sometimes leads to 

conformational changes of enzymes’ structure. It helps to promote the higher resistance of 
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immobilized enzymes towards extreme physical and chemical conditions, like temperature, 

denaturants, organic solvents, but this method of immobilization sometimes leads to harsh changes 

in catalytic properties of the enzyme, due to some amino-groups on the active site might be 

involved in the interaction between enzyme and the carrier26,29 

These approaches are amenable to general macromolecule immobilization and delivery and 

could contribute to advancing research in therapeutic macromolecules delivery, including protein 

delivery. 

 

1.4 Protein Delivery 

Proteins are essential to natural processes in the living organisms and thus, their impairment 

is closely related to disease. As such, proteins and peptides can serve as effective drugs by restoring 

homeostasis.  

Introduction of proteins into cells requires proteins delivery carriers that are biocompatible 

and biodegradable. Several useful approaches have been discovered to apply to different 

therapeutic proteins.34 Supramolecular delivery systems, which are closely related  to  protein 

encapsulation, has become the growing topic to study.34 Encapsulation, described in the previous 

section (1.3), is one of several methods to immobilize proteins that researchers have developed for 

protein delivery  
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CHAPTER 2. LITERATURE REVIEW 

2.1 Biorenewable Resources 

Biorenewable resources involve any biomass (plant, animal and any residues of 

animal/plant origin) that does not involve fossil resources. These resources contain bio-based 

polymers, which could become source for valuable chemicals upon a series of treatments and 

proper refinery, when they are not used as food. Cellulose, derived from plants, is one of the 

predominant biopolymers found on Earth. Several processes reported to date enable industrial 

conversion of cellulosic biomass to biofuels.35,39-41 Similar to the chitins and several marine 

polysaccharides, cellulose is largely made up by primary feedstocks such as saccharides.36-38 The 

primary component of the structure of cellulose is cellobiose, which is a disaccharide and a 

reducing sugar consist of two glucoses by β(1→4) glycosidic bond. Furthermore, the crystalline 

structure of the cellulose, constructed by hydrogen bonding between cellulose chains makes it rigid 

and hard to breakdown. Two significant processes, cellulose breakdown and glucose fermentation, 

are involve in converting cellulose to biorenewable fuels.  

Cellulose breakdown could be accomplished though chemical or enzymatic processes, 

where the latter is preferable as it provides a cleaner and easier-to-modified process conditions 

such as pH, and temperature.35 The latest research on biomass conversion focuses on using 

immobilized enzymes to increase the reusability or the efficiency of enzymes. Recent reports from 

C.-W. Wu’s group45, show that enzyme encapsulation in silica nanomaterials allow enzyme 

protection and reusability. 

2.2 Enzyme Immobilization 

The usage of enzymes for synthetic purposes has grasped the researchers’ attention for long 

time. In nature, organisms adjust the conditions of their enzymes to produce an optimum rate of 
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reaction, where necessary, or they may have enzymes which are adapted to function to extreme 

conditions. Most enzymes have limitation to their reaction conditions due to their sensitivity to 

physical and chemical properties such as narrowly defined temperature, pH, and ion concentration, 

which might cause self-degradation and denaturation.  Changing these factors will affect the rate 

and efficiency of reaction caused by the enzyme. Meanwhile, the process of recycling enzyme is 

extremely costly and the enzymes separation from the complete reaction is another challenge.  As 

a result, researchers have already discovered several approaches to increase the reusability of 

Figure 2.1. Simplified procedure for the synthesis of lipase cross-linked enzyme aggregate in organic solvent75 
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enzymes. One of the most efficient method is to immobilized the enzyme onto or into a solid 

support.42,44 

Enzyme immobilization provides a very durable platform for increasing availability of 

enzyme to the substrate with greater turnover over times. Several natural and synthetic supports 

have been assessed for their efficiency for enzyme immobilization.43,44 The major technic to 

immobilize enzymes are found as adsorption, covalent binding, affinity immobilization, and 

entrapment. Moreover, these techniques had been tried on many kinds of enzymes, and some of 

them are immobilized on natural or artificial polymers.44 From the work of R.A. Sheldon et al., 

Figure 2.2. Schematic diagram illustrating the effect of adsorbed enzyme orientation on the activity of MCM-41 
immobilized trypsin.69 
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lipase was immobilized by crosslinking between the enzymes themselves, and present a higher 

activity than single form.75 The schematic of crosslinking is showed in figure 2.1. Madamwar et 

al., reported on amyloglucosidase entrapment into reverse micelles of Triton X-100–xylene–

hexanol, and studied in aqueous conditions.76 Balkus and co-workers reported the immobilization 

of cytochrome C, papain  and trypsin, studied by physical adsorption in the mesoporous molecular 

sieve MCM-41.69 The schematic of the absorption effect on enzyme is shown in figure 2.2. 

2.2.1 Nanomaterials in bio-nanotechnology 

Nanomaterials have been broadly studied in variety of fields, such as electrochemistry, 

biochemistry, biosensors, pharmaceuticals, drug delivery, electronics and more.52-57 Our research 

utilizes nanomaterials in biotechnology applications. Various inorganic nanoparticles, typically 

made of metal oxides or metals, and including silica (SiO2), gold (Au) and silver (Ag) have 

demonstrated biocompatibility. Such materials have been employed as nanoparticle carriers for 

drugs or therapeutic DNA, RNA or peptides. It was demonstrated by J. I. Zink et al. and J. Brinker 

et al., that both DNA and proteins can be successfully delivered into cells through engineered 

Figure 2.3. Uptake of the nanoparticles by cancer cells. PANC-1 cells stained with Acridine Orange (AO, left) 
and the fluorescence of the nanoparticles within the same57 
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nanomaterials, and retain their activity. Biocompatibility was proven by cells viability, and the 

optical properties of the materials allowed their visualization. (Figure 2.3)57,58 

 C. Kato et al. successfully synthesized porous silica in 1990. Templated synthesis resulted 

into a material with porosity and calcination allowed surfactant elimination leading  3-dimentional 

SiO2 network with micrpores (Figure 2.4).59  Following this breakthrough, a series of methods to 

Figure 2.4. Transmission Electronic Microscopic(TEM) image of a) octadecyltrimethylammoniu-kanemite 
complexes and b) calcined (700oC) ctadecyltrimethylammoniu-kanemite complexes 59 
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synthesize different pore shapes, sizes and functional groups have been explored to optimize the 

characteristics for different uses.48 MCM-41 pororosity was fine-tuned by modifications in  

synthesis conditions or starting materials used.43,60,62 (Figure 2.5). A variation of mesoporous silica 

structure with larger pores, SBA-15, was synthesized by G. D. Stucky et al. The group also 

reported on a co-condensation method for functionalization, which allowed retention of the high 

surface areas, and long-range order in contrast to post-grafting methods.43,61   There are other 

synthetic conditions that could be altered to modified the morphology of mesoporous materials. 

The first mesoporous silica nanosphere (MSN) has been demonstrated and functionalized with 

Figure 2.5.  Transmission electron micrographs of several materials having approximate sizes of (a) 20, (b) 40, 
(c) 65, and (d) 100 A.60 
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amine groups by Lin et al.73 The procedure to synthesize MSNs involves a sol-gel reaction. To 

synthesize MSNs, surfactant serves as a template in the reaction; this is required to form mesopores 

and to restrict mesopores to small sizes. When the synthesis is complete, the surfactant is removed 

by either acid wash or calcination. Base on different application of the MSN, functional groups 

are attached through two methods: post-grafting and co-condensation. For post-grafting, the 

reaction is performed on MSN with or without surfactant-removal in nonpolar anhydrous solvents 

to avoid a reaction of the organo group with anything but the silica material.  On the other hand, it 

has been found that materials functionalized through post-grafting method might contain an 

inhomogeneous surface coverage of organic functional groups. For co-condensation, this 

functionalization method is a direct synthesis method, in which the organoalkoxysilane is 

introduced to the basic, aqueous surfactant solution during the frabication. With this synthetic 

approach, it is possible to control the morphology of the particles by the addition of functional co-

condensing reagents.74 Mesoporous silica is a well-developed platform for biotechnology 

applications.  

2.2.2 MSN uses for Host-Guest Chemistry  

Three approaches of introducing the functional units into the MSN host–guest systems 

through silica-surfactant mesostructures are reported. In a literature review published by Ogawa 

et al, the three methods are defined as: “(1) solidification from precursor solution containing 

soluble silica source and surfactant with dissolved functional guest species; (2) complexation of 

silica source with amphiphilic molecules working as supramolecular template and functional unit; 

and (3) polymerization of organosilanes bearing covalently bound functional units with 

surfactant.”66 
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Some others entered and were carried by the MSN have the mechanism of   absorption and 

diffusion.51,68 The patterns are showed in figure 2.6 and 2.7.  

2.2.3 Progress of enzyme encapsulation 

Drug delivery and biosensor development have been accomplished by taking advantage of 

the  high surface area, pore volume and excellent biocompatibility exhibited  by MSN.51,57,58,63-65  

Figure 2.6. (a)Schematic drawings of the variation in the guest species included in a mesopore 
(b) Schematic drawings of the variation of the remaining nanospaces after guest immobilization in surface-
modified mesoporous materials. (c) Schematic drawings of the diffusion of subsequent guest (adsorbate, 
reactant or products) in the remaining space66 



15 
 

SBA-15 and MCM-41 have been initially used as the most basic model to screen out the 

conditions for MSN as enzymes carriers.69,70 Balkus Jr. et al. demonstrated that by physical 

adsorption in the hexagonal 40 Å pore of MCM-41, the efficiency of papain and trypsin 

immobilization was found favorable at pH values < 7, while immobilization of cytochrome c was 

found most efficient at pH > 7. The entrapped trypsin enzyme was fully active, while enzyme 

Figure 2.7. Covalent attachment of functional units onto mesostructures by (a) post-synthetic grafting and (b) 
direct (or one-pot) synthesis by condensation66 
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stability was also enhanced in MCM-41.69 Further, trypsin in different types of MSN had been 

studied. N. P. Botting et al. reported that large pore mesoporous silica like SBA-15 with similar 

hexagonal pore structure have a better potential in immobilizing enzymes than MCM-41 materials. 

However, the leaching of enzyme during applications became a problem. It was assumed that 

surface modification or covalent attachment of the enzyme will strengthen the encapsulation.70 

Therefore, functionalized material become one of the option to find out the better condition for 

enzymes.  

In recent work done by the same group (N. P. Botting et al.), SBA-15 was functionalized 

with several organo group such as -SH, -Cl, -NH2, -COOH and -phenyl group by either post-

grafting or co-condensation, and proven having better encapsulation of enzymes on -SH and -

COOH than non-functionalized one. Meanwhile, the efficiency of immobilized trypsin is 

maintained at 80% compared with free enzyme.71 The correlation between pore size and more 

biomolecules immobilized in mesoporous silica has been summarized in a recent review(Table 

2.1). According to enzyme and material prerequisite, the condition is better optimized for each 

application.  

2.3 Biomass Conversion 

The typical approach in biomass conversion is the use of immobilized enzymes, with one 

enzyme per support. Several examples of enzyme immobilization onto mesoporous silica have 

been discussed in the former sections.48,49 In previous work, different size (150nm, 600nm) and 

pore size (2-15nm, 20-40nm) of MSN have been examined as enzyme encapsulation supports for 

biomass conversion.46,50 However, even though the large pore MSN was found effective, the 

correlations among material size, pore sizes and enzymes’ sizes are not linear. Meanwhile, some 

other work is on using different functional groups to alter the properties of MSN by adding acid 
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(SO3H), base (NH2) or both functionality to generate fully inorganic based catalysts for biomass 

conversion.47  

In sum, MSN is a promising material to accomplish protein (including enzymes) 

encapsulation.47,51 Modified MSN materials, typically by surface-functionalization, enabled this 

material to become a frontrunner in host-guest chemistry.  

Table 2.1. Adsorption of Biologically Interesting Compounds on Ordered Mesoporous Materials72 
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My thesis will be focused on demonstrating immobilization of a cascade reaction system 

obtained by immobilization of two enzymes on a Stellate porous silica platform. (Macroporous 

Silica Nanospheres Stellate –MSN)  
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CHAPTER 3. EXPERIMENTAL METHODS 

3.1 Materials 

3.1.1 Synthesis and Characterization of Stellate MSN  

1. Tetraethyl orthosilicate (TEOS) 

2. Cetyltrimethylammonium tosylate(CTATos) 

3. Triethanolamine(TAE) 

4. Anhydrous ethanol 

3.1.2 Glucose Isomerase Enzyme: Plasmid Construction and Bacterial Expression in E. coli 

5. E. coli strains DH5α 

6. BL21 (DE3) Chemically Competent E. coli was purchased from Agilent 

3.1.3 Recombinant Protein Purification 

7. IPTG (isopropylthio-β-galactoside) 

8. B-PER™ Bacterial Protein Extraction Reagent from Thermo-Fisher 

9. Ni-NTA Agarose and Kanamycin  were purchased from Thermo-Fisher 

10. Tris(hydroxymethyl) aminomethane hydrochloride(TRIS-HCl) 

11. Magnesium sulphate 

12. 4-Morpholinepropanesulfonic acid(MOPS) 

13. Cobalt(II) chloride hexahydrate, acetonitrile (HPLC grade) 

3.1.4 Specific Substrate Conversion Assay by HPLC analysis 

14. D-(+)-Cellobiose  

15. D-(+)-glucose  

16. D-(-)-fructose 
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17. Immobilized Glucose Isomerase from Streptomyces murinus (Sweetzyme T, Novazyme) from 

Sigma Aldrich without further purification 

18. β-Glucosidase from almonds lyophilized powder were purchased from Sigma Aldrich without 

further purification 

3.2 Characterization Methods   

 
3.2.1 Characterization of MSN physical properties 

1. Surface area and porosity analyzer (Quantachrome, Nova 4200e) is used to characterize 

surface area and porosity of MSN 

2. Transmission electron microscopy (JEM-2100F) is used to characterize pore structure of MSN 

3. Scanning electron microscope (Hitachi S4700) is used to characterize morphology of MSN 

3.2.2 Characterization of Enzyme Product 

4. Xcell surelock® mini-cell (electrophoresis tank)(Invitrogen) is used to characterize the purity 

and size of enzyme 

5. Plate reader (Eppendorf AF2200) is used to characterize the concentration of enzyme before 

and after immobilization 

6. Biospectrometer (Eppendorf) is used to characterize the concentration of DNA for plasmid 

construction 

3.2.3 Analysis of Specific Substrate Conversion Assay  

7. Ultra-High Performance Liquid Chromatographs (Shimazu Lc-2040c) is use to analyze the 

efficiency of the home-made or commercial enzyme under different condition 

3.3 Synthetic and Production Methods (are described in detail in next chapter)  

1. Synthesis and characterization of Stellate MSN platform 

2. Plasmid construction and bacterial expression in E. coli for Glucose Isomerase(GI) Enzyme.  
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3. Recombinant protein purification 

4. Protein quantification, electrophoresis, and molecular mass determination 

5. Enzyme immobilization on Stellate MSN 

6. Specific substrate conversion assay by HPLC analysis  

7. Dual-Enzyme MSN enzymatic conversion of cellobiose to fructose 

8. Conversion of cellobiose to glucose catalysed by free β-Glucosidase(BG) enzyme  

9. Conversion of glucose to fructose catalysed by free recombinant GI Enzyme  

10. Conversion of glucose to fructose catalysed by commercially available Immobilized GI 

Enzyme (Sigma-Aldrich) 

11. Conversion of cellobiose to fructose catalysed by a mixture of β-Glucosidase and recombinant 

GI  

12. Effects of the temperature, pH, and metal ions on recombinant enzyme activities 

13. Catalyst reusability  
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CHAPTER 4. DUAL-ENZYME NANO-BIOCATALYST FOR THE CASCADE 

CONVERSION 

4.1 Introduction 

 The successful demonstration of a tandem enzymatic catalyst which utilizes stellate 

macroporous silica nanospheres (Stellate MSN) platform as dual-enzyme host is reported herein. 

Upon simultaneous loading of beta-glucosidase and glucose isomerase inside their porous structure, 

Stellate MSNs—featuring a hierarchical pore arrangement and large surface area, show capability 

to perform a cascade reaction that converts cellobiose, a cellulosic hydrolysis product, into glucose 

and further to fructose. The silica platform provides a modality for substrate channelling which 

involves the transfer of the cascade intermediate, glucose, to the next enzyme without first 

diffusing to the bulk. A key aspect to this proof-of-concept is the two-enzyme system working in 

an optimized pH domain to fit the modus operandi for both enzymes. The concept could be 

extrapolated to other enzyme tandems, with potential to impact dramatically enzymatic processes 

which require multi-catalyst, one-pot transformations.  

 

4.2 Background and Significance 

Biotechnology is at the core of the environmentally friendly chemical processes of the 21st 

century. Enzymes, macromolecules capable to accomplish chemical transformation with high 

selectivity, are key components of the biotechnology toolbox.  Applications, such as new industrial 

processes, creating new functional foods, and contributing to medical treatments are a few areas 

where innovative approaches toward reducing waste and harmful catalytic processes are required, 

thus driving the desire to replace existing processes with enzymatic catalysis. However, to fulfill 

current demands of chemical industry, enzyme productivity, recyclability and increased shelf life 
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are required to enable the replacement of existing processes at scales and in an economical fashion. 

Food security is one of paramount importance in the wake of increased globe population. As such, 

potential sources of food basic ingredients such as glucose and fructose from non-food biomass 

renewable resources such as switch grass, corn stover, and other lignocellulosic waste, could 

significantly supplement the ever-growing contemporary food needs. The principal constituent of 

lignocellulosic biomass is cellulose, a glucose-based polymer.  

The conversion of cellulose to glucose involves a mixture of enzymes termed cellulase. In 

microorganisms such as Trichoderma viride, the conversion is a step-wise process: first, beta-1,4 

glucanase breaks the glyosidic linkage to cellobiose—a glucose dimer (Figure 4.1) which is 

subsequently converted to glucose by beta-glucosidase (β-glucosidase).  

However, assuming that the enzymatic catalysis research efforts ultimately aim to product 

commercialization, high-fructose corn syrup (HFCS) is a more desired outcome, given its 

sweetness, equating 1.3 times more than sucrose, and the amenability of this product to be used by 

diabetics. Conversion of glucose to fructose is accomplished by Glucose isomerase (GI) enzyme, 

catalyzing the reversible isomerization of D-glucose (glucose) to D-fructose (fructose). This 

enzyme, with high occurrence in prokaryotes, is subjected to research efforts that could improve 

the catalytic ability and application in industry.77 

The process of converting cellulose to fructose is illustrated in Figure 4.1. 

Figure 4.1. Schematic representation of the step-wise transformation process from cellulose to fructose 
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In the process of converting cellulose to glucose, β-1,4,-glucanase enzyme leads to a 

glucose dimer, called cellobiose. The enzyme β-glucosidase is necessary to accomplish further 

conversion to glucose.   β-glucosidase, known also as cellobiase, is a ubiquitous component of 

cellulases.77 Given that cellobiose inhibits the reaction, cellulose hydrolysis is greatly impaired. 

Without sufficient β-glucosidase present in the enzymatic process of cellulose, little glucose is 

formed; the main product being cellobiose. Published work has showed that supplementation of 

commercially produced cellulases with β-glucosidase increases the rate and extent of glucose 

production.78,79 The native level of β-glucosidase activity in cellulase is, therefore, insufficient for 

the maximum rate and extent of glucose production to be reached.77  

Since the substrate of β-glucosidase, cellobiose, is water soluble, an immobilized (water-

insoluble) enzyme preparation could be used to supplement commercial cellulase/cellulose 

mixtures, and such immobilized enzyme could be subsequently recovered and reused. 

Enzyme immobilization provides an excellent opportunity to increase turnover over a 

considerable period of time, since enzyme availability to the substrate is greater. Several natural 

and synthetic supports have been assessed for their efficiency for enzyme immobilization.44  

The typical approach is one enzyme per support. Several examples of enzyme 

immobilization onto porous silica have been reported.45,47-50,70,80 

Co-immobilization of enzymes on various platforms is an emerging field, and involves 

considerations of various factors: spanning from facile access of substrate to the next enzyme in 

the cascade, optimization of catalytic activity to allow performance of all components, and the 

stability of enzyme in the solid support.  

Porous silica materials emerged as scaffolds due to their resilient nature, capacity to protect 

the encapsulated enzyme, easy access of reactants in a confined space, and large surface area.82   
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Among these platforms, Stellate MSN, a macroporous silica nanospheres platform, presents the 

advantage of facile and reproducible synthesis, narrow particle size distribution, hierarchical pores 

and significant surface area. To the best of our knowledge, this is the first report of dual-enzyme 

immobilization on Stellate MSN showing a functioning cascade enzymatic reaction, in optimized 

reaction conditions that are suitable for both enzyme activity.    

In addition, present work aims to demonstrate that immobilization of two cascade reaction 

enzymes on a Stellate MSN platform would control the direct transfer of a reactant from one 

catalytic site to another without first diffusing it to the bulk environment. The process of 

intermediates control along a pathway is termed substrate channeling, and is key to efficient one-

pot multi-step catalysis. In addition to channeling, another aspect of multi-step enzymatic catalysis 

is the significant overlap of enzymatic reaction conditions. 

Enzymes optimal function require a defined set of conditions, including reaction pH, and 

participating ions concentration, and temperature. Present work achieved optimal reaction 

conditions for β-glucosidase and glucose isomerase tandem system on Stellate MSN platform 

while demonstrating channelling effect occurring in the conversion of cellobiose to fructose.   

 

4.3 Materials and Methods 

4.3.1 Materials 

Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium tosylate, triethanolamine, anhydrous 

ethanol, D-(+)-Cellobiose,  D-(+)-glucose, D-(-)-fructose, Tris(hydroxymethyl) aminomethane 

hydrochloride, magnesium sulphate, 4-Morpholinepropanesulfonic acid, Cobalt(II) chloride 

hexahydrate, acetonitrile (HPLC grade), Immobilized Glucose Isomerase from Streptomyces 

murinus (Sweetzyme T, Novazyme) and β-Glucosidase from almonds lyophilized powder were 



26 
 

purchased from Sigma Aldrich without further purification. E. coli strains DH5α,  IPTG 

(isopropylthio-β-galactoside), B-PER™ Bacterial Protein Extraction Reagent, and Ni-NTA 

Agarose and Kanamycin  were purchased from Thermo-Fisher. BL21 (DE3) Chemically 

Competent E. coli was purchased from Agilent. Nanopure water was used in all experiments. 

4.3.2 Methods 

The experiments carried out in this work involve the synthesis of the silica platform, 

preparation of enzymes, and the fabrication and validation of the enzyme catalyst platforms (both 

dual-enzyme and single enzyme immobilization prepared for the control experiments). 

4.3.2.1 Synthesis and Characterization of Stellate MSN Platform 

The synthetic procedure of MSNs with stellate morphology was modified from previous 

literature reports.81,82 In a typical experiment, a mixture of 1.920 g of cetyl-trimethylammonium 

tosylate  (CTATos), 0.4 g of triethanolamine (TEA) and 100 mL of nanopure water was stirred at 

80 oC for 1 hour, and then 14.58 g of tetraethyl-orthosilicate (TEOS, 6.998 mol) was quickly added 

into the surfactant solution. The molar composition of the precursors was 1.0 SiO2 : 0.06 CTATos : 

0.026 TEA : 80.0 H2O. The mixture was stirred at 80 oC for another 2 hours. The solid product 

resulting upon reaction was filtered, washed copiously with nanopure water and methanol, and 

dried in under vacuum at 60 oC for 12 h. To remove the surfactant template (CTATos), 1.50 g of 

as-synthesized Stellate MSN was refluxed for 24 h in a methanolic solution of hydrochloric acid 

(9.00 mL of HCl (37.4%) in 160.00 mL of methanol) followed by extensive washes with nanopure 

water and methanol. The resulting surfactant-free Stellate MSN material was placed under high 

vacuum to remove the remaining solvent in pores of the material.  

Nitrogen adsorption-desorption isotherms of the sorbents were obtained on a Nova 4200e 

(Quantachrome, Boynton Beach, FL) surface area and porosity analyzer in the relative pressure 
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range of 0.05 – 0.95 at 77K. Stellate MSN was degassed at 110°C for 3 hours under high vacuum. 

The total pore volume was calculated as the adsorbed volume of liquid nitrogen at the relative 

pressure of 0.95. Specific surface areas were calculated with the Brunauer-Emmett-Teller (BET) 

method. Pore volume was determined by Non-Local Density Functional Theory model. High-

resolution TEM images were obtained on a JEM-2100F model operated at 200 kV. SEM images 

were obtained on a Hitachi S4700 instrument.  

4.3.2.1.1 Glucose Isomerase Enzyme: Plasmid Construction and Bacterial Expression in E. coli. 

 The Glucose Isomerase enzyme is not commercially available in pure form and therefore 

it was produced in-house by gene cloning. The gene encoding hyperthermostable D-glucose-

isomerase from Thermotoga-neapolitana-5068 (xlyA gene) was chemically synthesized 

(GenScript, Piscataway, NJ). The synthetic gene was cloned as an NdeI-XhoI insert into plasmid 

pET28a(+), thereby creating pTNXI.84 The pTNXI plasmid was transformed into chemically 

competent E. coli DH5α according to the manufacturer’s instructions.  

4.3.2.1.2 Recombinant Protein Purification 

The plasmid carrying the Thermotoganeapolitana glucose/xylose isomerase gene 

(PET28a-TNXI) was transformed into BL21 (DE3) bacteria for protein expression. Bacterial cells 

were grown in 50 ml of LB media with 50 g/ml kanamycin to an A600 of 0.6-0.8 prior to 

induction with isopropyl-β-D-thiogalactopyranoside (IPTG, 0.5 mM). After 12 hours, the cells 

were collected. and cells pellets resuspended in 20 ml of Bugbuster (Novagen) protein extraction 

reagent supplemented with Benzonase (20 U/ml, Novagen), 1.0 mg/ml of lysozyme (Sigma), and 

one tablet of EDTA free protease inhibitor cocktail (Roche). After 60 minutes rocking at 4 °C, the 

suspension was subjected to centrifugation at 7000 rpm for 30 min at 4 °C to remove cell debris. 

Recombinant proteins were purified on nitrilotriacetic acid-Ni2+ agarose columns (Thermo-Fisher). 
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After extensive washing, the recombinant proteins were eluted with 10 ml of 50 mM Tris, 300 mM 

NaCl, 500 mM imidazole, pH 8 and then immediately dialyzed at 4 °C into M Buffer, consisting 

of 50 mM MOPS, 5 mM MgSO4, 0.5 mM CoCl2, with pH 7.  

4.3.2.1.3 Protein Quantification, Electrophoresis, and Molecular Mass Determination 

Protein concentration was determined according to the Bradford method using a BSA standard 

curve and a prefabricated assay solution (Bio-Rad). SDS-PAGE was carried out using WedgeWell 

Tris-Glycine precast gradient gels (4−12%, ThermoFisher) and Tri-color Prestained Protein 

Marker II (Bioland Scientific). SimplyBlue™ Safe Stain was used for visualization of the protein 

bands (Invitrogen). The theoretical mass was derived from the ExPASy ProtParam tool 

(http://web.expasy.org/protparam/).  

4.3.2.2 Enzyme Immobilization on Stellate MSN 

4.3.2.2.1 Dual-enzyme immobilization 

 A volume of 2 mL recombinant glucose isomerase (0.2 mg/ml in in M buffer, 0.4 mg) was 

mixed with 2 mL β-Glucosidase solution (1 mg/ml in M buffer, 2 mg). Enzyme immobilization 

was performed by mixing the enzymes solution with 50 mg of the mesoporous supports in 4mL M 

buffer, at 4 °C under stirring for 12 h at 200 rpm. The suspension was then centrifuged, and the 

enzyme immobilized on Stellate MSN was washed with M buffer. To quantify the immobilization 

efficiency, the remaining protein in supernatant was measured by a previously described method, 

showing that enzyme was completely immobilized. The resulting dual-enzyme Stellate MSN was 

resuspended in 4mL buffer and stored at 4 °C.  

4.3.2.2.2 Single-enzyme immobilization of recombinant GI enzyme on Stellate MSN, and 

separately, of the β-Glucosidase on Stellate MSN were also performed for control experiments in 

the same manner as described for the dual enzyme immobilization. 
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4.3.2.3 Enzymatic Assays 

4.3.2.3.1 Specific Substrate Conversion Assay by HPLC analysis 

The products of enzymatic analyses such as glucose, fructose or mixtures were performed 

on a Shimadzu Nexera UHPLC/HPLC System(JAPAN) with a Restek Ultra Amino column. After 

enzyme conversion reaction, the reaction products were purified by syringe filtration, possible 

products were identified, and their calibration curves were developed. An isocratic run at 20% 

water and 80% acetonitrile was used for the quantitative analyses of all possible analytes. Flow 

rate of mobile phase was 1.5 mL/min. The column temperature was set at 35°C and the injection 

volume of samples was 25 µL for all analyses.  

4.3.2.3.2 Dual-Enzyme MSN Enzymatic Conversion of Cellobiose to Fructose 

A volume of 2 mL of immobilized dual-enzyme platform was mixed with 1 mL of 2 % 

Cellobiose in the M buffer and maintained for 20 h at 55 °C to obtain cellobiose-to-fructose 

conversion.  

4.3.2.3.3 Conversion of Cellobiose to Glucose catalysed by Free β-Glucosidase Enzyme 

For cellobiose-to-glucose conversion, 2.0 mL of 1% Cellobiose (0.02 g of cellobiose) in 

the M buffer was mixed with β-Glucosidase solution in the M buffer (1 mg/ml, 1 mL) and the 

mixture was converted to glucose for 20 h at 55 °C. 

4.3.2.3.4 Conversion of Glucose to Fructose catalysed by Free Recombinant GI Enzyme 

For glucose to fructose conversion, 2 mL of 1 % Glucose (0.02 g of glucose) in the M 

buffer was mixed with the recombinant glucose isomerase 1mL (0.2 mg/ml, 0.2 mg) and the 

mixture was converted to D-Fructose for 20 h at 55 °C.  
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4.3.2.3.5 Conversion of Glucose to Fructose catalysed by Commercially Available Immobilized 

GI Enzyme (Sigma-Aldrich) 

Immobilized Glucose Isomerase from Streptomyces murinus (50 mg/1ml) was used for 

enzyme activity comparison. In a typical experiment, 2 mL of Sigma-Aldrich GI, as provided by 

vendor, was mixed with 2 mL of 1% Glucose and the experiment was conducted for 20 h at 55 °C.  

4.3.2.3.6 Conversion of Cellobiose to Fructose Catalysed by a Mixture of β-Glucosidase and 

recombinant GI 

For cellobiose-to-fructose conversion, 1 mL of 2 % Cellobiose in the M buffer was mixed 

with β-Glucosidase solution in the M buffer (1 mg/ml, 1 mL) and recombinant Glucose Isomerase 

1mL (0.2 mg/ml. Same experiment was conducted for a mixture of β-Glucosidase and immobilized 

Glucose Isomerase from Streptomyces murinus (Sigma-Aldrich GI, 50 mg/1ml) and whole mixture 

was converted to glucose for 20 h at 55 °C. 

4.3.2.3.7 Effects of the Temperature, pH, and Metal Ions on Recombinant Enzyme Activities 

The optimum pH for β-Glucosidase is 5 whereas the commercially available GI operates 

at pH 7 (courtesy of Sigma Aldrich website). To optimize the operating conditions toward enabling 

the one-pot reaction, the effects of temperature, pH, and metal ion were investigated for the dual 

system. The effect of the temperature on enzyme activity was analyzed by assaying the enzymatic 

conversion of D-Glucose to D-Fructose catalyzed by the recombinant GI over a temperature range 

of 4−65 °C. To determine the influence of metal ions on enzyme activities, the recombinant 

enzyme was dialyzed separately in two different customized buffers: M buffer (50 mM MOPS, 5 

mM MgSO4, 0.5 mM Co2+, pH 7.0 ) and C buffer  (50 mM citric acid, 5 mM MgSO4, 0.5 mM 

Co2+, pH 5.0). As shown in Table 4.1. 
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The optimal pH for both β-Glucosidase and recombinant GI were determined using the 

aforementioned assay conditions for the conversion of Cellobiose to Fructose in the two buffer 

systems. The working conditions for the recombinant GI enzyme and the GI-BG couple are 

illustrated in Table 4.2. 

Table 4.1. Buffer Components 

Buffer Components and Conditions C Buffer (citric) M Buffer (MOPS) 

Dialysis Buffer pH 5 7 

50 mM Buffer Salt Citric MOPS 

5 mM MgSO4 + + 

0.5 mM CoCl2 + + 
 

Table 4.2. Optimal reaction conditions 

Enzyme C Buffer M Buffer 

Recombinant Enzyme GI 
pH Too close to 

enzyme's pI, no reaction 
Optimal conditions 

BG+GI Cellobiose to D-
Fructose 

Trace amount of 
fructose   

Optimal conditions 

 

4.3.2.4 Catalyst reusability 

  Following the completion of the enzymatic reaction, the dual-enzyme Stellate MSN, 

termed Stellate (BG+GI) was separated from the reaction mixture by centrifugation, washed 

copiously with water and stored in M buffer. The enzymatic reaction was repeated within 24 h. 

This sequence was repeated four consecutive times. 

 

4.4 Results 

The preparation of Stellate MSN, as previously reported by us and others,81 renders 
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materials with average surface area of 580 m2/g, as illustrated in Table 4.3.  

 

Table 4.3. Surface Area (BET) and Average Pore Size 

Material Average BET (m2/g) 
Average Pore Size Distribution 

(nm) 
Surfactant–free 
Stellate MSN  

580.0 12.6 

 

 The macroporous Stellate materials, as illustrated by SEM and TEM images (Figure 4.2), 

present spherical morphology and hierarchical porosity, suitable for encapsulation of large 

macromolecules.  

The GI in pure form is not commercially available. As such, this product could not be used 

for immobilization experiments.  GI in pure form was produced in-house by genetic engineering 

and molecular cloning, followed by protein expression and purification techniques.(Figure 4.3)  

Enzyme macromolecules loading in Stellate MSN was performed by an impregnation method 

Figure 10. Stellate MSN in (A) SEM  to show the morphology and  (B)TEM to show the pore structure 



33 
 

which typically does not differentiate between external and internal surface of the nanospheres. 

According to the protein assay used upon the immobilization of two enzymes, β-Glucosidase and 

GI on Stellate-MSN, the residual amount of protein remaining in solution after encapsulation by 

physical entrapment was negligible. We assumed therefore complete immobilization of the two 

enzymes in the Stellate MSN. The experimental evidence of complete disappearance of the 

enzyme in the loading solution upon impregnation, corroborated with the enzyme sizes (indicated 

in Table 4.4) suggest that the enzymes are primarily located in the pores of Stellate MSN, given 
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the amount of material used and the reported porosity and surface area.  

Table 4.4. Size of Loaded Enzymes 

Enzyme Size (kDa) 

β-Glucosidase 135 

Recombinant Glucose Isomerase 52.7 

 

Optimization of enzymatic reaction conditions resulted in choosing the M buffer for all 

Figure 4.4. Timeline optimization of recombinant GI activity  Figure 4.3. GI enzyme purity by SDS-PAGE 



35 
 

experiments performed, while the time and temperature were chosen as 20 h and 55 °C, 

respectively. The recombinant GI activity was assessed in comparison with the commercially 

available GI.  Figure 4.4 shows the performance of the free recombinant enzyme in the time 

interval reported active for the Sigma GI.  

The performance of the immobilized dual-enzyme catalyst in M buffer was compared with 

the activity exhibited by the free enzymes in solution.  

It is important to note that commercially available GI represents a cellular extract 

containing GI which is immobilized by encapsulation (Sigma GI). Upon characterization of 

enzymatic activity, it was determined that the activity of recombinant GI is similar with the 

commercially available GI and the pure form could be used for the immobilization experiments. 
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 Figure 4.5 shows the relative activity of the free and immobilized enzymes (Stellate MSN 

and controls) used in conversion of cellobiose to fructose. The controls used included direct 

conversion of cellulose to fructose using the Stellate-MSN-encapsulated GI and the free GI 

respectively. Controls for the dual system included the free enzymes, as follows: (BG + 

recombinant GI) and (BG + commercially available GI from Sigma Aldrich). 

Figure 4.5. Relative performance of free and immobilized enzymes 
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Enzyme recyclability, critical to economic feasibility of the dual-enzyme immobilization 

process, has been evaluated. The experiments were conducted four consecutive times, showing 

gradual decrease in activity as illustrated in Figure 4.6.  

4.5 Discussion 

Prior work reporting enzyme encapsulation in porous silica materials with application to 

the cellulose-to-glucose-to-fructose conversion sequence, has been accomplished by two single 

enzyme nanospheres, where the two separate platforms were utilized sequentially.80,84 Therefore 

reaction conditions were not unified but changed for each sequential step to match the enzyme 

working conditions. The significant contribution of the dual-enzyme system accomplished in this 

work resides with finding a set of conditions that enables working condition adequate for both 

enzymes function. While the common reaction conditions need to be identified and optimized for 

Figure 4.6. Enzyme recyclability 
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any other tandem enzyme potentially explored in the future, this work established the proof-of-

concept for the specific GI- β-glucosidase (BG) tandem.  

In addition, the encapsulation of two enzymes on the same nanosphere provides ground for 

demonstrating the channelling effect derived from easy access of the first product of the cascade, 

glucose, to the next catalytic site, without diffusion in solution. When cellobiose is reacted with 

Stellate MSN (BG+GI), the two-step cascade reaction enables direct access of Glucose produced 

by β-glucosidase to GI immobilized on the material, as schematically showed in Figure 4.7.  

In contrast, Stellate-MSN immobilized GI (single enzyme) is accessed by glucose from 

bulk solution, involving a longer diffusion path.  The conversion data showed in Figure 4.5, in the 

Figure 4.7. Schematic of channelling effect in the dual enzyme system: A). Glucose proximal access to the 
enzymatic site vs. B). Bulk diffusion to the enzymatic site. 
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same reaction conditions, the enzymatic reaction in the cascade case is more efficient then in the 

single enzyme case and support this hypothesis. Further investigations will be directed to 

understand the effect of the enzymes location in respect to each other and how the relative location 

impacts the reaction rates and the channelling effect.   

 An important advantage of enzyme immobilization is represented by the stability typically 

conferred to the encapsulated enzymes; thus, it is expected that the enzyme would be recyclable. 

To demonstrate that the Stellate MSN host structure provides stability to degradation, we have 

performed four cycles of the cascade reaction. While a gradual decrease of enzyme activity was 

observed, potentially due to extensive washing and centrifugation, the enzymes are still active 

upon the four cycles. Further work aims to mitigate the potential detachment of the enzyme from 

the support by host functionalization and covalent attachment of the enzymes to the silica support.   
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Chapter 5 CONCLUSON AND FUTURE RECOMMENDATIONS 

Stellate MSN proves to be an excellent platform for multi-site cascade reactions as 

demonstrated here for the dual-enzyme catalyst produced by immobilization of β-glucosidase and 

glucose isomerase on the silica nanospheres (Figure 5.1). This is the first demonstration of 

biomacromolecules encapsulation in Stellate MSN and while this application was targeted to 

enzymatic catalysis, a plethora of other applications are envisioned.  

Future work will undertake mechanistic studies to prove the channelling hypothesis. 

Additional focus will be on elucidating the exact location of the enzymes in the Stellate MSN, by 

enzyme labelling with chromophores toward enabling localization of enzymes in the porous 

platform and in respect with each other.  

Further applications of the encapsulation methodology is the extrapolation of this new 

knowledge for protein encapsulation and delivery. In addition to encapsulation, this endeavor 

involves the addition of a controlled-release delivery mechanism.  

Figure 5.1. Schematic representation of the cascade reaction occurring in the Stellate MSN pore 
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The interest in controlled-release drug and biomacromoelcules delivery is motivated by the 

fact that most of the conventional drugs and biomacromolecules present obstacles in regard to 

delivery to desired organs, including: poor solubility, tissue damage on extravasation, rapid 

degradation in vivo, unfavorable pharmacokinetics, poor biodistribution, and lack of selectivity 

for target tissues, which might cause the drugs ineffective. While poor solubility would cause 

precipitation in aqueous circumstance leads to failure; extravasation from some cytotoxic drug 

might harm the close tissue; degradation in short term loss the availability before drug reach the 

target; bad pharmacokinetics cases the drug to be eliminated from the body prior any activity; poor 

biodistribution could cause harm due to spread to other than the targeted tissue; lack of selectivity 

would cause the similar harm as extravasation and poor biodistribution.  

In regard to conventional drugs, lack of selectivity is an important cause of harmful side-

effects. Proteins such as insulin, antibody and some viral, bacterial proteins, etc. have high target 

specificity, and have been used as effective therapeutics.  

From former chapter, the enzymes immobilized in MSN is proven effective The result not 

only demonstrate the availability of two different enzymes immobilizing in one support with 

maintaining enzyme activity, but also the stellate MSN has the ability to encapsulate protein and 

can used for transfer with minimal loss.  



42 
 

With the similar approach, stellate MSN could be used to carry proteins. Herein, it is 

presented that the material is available to carry the green fluorescence protein with Rhodamine B 

(RhB), the red fluorescent dye as a labelling dye, on stellate MSN to show the possibility for using 

MSN as a protein carrier. In figure 5.2, CHO cells were treated with RhB-MSN carrying a green-

fluorescent protein (GFP), as model protein. The top-left image displays green fluorescence which 

is due to the GFP.  In the top-center, there is red fluorescence of RhB on MSN, showing where the 

material settled.  In the top-right image, the cell shape and distribution can be visualized. In the 

bottom-left image, there is blue fluorescence from DAPI staining dye, which interacts with the 

nucleus of the cells, and ultimately indicates that the cells are still alive before being fixed on slides. 

The last image presented is a composite of all previous images overlapped for better comparison. 

Figure 5.2. Cho stellate-RhB-GFP 4hr 63X Cho cells were treated with RhB-MSN carrying GFP for 4 hours. The 
GFP was successfully introduced into cells then released. Picture was taken from Zeiss 710 Confocal in Delaware 
Biotechnology i nstitute 
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From here, it can be concluded that the GFP was successfully introduced into live cells and then 

released without causing cell fatality. This conclusion can be made based on the fact that the GFP 

is presented where the materials were and the fluorescence can be visualized.  

The biocompatibility of the material has been proved by viability of cells and the activity 

of the protein. Future work will employ other type of living cells and therapeutic proteins. 
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Introduction
Biotechnology is at the core of the environmentally friendly 

chemical processes of the 21st century. Enzymes, macromolecules 
capable to accomplish chemical transformation with high selectivity, 
are key components of the biotechnology toolbox. Applications, 
such as new industrial processes, creating new functional foods, and 
contributing to medical treatments are a few areas where innovative 
approaches toward reducing waste and harmful catalytic processes 
are required, thus driving the desire to replace existing processes with 
enzymatic catalysis. However, to fulfill current demands of chemical 
industry, enzyme productivity, recyclability and increased shelf life are 
required to enable the replacement of existing processes at scales and in 
an economical fashion. Food security is one of paramount importance 
in the wake of increased Globe population. As such, potential sources 
of food basic ingredients such as glucose and fructose from non-
food biomass renewable resources such as switch grass, corn stover, 
and other lignocellulosic waste, could significantly supplement the 
ever-growing contemporary food needs. The principal constituent 
of lignocellulosic biomass is cellulose, a glucose-based polymer. The 
conversion of cellulose to glucose involves a mixture of enzymes 
termed cellulase. In microorganisms such as Trichoderma viride, the 
conversion is step-wise process: first, beta-1,4 glucanase breaks the 
glyosidic linkage to cellobiose—a glucose dimer (Figure 1) which is 
subsequently converted to glucose by beta-glucosidase (β-glucosidase). 
However, assuming that the enzymatic catalysis research efforts 
ultimately aim to product commercialization, high-fructose corn syrup 
(HFCS) is a more desired outcome, given its sweetness, equating 1.3 
times more than sucrose, and the amenability of this product to be 
used by diabetics. Conversion of glucose to fructose is accomplished by 
Glucose isomerase (GI) enzyme, catalyzing the reversible isomerization 
of D-glucose (glucose) to D-fructose (fructose). This enzyme, with high 
occurrence in prokaryotes, is subjected to research efforts that could 
improve the catalytic ability and application in industry [1]. The process 
of converting cellulose to fructose is illustrated in Figure 1.

In the process of converting cellulose to glucose, β-1,4,-glucanase 
enzyme leads to a glucose dimer, called cellobiose. The enzyme 
β-glucosidase is necessary to accomplish further conversion to glucose. 

β-glucosidase, known also as cellobiose, is a ubiquitous component 
of cellulases [2]. Given that cellobiose inhibits the reaction, cellulose 
hydrolysis is greatly impaired. Without sufficient β-glucosidase 
present in the enzymatic process of cellulose, little glucose is formed; 
the main product being cellobiose. Published work has showed 
that supplementation of commercially produced cellulases with 
β-glucosidase increases the rate and extent of glucose production 
[3,4]. The native level of β-glucosidase activity in cellulase is, therefore, 
insufficient for the maximum rate and extent of glucose production to 
be reached [2]. Since the substrate of β-glucosidase, cellobiose, is water 
soluble, an immobilized (water-insoluble) enzyme preparation could be 
used to supplement commercial cellulase/cellulose mixtures, and such 
immobilized enzyme could be subsequently recovered and reused. 
Enzyme immobilization provides an excellent opportunity increase 
turnover over a considerable period of time, enzyme availability to the 
substrate is greater. Several natural and synthetic supports have been 
assessed for their efficiency for enzyme immobilization [5].

The typical approach is one enzyme per support. Several examples 
of enzyme immobilization onto porous silica have been reported 
[6-12]. Co-immobilization of enzymes on various platforms is 
an emerging field, and involves considerations of various factors: 
spanning from facile access of substrate to the next enzyme in the 
cascade, optimization of catalytic activity to allow performance of all 
components, and the stability of enzyme in the solid support [13]. 
Porous silica materials emerged as scaffolds due to their resilient nature, 
capacity to protect the encapsulated enzyme, easy access of reactants in 
a confined space, and large surface area [14]. Among these platforms, 
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(TEOS, 6.998 mol) was quickly added into the surfactant solution. The 
molar composition of the precursors was 1.0 SiO2: 0.06, CTATos: 0.026, 
TEA: 80.0 H2O. The mixture was stirred at 80°C for another 2 h. The 
solid product resulting upon reaction was filtered, washed copiously 
with nanopure water and methanol, and dried in under vacuum at 
60°C for 12 h. To remove the surfactant template (CTATos), 1.50 g 
of as-synthesized Stellate MSN was refluxed for 24 h in a methanolic 
solution of hydrochloric acid (9.00 mL of HCl (37.4%) in 160.00 mL 
of methanol) followed by extensive washes with nanopure water and 
methanol. The resulting surfactant-free Stellate MSN material was 
placed under high vacuum to remove the remaining solvent in pores of 
the material. Nitrogen adsorption-desorption isotherms of the sorbents 
were obtained on a Nova 4200e (Quantachrome, Boynton Beach, FL) 
surface area and porosity analyzer) in the relative pressure range of 
0.05-0.95 at 77K. Stellate MSN was degassed at 110°C for 3 h under high 
vacuum. The total pore volume was calculated as the adsorbed volume 
of liquid nitrogen at the relative pressure of 0.95. Specific surface areas 
were calculated with the Brunauer-Emmett-Teller (BET) method. Pore 
volume was determined by Non-Local Density Functional Theory 
model. High-resolution TEM images were obtained on a JEM-2100F 
model operated at 200 kV. SEM images were obtained on a Hitachi 
S4700 instrument.

Glucose isomerase enzyme: plasmid construction and bacterial 
expression in E. coli.: The Glucose Isomerase enzyme is not 
commercially available in pure form and therefore it was produced 
in-house by gene cloning. The gene encoding hyperthermostable 
D-glucose-isomerase from Thermotoga neapolitana-5068 (xlyA gene) 
was chemically synthesized (GenScript, Piscataway, NJ). The synthetic 
gene was cloned as an NdeI-XhoI insert into plasmid pET28a (+), 
thereby creating pTNXI [17]. The pTNXI plasmid was transformed into 
chemically competent E. coli  DH5α according to the manufacturer’s 
instructions. 

Recombinant protein purification: The plasmid carrying the 
Thermotoganeapolitana glucose/xylose isomerase gene (PET28a-
TNXI) was transformed into BL21 (DE3) bacteria for protein 
expression. Bacterial cells were grown in 50 mL of LB media with 
50 µg/mL kanamycin to an A600 of 0.6-0.8 prior to induction with 
isopropyl-β-D-thiogalactopyranoside (IPTG, 0.5 mM). After 12 h, the 
cells were collected and cells pellets resuspended in 20 mL of Bugbuster 
(Novagen) protein extraction reagent supplemented with Benzonase 
(20 U/mL, Novagen), 1.0 mg/mL of lysozyme (Sigma), and one tablet 
of EDTA free protease inhibitor cocktail (Roche). After 60 min rocking 
at 4°C, the suspension was subjected to centrifugation at 7000 rpm 
for 30 min at 4°C to remove cell debris. Recombinant proteins were 
purified on nitrilotriacetic acid-Ni2+ agarose columns (Thermo-Fisher). 
After extensive washing, the recombinant proteins were eluted with 10 
mL of 50 mM Tris, 300 mM NaCl, 500 mM imidazole, pH 8 and then 
immediately dialyzed at 4°C into M Buffer, consisting of 50 mM MOPS, 
5 mM MgSO4, 0.5 mM CoCl2, with pH 7.

Stellate MSN, a macroporous silica nanospheres platform, presents the 
advantage of facile and reproducible synthesis, narrow particle size 
distribution, hierarchical pores and significant surface area. To the best 
of our knowledge, this is the first report of dual-enzyme immobilization 
on Stellate MSN showing a functioning cascade enzymatic reaction, 
in optimized reaction conditions that are suitable for both enzyme 
activities.

In addition, present work aims to demonstrate that immobilization 
of two cascade reaction enzymes on a Stellate MSN platform would 
control the direct transfer of a reactant from one catalytic site to 
another without first diffusing it to the bulk environment. The 
process of intermediates control along a pathway is termed substrate 
channeling, and is key to efficient one-pot multi-step catalysis. In 
addition to channeling, another aspect of multi-step enzymatic catalysis 
is the significant overlap of enzymatic reaction conditions. Enzymes 
optimal function require a defined set of conditions, including reaction 
pH, and participating ions concentration, and temperature. Present 
work achieved optimal reaction conditions for β-glucosidase and 
glucose isomerase tandem system on Stellate MSN platform while 
demonstrating channelling effect occurring in the conversion of 
cellobiose to fructose. 

Materials and Methods
Materials

Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium tosylate, 
triethanolamine, anhydrous ethanol, D-(+)-Cellobiose, D-(+)-glucose, 
D-(-)-fructose, Tris (hydroxymethyl) aminomethane hydrochloride, 
magnesium sulphate, 4-Morpholinepropanesulfonic acid, Cobalt(II) 
chloride hexahydrate, acetonitrile (HPLC grade), Immobilized Glucose 
Isomerase from Streptomyces murinus (Sweetzyme T, Novazyme) and 
β-glucosidase from almonds lyophilized powder were purchased from 
Sigma Aldrich without further purification. E. coli strains DH5α, IPTG 
(isopropylthio-β-galactoside), B-PER™ Bacterial Protein Extraction 
Reagent, and Ni-NTA Agarose and Kanamycin were purchased 
from Thermo-Fisher. BL21 (DE3) Chemically Competent E. coli was 
purchased from Agilent. Nanopure water was used in all experiments.

Methods

The experiments carried out in this work involve the synthesis 
of the silica platform, preparation of enzymes, and the fabrication 
and validation of the enzyme catalyst platforms (both dual-enzyme 
and single enzyme immobilization were prepared for the control 
experiments).

Synthesis and characterization of stellate MSN platform

The synthetic procedure of MSNs with stellate morphology 
was modified from previous literature reports [15,16]. In a typical 
experiment, a mixture of 1.920 g of cetyl-trimethylammonium tosylate 
(CTATos), 0.4 g of triethanolamine (TEA) and 100 mL of nanopure water 
was stirred at 80°C for 1 h, and then 14.58 g of tetraethyl-orthosilicate 

 

Figure 1: Schematic representation of the step-wise transformation process from cellulose to fructose.
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Protein quantification, electrophoresis, and molecular mass 
determination: Protein concentration was determined according to the 
Bradford method using a BSA standard curve and a prefabricated assay 
solution (Bio-Rad). SDS-PAGE was carried out using WedgeWell Tris-
Glycine precast gradient gels (4−12%, ThermoFisher) and Tri-color 
Prestained Protein Marker II (Bioland Scientific). SimplyBlue™ safe 
stain was used for visualization of the protein bands (Invitrogen) (The 
gel images are included in Supporting Information). The theoretical 
mass was derived from the ExPASy ProtParam tool (http://web.expasy.
org/protparam/).

Enzyme immobilization on stellate MSN

Dual-enzyme immobilization: A volume of 2 mL recombinant 
glucose isomerase (0.2 mg/mL in in M buffer, 0.4 mg) was mixed with 
2mL β-glucosidase solution (1 mg/mL in M buffer, 2 mg). Enzyme 
immobilization was performed by mixing the enzymes solution with 
50 mg of the mesoporous supports in 4mL M buffer, at 4°C under 
stirring for 12 h at 200 rpm. The suspension was then centrifuged, 
and the enzyme immobilized on Stellate MSN was washed with buffer. 
To quantify the immobilization efficiency, the remaining protein in 
supernatant was measured by a previously described method, showing 
that enzyme was completely immobilized. The resulting dual-enzyme 
Stellate MSN was resuspended in 4mL buffer and stored at 4°C.

Single-enzyme immobilization: Single-enzyme immobilization 
of recombinant GI enzyme on Stellate MSN, and separately, of the 
β-glucosidase on Stellate MSN were also performed for control 
experiments in the same manner as described for the dual enzyme 
immobilization.

Enzymatic assays 

Specific substrate conversion assay by HPLC analysis: The 
products of enzymatic analyses such as glucose, fructose or mixtures 
were performed on a Shimadzu Nexera UHPLC/HPLC System with 
a Restek Ultra Amino column. After enzyme conversion reaction, 
the reaction products were purified by syringe filtration, possible 
products were identified, and their calibration curves were developed. 
An isocratic run at 20% water and 80% acetonitrile was used for the 
quantitative analyses of all possible analytes. Flow rate of mobile phase 
was 1.5 mL/min. The column temperature was set at 35°C and the 
injection volume of samples was 25 µL for all analyses.

Dual-enzyme MSN enzymatic conversion of cellobiose to 
fructose: A volume of 2 mL of immobilized dual-enzyme platform was 
mixed with 1 mL of 2 % Cellobiose in the M buffer and maintained at 
20 h at 55°C to obtain cellobiose to fructose conversion.

Conversion of cellobiose to glucose catalysed by free 
β-glucosidase enzyme: For cellobiose to glucose conversion, 2.0 mL 
of 1 % Cellobiose (0.02 g of cellobiose) in the M buffer was mixed 
with β-glucosidase solution in the M buffer (1 mg/mL, 1 mL) and the 
mixture was converted to glucose for 20 h at 55°C.

Conversion of glucose to fructose catalysed by free recombinant 
GI enzyme: For glucose to fructose conversion, 2 mL of 1 % Glucose 
(0.02 g of glucose) in the M buffer was mixed with the recombinant 
glucose isomerase 1mL (0.2 mg/mL, 0.2 mg) and the mixture was 
converted to D-Fructose for 20 h at 55°C.

Conversion of glucose to fructose catalysed by commercially 
available immobilized GI enzyme (sigma-aldrich): Immobilized 
Glucose isomerase from Streptomyces murinus (50 mg/1 mL) was 
used for enzyme activity comparison. In a typical experiment, 2 mL of 

Sigma-Aldrich GI, as provided by vendor, was mixed with 2 mL of 1% 
Glucose and the experiment was conducted for 20 h at 55°C.

Conversion of cellobiose to fructose catalysed by a mixture 
of β-glucosidase and recombinant GI: For cellobiose to fructose 
conversion, 1 mL of 2% cellobiose in the M buffer was mixed 
with β-glucosidase solution in the M buffer (1 mg/mL, 1 mL) and 
recombinant glucose isomerase 1mL (0.2 mg/mL). Same experiment 
was conducted for a mixture of β-glucosidase and Immobilized Glucose 
Isomerase from Streptomyces murinus (Sigma-Aldrich GI, 50 mg/1mL) 
and whole mixture was converted to glucose for 20 h at 55°C.

Effects of the temperature, ph, and metal ions on recombinant 
enzyme activities: The optimum pH for β-glucosidase is 5 whereas the 
commercially available GI operates at pH 7 (courtesy of Sigma Aldrich 
website). To optimize the operating conditions toward enabling the 
one-pot reaction, the effects of temperature, pH, and metal ion were 
investigated for the dual system. The effect of the temperature on 
enzyme activity was analyzed by assaying the enzymatic conversion 
of D-Glucose to D-Fructose catalyzed by the recombinant GI over a 
temperature range of 4−65°C. To determine the influence of metal ions 
on enzyme activities, the recombinant enzyme was dialyzed separately 
in two different customized buffers: M buffer (50 mM MOPS, 5 mM 
MgSO4, 0.5 mM Co2+, pH 7.0) and C buffer (50 mM citric acid, 5 
mM MgSO4, 0.5 mM Co2+, pH 5.0) (Table 1) [17]. The optimal pH 
for both β-glucosidase and recombinant GI were determined using 
the aforementioned assay conditions for the conversion of cellobiose 
to fructose in the two buffer systems. The working conditions for 
the recombinant GI enzyme and the GI-BG couple are illustrated 
in Table 2. 

Catalyst reusability

Following the completion of the enzymatic reaction, the dual-
enzyme Stellate MSN, termed Stellate (BG+GI) was separated from the 
reaction mixture by centrifugation, washed copiously with water and 
stored in M buffer. The enzymatic reaction was repeated within 24 h. 
This sequence was repeated four consecutive times.

Results 
The preparation of Stellate MSN, as previously reported by us and 

others, [16] renders materials with average surface area of 580 m2/g, as 
illustrated in Table 3. The macroporous Stellate materials, as illustrated 
by SEM and TEM images (Figure 2), present spherical morphology 
and hierarchical porosity, suitable for encapsulation of large 
macromolecules. The GI in pure form is not commercially available. As 
such, this product could not be used for immobilization experiments. 
GI in pure form was produced in-house by genetic engineering and 

Buffer Components and Conditions C Buffer (citric) M Buffer (MOPS)
Dialysis Buffer pH 5 7
50 mM Buffer Salt Citric MOPS

5 mM MgSO4 + +
0.5 mM CoCl2 + +

Table 1: Buffer Components.

Enzyme C Buffer M Buffer

Recombinant Enzyme GI*
pH Too close to enzyme's 

pI
no reaction

Optimal conditions

BG+GI Cellobiose to 
D-Fructose Trace amount of fructose  optimal conditions

Table 2: Optimal reaction conditions.

http://web.expasy.org/protparam/
http://web.expasy.org/protparam/
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molecular cloning, followed by protein expression and purification 
techniques. Preparation of GI along with characterization is described 
in detail in supporting information. Enzyme macromolecules loading 
in Stellate MSN was performed by an impregnation method which 
typically does not differentiate between external and internal surface 
of the nanospheres. According to the protein assay used upon the 
immobilization of two enzymes, β-glucosidase and GI on Stellate-
MSN, the residual amount of protein remaining in solution after 
encapsulation by physical entrapment was negligible. We assumed 
therefore complete immobilization of the two enzymes in the Stellate 
MSN. The experimental evidence of complete disappearance of the 
enzyme in the loading solution upon impregnation, corroborated 
with the enzyme sizes (Table 4) suggest that the enzymes are primarily 
located in the pores of Stellate MSN, given the amount of material 
used and the reported porosity and surface area. Optimization of 
enzymatic reaction conditions resulted in choosing the M buffer 
for all experiments performed, while the time and temperature were 
chosen as 20 h and 55°C, respectively. The recombinant GI activity was 
assessed in comparison with the commercially available GI. Figure 3 
shows the performance of the free recombinant enzyme in the time 
interval reported active for the Sigma GI. The performance of the 
immobilized dual-enzyme catalyst in M buffer was compared with 
the activity exhibited by the free enzymes in solution. It is important 
to note that commercially available GI represents a cellular extract 
containing GI which is immobilized by encapsulation (Sigma GI). 
Upon characterization of enzymatic activity, it was determined that the 
activity of recombinant GI is similar with the commercially available GI 
and the pure form could be used for the immobilization experiments. 
Figure 4 shows the relative activity of the free and immobilized enzymes 
(Stellate MSN and controls) used in conversion of cellobiose to fructose. 
The controls used included direct conversion of cellulose to fructose 
using the Stellate-MSN-encapsulated GI and the free GI respectively. 
Controls for the dual system included the free enzymes, as follows: 
(BG+recombinant GI) and (BG+commercially available GI from 
Sigma Aldrich). Enzyme recyclability, critical to economic feasibility 
of the dual-enzyme immobilization process, has been evaluated. The 
experiments were conducted four consecutive times, showing gradual 
decrease in activity as illustrated in Figure 5. 

Discussion 
Prior work reporting enzyme encapsulation in porous silica 

materials with application to the cellulose to glucose to fructose 
conversion sequence, has been accomplished by two single enzyme 
nanospheres, where the two separate platforms were utilized 
sequentially [8,18]. Therefore, reaction conditions were not unified 
but changed for each sequential step to match the enzyme working 

 

Figure 2: SEM (A) and TEM (B) of Stellate MSN.

Material Average BET (m2/g) Average Pore Size 
Distribution (nm)

Surfactant–free Stellate 
MSN 580.0 12.6

Table 3: Surface Area (BET) and Average Pore Size.

 

Figure 3: Timeline optimization of recombinant GI activity.

 

Figure 4: Relative performance of free and immobilized enzymes.

 

Figure 5: Enzyme recyclability.

Enzyme Size (kDa)

β-Glucosidase 135

Recombinant Glucose Isomerase  52.7

Table 4: Size of Loaded Enzymes.
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conditions. The significant contribution of the dual-enzyme system 
accomplished in this work resides with finding a set of conditions that 
enables working condition adequate for both enzymes function. While 
the common reaction conditions need to be identified and optimized 
for any other tandem enzyme potentially explored in the future, this 
work established the proof-of-concept for the specific GI-β-glucosidase 
(BG) tandem.

In addition, the encapsulation of two enzymes on the same 
nanosphere provides ground for demonstrating the channelling effect 
derived from easy access of the first product of the cascade, glucose, to 
the next catalytic site, without diffusion in solution. When cellobiose 
is reacted with Stellate MSN (BG+GI), the two-step cascade reaction 
enables direct access of Glucose produced by β-glucosidase to GI 
immobilized on the material, as schematically showed in Figure 6. In 
contrast, Stellate-MSN immobilized GI (single enzyme) is accessed 
by glucose from bulk solution, involving a longer diffusion path. The 
conversion data showed in Figure 4, in the same reaction conditions, 
the enzymatic reaction in the cascade case is more efficient then in the 
single enzyme case and support this hypothesis. Further investigations 
will be directed to understand the effect of the enzymes location in 
respect to each other and how the relative location impacts the reaction 
rates and the channelling effect. An important advantage of enzyme 
immobilization is represented by the stability typically conferred to 
the encapsulated enzymes; thus, it is expected that the enzyme would 
be recyclable. To demonstrate that the Stellate MSN host structure 
provides stability to degradation, we have performed four cycles of 
the cascade reaction. While a gradual decrease of enzyme activity was 
observed, potentially due to extensive washing and centrifugation, the 
enzymes are still active upon the four cycles. Further work aims to 
mitigate the potential detachment of the enzyme from the support by 
host functionalization and covalent attachment of the enzymes to the 
silica support. 

Conclusion 
Stellate MSN proves to be an excellent platform for multi-site 

cascade reactions as demonstrated here for the dual-enzyme catalyst 
produced by immobilization of β-glucosidase and glucose isomerase 
on the silica nanospheres (Figure 7). This is the first demonstration 
of biomacromolecules encapsulation in Stellate MSN and while this 
application was targeted to enzymatic catalysis, a plethora of other 
applications are envisioned. Future work will undertake mechanistic 
studies of to prove the channelling hypothesis. Additional focus will be 
on elucidating the exact location of the enzymes in the Stellate MSN, 
by enzyme labelling with chromophores toward enabling localization 
of enzymes in the porous platform and in respect with each other. 
Stellate MSN proves to be an excellent platform for multi-site cascade 
reactions as demonstrated here for the dual-enzyme catalyst produced 
by immobilization of β-glucosidase and glucose isomerase on the silica 
nanospheres. 
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