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Abstract 

 

The advantages of enzyme immobilization in biotechnology impelled scientific community to 

search for suitable immobilization matrices.  Hydrogels have been playing an important role in enzyme 

entrapment, due to their chemical and biological properties. Within such scope, this work aimed to 

produce and characterize resilient polyvinyl alcohol and chitosan hydrogels, displaying high 

operational and thermal stability for inulinase entrapment.  

 

Chitosan beads and polyvinyl alcohol films were obtained, yielding an immobilization efficiency 

of roughly 98% and 97%, respectively. The optimum pH of the immobilized enzyme in both matrices 

was slightly more basic (5.0) than the one observed for the free enzyme (4.5). An optimum 

temperature of 50ºC was displayed for free inulinase, whereas chitosan and polyvinyl alcohol 

immobilized inulinase exhibited at 65ºC and 55ºC, respectively. The Michaelis constant (KM) of 

inulinase for inulin had a 1.5 and 1.6 fold-increase after immobilization in chitosan and polyvinyl 

alcohol, respectively, suggesting an apparent decrease in affinity of inulinase towards inulin. 

Nonetheless, the maximum reaction rate (Vmax) did not significantly change after immobilization in 

chitosan, whereas 2-fold decrease was observed upon immobilization in polyvinyl alcohol.  

Also, thermal stability increased considerably after immobilization in both matrices. Moreover, 

encouraging results were obtained for continuous operation. After 47 days at 55ºC a product yield of 

91% was achieved for inulinase immobilized in chitosan. Continuous operation of inulinase 

immobilized in polyvinyl alcohol obtained 63% of product yield after 31 days at 50ºC.  

 

Overall, relatively simple, robust and low-cost immobilization procedures were established, with 

appealing results towards commercial preparations.  

 

 

 

 

 

 

Keywords: enzyme immobilization, inulinase, polyvinyl alcohol based hydrogel, chitosan based 

hydrogel, hydrolytic activity, continuous operation.  
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Resumo 

 

As vantagens da imobilização de enzimas na biotecnologia levaram a comunidade científica à 

procura de matrizes adequadas. Os hidrogéis têm evidenciado relevância na oclusão enzimática, 

devido às suas características químicas e biológicas. Assim, este trabalho visa produzir e caracterizar 

hidrogéis à base de álcool polivinílico e quitosano, que demonstrem uma elevada estabilidade 

operacional e térmica para a oclusão da inulinase. 

 

As partículas de quitosano e os filmes de álcool polivinílico produzidos evidenciaram uma 

eficiência de imobilização de cerca de 98% e 97%, respectivamente. O pH óptimo da enzima 

imobilizada em ambas as matrizes revelou-se ligeiramente mais básico (5,0) do que o observado para 

a enzima livre (4,5). Uma temperatura óptima de 50ºC foi atingida para a inulinase livre, enquanto na 

imobilização em quitosano e álcool polivinílico foi de 65ºC e de 55ºC, respectivamente. A constante 

de Michaelis (KM) para a inulina aumentou 1,5 e 1,6 após a imobilização em quitosano e álcool 

polivinílico, traduzindo uma aparente diminuição da afinidade para o substrato. A imobilização em 

quitosano não alterou significativamente a velocidade máxima da reacção (Vmax), enquanto a 

imobilização em álcool polivinílico promoveu uma diminuição para metade.  

A estabilidade térmica aumentou consideravelmente após a imobilização em ambas as 

matrizes. Os resultados da estabilidade operacional foram bastante promissores. Após 47 dias à 

temperatura de 55ºC registou-se um rendimento de produto de 91% para a inulinase imobilizada em 

quitosano, enquanto para o álcool polivinílico registou-se um rendimento de 63% após 31 dias à 

temperatura de 50ºC.  

 

Em suma, foram estabelecidos procedimentos relativamente simples, robustos e eficientes, 

com resultados promissores num contexto comercial.  

 

 

 

 

 

 

Palavras-chave: imobilização de enzimas, inulinase, hidrogel de álcool polivinílico, hidrogel de 

quitosano, actividade hidrolítica, operação em contínuo. 
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Thesis Outline  

 

This dissertation is organized in five chapters.  

 

The first chapter offers an overview on the increasing relevance of enzymes in biocatalysis, 

followed by some insight into enzyme catalytic properties, advantages and constrains inherent to its 

use, together with enzyme immobilization techniques. Special attention is given to hydrogels, which 

are polymeric matrices used to entrap enzymes. A subchapter is focused on the description of 

hydrogels, namely their characteristics and classification, their applications and the methods to 

produce them. It is also important to have some insights about the protein model system (inulinase), in 

particular the hydrolytic reaction, the substrate and the product. Examples of inulinase immobilization 

into hydrogels are also mentioned. Finally, the main characteristics of the different types of bioreactors 

are pointed out.  

 

The second chapter comprises the motivation and the main goal of the master’s project.  

 

The third chapter contains all the materials and methods used during the fulfillment of this work. 

 

The fourth chapter describes the results attained with this study and the subsequently 

discussion and comparison with the current knowledge. This chapter is divided into two subchapters. 

In the first one the influence of some parameters on immobilized enzyme was tested, as follows: i) 

different polymer molecular weights, ii) volumes of cross-linker, iii) temperatures and treatments 

applied to the matrices. The second group of results comprises the characterization of free an 

immobilized enzyme in terms of pH and temperature profiles, kinetic parameters, thermal and storage 

stabilities and operational stability through the continuous production of fructose. 

 

In the fifth and last chapter, final remarks considering the work developed and future 

perspectives are made, together with references to what contributions this work offered in the field of 

catalytic hydrogels. 
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Chapter I. Introduction 

 

I.1. Enzymes as biocatalysts  

 

Enzymes are the catalysts responsible for cell metabolism and/or substrate conversion in 

various chemical reactions. Each reaction taking place in the cell is catalyzed by its own particular 

enzyme, so that in a given cell there are a large number of enzymes. In the absence of enzymes most 

of the reactions of cellular metabolism would not occur even over a time period of years. So far, more 

than 3,000 enzymes have been identified with specific functions. Due to advances in the areas of 

genomic & proteomic research, their number is further expected to increase [1]. 

 

I.1.1. History and importance of enzymes 

 

The word enzyme is derived from the Greek meaning “in yeast” and was first used by Kühne in 

1878. At this time it was used to distinguish between what were referred to as “organized ferments” 

(meaning whole organism) and “unorganized ferments” (meaning extracts or secrets from whole 

organism). The nomenclature of enzymes began in 1883, when Duclaux named enzymes by adding 

the suffix – ase in the name of the substrate catalyzed, substance upon enzyme acts [2]. According to 

the International Union of Biochemistry and Molecular Biology (IUBMB) nomenclature system, all 

enzymes are classified into six classes, as follows: oxidoreductases, transferases, ligases, hydrolases, 

isomerases and lyases. In 1894, Emil Fisher proposed the “lock-and-key” model for enzymatic 

reaction, according to which a substrate molecule fits into the pocket of an enzyme. In a further 

modification of this concept, Linus Pauling cited that a reaction is accelerated if a catalyst stabilizes 

the transition state. The transition state stabilization concept is still used nowadays. From this time 

ahead the biocatalysis basis was launched allowing a new field to develop and emerge from the 

others at the time [3].  

 

Enzymes can be produced from any living organism, either by extracting them from their 

harboring cells or by recovering from cell exudate. In 1960, about 70% of the enzymes were extracted 

from plant tissues or exudates and animal organs. Twenty years later the situation had reversed and 

most industrial enzymes were produced from microbial sources, almost 90% of the total market [4]. 

 

The first application of cell free enzymes was the use of rennin aspartic protease isolated from 

calf or lamb stomach in cheese making. In that time, enzymes were mainly used in the production of 

food products (cheese, sourdough, beer, wine and vinegar) and in the manufacture of commodities 

(leather, indigo and linen). In 1914, Röhn prepared the first commercial enzyme preparation (trypsin), 

isolated from animals and used in the detergent to degrade proteins [5]. Since then, enzymes are 

exploited in innumerous fields viz. paper, textile, food, detergent and pharmaceutical industries, as 

well as in bioremediation, (bio)medical applications and wastewater treatment [6]. 
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I.1.2. Enzyme properties - advantages and constraints 

 

Enzymes form an abundant class of very effective and precise (bio)catalysts owing to their 

excellent functional properties. Similar to other catalysts, enzymes are characterized by two 

fundamental properties. First, they increase the rate of chemical reactions without themselves being 

consumed or permanently altered by the reaction. Second, they increase reaction rates without 

altering the chemical equilibrium between reactants and products [7].  

Potentials and drawbacks of enzymes as catalysts are summarized in Table 1.  

 

Table 1. Advantages and drawbacks of enzymes as catalysts. Adapted from [8] 

Advantages Drawbacks 

Generally more efficient (lower concentration of 
enzyme needed); 
Can be modified to increase selectivity, stability, and 
activity; 
High specificity; 
Milder reaction conditions (pH range of 5 to 8 and 
temperature range of 20 to 40ºC); 
Environment friendly (completely degraded in the 
environment); 
Generally considered as natural products. 

Susceptible to substrate or product inhibition; 
Solvent usually water (high boiling point and heat of 
vaporization); 
Enzymes found in nature in only one enantiomeric 
form; 
Limiting operating region (enzymes typically 
denatured at high temperature and pH); 
Enzymes can cause allergic reactions; 
High production costs. 

 

Often, for a given biocatalytic process, the soluble enzyme does not meet the requirements for 

large-scale application, and its properties thus need to be optimized or modulated. Numerous 

examples of improved enzyme properties, based on recombinant DNA technology, high throughput 

technology and protein engineering (through directed and particularly through random mutagenesis, 

namely using directed evolution), have been reported [9]–[11]. Additionally, enzyme efficiency can be 

improved by optimization of the reaction conditions, viz. pH, temperature, substrate concentration [12]. 

 

Beside the drawbacks described in Table 1, enzymes are complex molecular structures that are 

intrinsically labile and in some cases costly to produce. Additionally, enzyme biocatalysis is often 

hampered by a lack of long-term operational stability and difficult recovery and re-use of the enzyme 

[13]. In order to overcome these drawbacks, enzyme immobilization has been emerging as a viable 

and reliable solution.  

 

I.1.3. Immobilization methods 

 

The term “immobilized enzymes” refers to enzymes physically confined or localized in a certain 

defined region of space with retention of their catalytic activities, and which can be used repeatedly 

and continuously [14]. Immobilized enzymes are being used since 1916, when Nelson and Griffin 

discovered that invertase when absorbed to charcoal has the ability to hydrolyze  sucrose [15]. The 

first industrial application of an immobilized enzyme is the Tanabe process for the production of 

L-amino acids by resolution of racemic acylamino acids using an aminoacylase from Aspergillus 

oryzae [16].  
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Immobilized biocatalysts allow the possibility to work in repeated batch mode or under 

continuous mode of operation, the integration in cascade of several catalytic steps and easy 

separation of enzyme from the product (determinant factors in food and pharmaceutical industries). 

Enzyme recycling is the best option that immobilized enzymes can provide, reducing the costs of 

operation and increasing, at the same time, the catalyst productivity (kg product/kg enzyme). If 

properly design, immobilization can contribute to improve key enzyme properties viz. activity, 

selectivity, substrate specificity, stability and decrease inhibition (examples of enhanced enzyme 

activity are given in Table 2) [13], [17].  

Stability is one of the most important features of an immobilized enzyme used in a large scale 

operation. Most enzymes when immobilized show a higher stability against pH, temperatures, 

contaminants, shear stress or different organic solvents [18]. Different types of stability are 

distinguished, such as operational, storage and thermal. Among them, operational is the most relevant 

engineering parameter.  

 
Table 2. Examples of immobilized enzymes with enhanced activity. 

Enzyme Applications Kinetic parameters References 

Keratinase Synthesis of keratin 
Immobilized: specific activity = 129.0 U·mg

−1
; 

Soluble: specific activity = 37 U·mg
−1

 
[19] 

Laccase 
Textile wastewater 

treatment 

Immobilized: KM = 0.0717 mM, Vmax = 0.247 mM·min
−1

; 

Soluble: KM = 0.0044 mM, Vmax = 0.024 mM·min
−1

 
[20] 

Glucose 

oxidase 

Estimation of 

glucose level 

Immobilized: KM = 2.7 mM, Vmax = 28.6 U·μg
−1

; 

Soluble: KM = 9 mM, Vmax = 6.2 μmol·min
−1

 mg
−1

 
[21] 

Cellobiase 
Bioethanol 

production 

Immobilized: KM = 0.30 mM, Vmax = 6.77 μM·min
−1

; 

Soluble: KM = 2.48 mM, Vmax = 2.38 μM·min
−1

 
[22] 

* U stands for the amount of protein needed to convert 1 µmol of substrate in 1 minute 

 

Nonetheless, the performance of enzyme immobilization may be affected by conformational 

effects, partition effects and mass transfer limitations [23].  

Conformational effects refer to the structural changes produced in the enzyme molecule as a 

consequence of the immobilization procedure. Alteration of the native three-dimensional structure of 

the enzyme protein and steric effects due to its close proximity to the surface of the matrix are 

conformational changes that may produce differences in kinetic behavior with respect to the free 

enzyme [4]. The most common partition effects are electrostatic interactions between charged species 

and fixed charges in the carrier that typically lead to a shift in the pH-activity profile; or when the carrier 

has a hydrophobic/hydrophilic nature that differs from that of the bulk medium. In some cases, the 

effect can be used advantageously. Regarding mass transfer limitations, these are often termed as 

diffusional restrictions since the transport of the substrate from the bulk medium to the 

microenvironment of the biocatalyst and the transport of the product formed back to the bulk medium 

is ultimately limited by molecular diffusion (Figure 1).  
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Due to internal structural changes and restricted access to the active site, kinetic constants (e.g. 

KM, Vmax) of enzymes may be altered. This phenomenon has been observed in several studies.   

 

 

Figure 1. Formation of concentration gradients in porous enzyme carriers. The analyte’s (substrate or product) 

concentration in the well-mixed liquid bulk (Cbulk) often differs from the concentration inside the carrier (Cin). For 

substrates, Cbulk may be higher than Cin, whereas for products, the situation may be reversed. From [24].  

 

More than one hundred techniques for immobilizing enzymes have been developed, which can 

be divided into five principal methods, as follows: immobilization by covalent binding and non-covalent 

binding (which includes physical adsorption, ionic binding, affinity binding and hydrophobic binding), 

immobilization by entrapment, immobilization by encapsulation and immobilization by cross-linking 

[25], [26]. Table 3 summarizes the main characteristics of each technique.  

 

Despite the huge variety of immobilization techniques, there is no general universally 

immobilization method and no method is perfect for all purposes [8]. Adsorption of the enzyme onto a 

surface is the easiest and the oldest method of immobilization. Entrapment and cross-linking tend to 

be more laborious enzyme fixation methods, but they do not require altering the enzyme as much as 

other techniques. The formation of the covalent linkage often requires harsh conditions, which can 

result in a loss of activity because of conformational changes of the enzyme.  

 

Immobilization by entrapment, using polymeric gels, has been gained a huge importance. 

Hydrogels are being used for enzyme and cell immobilization, due to their biocompatibility, low 

coefficient of friction and high water content [27]. Further details regarding hydrogels will be discussed 

in Chapter I.2.  

 

More recently new types of enzyme immobilization have been emerging, viz. single-enzyme 

nanoparticles (SENs), enzymatic immobilization of enzymes, microwave irradiation technique and 

photoimmobilization [28]. Also, nanobiocatalysis has emerged as a rapidly growing area, since 

nanomaterials (nanofibers, nanotubes and nanoparticles) have manifested great efficiency in the 

manipulation of the nanoscale environment of the enzyme [29]. Also, they can maximize surface area 

(overcoming mass transfer limitations) and improve the enzyme activity relative to the classical matrix 

structure [30].  
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I.1.4. Immobilization matrices 

 

The characteristics of the matrix will be of major importance for the performance of the 

immobilized systems and will determine the type of reactor used under technical conditions (i.e., 

stirred tank, tubular reactors with either fluidized or fixed beds). The most important factors to take into 

account in order to choose the best matrix for immobilization are the existence of functional reactive 

groups, the definition of hydrophobic or hydrophilic character, the chemical, mechanical or biological 

resistance, the geometry and the cost or availability.  

Regarding the shape of the matrix, it can be classified into two types, i.e. irregular and regular 

shapes such as: beads, fibers, hollow spheres, thin films, discs or membranes.  

 

Matrices can be classified as inorganic (natural mineral or processed materials) and organic 

(natural or synthetic polymers) according to their chemical composition (Figure 2) and, as porous and 

not porous according to their morphology. This last parameter gives an idea of the available area for 

binding the biocatalyst, which determines the amount of enzyme that can bind to the matrix [8]. The 

organic matrices are preferable because of its adaptability to different methods of immobilization. Its 

main disadvantage is the relatively low chemical and mechanical resistance, which impair its use in 

aggressive environments and limits the possibilities for regeneration. The synthetic polymers have the 

advantage of being inert to microbial attack, allowing the variation of the degree of porosity [14]. By 

contrast, the inorganic matrices have the advantage of being chemically inert and having a good 

mechanical and thermal stability, relatively to organics. However, the functional groups are almost 

always hydroxyl groups, which limit the types of binding [14]. 

 

Selection of the immobilization technique and matrix is largely dependent on the peculiarity of 

certain applications, the enzyme and the economic features. The design of new protocols which fulfils 

the requirements of industry is still an exciting goal. Moreover, bearing in mind that the final use will be 

as industrial catalyst, the ideal immobilization processes should limit the use of toxic or highly unstable 

reagents, be very simple, robust and cost-effective [8]. 

 
 

   

Figure 2. Materials used for fabrication of immobilization matrices. Adapted from [26]. 

Organic Matrices 

Natural polymers 

Alginate, chitosan, chitin, gelatin, 
cellulose, starch, pectin,collagen 

Synthetic polymers 

Epoxy resin, silicone, polyvinyl 
alcohol, nylon, polyurethane, 
polyester 

Inorganic Matrices 

Natural minerals 

Silica, bentonite, charcoal, sand, 
diatomaceous earth 

Processed materials 

Glass (nonporous and controlled 
pore), metals, controlled pore 
metal oxides, zeolites, activated 
carbon 
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Table 3. Main characteristics of the five basic immobilization methods [8].  

Principle Main characteristics 

Covalent 

immobilization  

(Figure 3.A) 

Formation of strong and stable interaction. Chemical binding between functional groups present on the surface of the matrix material (glass, 
polyacrylamide, cellulose, agarose) and those on the enzyme surface (amino or carboxyl groups). 
Advantages: i) no leakage of enzyme, ii) enzyme can be easily in contact to substrate and iii) increase of the thermal stability. 
Drawbacks: i) loss of enzyme activity, ii) steric effects and iii) good matrices are expensive. Immobilization in the presence of the substrate or 
competitive inhibitor of the enzyme, the use of a space-arm or/and a reversible immobilization trough disulfide bonds are possible solutions to overcome 
those drawbacks. 

Non-covalent 

immobilization 

(Figure 3.B) 

Involves hydrophobic and Van der Walls forces, hydrogen bonds, electrostatic and ionic binding. The procedure consists of mixing together the 
biological components and the matrix with suitable properties, under specific conditions.  
Advantages: i) reversibility and simplicity, ii) immobilization yields are high and no obnoxious reagents are involved and iii) cheap and quick method. 
Drawbacks: i) the enzyme can be easily desorbed from its matrix by subtle changes in the reaction medium, ii) contamination of product, iii) overloading 
on the matrix, iv) steric hindrance by the matrix and v) non-specific binding.   

Immobilization by 

entrapment 

(Figure 3.C) 

Consists in confining the enzyme within the inner cavities of a solid polymeric matrix compact enough to retain the enzyme molecules within it. Most 
popular matrices for entrapment are: alginate, polyacrylamide, polyurethane, polyvinyl alcohol and қ-carrageenan. Entrapment could be in film, fiber or 
capsules/beads.  
Advantages: i) enzyme loading is very high and ii) protection from direct contact with the environment thereby minimizing the effects of gas bubbles, 
mechanical sheer and adverse solvents. 
Drawbacks: ii) mass transfer limitations and ii) enzyme leakage from the matrix. This could be overcame by increasing gel strength which it turns 
magnifies mass transfer limitation; another approach involves the formation of cross-linked enzyme aggregates prior to entrapment.  

Immobilization by 

encapsulation 

(Figure 3.D) 

Is similar to entrapment in that the enzyme is free in solution, but restricted in space. Most popular membrane materials: nylon and cellulose nitrate. 
Advantages: i) the enzyme could be encapsulated inside the cell and ii) possibility of co-immobilization. 
Drawbacks: i) diffusion limitations and ii) membrane rupture. 

Immobilization by 

cross-linking  

(Figure 3.E) 

Comprises the reaction between NH2 groups of enzymes with bifunctional chemical cross-linker, in order to form a large and three-dimensional complex 
structure. The most use cross-linker is glutaraldehyde, since it is expensive and readily available in commercial quantities. There are three major types 
of cross-linking: CLEs (cross-linked solution enzyme), CLECs (cross-linked enzyme crystals) and CLEA (cross-linked enzyme aggregates). 
Advantages: i) matrix-free and ii) cross-linking between same enzyme molecules stabilizes the enzymes by improving the rigidity of the structure. 
Drawbacks: i) harshness of reagents and ii) possibility of crosslinking the active site of enzyme. 

                                                    

Figure 3. Representative images of each type of immobilization technique, enzyme is represented as blue circle: covalent immobilization (A), non-covalent immobilization by 

physical adsorption (B), entrapment (C), encapsulation (D) and cross-linking (E). 

A B C D E 
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I.1.5. Applications of immobilized enzymes and markets perspective 

 

In spite of the long history and obvious advantages of enzyme immobilization Straathof et al. 

(2002) estimated that only 20% of biocatalytic processes involve immobilized enzymes [31]. However, 

over the last few years a number of interesting new developments have been reported in the literature 

and patent applications, indicating that enzyme immobilization has entered an exciting new phase. 

Currently, enzyme immobilization is widely exploited technique in various industries: food, 

pharmaceutical, detergent, textile, fuel and chemicals (Table 4). Aside from these applications, 

immobilized enzymes are presently used in the diagnosis and treatment of various diseases and in the 

development of biosensors and analytical devices [32].  

 

Table 4. Examples of industrial applications of immobilized enzymes. 

Industry Enzyme Class Applications References 

Detergent 

Lipase Fatty acid and oily stain removal 

[33] Cellulase Color clarification, cleaning 

Peroxidase Dye removal 

Fuel Lipase Biodiesel [FAME] production [34] 

Textile Cellulase Scouring/biopolishing/desizing [35] 

Food 

Glucose isomerase Production of HFCS [36] 

- Galactosidase Hydrolysis of lactose in dairy products [37] 

Lipase Dairy, Baking, Fats/Oils [38] 

Pharmaceuticals Penicillin acylase Synthesis of 6-APA for production of penicillin [39] 

Chemicals Lipase Resolution of chiral alcohols and amines [40] 

FAME: Fatty Acid Methyl Ester; HFCS: High Fructose Corn Syrup 

 

According to Binod et al. (2013), the global market for industrial enzymes is estimated at 3.3 

billion US dollar in 2010 and expected to reach 4.5 to 5 billion US dollar by 2015 at a compounded 

annual growth rate of 7–9%. This market is dominated by products containing non-immobilized 

enzymes, predominantly hydrolases (e.g. amylases, proteases, cellulases and lipases), which 

represent 63% of the sales [5], [41]. Enzymes for use in non-industrial markets, primarily for 

pharmaceutical, diagnostic and research applications, accounted for around 2.4 billion US dollar in 

2010. Sales of enzymes for biocatalysis, many of which are used in immobilized form, were valued at 

160 US dollar million in 2010 and projected to increase to 230 million US dollar by 2015 [42]. 

Glucose isomerase is one of the most commercialized enzyme (10
7
 ton per year), which is 

especially useful for the production of high fructose corn syrup. Since 1967, many methods for the 

immobilization of glucose isomerase have been developed [43]. Alongside, and due to diverse 

applications, the global market of immobilized lipase still increasing and represents a product scale of 

10
11 

ton per year [42].  

Major enzyme producers are located in Europe, USA and Japan. Nearly 75% of the total 

enzymes are produced by three top enzyme companies, i.e. Denmark-based Novozymes, US-based 

DuPontand and Switzerland-based Roche. The market is highly competitive, has small profit margins 

and is technologically intensive [44].  
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I.2. Hydrogels 

 

Hydrogels have been found in nature since life on Earth and play an important role in 

entrapment. Many reports have been published about new chemical and physical structures, 

properties and innovative restricted applications of polymer hydrogels, demonstrating their importance 

beyond enzyme immobilization.   

 

According to SciFinder
®
, the first reference of hydrogel was in 1894 to describe a colloidal gel of 

inorganic salts. The first hydrogel polymer was synthesized in 1954, by Lim and Wichterle and it was 

made by synthetic poly-2-hydroxyethyl methacrylate. The development of the first soft hydrogel 

contact lenses by Wichterle in 1961 represented the first successful clinical application of hydrogel 

polymers and remains one of the most important uses of hydrogels today. In the 1980s hydrogels 

were modified for other applications. Lim and Sun (1980) obtained calcium alginate microcapsules for 

cell encapsulation, and Yannas et al. (1989) incorporated natural polymers such as collagen and 

shark cartilage into hydrogels for use as artificial burn dressings [45], [46].  

 

I.2.1. From characteristics to applications  

 

Hydrogel is a three-dimensional cross-linked hydrophilic polymer network capable of swelling 

and de-swelling reversibly in water and retaining large volume of liquid in swollen state (Figure 4). 

Swelling effect is quite a complicated process and consists of a number of steps [47].  

In general, the amount of water is at least 20% of the total weight [48]. If water is composed of 

more than 95% of the total weight, then the hydrogel is called superabsorbent [49]. 

The ability of hydrogels to absorb water arises from hydrophilic functional groups (NH2, COOH, 

OH, CONH2, CONH and SO3H) attached to the polymeric backbone, while their resistance to 

dissolution arises from crosslinks between network chains [50]. In the absence of crosslinking points, 

the hydrophilic linear polymer chains dissolve in water due to the polymer chain and water 

thermodynamic compatibility [50]. 

 

 
Figure 4. Representative image of a hydrogel. Adapted from [46]. 

 

The literature reports a number of classifications of hydrogels, and presents several views. 

According to the source, hydrogels can be divided into those formed from natural polymers (i.e. 
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chitosan (CS), alginate, hyaluronan, starch) and those formed from synthetic polymers (i.e. polyvinyl 

alcohol (PVA), polyvinylpyrrolidone, polyacrylamide) [51]. Synthetic polymers have been replaced 

natural polymer hydrogels because of their purity, high absorption capacity, well-defined structure and 

functionality, degradation and stability in varying ranges of pH, temperature and pressure [52]. One 

polymer from each source (PVA and CS) will be discussed in Chapter I.2.3 and I.2.4.  

On the basis of the cross-linking method, hydrogels can be divided into chemical, physical or 

radiation cross-linking. Also, hydrogels are classified into conventional or smart hydrogels. Smart 

hydrogels respond to environmental stimuli and experience unexpected changes in their growth 

actions, network structure, mechanical strength and permeability, hence called environmentally 

sensitive. Physical stimuli include temperature, electric or magnetic field, light, pressure and sound, 

while the chemical stimuli include pH, solvent composition, ionic strength and molecular species [53]. 

A biochemical stimulus involves the responses to ligand, enzyme, antigen and other biochemical 

agents [54]. Figure 5 represents the different classifications for hydrogels. 

 

 

Figure 5. Classification of hydrogels based on the different properties. Adapted from [51]. 

 

There are several methods to characterize hydrogels. An easy way to quantify the presence of 

hydrogel in a system is to disperse the polymer in water using a cylindrical vial and visually observe 

the formation of insoluble material. Morphology, particle size, cell toxicity are some of the features to 

characterize hydrogels. In order to achieve this characterization some methods can be used such as: 

solubility identification, swelling measurement, Fourier Transform Infrared Spectroscopy, Scanning 

Electron Microscopy, Light Scattering, sol-gel analysis or Nuclear Magnetic Resonance [50].  

 

Besides water holding capacity and permeability, biocompatibility is the third most important 

characteristic property. Generally, hydrogels possess a good biocompatibility since their hydrophilic 

surface has a low interfacial free energy when in contact with body fluids, which results in a low 

tendency for proteins and cells to adhere to these surfaces (antifouling property)  [50], [53]. 

The cross-links between the different polymer chains results in viscoelastic and sometimes pure 

elastic behavior and gives a gel its structure (hardness), elasticity and contribute to stickiness [50]. 
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Furthermore, hydrogels, due to their significant water content possess a degree of flexibility similar to 

natural tissue and low coefficient of friction. It is possible to change the chemistry of the hydrogel by 

controlling their polarity, surface properties, mechanical properties and swelling behavior  [50]. 

 

Due to these wonderful properties, hydrogels provide a platform for a range of applications. 

Park and Park (1996) have reviewed the potential of hydrogels in bioapplications [48]. Regenerative 

medicine and tissue engineering [48], [53], drug delivery [36],[42],[43], biosensors [57], [58], cancer 

therapy [59], uterine artery embolization procedure [60], embolization of spinal tumors [61] and 

pharmaceuticals [62] are some of the bioapplications reported. Also, hydrogels may be applied to the 

development of protein microarrays and microfluidics [63], [64], food additives [65], agriculture as a 

fertilizer release system to encourage the soil [66], wound dressing [67], cosmetic industry [68] and 

wastewater treatment [69]. 

In addition, hydrogels are known to be suitable materials for enzyme immobilization. The 

successfully immobilization of enzymes in hydrogels are now well documented. The fact that such gels 

with a water content of about 96% provide a microenvironment for the immobilized enzyme close to 

that of the soluble enzyme with minimal diffusion restrictions is a significant advantage. However, 

every coin has two sides. Hydrogels are impaired by low mechanical strength/stability (particularly 

those from natural polymers) and enzyme leakage trough the pores of the gel lattice (Table 3) [70].  

 

I.2.2. Technologies adopted in hydrogel preparation 

 

Polymer chains per se are not useful in the majority of applications, since they do not have 

suitable properties; therefore the production of hydrogels is required.  

The main steps of production of hydrogels are represented in Figure 6. If synthetic polymers are 

used, a polymerization step is usually necessary in early stages. Depending on the type of polymer 

could be necessary to perform a chemical treatment in order to have proper functional groups. Then, 

the cross-linking between polymer chains and the solidification process are performed. Last process 

includes a drying process or addition of solvents or salts, which will promote the solidification. Each 

step should be chosen depending on the type of polymer, the immobilized enzyme, the matrix 

appearance, the application intended, among others.  

 

 

Figure 6. General hydrogel preparation diagram. 

 

Regarding cross-linking, it could be physical cross-linking, chemical cross-linking and radiation 

cross-linking. While physical hydrogels are reversible due to the conformational changes, chemical 

Polimerization 

Chemical 
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Cross-linking 
process  

Solidification 
process 
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hydrogels are irreversible [50]. Hence, the physical cross-linking is not as strong or as stable as the 

chemical one.  

 

Radiation cross-linking is widely used technique since it does not involve the use of chemical 

additives and therefore retaining the biocompatibility of the biopolymer. However, it requires specific  

equipment [71]. The technique mainly relies on producing free radicals in the polymer following the 

exposure to the high energy source such as gamma ray, x-ray or electron beam. The action of 

radiation (direct or indirect) will depend on the polymer environment (i.e. dilute solution, concentrated 

solution, solid state) [72]. 

 

Chemical cross-linking can be achieved through the reaction of polymer functional groups (such 

as OH, COOH, and NH2) with cross-linkers as aldehydes (e.g. glutaraldehyde, boric acids, boronic 

acids) [50]. Glutaraldehyde (GA) has been used more frequently as a cross-linking agent than any 

other reagent, as it is less expensive, readily available, and highly soluble in aqueous solution [73].  

The high reactivity of the aldehyde groups, which readily form imine bonds (Schiff’s base) with amino 

groups and acetal bonds with hydroxyl groups provides the efficiency of GA on the cross-linking of 

several polymers [74]. Due to the proved toxicity of these compounds, physical cross-linking is 

preferable for pharmaceutical, medical or food applications. However, GA remains an important 

component of current commercial glucose isomerase products including Sweetzyme
tm

 and 

GenSweet IGI, marketed by Novozymes A/S and Genencor (now DuPont Industrial Biosciences), 

respectively [42].  

 

Physical cross-linking of polymer chains can be achieved without the need for chemical 

modification or the addition of cross-linking entities. This method uses a variety of environmental 

triggers as pH, temperature or ionic strength and, a variety of physicochemical interactions, as follows: 

hydrogen bonding, ionic interaction or Van der Walls interactions [75].  

 

I.2.3. Polyvinyl alcohol (PVA) based hydrogels  

 

Polyvinyl alcohol (PVA) is a biodegradable synthetic polymer, odorless and tasteless, 

translucent, white or cream colored granular powder. PVA was first prepared by Haehnel and 

Herrmann in 1924 by hydrolyzing polyvinyl acetate in ethanol with potassium hydroxide. The first 

scientific reports on PVA were published in 1927. PVA is the largest volume synthetic resin produced 

in the world [76].  

 

I.2.3.1. Structure and properties of PVA  

 

PVA is a linear polymer which has a relatively simple chemical structure with a pendant 

hydroxyl group. PVA is not prepared by polymerization of the corresponding monomer (vinyl alcohol), 
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since it does not exist in a stable form (occurring rearrangements with its tautomer). Instead, PVA is 

commercially produced through the polymerization of vinyl acetate to polyvinyl acetate (PVAc), 

followed by partial or complete hydrolysis of PVAc to PVA, removing acetate groups (Figure 7) [71]. 

 
 

 

Figure 7. Schematic of the reaction of the PVAc to PVA. In red are the acetate groups whereas in green are the 

hydroxyl groups. 

 

The polymerization step controls the length (called degree of polymerization) of the vinyl acetate 

molecular chains, and therefore the molecular weight. The PVA membrane strength, aqueous solution 

viscosity, and other properties vary greatly depending on the degree of polymerization. It is also 

possible to produce PVA with different characteristics by copolymerizing other monomers during this 

process [71]. 

Whereas the hydrolysis step controls the amount of hydroxyl groups, which determine the 

degree of hydrolysis (Figure 8) [71]. These hydroxyl groups are prompt to suffer simple modifications, 

which is an advantage for hydrogel production. The degree of polymerization (DP) and the degree of 

hydrolysis (DH) determine physical, chemical and mechanical properties of PVA (Figure 9) [76]–[78]. 

Commercial PVA grades are available with high degrees of hydrolysis (above 98.5%) [71]. 

 

 
 

Figure 8. Degree of hydrolysis (DH) and polymerization (DP) of PVA. 

From http://www.j-vp.co.jp/english/product/pva/index.html. 

 

Solubility is one of the properties which will be pointed out. PVA is only soluble in highly polar 

and hydrophilic solvents, such as water, Dimethyl Sulfoxide (DMSO), Ethylene Glycol (EG), and 

N-Methyl Pyrrolidone (NMP) and insoluble in organic solvents. The solubility in water is a function of 

the DP and DH, and solution temperature [78]. Fully hydrolyzed PVA is only completely soluble in hot 
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to boiling water, since hydroxyl groups in PVA contribute to strong hydrogen bonding both intra- and 

intermolecularly, which reduces solubility in water. The presence of residual acetate groups in partially 

hydrolyzed PVA weakens these hydrogen bonds and allows solubility at lower temperatures. In 

general, partial hydrolysis lower melting points, lower strength and lower water dissolution 

temperatures and, are easier to process than those based on fully hydrolyzed polymers [76]. 

 

 

Figure 9. Effect of molecular weight and % of hydrolysis in the properties of PVA. The variations in properties with 

molecular weight are for a constant degree of hydrolysis (mol %), and the effect of hydrolysis is at a constant 

molecular weight. From [76].  

 

I.2.3.2. Synthesis and properties of PVA hydrogels  

 

Due to its hydrophilicity, PVA must be cross-linking in order to be useful for a wide variety of 

applications, specifically in medicine and pharmaceutical sciences. In presence of cross-links it 

remains insoluble in solution, forming hydrogels. PVA crosslinking may be achieved by chemical, 

radiation or physical mechanisms. Some examples of how these mechanisms influence enzyme 

immobilization will be given. 

 

PVA hydrogels obtained by radiation cross-linking have already been documented. Jha and 

D’Souza (2005) prepared a polymer membrane of polyvinyl alcohol-polyacrylamide by γ-irradiation for 

entrapment of urease [79]. Bourke et al. (2003) obtained PVA hydrogels designed for wound-healing 

applications by ultraviolet photo-cross-linking of acrylamide-functionalized nondegradable PVA [80]. 

Nikolic et al. (2007) obtained PVA hydrogels membranes by gamma irradiation for  hydrogen fuel 

cells [81].  

 

Concerning chemical cross-linking, there are a wide variety of cross-linking agents for PVA such 

as glutaraldehyde (GA), acetaldehyde, formaldehyde, maleic acid and boric acid [82] [83]. Combining 

the use of one of these cross-linking agents with sulfuric, acetic acid or with methanol, leads to the 
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formation of acetal bridges between the pendant hydroxyl groups of the PVA chains [84]. The reaction 

modes can be adjusted by specific cross-linker agents and/or operational conditions, also the resulting 

cross-linked matrix is readily permeable to both water and salts [85].  

In present review only cross-linking with glutaraldehyde will be discussed. GA has gained 

increasing attention as a PVA cross-linking agent because of the absence of thermal treatment 

needed to drive the reaction. Also, is considered a bifunctional cross-linker, because it has two active 

sites, thus it can bind molecules of PVA together. The main drawback of this reaction is the acidic 

environment required, which could lead to the enzyme denaturation [85]. Moreover, GA is known to 

bind nonspecifically to biomolecules, such as proteins, so that it can bind such biomolecules and PVA 

together. The mechanism proposed for the reaction indicates that there is an optimum ratio between 

the reactants, PVA and GA, that favors the crosslinking of the polymer; an excess of the aldehyde can 

lead to the branching of PVA [86], as illustrated in Figure 10.  

 

  
Figure 10.  Mechanism of the reaction between PVA and GA. From [85].  

 

Although the reaction is typically favored in an acidic environment, Figueiredo et al. (2008) 

performed the crosslinking of PVA using GA in the absence of an acid catalyst and organic solvents. 

In this study, membranes were prepared at 40ºC with a pH of 6.2 and a GA/PVA mass ratio of 0.01, 

with the aim of the further entrapment of proteins in this matrix [85]. Additionally, Ca et al. (2001) show 

that PVA hydrogels are not thermosensitive when is used ethylenediaminetetraacetic dianhydride 

(EDTAD) as cross-linker [87]. Nunes et al. (2012) performed the immobilization of naringinase using 

GA as cross-linker and dimethyl sulfoxide (DMSO), which decreased the toxicity of the immobilization 

process and allowed the control of membrane porosity, respectively  [70]. Mansur et al. (2008) studied 

the influence of partially hydrolyzed PVA chemically crosslinked with GA for preparation pH sensitive 

hydrogels [88].  

 

The third mechanism of hydrogel preparation is physical cross-linking. PVAs are hydrophilic 

polymers whose concentrated aqueous solutions are capable of gelling per se with the formation of a 

non-covalent spatial network under prolonged storing. The gelation process could be done by 

cryogenic gelation techniques or non-cryogenic gelation techniques [89]. 
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Regarding cryogenic gelation techniques, this technique involves freezing and thawing cycles 

and, consequently the formation of cryogels and small microcrystals. In cryoPVA gels, hydrogen 

bonds are formed between hydroxyl groups of neighboring polymer chains (interpolymers) or between 

hydroxyl groups in the same polymer chain (Figure 11) [75], [89]–[91]. In general, freeze-thawing 

method is performed in water or in a dimethyl sulfoxide (DMSO)/water mixed solvent, where the 

intermolecular bonds formed during the process act as efficient crosslinks. The use of DMSO reduces 

the amount of ice formed and avoids phase separation, thus reducing porosity within the cryogel [89]. 

 

 

Figure 11. Network structure of PVA gels cross-linked by hydrogen bonds. From  [92]. 

 

Concerning non-cryogenic gelation methods of PVA, a straightforward method to produce PVA 

hydrogels was reported by Otsuka et al. [92]. The hydrogels were prepared by pouring a PVA solution 

into a plastic dish and leaving the sample in a closed space at room temperature for 7 days during 

which the water content decreased by 20 wt.-%. This incubation afforded formation of polymer intra- 

and intermolecular hydrogen bonds and the resulting hydrogels remained stable. This method is 

simple, safe, and inexpensive to obtain physical PVA gels, however is very time consuming when is 

produced large sized hydrogels [89].   

 

On the other hand, the gel formation by controlled drying at room temperature is already 

performed by GeniaLab, a company which offers ready-to-use PVA solutions, known as 

Lentikats [89]. Lentikats or lens-shape particles offer the following advantages: low costs for matrix 

and production, easy preparation, excellent mechanical stability, easy separation from reaction 

mixture and low diffusion limitation [93].  

Several bioprocesses have been developed up to a commercial scale using Lentikats
®
. One of 

the most successful involve the removal of nitrogen from wastewater, using immobilized Paracoccus 

denitrificans in high concentrations (30 times higher biomass content in comparison to activated 

sludge process), allowing the removal of nitrogen of up to 98% and reducing in 30% the operational 

costs and energy savings [94]. Pharmaceutical and food industry also benefit from Lentikats
® 

technology in the production of fructose, through the sucrose hydrolysis using immobilized invertase 

[95]. Ethanol production using immobilized Zymomonas mobilis is also one of the several applications 

of Lentikats
®

 [96]. 
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Although immobilization in Lentikats has already been successfully reported, enzyme 

immobilization often fails due to the small size and the possibility to diffuse out of the gel matrix. 

Therefore, some improvements to this methodology were performed. Gröger et al. (2001) reported no 

catalyst leaching when enzymes are cross-linking with chitosan and glutaraldehyde, to obtain a supra 

molecular structure prior to entrapment in Lentikats [97]. Fernandes et al. (2009) immobilized 

inulinase in PVA particles using Lentikat liquid followed by extrusion directly into polyethylene glycol 

(PEG) 600, which afforded an instantaneous gelation of PVA hemispheric particles, avoiding the 

drying process [27]. Also, the use of a chemical cross-linking (such as GA) after the formation of PVA 

lenses (Lentikats), leads to a supramolecular structure which provides more stability [98].  

In addition, Lentikats exhibit physical instability at around 55ºC and above this temperature, the 

PVA-based matrix lost their mechanical strength at these conditions and tended to melt [99]. The 

temperature is a key parameter in immobilization; therefore an improvement in parameter is an open 

field of research.  

 

Immobilizations in lenticular shape and in microbeads are attempts to solve the problem of 

mass transfer limitation, introducing new techniques that adjust the size and shape of PVA hydrogels. 

Gong et al. (2010) demonstrated that the introduction of montmorillonite (MONT) and 

dimethyldioctadecylammonium bromide (DDAB) into PVA matrices improve their limitation to organic 

compounds containing hydrophobic groups [100].  

 

Table 5 displays some examples of PVA hydrogels used for enzyme immobilization. Is 

important to highlight that the majority of PVA based hydrogels are prepared with the commercial 

preparation Lentikat liquid and the form of the matrix is mainly beads/capsules.  

 

Applications of PVA hydrogels beyond enzyme immobilization will be discussed further. 

 
 

Table 5. Examples of PVA based hydrogels for enzyme immobilization.  

Enzyme Matrix and mode of preparation  References 

Lipase Freezing and thawing PVA aqueous solutions [101] 

Invertase 
PVA-alginate solution was extruded into boric acid and  calcium chloride 

solution to form beads 
[102] 

Invertase Lentikats
 
capsules were formed and dried trough the standard method [95] 

Lipase PVA particles were formed by crosslinking with boric acid [103] 

Fructozyme L* Lentikat
 
liquid was extruded into polyethylene glycol (PEG) [27] 

Fructozyme L* 
Lentikat liquid  was either partially dehydrated trough the standard method or 

extruded into PEG 
[99] 

Naringinase PVA particles were formed using GA as cross-linker and DMSO as co-solvent [70], [104] 

ß-galactosidase Lentikat liquid  was partially dried by standard method [105] 

Fructozyme L Lentikat liquid was extruded into PEG and crosslinking with GA [98] 

*commercial preparation of inulinase from Aspergillus niger and Bacillus stearothermophilus 
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I.2.4. Chitosan (CS) based hydrogels  

 

CS is the second most abundant natural polysaccharide on Earth and it was discovered by C. 

Rouget in 1859 when he treated chitin in boiling and concentrated potassium hydroxide. Rouget 

named this structure “modified chitin”. This chitin-derivative was renamed chitosan by Hoppe-Seyler in 

1894. Only in 1950 was the structure of CS finally resolved [106]. In 1934, both the production of CS 

and the preparation of CS film and fibers were patented [107]. 

 

I.2.4.1. Structure and properties of CS  

 

CS is a linear and natural polymer, which is composed of D-glucosamine and N-acetyl-

D-glucosamine monomers linked by β-glycosidic bonds. This polymer is obtained through the alkaline 

N-deacetylation of chitin (Figure 12). Also, this polymer can be degraded by enzymes such as 

lysozymes, some lipases and proteases. Additionally, it is insoluble in most solvents, which 

determines its applications [108]. 

 

 
Figure 12. Reaction of N-deacetylation of chitin (A). The repeating structural unit of CS, showing the functional 

groups at positions C-2, C-3 and C-6 (B).  Adapted from [107]. 

 

As occur in PVA, the most important factor that determine physical, chemical and mechanical 

properties of CS, and consequently the specific applications, is the degree of deacetylation (DD) [106]. 

The DD of the CS is more than 50%, which means that the majorities of the CS monomers is in the 

deacetylated form and possess an amino group at the C-2 position. For commercial purposes the DD 

is usually 70-95% [109]. 

 

The free amino can be chemically modified leading to the formation of diverse derivatives with 

new bioactivity and biofunctionalities [110]. Additionally, amino groups make CS a cationic 

polyelectrolyte (pKa ≈ 6.5), one of the few found in nature. This basicity gives CS singular properties: 

CS is soluble in aqueous acidic media at pH < 6.5 and when dissolved possesses high positive charge 

on NH3
+
 groups, it adheres to negatively charged surfaces, it aggregates with polyanionic compounds 

A 

B 
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and chelates heavy metal ions [106], [111]. These characteristics offer extraordinary potential in a 

broad spectrum of CS applications. Furthermore, DD is an important factor on biocompatibility. It 

appears that the higher DD is characteristic of a higher biocompatibility. Therefore, it is important to 

choose CS with an appropriate DD for medical purpose [112]. 

 

I.2.4.2. Synthesis and properties of CS hydrogels 

 

As PVA hydrogels, CS hydrogels can be produced mainly by chemical or physical crosslinking. 

There are several chitosan chemical cross-linkers already described such as genipin [113], glyoxal 

[114], epichlorohydrin [115] and ascorbic acid [116] and GA [117]. GA seems to be the most studied 

cross-linker, in Figure 13A is represented the reaction between CS and GA.  

Alternatively to covalent bonds, ionic agents promote ionic gelation and electrostatic interactions 

between the positively charged chitosan chains and polyanions. Sodium tripolyphosphate (TPP) and 

calcium phosphate are the most reported ones [118]. TPP have been employed in enzyme 

immobilization matrices, since it reduces the gel pores size and is nontoxic [111].  The cross-linking 

structure of the CS-TPP system is mainly determined by the reaction between the amino groups of CS 

and TPP ions, and this reaction depends strongly on the associated pH (Figure 13B). Bhumkar  and 

Pokharkar  (2006) described that in TPP at higher pH (pH 9) both the OH
– 

and phosphoric ions are 

present, which compete with each other to interact with the –NH3
+
 sites of chitosan [119]. Alsarra et al. 

(2004) studied the influence of the pH, TPP concentration and ionic strength of the gelling medium on 

the entrapment efficiency, release, and activity of lipase in chitosan hydrogel beads [120].  

 

                               

Figure 13. Interactions of CS with GA (A) and TPP (B). Adapted from [117]. 

 

Table 6 summarizes some examples of CS hydrogels cross-linked by TPP and/or GA. 

Additionally, several studies have been performed with a blend of polymers, one example are 

chitosan-alginate hydrogels, which have been applied in diverse fields [121].  

A B 
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Table 6. Examples of CS hydrogels for enzyme immobilization. 

Enzyme Immobilization technique References 

-galactosidase CS solution was extruded into TPP solution to form beads [122] 

Porcine pepsin 
CS solution was extruded into a cross-linker solution and 

reinforced with GA to form beads.  
[123] 

α-amylase CS solution was cross-lined with GA to form microbeads [124] 

Catalase 
CS solution was extruded into a cross-linker solution and 

reinforced with GA to form beads. 
[125] 

Tannase CS solution was extruded into TPP solution to form beads [126] 

-L-Arabinofuranosidase CS solution cross-linked with GA to form films [127] 

Lipase CS solution cross-linked with TPP to form beads [120] 

 

I.2.5. Applications of PVA and CS hydrogels 

 

PVA and CS based hydrogels, due to their unique physio-chemical and biological properties are 

attractive materials for use in innumerous applications. Both polymers can be easily modified through 

its free groups and they are commercially available in a wide range of molecular weights at low 

price [128]. 

 

The respective hydrogels exhibit hydrophilicity, biodegradability, biocompatibility, bioadhesive 

properties, non-toxicity and non-carcinogenic activity [129]. Nonetheless, PVA and CS hydrogels have 

some distinctive characteristics. PVA synthetic gels exhibit a high degree of swelling in water, a 

rubbery and elastic nature and excellent film-forming properties [129]. While CS natural gels display 

antimicrobial activity and physiological inertness, remarkable affinity to proteins, hemostatic, 

fungistatic, antitumoral and anticholesteremic properties [107]. Also, CS acts as a penetration 

enhancer by opening epithelial tight-junctions [130].  

The combination of CS and PVA should have beneficial effects on the biological characteristics 

of blend hydrogels. Hence, by combining hydrophilic polymers of different sources, a class of hybrid 

organic–organic network can be produced with properties not present in either one separately [131].  

  

Furthermore, PVA and CS hydrogels are attractive materials for biocatalysis being used as 

matrix networks for enzyme and cell immobilization. During this review several studies have been 

pointed out, supporting this statement. 

In addition, PVA and CS hydrogels have been employed in pharmaceutical and drug delivery 

systems [132]–[134], tissue engineering [135]–[137], soil remediation [138], wastewater treatment 

[139],  food packaging [140] and cosmetic industry [141]. PVA gels have also been used for contact 

lenses [142], in the lining for artificial hearts [143], tendon repair [144], artificial pancreas [145], topical 

pharmaceutical and ophthalmic formulation [146], uterine embolization procedure [147]. Whereas CS 

gels exhibit antitumor and anticoagulant activity [148], participate in delivery systems [149], artificial 

cells and hemodialysis membranes [150].  
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I.3. Protein model system - Inulinase enzyme 

 

I.3.1. Inulinase - general considerations  

 

Microbial inulinases belong to an important class of industrial enzymes that have gained 

increasing attention in the recent years, due to cost effective production and economically viable 

process. Inulinases can be produced by plants and a host of microorganisms, including fungi, yeast, 

and bacteria. Among them, however, Aspergillus sp. (filamentous fungus) and Kluyveromyces sp. 

(diploid yeast) are apparently the preferred choices for commercial applications [151].  

Inulinases belong to the glycoside hydrolase family 32 (GH32), promoting  the hydrolysis of 

O-glycosyl bonds, and have fructans as typical substrates, one example is inulin [152]. Microbial 

inulinases are classified as endoinulinase and exoinulinase, depending on their mode of action. Few 

inulinases have been their crystal structures available; one example is the exo-inulinase from 

Aspergillus awamori (Figure 14) [152]. 

 

 

Figure 14. Representative crystal structure of an exo-inulinase from Aspergillus awamori. The structure is a 

monomer with two domains and glycerol and N-acetyl-D-glucosamine are represented as ligands. PDB ID 1Y4W. 

 

Endoinulinases (2,1--D-fructan fructanohydrolase, EC 3.2.1.7) are specific to inulin and 

hydrolyze it by breaking the bonds between fructose units that are located away from the ends of the 

polymer network to produce oligosaccharides, similar to fructooligosaccharides (FOS). This type of 

reaction requires a strict control of reaction time to achieve the desired polymerization grade [152]. 

Exoinulinases (-D-fructan fructohydrolase, EC 3.2.1.80) split terminal fructose units from the 

non-reducing end of the inulin molecule to liberate fructose (Figure 15). This reaction yields up to 95% 

fructose. The property of having an exo or an endo action also depends on the microbial origin of the 

enzyme [152]. 

Inulinases can be used in a wide range of industrial applications, for high fructose corn syrup 

(HFCS) obtaining from inulin, bioethanol production, inulo-oligosaccharide production, single-cell oil 

and single-cell protein production, some chemicals production like citric acid, butanediol, alcohols, 

lactic acid etc. [153]. 
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Figure 15. Full inulin hydrolysis. Adapted from [152]. 

 

I.3.2. From inulin to fructose 

 

Inulin belongs to the class of carbohydrates known as fructans, which is a natural storage 

polymer found widely in plants such as chicory, artichoke and banana [154]. Inulin consists of fructose 

molecules linked by β-(2→1) glycosidic bonds, which are responsible for its nutritional characteristics. 

It may contain either a terminal -D-fructose or a  -D-glucose molecule [155]. 

The number of fructose units can vary from few units to about 70 units depending on the origin. 

Figure 15 exemplifies the chemical structure of inulin, were “n” represents the number of fructose 

units. Considering the enzymatic reaction through the use of inulinase the final product ratio is 

dependent on the number of units of fructose and glucose in inulin. 

Besides the potential source of fructose, inulin is used as an indigestible soluble dietary fiber 

and thickener in foods. Also, it can be used for the production of fructooligosaccharides (FOS) with 3 

to 8 units of monomers. FOS have a prebiotic activity in human health since they stimulate the growth 

of a limited number of bacteria in the colon, increasing the effectiveness of probiotic products [156], 

[157]. Also, inulin is associated with the decrease in glucose blood level and the improvement of 

calcium absorption [158]. 

 

Concerning the product, fructose (C6H12O6), it is a monosaccharide present in a large number of 

fruits, particularly in apples and tomatoes, in honey, and has been also detected in some mammal’s 

semen. It can be observed in two enantiomers: D-fructose and L-fructose; the last one cannot be 

found in nature [159]. Another important property is that fructose is 1.3 times sweeter than sucrose on 

an equal solids weight basis [160]. This means that any current application were sucrose is used as 

sweetener can be performed identically by using a quantity of fructose reduced by a factor of 

1.3 [159]. Due to its sweetness, fructose is emerging in the world of sweeteners facing the competition 

with sucrose, which causes problems related to corpulence, carcinogenicity, arteriosclerosis and 

diabetes [161]. The use of fructose in food and pharmaceutical formulations has gained some 

relevance because of its sweetness properties. In the food sector, fructose are used as sweetening 

agents and in different formulations, viz. as stabilizing agent [159]. Also, the pharmaceutical sector 
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uses fructose in tablets, syrups, and solutions as a flavoring and sweetening agent. The market for 

HFCS rose steadily until 2000, as evidenced by the production in the USA, which is increased from 

2.2 million tons in 1980 to 9.4 million tons in 1999 [162]. From then on there has been a slow decline 

[163] to around roughly the 90% of the peak value, but it is still an impressive market. 

 

I.3.3. Inulin hydrolysis for fructose production 

 

The hydrolysis of inulin can be acid or enzymatic. Although the enzymatic method tends to gain 

relevance due to his high yields and minimal product contamination, the acid hydrolysis has been 

mostly used until nowadays. 

 

In the case of acid hydrolysis of inulin, it can occur at low pH and high temperatures (80-100°C), 

using organic or mineral acids or through heterogeneous catalysis using solid acid catalysts, such as 

acid-cation exchange resins, zeolites or oxidized activated carbon [162]. The disadvantages of this 

chemical approach are the formation of unwanted by-products and of colored or color forming 

compounds, which lower product yield and require a more demanding downstream processing [164]. 

 

The enzymatic hydrolysis of inulin can be carried out by inulinase preparations, typically 

displaying both exo- and endo-activity. Until now, the most common commercially available enzyme 

formulation was Fructozyme L, from Novozymes. It is a mixture, composed by approximately 10% of 

endoinulinase from Aspergillus niger (EC 3.2.1.7) and 90% of exoinulinase from Bacillus 

stearothermophilus (EC 3.2.1.80). However this preparation is no longer available. Recently, another 

formulation of a mixture with exo and endoinulinase Aspergillus niger is commercialized by Megazyme 

(Fructanase Mixture) [165]. Until now no immobilization studies were published using this enzymatic 

formulation.  

 

Pandey et al. (1999) noted that fungal inulinases exhibited an optimum pH between 4.5 and 7.0, 

yeast inulinases between 4.4 and 6.5 and bacterial inulinases between 4.8 and 7.0 [166]. Optimal 

temperature values were generally higher for bacteria and yeasts than for fungi. The values from pH 

and temperature are not necessarily those that will be used in an industrial process because of inulin 

solubility, enzyme stability or risk of contamination for instance [159]. Other properties, such as 

molecular weight, kinetic parameters, type of substrate are strictly related to the producing micro-

organism. 

According to Carniti et al. (1991) the rate of reaction increases with inulin concentration and no 

inhibitory effect was observed at any concentration [167]. He also noticed that a significant inulin 

concentration is desirable because the presence of the substrate stabilizes the enzyme [159]. 

Fructose inhibition has been hinted, but this only occurs at initial fructose concentrations over those 

that are expected at the end of a typical bioconversion run, starting with a saturated inulin solution at 

50ºC. This effect could be explained by the reaction equilibrium thermodynamics or by diffusion 

competition between large substrates molecules and small products [155].  
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I.3.4. Inulinase immobilization - review  

 

In the late 1970s, inulinase enzymes started to be immobilized for use in continuous systems. 

One of the first works on inulinase immobilization was by Nahm et al. (1979), who immobilized 

inulinase from Kluyveromyces fragilis on Tygon tubes by silanation in chloroform with 10% 

glutaraldehyde [159]. Table 7 reports some immobilized studies of inulinase in different type of 

matrices.   

 
 

Table 7. Studies of inulinase immobilization in different matrix composition. 

Type of inulinase Matrix composition References 

Fructozyme L* Alginate beads [168] 

Inulinase from Aspergillus fumigatus Chitin, casein and sodium alginate beads [169] 

Fructozyme L* Amberlite IRC 50 particles [170] 

Fructozyme L* PVA lenses (Lentikats) [27] 

Endoinulinase from Aspergillus niger Chitosan  beads [171] 

Inulinase from Kluyveromyces 
marxianus 

Sodium alginate beads cross-linking with GA 
and activated coal 

[172] 

Fructozyme L* PVA (Lentikats) lenses cross-linking with GA [98] 

Endoinulinase from Aspergillus niger Niobium beads [173] 

Crude inulinase from Aspergillus niger Chitosan beads [174] 

Fructozyme L* Polyurethane foam [175] 

Fructozyme L* Alginate–chitosan beads [176] 

*commercial preparation of inulinases from Aspergillus niger and Bacillus stearothermophilus 

 

I.4. Types of Reactors 

 

Since one of the most important applications of immobilized enzymes is industry, is important to 

discuss the main types of reactors used. The use of immobilized enzymes in industrial processes is 

performed in chemical reactors. A classification of enzyme reactor based on the mode of operation 

and the flow characteristics of substrate and product is summarized in Table 8.   

 
Table 8. Classification of enzyme reactors. Adapted from [177].  

Mode of operation Flow pattern Type of reactors 

Batch 
Well mixed Batch stirred tank reactor (BSTR) 

Plug flow Total recycle reactor 

Continuous 

Well mixed 
Continuous stirred tank reactor (CSTR) 

CSTR with membrane 

Plug flow 

Packed bed reactor (PBR) 

Fluidized bed reactor (FBR) 

Hollow fiber reactor 
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I.4.1. Batch operation  

 

Batch processes operate in closed systems; substrate is added at the beginning of the process 

and products removed only at the end. Batch reactors are the most commonly used type of rector 

when free enzymes are used as catalyst. In most cases no recovery of the enzyme is attempted.  

On the other hand, when immobilized enzymes are used in a batch operation, an additional 

separation is required to recover the enzyme preparation. During this recovery procedure appreciable 

loss of immobilized enzyme can occur, as well as, inactivation of the enzyme due to repeated recovery 

cycles. It is, therefore, obvious that batch reactors have a rather limited potential in industrial 

immobilized enzyme catalysis. Furthermore, the use of a simple batch reactor does not take 

advantage of the potential of continuous operation, a major feature of immobilized enzyme systems. 

 

The stirred tank reactor (STR) is the geometry which allows batch operation and the control of 

pH and temperature is straightforward. However, when immobilized enzymes are used is the shear 

stress induced by the stirring which create a hazardous environment for immobilized biocatalysts, 

particularly when hydrogels are used, since most of them are prone to abrasion. In this case, a 

possible alternative to the STR is the basket tank reactor in which the enzyme is retained within a 

“basket”, either forming the impeller “blades” or the baffles of the tank reactor. This process reduces 

the shear stress in the immobilized catalysts, easing their application in a stirred tank reactor and 

operation under continuous flow. However this type of reactor is seldom used due to significant mass 

transfer resistances associated [178]. 

Additionally, if the initial concentration of substrate is either harmful or inhibitory to the enzyme, 

then a fed batch mode may be used.  

 

I.4.2. Continuous operation  
 

The continuous mode exhibits advantages regarding batch mode, namely: easy of automatic 

control, of automation, easy to operate and quality control of the products.  

The most common enzymatic reactor configurations for continuous operation are the continuous 

stirred tank reactor (CSTR) and the plug flow reactor (PFR). These reactors are fundamentally 

different and represent two extremes, i.e. complete mixing in the tank reactor and no mixing at all in 

the PFR. 

Consequently, conditions within the CSTR are the same as the outlet stream, while in the PFR 

the conditions vary with length from inlet to outlet. While the CSTR operates under uniform conditions 

of low substrate and high product concentrations, the conditions of the PFR are never uniform. A 

nearly ideal CSTR is readily obtained in practice, but an ideal PFR is very difficult to construct. Several 

factors can give rise to deviations from a plug flow pattern in a packed-bed reactor. Temperature and 

velocity gradients normal to the flow direction and substrate diffusion in the axial direction are the most 

frequently occurring complications, and even small deviations from the idealized flow pattern can alter 
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the kinetics of the reaction considerably. In practice, tracing experiments should be carried out to 

establish deviation from ideality.  

The use of membrane bioreactors (MBR) is another configuration that allows continuous 

operation, thus overcoming batch reactors drawbacks such as batch-to-batch variation, high labor 

costs, frequent start-up and shut-down procedures. The basic feature of MBR is the separation of the 

enzyme, products and substrates by a semi-permeable membrane that creates a selective 

physical/chemical barrier. The components are separated through the action of a driving force (viz. 

chemical, potential, pressure, electric field). On the other hand the enzyme is physically retained within 

the system by the membrane, allowing the establishment of a continuous operation with a feed and 

product withdrawal [179]. 

Micro structured reactors are the most recent advance in bioreactors. Given the advances in 

miniaturization, it is possible to develop a chip-like device where the enzymes can be immobilized in a 

structured path previously designed. Micro structured rectors have a specific surface area between 

10000 and 50000 m
2
/m

3
 and have a flow highly symmetric and mostly laminar [180]. This reduction, 

as described already, has some advantages such as the lower volume and cost of equipment and 

higher yields [181]. 

 

It is known that the use of immobilized enzymes in enzymatic bioreactors is perfectly well-

established. In order to choose the most appropriate reactor system for a certain immobilized enzyme, 

several factors should be taken into account, viz. the type of immobilization that is used, the kinetic 

parameters and the operational stability of the immobilized enzyme, the mass transfer limitations and 

the mode of operation. 

 

I.4.3. Reactors used with immobilized inulinase 
 

Some authors reported on immobilized inulinases used in batch reactors, while others 

evaluated the performances of continuous reactors packed with immobilized inulinases on different 

supports.  

Rhee and Kim (1989) studied the hydrolysis of Jerusalem artichoke tuber juice by inulinase from 

Aspergillus ficuum (Novozym 230
TM

) in both batch and continuous reactors [182]. Kim et al. (1982) 

conducted the hydrolysis of inulin in a PBR after proving that, with other conditions unchanged, 

reactors with different height/diameter (H/D) ratios had different steady state conversions [183]. Gill et 

al. (2006) performed PBR tests with an exoinulinase from Aspergillus fumigatus immobilized on chitin, 

QAE-Sephadex and ConA linked-amino activated silica beads at 60ºC [169]. Wenling et al. (1999) 

analyzed different operating conditions. A 4.5% (w/v) inulin solution was completely hydrolyzed at 

50ºC by inulinase obtained from Kluyveromyces sp. Y-85 and immobilized on macroporous ionic 

polystyrene beads (D201-GM resin) [184]. 
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Chapter II. Objectives  

 

The use of immobilized enzymes is becoming one of the most powerful tools in biotechnology, 

having a profound impact on health, food supply, environmental protection and sustainable fuel 

production. Major challenges are referred to the design of robust enzyme immobilization protocol at 

reduced price. Also, overcame the low operational stability, still observed in most procedures.    

 

The main goal of the master project presented here is to produce and characterize resilient 

hydrogels, displaying high operational and thermal stability. A relatively simple, robust and low-cost 

procedure is intended, as to make the process appealing for commercial application and, alongside 

being competitive to the existing ones, namely Lentikat
  
liquid preparation. 

In order to achieve this goal, inulinase was selected to be the protein model system and, due to 

their chemical and biological properties, PVA and chitosan polymers were chosen to hydrogel 

production. 

 

For both types of polymers, the initial approach involved:  

 

 

The immobilization procedures which display the best results, considering concentration of 

fructose and physical stability of the matrix, were singled out for detail characterization. The kinetic 

parameters, pH and temperature profiles as well as the thermal and storage stabilities were 

established for free and immobilized inulinase. Operational stability was also tested in continuous flow 

in a miniature, custom-made, packed bed reactor.  

 

In order to accomplish the results, analytical methods mostly spectrophotometric methods (DNS 

for reducing sugars and Bradford for protein quantification) and HPLC analysis were performed. Also, 

SDS-PAGE was performed to evaluate the size of inulinase(s).   

 

Lastly, the results will be compared with literature and commercial preparations available.  

Polivynil Alcohol (PVA) 

Inulinase entrapment in PVA films 

Different PVA molecular weights and 

volumes of cross-linker were tested; 

Enzymatic hydrolysis assays at different 

temperatures were accessed. 

Chitosan (CS) 

Inulinase entrapment in CS beads 

The effect of different treatments (upon 

immobilization) was analyzed; 

Enzymatic hydrolysis assays at different 

temperatures were performed.  
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Chapter III. Materials and Methods 

 

III.1. Chemicals and Materials 

 

Fructanase Mixture (batch number 121001), a commercial mixture of endo and exoinulinase 

from Aspergillus niger, was provided by Megazyme (Bray, Ireland). The enzyme was kept at -20°C as 

suggested by the manufacturer. Chitosan (CS) (average MW  200 kDa) was from Acros Organics
 

(Geel, Belgium). Polyvinyl alcohol (PVA) (98.0%-98.8% hydrolyzed, average MW 50 kDa) from Acros 

Organics. Mowiol
 
28-99 (PVA, average MW 145 kDa) and Mowiol

 
10-98 (PVA, average MW 61 kDa) 

were from Sigma-Aldrich (St Louis, USA). Glutaraldehyde (GA), as 24% (w/w) aqueous solution, and 

sodium tripolyphosphate (TPP), as 85% pure, were purchased from Acros Organics. Inulin (Fibruline 

S-20 with an average polymerization degree of about 10-12 units) was an offer by Induxtra (Moita, 

Portugal). All solutions were prepared in distilled water. All other chemicals were of analytical grade 

from various suppliers.  
 

 

Spectrophotometer SPECTRA MAX PLUS 384 was from Molecular Devices (Sunnyvale, USA). 

Controlled temperature environment was promoted using either a Thermomix MM thermoregulator 

from B. Braun (Melsungen, Germany), an immersion thermostat ECO E4 from LAUDA (Lauda-

Königshofen, Germany) or an orbital shaker Agitorb 160 E from Aralab Equipamentos de Laboratório 

e Electromecânica Geral, LDA (Albarraque, Portugal). Peristaltic pump Watson Marlow 205S (ERT, 

Lisboa, Portugal) and 2-stop tubing with an internal diameter of 0.48 mm and an external diameter of 

0.91 mm from IDEX ISMATEC (Qlabo, Lisboa, Portugal). The reactor was designed and assembled in 

acrylic at Acrilicos Fernando Gil (Lisboa, Portugal). The reactor (Figure 16) has 3 cm height for 1 cm 

width and a pre-chamber at both ends with 3 mm height and 9 mm width. Filter paper was inserted 

into inlet and outlet to avoid clogging. 

 

 

Figure 16. The miniature tubular reactor configuration used for continuous flow operation. 
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III.2. Analytical methods 

 

III.2.1. Quantification of reducing sugars by DNS method  

 

Reducing sugars were quantified by the 3,5-dinitrosalicylic acid (DNS) method developed by 

Miller [185], but adapted to a microplate format, as described by Nunes et al. (2010) [186]. Briefly, 

10 µL of sample were added to 90 µL of distilled water. 100 µL of DNS was added to each standard or 

unknown sample replicate. In order to have rapid analyze result, 10 µL of acetate buffer solution 

100 mM at pH 4.5 or 5.0 was used as negative control, whereas 10 µL of fructose 50 g.L
-1

 was used 

as positive control. Then, an incubation at 100°C for 5 minutes (the plate was covered to avoid 

evaporation) was performed. After the plate was cooled at room temperature, 500 µL of distilled water 

was added and 200 μL of the resulting solutions was transferred to 96 well microplates (ELISA plates). 

Then, the absorbance at 540 nm was measured for the quantification of the reducing sugars, which 

was performed with reference to a calibration curve previously established (Annex I). Standardization 

was obtained with fructose concentrations ranging from 0 to 5 g.L
-1

. All samples and diluted fructose 

standards were analyzed in triplicate at least.  

 

III.2.2. Quantification of reducing sugars by HPLC method 

 

In order to establish a comparison between the results from DNS and to guarantee the use of 

DNS as a viable and fast method, the quantification of fructose in high performance liquid 

chromatography (HPLC) was also carried out. The samples were first diluted 1:2 (v/v) with a H2SO4 50 

mM solution and centrifuged for 2 minutes at maximum speed. The supernatant was then diluted 1:10 

(v/v) with a H2SO4 50 mM solution for a final volume of 1 mL in the HPLC vial. The HPLC run used 20 

µL of sample. The RI-detector L-2490 Elite Lachrom was form Hitachi and the analytical HPLC column 

Rezex ROA – organic acid 8% cross linking (30 mm) was from Phenomenex, USA. The area of the 

samples was compared with the calibration curve (Annex I) that was prepared using the same 

procedure.   

 

III.2.3. Bradford protein quantification   

 

Quantification of protein (inulinase) was carried according to Bradford (1976) [187], but adapted 

to micromethod, as described by Nunes et al. (2010) [186]. In the Bradford microplate procedure, 

150 µL of sample and of each diluted inulinase standards were added to 150 µL of Bradford reagent 

(Sigma–Aldrich), in a 96 well microplate (ELISA plates). A solution of acetate buffer 100 mM pH 4.5 or 

5.0 was used as blank. The solution was mixed and incubated during 10 minutes at room temperature. 

Then, the absorbance at 595 nm was measured for the quantification of the protein, which was 

performed with reference to a calibration curve previously established (Annex II). Standardization was 

obtained with bovine serum albumin (BSA) (Thermo Scientific Pierce BSA Protein Assay Standards, 
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Thermo Fisher Scientific, USA) concentrations ranging from 2.5 to 20 µg.mL
-1

. All samples and diluted 

inulinase standards were analyzed in triplicate. 

 

III.2.4. Protein characterization by SDS-PAGE 

 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) was performed to 

evaluate the size of inulinase(s). The buffer sample was prepared with 62.5 mM Tris–HCl pH 6.2, 

2% (w/v) SDS, 0.01% (w/v) bromophenol blue, and 10% (v/v) glycerol. The samples were denaturated 

in reducing conditions with 100 mM dithiothreitol (DTT) at 100°C for 5-10 minutes. Samples were 

loaded in a 12% acrylamide gel, prepared from a 40% acrylamide/bis stock solution (29:1) (Bio-Rad), 

and ran at 90 mV using a running buffer composed by glycine 192 mM, Tris 25 mM, and 0.1% SDS 

pH 8.3. Gels were stained with Coomassie PhastGel (Pharmacia AB Laboratory Separations
®
). Gels 

were de-stained using a 30% ethanol/10% acetic acid solution. The molecular markers used were 

Precision Plus Protein Dual Color (BioRad). 

 

III.3. Immobilization procedures  

 

III.3.1. Enzyme immobilization in polyvinyl alcohol (PVA) film 

 

In order to entrap inulinase in PVA film, a PVA solution (5% w/v in aqueous solution) was 

prepared by heating at 100ºC and then cooled to 40ºC. Before the addition of enzyme suspension, the 

pH was adjusted to 4.5, with hydrochloric acid 5 M or sodium hydroxide 2 M. The enzyme suspension 

(500 µL of a 10-fold diluted preparation in acetate buffer 100 mM pH 4.5) was added to the PVA 

solution and mixed under mild magnetic stirring. Then, pH was again adjusted to 4.5 and 2 mL of this 

enzyme enriched solution was added to each of the four screw-capped vessels. After, different 

volumes of GA (50 µL, 100 µL, 200 µL and 400 µL) were added to the corresponding vessel. The 

solutions were incubated for 16 hours at 35ºC to promote a controlled dehydration. After film 

formation, it was rinsed with distilled water and the excess of water was removed with filter paper. The 

film was weighted and stored in acetate buffer 100 mM pH 4.5 at 4°C until use. Figure 17 represents 

the enzyme immobilization in PVA.  

  

 

 
Figure 17. Schematic representation of enzyme immobilization in PVA.  

 

Incubation 
at 35ºC 

PVA solution 
(pH 4.5) 

Addition of 
enzyme diluted 

solution 

Enzyme enriched 
solution (pH 4.5) 

2 mL to each 
vessel 

Addition  
of GA  50µL 100µL 

200µL 400µL 
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The immobilization procedure was performed for three different PVA molecular weights, 50 kDa, 

61 kDa and 145 kDa. 

 

To evaluate the effect of different volumes of cross-linker added as well as temperature on 

immobilized biocatalyst, enzymatic hydrolysis assays were performed in 10 mL screw-capped vessels 

at different incubation temperatures (45ºC, 50ºC, 55ºC, 60ºC and 65ºC) with a stirring rate of 

1000 rpm. Approximately, 100 mg of each PVA film, with different MW and volume of GA, were 

weighted. For each temperature, 1 mL of 5% (w/v) inulin substrate solution in acetate buffer 100 mM 

pH 4.5 was added to the vessel. Samples (10 µL) were collected at 2.5, 3.5, 6.5 and 24 hours after the 

beginning of incubation and immediately assayed for reduced sugars. Results are expressed as 

concentration of fructose (g.L
-1

) over time (hour). 

 

III.3.2. Enzyme immobilization in chitosan (CS) beads  

 

For the CS immobilization inulinase protocol, a methodology adapted from Wentworth et al. 

(2003) [122] was used. Briefly, 1.5% (w/v) CS solution in 3% (v/v) acetic acid was prepared and stirred 

for 2 hours. 100 µL of enzyme suspension (10-fold diluted preparation in acetate buffer 100 mM 

pH 4.5) was added to 900 µL of CS solution and mixed under magnetic stirring. The resulting solution 

was extruded through a 1 mL needle (Therumo Neolus, 20 G×2’’, Therumo Corp., Leuven, Belgium) 

into a solution of 15% (w/v) sodium tripolyphosphate (pH 5.0) at a vertical distance of approximately 

15 cm, under mild stirring. After extrusion and curing for 10 minutes the beads were removed from the 

sodium tripolyphosphate solution and rinsed with distilled water. Excess of water in the beads was 

removed with filter paper.  

 

A second immobilization approach was executed using more concentrated CS solutions (35.0, 

48.3 and 68.3 g.L
-1

). 100 µL of enzyme suspension (10-fold diluted preparation in acetate buffer 

100 mM pH 4.5) was added to 900 µL of CS solution and mixed under the vortex. The resulting 

solution was extruded through a 1 mL needle (Therumo Neolus, 20 G×2’’, Therumo Corp., Leuven, 

Belgium) into a solution of 15% (w/v) sodium tripolyphosphate (pH 5.0) at a vertical distance of 

approximately 15 cm, under mild stirring. After extrusion and curing for 10 minutes the beads were 

removed from the sodium tripolyphosphate solution and rinsed with distilled water. Excess of water in 

the beads was removed with filter paper.  

 

After immobilization procedure, CS beads were weighted and divided into three parts. One 

portion for stabilization in acetate buffer 100 mM pH 4.5 at 4°C (absence of treatment), a second 

portion of the beads were dehydrated in desiccator during 15 minutes and the remaining beads were 

reinforced with 500 µL of GA during 1 hour under magnetic stirring (850 rpm). Then, they were 

weighted and stored to stabilize in acetate buffer 100 mM pH 4.5 at 4°C until use.  

In Figure 18 is the schematic representation of the immobilization of inulinase in chitosan 

beads. 
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Figure 18. Schematic representation of enzyme immobilization in CS. 

 

To study the influence of each applied treatment as well as temperature on immobilized 

biocatalyst, enzymatic hydrolysis assays were performed in 10 mL screw-capped vessels at different 

incubation temperatures (50ºC, 55ºC, 60ºC and 65ºC) with a stirring rate of 1000 rpm. Approximately, 

100 mg of each type of CS matrix (absence of treatment, dehydrated or reinforced with GA) were 

weighted. For each temperature, 1 mL of 5% (w/v) inulin substrate solution in acetate buffer 100 mM 

pH 4.5 was added to the vessel. Samples (10 µL) were collected at 2.5, 3.5, 6.5 and 24 hours after the 

beginning of incubation and immediately assayed for reduced sugars. Results are expressed as 

concentration of fructose (g.L
-1

) over time (hour).   

 

The procedures described henceforth were only performed with the matrices selected, namely 

PVA film 50 kDa reticulated with 400 µL of GA and CS beads reinforced with GA. 

 

III.4. Immobilization efficiency, protein entrapment and immobilization yield   

 

The amount of protein loaded on the matrix was calculated from the difference of initially added 

protein to the protein obtained in the washing plus supernatant. The protein content was calculated 

using the Bradford micro-method optimized for these studies (c.f. III.2.3).  

 

The immobilization efficiency was defined in the Equation 1: 

 

𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝑇𝑜𝑡𝑎𝑙 𝐼𝐴 𝑎𝑑𝑑𝑒𝑑−𝐼𝐴  𝑖𝑛 𝑡ℎ𝑒 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝑇𝑜𝑡𝑎𝑙 𝐼𝐴 𝑎𝑑𝑑𝑒𝑑
× 100                              (1) 

 

whereas IA stands for inulinase activity. 

 

 

Protein entrapment was determined as follows: 

 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑒𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 (%) =  
𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑎𝑑𝑑𝑒𝑑 − 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑎𝑑𝑑𝑒𝑑
× 100                                    (2) 

Sodium tripolyphosphate solution  

Chitosan solution with inulinase  

 

Beads 
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At immobilization step, the matrices were washed with distilled water to remove the excess of 

cross-linker and unbound enzyme. The immobilization yield (%) was determined as defined in the 

Equation 3: 

 

𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =  
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑑 𝑒𝑛𝑧𝑦𝑚𝑒

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑒𝑛𝑧𝑦𝑚𝑒
× 100                                (3) 

 

 

Enzyme activity (U) is defined as the amount of protein needed to convert 1 µmol of reducing 

sugars in 1 minute.  

 

III.5. Bioconversion studies 

 

Inulinase bioconversion studies were carried out in magnetically stirred (850 rpm) 10 mL screw- 

caped vessels at 50ºC (free enzyme), 55ºC (enzyme immobilized in PVA) and 65ºC (enzyme 

immobilized in CS). A 2 mL of a 5% (w/v) inulin prepared in acetate buffer 100 mM pH 4.5 (free 

enzyme) or pH 5.0 (immobilized enzyme) with either: 50 µL of a 100-fold diluted preparation of 

Fructanase Mixture; 60 mg of immobilized enzyme in CS beads or 100 mg of immobilized enzyme in 

PVA film. When assessing inulinase activity in supernatants, 500 μL of supernatant were mixed with 

3 mL of a 5.6% (w/v) solution of inulin in acetate buffer 100 mM pH 4.5 containing. The bioconversion 

runs were performed at 50ºC in 10 mL screw-capped, magnetically stirred (850 rpm) reactors.  

Samples were collected: every 5 minutes until 40 minutes for the immobilized enzyme; every 3 

minutes until 15 minutes for the free enzyme. Then, samples (10 µL) were immediately quenched in 

DNS reagent and assayed for quantification of reducing sugars. Enzyme activity was determined 

through the initial reaction rates. Each bioconversion run was performed in duplicate, at least.  

 

III.6. pH and temperature profiles  

 

The effects of pH and temperature on enzyme activity were evaluated in batch runs by 

incubating either form of the enzyme in inulin solutions, 5% (w/v) in acetate buffer 100 mM, in a pH 

range of 3.6 to 5.5, and in a temperature range of 45ºC to 70ºC. The conditions of enzymatic assays 

were performed as described in Bioconversion studies. Also, samples (150 µL) were collected from 

supernatant for protein detection by Bradford method. All runs were performed in triplicate. Results 

were represented as relative activity (expressed as percentage), as follows:  

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 
× 100                                                 (4) 

 

 



37 

 

III.7. Optimal mass of matrix for conversion 

 

For the determination of the effect of matrix weight in the reaction different amounts of matrix 

were tested. For this assay PVA film and CS beads were used. Runs were performed in 10 mL 

screw-capped vessels, filled with 2 mL of a 5% (w/v) inulin solution in acetate buffer 100 mM pH 5.0. 

Matrix weights of 40 mg, 80 mg, 120 mg and 200 mg were used. The agitation was promoted by 

magnetic stirring (850 rpm) at 55°C and 65ºC for PVA and CS immobilized inulinase, respectively. The 

determination of enzyme activity was performed as described in Bioconversion studies. All the assays 

were performed in duplicate. The results were converted in relative activity (Equation 4).  

 

III.8. Determination of kinetic parameters 

 

The effect of substrate concentration in the free and immobilized inulinase activity was tested 

with different concentrations of inulin: 1.5%, 2.5%, 5.0%, 7.5%, 10.0%, 12.0% and 15.0% (w/v) in 

acetate buffer 100 mM pH 4.5 (for the free enzyme) or pH 5.0 (for the immobilized enzyme). For each 

run, 60 mg of CS beads and 100 mg of PVA film were weighted and 50 μL of 100-fold diluted 

preparation of free enzyme were used. Initial reaction rates were carried out as described in 

Bioconversion studies. The results were then processed and presented as specific activity (activity per 

mgenzyme) vs. inulin concentrations (g.L
-1

). Determination of kinetic parameters, Vmax and KM, was 

carried out through Hyper32 software and confirmed by excel using non-linear regression analysis. 

 

III.9. Stability studies 

 

III.9.1. Thermal stability 

 

The thermostability of the free and immobilized inulinase was determined under different 

temperatures (40ºC, 50ºC, 60ºC and 70ºC) for different time spans, namely: 48 hours for the 40C 

assay; 30 hours for the 50C assay; 10 hours for the 60C and 5 hours for 70ºC. 1.5 g of PVA film and 

800 mg of CS beads were weighted and incubated in 25 mL screw capped vessels, filled with 10 mL 

of acetate buffer 100 mM pH 5.0, with agitation promoted by magnetic stirring (850 rpm) at the 

determined temperature. Also, free inulinase as 100-fold diluted preparation in acetate buffer 100 mM 

pH 4.5 was incubated at defined temperatures with the same agitation. Biocatalyst, either in 

immobilized or free form was recovered at different times depending on the temperature, and initial 

activity assays were performed as described in Bioconversion studies. Simultaneously, samples from 

the supernatant were taken to assess protein leakage. The results were then analyzed and processed 

in order to determine the deactivation pattern according to the three-parameter bi-exponential model 

[188]. All the assays were performed in duplicate. 

 



38 

 

III.9.2. Storage stability 

 

Given amounts of immobilized biocatalyst PVA film and CS beads were stored (100 mg and 

60 mg for each independent run, respectively) at 4ºC in 25 mL screw capped vessels filled with 10 mL 

acetate buffer 100 mM pH 5.0. Also, 1 mL of free enzyme (100-fold diluted preparation in acetate 

buffer 100 mM pH 4.5) was stored. The storage stability was evaluated by determining the enzyme 

activity up to 180 days. Bioconversion studies and initial activity assays were performed as described 

in Section III.5. At the same time, a supernatant sample was collected to access protein leakage from 

immobilization matrices. The data was analyzed through the to the three-parameter bi-exponential 

model [188]. All the assays were performed in duplicate. 

 

III.9.3. Operational stability 

 

Operational stability was evaluated under continuous flow operation using a miniature tubular 

reactor for production of fructose. The reactor was immersed in a temperature-controlled bath and 

feeding was provided through a peristaltic pump. The assay was performed for both immobilization 

forms (PVA and CS).  

 

III.9.3.1. Determination of flow rate and reactor volume 

 

Distilled water was used for the calibration of the flow rates provided by the peristaltic pump 

using the mentioned tubing. The assay was performed in duplicate. For a given speed (rpm), distilled 

water samples were collected to an Eppendorf until 1 mL was achieved. The time to fulfill that volume 

was measured using a chronometer and the flow rate was determined (mL.min
-1

). The procedure was 

applied to several speed values (0.5 to 10 rpm) and the calibration curve relating speed (rpm) and flow 

rate (mL.min
-1

) was established (Annex III).  

 

The void volume was determined by filling the reactor with the correspondent biocatalyst, PVA 

or CS, and adding acetate buffer 100 mM pH 5.0. The volume between CS beads or PVA film was 

determined, which corresponded to the void volume (V).   

 The relation between total reactor volume (Vt), void volume (V) and volume of matrix (Vm) is 

given by: Vt = V + Vm. The total reactor volume was 2.75 mL.  

 

III.9.3.2. Continuous production of fructose 

 

Continuous production of fructose was performed during 31 and 47 days at 50ºC and 55ºC for 

immobilization in PVA film and CS bead, respectively. The reactor was filled with 3.450 g of PVA film, 

cut into cubes with dimensions of 2×2×2 mm in average, and 1.206 g of CS beads. A 5% (w/v) inulin 

solution in acetate buffer 100 mM pH 5.0 was fed to the reactor at a flow rate of 0.0053 mL.min
-1

. 
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Samples were collected on a daily basis and assayed for reducing sugars as well as for protein 

detection. Figure 19 represents the set-up assembled for the continuous production of fructose. As a 

side note, the set-up and the reactor described were used for both types of immobilized biocatalyst.  

Results were represented as product yield (expressed as percentage), as follows:  

 

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (%) =  
[ 𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒 𝑓𝑜𝑟𝑚𝑒𝑑] 

[𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 𝑓𝑜𝑟𝑚𝑒𝑑] 
× 100                                                      (5) 

 

 

 

 

Figure 19. Representation the set-up assembled for the continuous production of fructose. The miniature tubular 

reactor was immersed in a temperature-controlled batch and feeding was provided through the peristaltic pump. 

(A) Inlet – 5% (w/v) inulin solution in acetate buffer 100 mM pH 5.0; (B) Peristaltic pump; (C) Thermostat ECO E4 

where is immersed the reactor and is covered to avoid heat loss (D) Outlet – for DNS and protein analysis.   

 

  

A 

B C 

D 
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Chapter IV. Results and Discussion 

 

First part 

Preliminary studies were carried out in order to identify the most promising matrices for the 

immobilization of inulinase in PVA film and CS beads, which were afterwards characterized with more 

detail.  

 

IV.1. Polyvinyl alcohol (PVA) film immobilized inulinase 

 

The feasibility of the proposed methodology for enzyme immobilization in PVA was assessed 

primarily by evaluating the film formation. The effect of different MW and volume of cross-linker (GA) 

on film formation is presented in Table 9. The formation of immobilization matrices was effectively 

accomplished, only one solution did not solidify (PVA solution of 61 kDa with 50 µL) (Figure 20). The 

matrices had a cylindrical shape with approximately 5 mm of height and 15 mm of diameter, in 

average. 

 

Table 9. Effect of different PVA molecular weight and volume of cross-linker (GA) on film formation  

Polymer 

(PVA)  MW 

Volume of  

cross-linker (GA) 

Solidification 

Process 
Film Formation 

Film appearance and 

weight 

50 kDa  

50 µL 

Incubation 

during 16 hours 

at 35ºC 

 

Yes Transparent / 0.353 g 

100 µL Yes Transparent / 0.527 g 

200 µL Yes Transparent / 0.625 g 

400 µL Yes Transparent / 1.229 g 

61 kDa 

50 µL No (liquid state) - 

100 µL Yes Transparent / 1.340 g 

200 µL Yes Transparent / 0.566 g 

400 µL Yes Transparent / 1.338 g 

145 kDa 

50 µL Yes Transparent / 0.249 g 

100 µL Yes Transparent / 0.370 g 

200 µL Yes Transparent / 0.486 g 

400 µL Yes Transparent / 0.663 g 

 

 

    

Figure 20. Representative image of PVA film formed (61 kDa with 400 µL of GA) concerning the conditions 

previous described, inside the screw vessel (A) or removed from the vessel (B); Representative image of PVA 

solution of 61 kDa with 50 µL GA, which was not solidified (C).  

 

A 

 

B C 
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The process of cross-linking with GA presents several advantages, as already described, 

among them the fact that the method is quite simple and highly efficient. Also, GA can bind 

nonspecifically to proteins. The reaction mechanism of PVA with GA was described in Figure 10. 

A relationship between the volume of GA and matrix weight may be established: it seemed that higher 

volumes of GA led to an increase in film weight (Table 9). 

 

In order to evaluate the effect of temperature and volume of GA on the enzyme activity (as 

concentration of fructose over time) and on the resilience of catalytically active PVA films, incubation 

of inulinase immobilized in PVA films at different controlled temperatures (40ºC, 45ºC, 50ºC, 55ºC, 

60ºC and 65ºC) was performed.  

In a first approach, all the PVA films formed were tested at 40ºC in order to evaluate inulin 

hydrolysis and their endurance towards several hours of incubation. The results are expressed as 

concentration of fructose (g.L
-1

) over time (hour). Concerning the thermostability at 40ºC (Figure 21), 

after 2 hours of reaction the PVA films of 50 kDa with 50 µL and 100 µL of GA were in a liquid state. 

Therefore, they were not considered in the study.  

 

From Figure 21 is possible to observe that in all cases the concentration of fructose increases 

with the time, ultimately leading to close to or full hydrolysis of inulin after 24 hours. No trace of protein 

was detected in the supernatant by Bradford method.  

 

The catalytic activity of the immobilized enzyme formulations globally seems to decrease with 

the increase in the MW of the polymer, a feature noticeable from 2.5 hours of incubation. The higher 

polymer size may have resulted in an increase in mass transfer resistance, thus reducing the overall 

reaction rate. Nonetheless, a higher PVA molecular weight has been associated with permanent 

entrapment of enzymes in PVA [189].   

 

Regarding the effect of GA on each PVA molecular weight, the enzyme activity seemed to 

decrease with the increase in the volume of GA, an exception was observed for 61 kDa with 400 µL. 

Such behavior could be justified by the GA toxicity effect and, it is in agreement with the results 

obtained by Chui and Wan (1997) [190]. According to the authors, the enzymatic activity was inversely 

proportional to the concentration of GA used, caused by enzyme structure distortion as result of 

extensive cross-linking. Additionally, the increase volume of GA results in higher availability of 

molecules to form linkages with the polymeric chains of PVA. This leads to an increase in the density 

of hydrogels and to higher resistance to mass transfer [70].  

 

Also, it is important to notice that the immobilization protocol was performed at pH 4.5, which is 

not reported in the literature. Generally, the reaction of cross-linking is performed using acid catalysts, 

which in most cases leads to enzyme denaturation. Figueiredo et al. (2009) performed a cross-linking 

reaction at pH 6.2 (acid-free reaction) and 40ºC, however no biomolecules were immobilized [85]. 
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Figure 21. Influence of the volume of GA added on the concentration of fructose (g.L
-1

) formed from inulin 

hydrolysis at 40ºC. The assay was performed for PVA films of 50 kDa (A), 61 kDa (B) and 145 kDa (C) and 

different volumes of GA (50 µL, 100 µL, 200 µL and 400 µL). Bioconversion runs were performed in 5% (w/v) 

inulin in acetate buffer pH 4.5. 100 mg of immobilized inulinase was used as biocatalyst.  Samples (10 µL) were 

collected at 2.5, 3.5, 6.5 and 24 hours after the beginning of incubation. Standard deviation did not exceed 5%. 

 

Since the PVA films of 50 kDa with 200 µL and with 400 µL GA, 61 kDa with 400 µL GA and 

145 kDa with 50 µL GA were physically stable at 40ºC (did not melt) and displayed higher hydrolytic 

activity, the same study was performed at 45ºC, 50ºC and 55ºC (Figure 22). 
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Figure 22. Influence of the volume of GA added on the concentration of fructose (g.L

-1
) formed from inulin 

hydrolysis at 45ºC (A), 50ºC (B) and 55ºC (C). The assay was performed for PVA films of 50 kDa, 61 kDa and 

145 kDa and different volumes of GA (50 µL, 200 µL and 400 µL). Bioconversion runs were performed in 5% (w/v) 

inulin in acetate buffer pH 4.5. 100 mg of immobilized inulinase was used as biocatalyst.  Samples (10 µL) were 

collected at 2.5, 3.5, 6.5 and 24 hours after the beginning of incubation. Standard deviation did not exceed 5%. 
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The temperature increase had disparate impacts on the performance of the different 

formulations of the immobilized biocatalyst. Thus, under the operational conditions used, the behavior 

of particles immobilized in 50 kDa and 61 kDa PVA reticulated with 400 µl GA was, in the overall, 

somehow alike, eventually an outcome of the relatively close nature of the polymers used and GA 

volume used for reticulation. In almost all cases, these allowed for the highest final titers in fructose 

formed, peaking at close to 50.0  0.005 g.L
-1

 at 50ºC. The final fructose concentration was slightly 

inferior (48.0  0.005 g.L
-1

) at 45ºC, whereas a more noticeable decrease to around 40.0  0.005 g.L
-1

 

was observed with an increase to 55ºC. On the other hand the increase in temperature to 55ºC slightly 

improved enzyme activity in earlier stages (2.5 h) of hydrolysis.  

 

For PVA film of 50 kDa with 200 µL GA, the final product concentration (again close to 50.0  

0.005 g.L
-1

) also peaked at 50ºC, to decrease at the remaining temperatures. At 55ºC, its activity was 

particularly poor. It can be tentatively suggested that the formulations do not provide a stabilizing role 

for the enzyme towards the effect of temperature, given the activity/temperature profile obtained for 

the free enzyme. Still dedicated assays are required for confirmation. Also, the sample 145 kDa with 

50 µL was not considered for further studies, considering the poor enzymatic activity displayed.    

 

Comparing these results with literature, Cattorrini et al. (2009) reported 46.0 and 47.0 g.L
-1

 of 

final product concentration at 50ºC for Lentikats and hemispheric particles [99]. Moreover, these 

authors have already reported a loss of rigidity and change of appearance from white to opaque of 

Lentikats
 
at 55ºC, suggesting physical instability [27], [99]. Nonetheless, PVA film of 50 kDa did not 

display this thermal instability, highlighting the feasibility of this approach when comparing to 

commercial applications.  

 

The films 50 kDa with 400 µL and 61 kDa with 400 µL were used for an inulin hydrolysis assay 

at 60ºC (Figure 23).  
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Figure 23. Influence of the volume of GA added on the concentration of fructose (g.L

-1
) formed from inulin 

hydrolysis at 60ºC. The assay was performed for PVA films of 50 kDa and 61 kDa with 400 µL of GA.  

Bioconversion runs were performed in 5% (w/v) inulin in acetate buffer pH 4.5. 100 mg of immobilized inulinase 

was used as biocatalyst.  Samples (10 µL) were collected at 3.5, 6.5 and 24 hours after the beginning of 

incubation. Standard deviation did not exceed 5%. 
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Over the 24 hours incubation period the PVA film of 50 kDa produced a concentration of 

fructose of 41.0  0.005 g.L
-1

, whereas the film of 61 kDa achieved 32.5  0.005 g.L
-1

. Due to this 

relatively poor hydrolytic performance, this film was not considered for the assay at 65ºC. 

 

A final study at 65ºC with the PVA film of 50 kDa with 400 µL of GA was performed (Figure 24). 

The final product concentration (44.0  0.005 g.L
-1

) achieved suggests that the increase in 

temperature did not affect the enzyme activity. Also, no protein was detected in the reaction medium.   
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Figure 24. Influence of the volume of GA added on concentration of fructose (g.L
-1

) formed from inulin hydrolysis 

at 65ºC. The assay was performed for PVA of 50 kDa with 400 µL of GA. Bioconversion was performed in 5% 

(w/v) inulin in acetate buffer at pH 4.5. 100 mg of immobilized inulinase was used as biocatalyst.  Samples (10 µL) 

were collected at 2.5, 3.5, 6.5 and 24 hours after the beginning of incubation. Standard deviation did not 

exceed 5%. 

 

Taking into consideration the physical stability of PVA films and the concentration of fructose 

after 24 hours of inulin hydrolysis, the PVA with a molecular weight of 50 kDa seemed to display more 

promising results. This fact could be explaining by the mass transfer limitations, since the higher the 

molecular weight, more limitations of mass transfer were reported [191].  

 

Although the volume of cross-linking was the highest added (400 µL), it seemed to be the most 

appropriate in order to provide stability. In this context, a commitment between MW and volume of 

cross-linker had to be achieved. Nonetheless, more studies with PVA 50 kDa and different volumes of 

GA are essential in order to determine the optimal volume of GA.  
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IV.2. Chitosan (CS) beads immobilized inulinase  

 

The methodology for the immobilization in chitosan beads was performed according to 

Wentworth et al. (2003) [122]. However, even following strictly the procedure, the beads did not form 

or when its formation occurred, they were not resistant to stress promoted by the stirring. Then, just a 

yellow mixture was observed (Figure 25 A).  

 

In this context, some alterations to the procedure had to be implemented. In this context, more 

concentrated CS solutions were used (35.0 and
 
48.3 g.L

-1
) and beads were effectively formed. 

However neither of these two concentrations improved the consistency of the beads (Figure 25 B and 

C). A last CS concentration solution of 68.3 g.L
-1

 was implemented. The formed beads seemed to be 

more consistent (Figure 25 D) and were used for further analysis. Each bead had a diameter between 

2 and 3 mm and a weight of 19 mg, in average. After the reinforcement with glutaraldehyde, the beads 

appeared to be browner which was a consequence of the formation of Schiff’s base.  

 

Concentration of chitosan solution 

Original (A) 35.0 g.L
-1 

(B) 48.3 g.L
-1 

(C) 

   

68.3 g.L
-1 

(D)   

 

Figure 25. Representative images of chitosan beads. No formation of beads through the original procedure (A); 

Beads formed with chitosan solutions of 35.0 g.L
-1 

(B), 48.3 g.L
-1 

(C) and 68.3 g.L
-1 

(D). After beads formation they 

were divided into three portions, to: stabilization in acetate buffer, dehydration or reinforcement with GA.  

 

Different treatments after immobilization procedure may have influence on the enzyme activity. 

Thus, enzyme activity in chitosan beads stabilized in acetate buffer, dehydrated or reinforced with GA 

was evaluated under temperatures within 50ºC to 65ºC (Figure 26).  

 

After beads formation 

Stabilization in acetate buffer  

Reinforcement with GA  

Dehydration 
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Figure 26. Influence of different treatments on the concentration of fructose (g.L
-1

) formed from inulin hydrolysis. 

Each assay was performed at different temperatures 50ºC, 55ºC, 60ºC and 65ºC. Chitosan beads stabilized in 

acetate buffer (absence), dehydrated in desiccator during 15 minutes or reinforced with 500 µL of glutaraldehyde 

during 1 hour were studied. Bioconversion runs were performed in 5% (w/v) inulin in acetate buffer at pH 4.5. 

100 mg of immobilized inulinase was used as biocatalyst. Samples (10 µL) were collected at 2.5, 3.5, 6.5 and 24 

hours after the beginning of incubation. Standard deviation did not exceed 5%. 

 

For all temperature analyzed, the final concentration of fructose was higher in the case of beads 

reinforced with glutaraldehyde (49.0  0.005 g.L
-1

 at 55ºC and 60ºC), whereas the lowest 

concentration was observed in the case of beads stabilized in buffer (27.0  0.005 g.L
-1 

at 65ºC).  

 

Regarding the beads stabilized in acetate buffer, the interaction between the cross-linker (TPP) 

and chitosan chains is purely ionic and electrostatic. Chitosan is polycationic in acidic media (pKa 6.5) 

and its amino groups can interact with negatively charged groups in TPP. Therefore, this reaction 

depends strongly on the associated pH. Wentworth et al. (2004) stated an optimal pH between 6 to 7 

for -galactosidase entrapped in chitosan cross-linked with TPP [119].  
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Nevertheless, the use of TPP as cross-linker failed to prove effective enough to achieve good 

particle stability. Hence, some treatments after immobilization procedure were performed. One of the 

most common is the use of glutaraldehyde [123]. Glutaraldehyde reacts with the hydrogels structure 

composed by chitosan-TPP and, making it more rigid and stable. Also, the enzyme already entrapped 

inside the matrix can react with glutaraldehyde. Altun and Cetinus (2007) reported a higher stability of 

chitosan beads after exposed to glutaraldehyde solution as a complementary stability curing 

treatment [123].  

 

Additionally, the dehydration treatment may promote the formation hydrogen bonds among 

chains. This type of cross-linking is physical, whereas glutaraldehyde promotes a chemical cross-

linking, which is stronger.  

 

The effect of temperature on each type of treatment is also important to evaluate. In the 

absence of treatment, and neglecting the temperature of 55°C, it was observed that exits a 

relationship between temperature and final product concentration. Since for the lowest temperature, 

the concentration of final product was higher. At 65°C, this effect was even more evidenced. The 

same observation could be done for dehydrated chitosan beads, since the higher concentration of 

fructose was achieved at 50ºC (ignoring the curve at 55ºC). These results suggest that for beads with 

no treatment or dehydrated, the increasing in temperature affects the enzyme activity and, therefore 

the concentration of fructose.  

 

Nonetheless, for the treatment with glutaraldehyde the final product concentration is almost the 

same for all temperatures analyzed. This result highlights that treatment with glutaraldehyde promotes 

a more controlled environment in the matrix.  

Also, chitosan beads appear to have good stability until 65ºC, since particles did not dissolve 

and the size was similar to the fresh samples. To corroborate this, no trace of proteins was detected 

by the Bradford method.  

 

Besides the difference in matrix composition, no significant difference in fructose concentration 

over 24 hours at 65ºC was observed between inulinase immobilized in CS beads reinforced with GA 

(46.5  0.005 g.L
-1

) and PVA film of 50 kDa with 400 µL of GA (44.0  0.005 g.L
-1

). 

 

In conclusion and considering the highest hydrolytic capacity of inulinase immobilized in CS 

beads reinforced with GA, this procedure/matrix was chosen to detail characterization.  

 

In order to improve the results, an optimization of immobilization conditions could be performed 

(viz. immobilization temperature, dehydration period, volume of glutaraldehyde). Additionally, other 

types of cross-linkers could be used, such as glucomannan and others type of aldehydes.  
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Second part 

After the selection of the most promising inulinase immobilization procedures, a detail 

characterization of those biocatalysts was performed (Figure 27). Henceforth the matrices will only be 

denoted as PVA film or CS beads, corresponding to the selected ones. 

 

   

 
 
 
 
 
 

 
 
 

Figure 27. Studies performed on PVA film immobilized inulinase and CS beads immobilized inulinase.  

 

IV.3. Immobilization parameters 

 

The feasibility of the proposed methodology for enzyme immobilization was also assessed by 

evaluating the immobilization yield and efficiency and protein entrapment for the immobilization 

procedures previously selected (Table 10).  

The immobilization yield reported for Lentikats or PVA capsules reticulated with 1%(v/v) GA  

were similar to the one obtained herein, being a satisfactory result [98][99]. Also, is important to 

highlight that the difference in the shape of the matrix between Lentikats and PVA films produced, 

seemed not affect the immobilization yield. The percentage of protein entrapped is also a good 

achievement. The optimized chitosan immobilization protocol performed herein obtained a higher 

value of protein entrapment than the original protocol (59%) [122]. The fact that the immobilization 

efficiency achieved a value slightly higher than the protein entrapment may be a consequence of the 

inulinase leakage but also due to the lack of specificity of the Bradford method. Fructanase Mixture 

also contains other enzymes with low MW which are susceptible to leakage.  

 

Table 10. Immobilization of inulinase in PVA and CS based matrices. The immobilization parameters were 

determined as described in Methods section. 
 

Matrix 
Protein 

entrapment (%) 

Immobilization 

efficiency (%) 

Immobilization 

yield (%) 

CS 96  4 98  6 29  3 

PVA 94  5 97  3 25  4 

 

PVA film of 50 kDa with 

400 µL of GA 

CS beads reinforced 

with GA 

Inulinase immobilization 

procedures selected for 

detailed characterization  

Immobilization parameters 

Temperature and pH profiles 

Kinetics characterization 

Thermal, storage and operational stabilities 
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Enzyme leakage through the pores of the matrices is a consequence of the low molecular 

weight of inulinases from Aspergillus sp. (in the range of  54 – 78 kDa) [192]. The entrapment of 

enzymes in hydrogels is often characterized by some diffusion of the biocatalyst from the support, 

particularly for enzymes with molecular weight less than 300 kDa [168].  

The SDS-PAGE analysis revealed the presence of a more evident band in lane 3 between 50 

and 70 kDa, suggesting approximately 60 kDa as molecular weight for inulinase. Since the 

commercial inulinase studied is a combination of endo and exo-inulinase, it was expected to see more 

than one band. This may be a consequence of the similar molecular weight of both inulinases. Kumar 

et al. (2011) reported a molecular weight of 63.8 kDa for exo-inulinase from Aspergillus niger [193], 

whereas a molecular weight between 69 or 64 kDa was stated for endo-inulinase from Aspergillus 

niger [194].  

 

 

 

 

Figure 28. Coomassie Blue stained SDS-PAGE gel of 

inulinase samples. Lane M - Precision Plus Protein™ Dual 

Color Standard. Lanes 1 and 2 are duplicates of inulinase 

samples from Fructanase Mixture. Lanes 3 and 4 are 

duplicates of inulinase 10-fold diluted in acetate buffer 

100 mM pH 4.5.  

 

 

 

 

IV.4. Effect of pH on the activity of free and immobilized inulinase 

 

Immobilization procedures may impose shifts in optimal reaction conditions; consequently the 

determination of pH and temperature profiles is of great importance.  

Inulinases have an active site which contains imidazole and sulfhydryl groups. The hydrolysis of 

inulin is catalyzed by the imidazole group by a nucleophile attack on carbon in the 2-position, yielding 

a tetrahedral intermediate complex. The sulfhydryl group may act as hydrogen acceptor or donor so 

the reaction medium pH plays a key role in the enzyme activity, as it is often found in 

biocatalysis [155]. 

 

The effect of pH in the initial activity of free and immobilized inulinase was assessed at 50ºC, in 

the pH range of 3.6 to 5.5 (Figure 29). Free inulinase showed its maximum activity at pH 4.5 whereas 

the optimum pH of the immobilized enzyme in PVA film or CS beads was shifted to a less acidic pH 
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value of 5.0. For pH values below 4.5 no visible difference between free and immobilized forms was 

observed, however the enhancement of activity following immobilization was observed only for higher 

pH values (above 5.0). Therefore, immobilization slightly altered the enzymatic pH-activity profile, as 

compared with the free form. 
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Figure 29. pH profile of free  inulinase and inulinase immobilized in CS beads and PVA film. Bioconversion runs 

were performed in 5% (w/v) inulin solution at 50ºC at different pH values (3.6 – 5.5). 60 mg of immobilized 

inulinase in CS beads, 100 mg of immobilized inulinase in PVA film or 50 µL of a 100–fold diluted preparation of 

free inulinase were used as biocatalyst.  

 

Inulinases from Aspergillus niger are stable within a pH range of 3.5–8.5 [155], thus the 

optimum pH value achieved is in accordance with literature [155], [195]. The observed shift of 

optimum pH to more basic value has been reported for other immobilized inulinases [170] [171]. 

Such pH shift upon immobilization (0.5 pH units variation), either in PVA or CS, are suggested 

to be because of secondary interactions between the inulinase and the matrix, which could lead to 

conformational changes in inulinase [196]. More specific, glutaraldehyde displays conformational 

changes depending on the pH of the aqueous solution, suggesting different modes of cross-linking the 

amino groups in enzymes and the functional groups in matrices [197]. Moreover, negatively charged 

groups of the matrix, namely OH
-
 from sodium tripolyphosphate, will tend to concentrate protons 

(lowering the pH) around the enzyme. Therefore, the pH around the enzyme will be lower than that of 

the bulk phase from which the measurement of pH is carried out.  Boliver et al. (2013) have reviewed 

some methodologies to measure more precisely the pH inside the matrix, giving a powerful tool to 

understand how the pH is affected by immobilization [24]. 

Although many authors reported an acidic shift in the pH optimum upon immobilization in 

chitosan matrices [122], [174], [198], [199], Yao et al. (2014) observed a basic shift upon 

immobilization of tannase in chitosan beads cross-linked with GA [200]. Nguyen et al. (2011) also 

reported that the optimum pH of endo-inulinase from Aspergillus niger  was shifted to a more basic 

value after immobilization in chitosan [171].  
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Concerning PVA immobilized inulinase, Anes and Fernandes (2013) reported no shift in pH 

upon immobilization of inulinase mixture in PVA particles using Lentikat liquid [98]. Similar patterns, 

where optimum pH profile is not significantly altered with immobilization, were reported previously by 

Cattorini et al. (2009) [99] and Fernandes et al. (2009) [27].  

 

IV.5. Effect of temperature on the activity of free and immobilized inulinase 

 

The reaction temperature is a major factor to take into consideration in biocatalysis. Enzymes 

are known to catalyze reactions in a specific range of temperature. Above or below a given 

temperature value there is a progressive loss of activity due to physical changes in hydrogen bond 

(weakest interactions), resulting thus in loss of the enzyme three-dimensional structure affecting, 

therefore, the enzyme activity [3].  

 

The influence of temperature on the initial activity of free and immobilized inulinase was 

evaluated at pH 4.5, in the range of 45°C to 70°C (Figure 30). In this study, the optimum temperature 

for the immobilized enzyme increased to 65°C for CS immobilized enzyme and 55ºC for PVA 

immobilized enzyme, compared to 50°C for the free enzyme. Therefore, the enzymatic temperature-

activity profile displayed great differences with the immobilization.  
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Figure 30. Temperature profile of free inulinase and inulinase immobilized in CS beads and PVA film. 

Bioconversion runs were performed in 5% (w/v) inulin solution at pH 4.5 at different temperatures (45ºC – 70ºC). 

60 mg of immobilized inulinase in CS beads, 100 mg of immobilized inulinase in PVA film or 50 µL of a 100–fold 

diluted preparation of free inulinase were used as biocatalyst.  

 

According to the literature, the optimum temperatures for free inulinase could range from 30ºC 

to 60ºC and they are generally higher for bacteria and yeasts than for fungi [159]. The inulinase 

optimum temperature obtained herein is consistent with reports by other authors [192], [201].  
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The temperature shift of 5ºC and 15ºC, when compared to the optimal temperature observed for 

the free enzyme, could be due to the formation of a molecular cage around the enzyme, which 

protected the enzyme molecules from the temperature, hence denaturation. For industrial application, 

a relatively high temperature of 65°C (CS immobilization) is preferably used to avoid microbial 

contamination, and it permits a greater concentration of the sugars, an ideal condition for 

fructooligosaccharide production by inulinases [202]. 

Additionally, chitosan beads are robust even at 80ºC unlike some other synthetic hydrogels e.g. 

PVA (Lentikat liquid) which lack physical stability even at 60ºC [98], [99].  

Recently, Paripoorani et al. (2015) reported an optimum temperature of 70ºC when using 

soluble inulinase in magnetite nanoparticles entrapped in chitosan [203]. Yewale et al. (2013) found 

60°C as the best temperature for the immobilized inulinase on chitosan [174]. 

 

IV.6. Mass of support 

 

The effect of the matrix weight in the initial activity of immobilized enzyme was evaluated by 

using a matrix weight ranging from 40 mg to 200 mg (Figure 31). Assuming a uniform distribution of 

the enzyme among immobilization matrix, a higher matrix weight is directly associated with a higher 

amount of enzyme immobilized. Therefore is important to determine the range in which this effect 

could be observed. In the case of CS, a linear effect was detected for beads with weights ranging from 

40 mg to 80 mg, whereas in PVA matrix this effect was observed for weights ranging from 40 mg to 

120 mg. Therefore, matrix weights inside these ranging were chosen to bioconversion studies.  
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Figure 31. Influence of matrix weight on activity of immobilized enzyme, either in PVA film or CS beads. 

Bioconversion runs were performed in 5% (w/v) inulin solution at pH 5.0 at 55ºC and 65ºC for PVA and CS 

immobilization, respectively. Different matrix weight (40, 80, 120 and 200 mg) from both types of immobilization 

were used as biocatalyst.  
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IV.7. Kinetic study of enzymatic inulin hydrolysis 

 

Kinetics studies can be used to identify catalytic mechanisms, specifically the effect of substrate 

caused by certain molecules. When immobilization is addressed, kinetic studies allow to further clarify 

the effect of immobilization in enzyme performance. More specifically, they allow establishing whether 

mass transfer limitation occurs and/or structural changes take place. 

 

The trials for the determination of the kinetic constants (KM and Vmax), which fitted the enzymatic 

hydrolysis of inulin, were performed at pH 4.5 and 50°C for free inulinase, at pH 5.0 and 55ºC for PVA 

immobilized inulinase and at pH 5.0 and 65ºC for CS immobilized inulinase.  The initial rates values 

were converted into specific activities and, kinetic constants were obtained using Hyper32 software, 

assuming Michaelis–Menten kinetics for inulin hydrolysis (either free or immobilized inulinase). This 

assumption was previously demonstrated [3]. The Michaelis-Menten kinetics is giving by Equation 6:  

 

𝑉 =  
𝑉𝑚𝑎𝑥×[𝑆]

𝐾𝑀+[𝑆]
                                                                                       (6) 

where V is the initial reaction rate (gfructose.min
-1

.mgenzyme
-1

), [S] is the substrate concentration (g.L
-1

), 

Vmax  is the maximum reaction rate achieved by the reaction (gfructose.min
-1

.mgenzyme
-1

) and KM is the 

Michaelis constant (g.L
-1

), which is the substrate concentration at which the reaction rate is half 

of Vmax. 

According to the results presented in Figure 32 and Table 11, a 1.5 and 1.6-fold increase in KM 

was obtained for the immobilized inulinase in CS and PVA, respectively, when comparing with the free 

inulinase. However, given the similarity of Vmax values for the free and immobilized biocatalyst in CS, 

such immobilization effect is not considered significant. Nonetheless, a 2-fold decrease in Vmax was 

outstanding for PVA immobilized inulinase.  
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Figure 32. Michaelis-Menten kinetics of inulin hydrolysis expressed by free and immobilized inulinase in PVA and 

CS matrices. Bioconversion reactions were carried out with concentrations of inulin ranging from 15 g.L
-1

 to 

150 g.L
-1

 in acetate buffer 100 mM pH 4.5 (for the free enzyme) or pH 5.0 (for the immobilized enzyme) at 

optimum reaction conditions.  



56 

 

The increase in KM suggests less affinity of enzyme for inulin, which can be ascribed to the 

impaired accessibility of the bulky inulin molecule to the active site of the immobilized enzyme, as a 

result of structural changes of the enzyme upon immobilization or steric limitations created by the 

immobilization matrix [14].   

 

Comparing KM values between PVA and CS immobilization no difference was notable, 

suggesting that KM was not affected by differences in polymers or matrix shape.  

Lower value of Vmax observed after PVA immobilization may also result from loss of enzyme 

active during immobilization procedure, caused by new interactions between enzyme and matrix [204]. 

The insignificant difference on Vmax value after immobilization in CS was not unusual, a behavior also 

reported previously by Gill et al. (2006) [169]. 

 

The Michaelis constant of free inulinase from the commercial preparation Fructanase Mixture is 

not reported in literature. However when comparing the results obtained with the free enzyme from 

Fructozyme L, the KM achieved is lower [170][27][99][205].   

The increase in KM values and decrease in Vmax values is a commonly feature reported when 

inulinase is entrapped in hydrogels for inulin hydrolysis. Anes and Fernandes (2013) reported also a 

1.6-fold increase in KM when inulinase is entrapped in PVA lenses (Lentikats) cross-linked with GA 

[98]. Moreover, a 1.8-fold increase was cited by Fernandes et al. (2009), when inulinase was 

entrapped using PVA-based hydrogel particles [27]. Altun and Cetinus (2007) reported a 1.6-fold 

increase in KM when chitosan beads immobilized pepsin [123]. Yewale et al. (2013) entrapped 

inulinase in chitosan beads, however no significant variation on KM and Vmax was observed [174].  

 

Table 11. Kinetics constants obtained for inulin hydrolysis with free and immobilized inulinase. Data were 

processed through Hyper32 software. 
 

Enzyme 
Vmax 

(gfructose.min
-1

.mgenzyme
-1

) 

KM 

(g.L
-1

) 
r

2
 

Free inulinase 1.1 ± 0.1 12.8 ± 4.8 0.92 

CS beads immobilized inulinase 1.0 ± 0.1 19.6 ± 6.9 0.88 

PVA film immobilized inulinase  0.57 ± 0.04 20.4 ± 4.1 0.78 

 

 

IV.8. Stability of immobilized enzyme  

 

High thermal, storage and operational stabilities of an immobilized enzyme are the most 

importance for the economic viability of a biosynthetic process, hence these issues were addressed. 
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IV.8.1. Thermal stability 

 

Thermal deactivation of the biocatalyst is one of the major causes of activity decay. Therefore, 

the stability of the enzyme was evaluated at four different incubation temperatures (40ºC, 50ºC, 60ºC 

and 70ºC) and during long time periods (48 hours for the 40C assay; 30 hours for the 50C assay; 10 

hours for the 60C and 5 hours for 70ºC).  This enables to determine the deactivation constants of free 

and immobilized biocatalyst and establish if immobilization improved thermal stability.  

 

Through the analysis of Figure 33  is possible to conclude that free inulinase is very susceptible 

to high temperatures, since its relative activity was 43% at 50ºC and 14% at 70ºC, suggesting intrinsic 

thermal deactivation.  

 

When the inulinase is entrapped in PVA or CS hydrogels, the thermal stability was improved 

(Figure 34). At 50ºC around 71% of relative activity was observed for either immobilization. For 

temperatures between 40ºC and 60ºC no significant differences in relative activity of both 

immobilizations, at the end of the assay, were observed. However, at 70ºC a pronounced decay in the 

activity of PVA immobilized inulinase was observed where 70% of the initial activity was lost.  Below 

70ºC no visible structural changes in the films or beads were observed, however at 70ºC the PVA film 

melting becomes noticeable. This melting behavior occurred at a higher temperature than Lentikats, 

which start to melt at 55ºC [99]. In the case of CS immobilization, the relative activity remained above 

50% even at 70ºC. This result is higher than the one reported by Yewale et al. (20% of residual activity 

at 70ºC) [174]. Hence, the activity of immobilized inulinase in PVA or CS displayed an improved 

thermal stability when compared to free enzyme.  

 

Overall, it is possible to observe that the decay in activity is more pronounced at 60ºC and 70ºC, 

for each studied biocatalyst. Moreover, the immobilization had improved the thermal deactivation 

profile for all temperatures. Also, it is interesting to note that for temperatures 40ºC and 50ºC the CS 

immobilization exhibited decay in initial activity values and kept constant until the end of assay. For 

free or immobilized in PVA, the activity tended to decay along time.  

 

Additionally, no protein loss was noticed using the Bradford method in all the assays. 

 

Several models have been developed in order to explain the enzymatic deactivation. Table 12 

represents the most common deactivation models and equations for the determination of the half time.  

The half-life time is the time required for the enzymatic activity decrease to one half of its initial value. 
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Table 12. Deactivation models and half-time equations. Where K(t) stands for activity at a given time, Ki is the 

initial activity, Kd is the deactivation rate constant and t1/2 is the half time, A stands for a complex function of 

individual rate constants, and α and β are apparent first-order rate constants. Adapted from [188][14]. 
 

 
Deactivation models Half-time 

Exponential deactivation model 
𝐾 (𝑡) = 𝐾𝑖  × 𝑒(−𝐾𝑑×𝑡) 

(8) 

𝑡2
1 =  

ln 2

𝐾𝑑
    

(9) 

Linear inverted model 
𝐾(𝑡) =  

𝐾𝑖

1 + (𝐾𝑑 × 𝑡) 
 

(10) 

𝑡2
1 =  

1

𝐾𝑑
   

(11) 

Three-parameter bi-exponential 
deactivation model  

𝐾 (𝑡) = 𝐾𝑖  [𝐴𝑒(−𝛼𝑡) + (1 − 𝐴)𝑒(−𝛽𝑡)] 
(12) 

- 

 

The deactivation models presented above were applied to the experimental data obtained for 

thermal deactivation studies. Taking into consideration the correlation factor, the three-parameter bi-

exponential model was the one that provided the best fit for experimental data. This model was 

developed by Aymard et al. (2000) and is characterized by being independent of the enzyme 

mechanism  [188]. The fit of three-parameter bi-exponential model to the experimental data is 

represented as lines in Figure 33 and Figure 34.  
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Figure 33. Thermal deactivation profile for free inulinase at 40ºC, 50ºC, 60ºC and 70ºC incubation temperatures. 

The lines represent the trend of the three-parameter bi-exponential model. Bioconversion runs for initial activity 

were performed in 5% (w/v) inulin solution 100 mM pH 4.5 with 50 µL of 100-fold diluted enzyme solution in 

acetate buffer 100 mM pH 4.5. 
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Figure 34. Thermal deactivation profile for immobilized inulinase in CS beads (A) or in PVA film (B) at 40ºC, 

50ºC, 60ºC and 70ºC incubation temperatures. The lines represent the trend of the three-parameter bi-

exponential model. Bioconversion runs for initial activity were performed in 5% (w/v) inulin solution 100 mM 

pH 5.0 at optimum conditions. 60 mg of CS beads or 100 mg of PVA film were used as biocatalyst. 

 

The constants rates were determined using ‘‘Solver’’ add-in from Excel for Windows by 

minimizing the residual sum of squares between the experimental data points and those estimated by 

the respective model. Half times were predicted by knowing the constants rates of Equation 12 and 

assuming 
K(t)

Ki
= 0.5. All constants and half times are given in Table 13. The correlation coefficient, r, 

was calculated using a Pearson's correlation according to previous publications [206].  

A 

B 
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Table 13. Calculated parameters for the thermal deactivation of free and immobilized inulinase using a three-

parameter bi-exponential model.  
 

Enzyme 
Temperature  

(ºC) 
A (-)  (h

-1
)  (h

-1
) r t1/2 (h) 

Free  

40 0.89 1.16×10
-2

 9.15 0.972 49 

50 0.88 2.00×10
-2

 9.15 0.987 28 

60 0.73 1.09×10
-1

 9.15 0.995 3.5 

70 1.13 5.15×10
-1

 16.63 0.997 1.5 

Immobilized in CS  

40 0.89 2.00×10
-3

 17.23 0.901 285 

50 0.74 3.09×10
-3

 17.23 0.920 124 

60 0.92 4.13×10
-2

 17.23 0.994 15 

70 0.73 8.37×10
-2

 17.23 0.997 5 

Immobilized in PVA  

40 0.95 4.18×10
-3

 16.85 0.999 155 

50 0.98 1.22×10
-2

 16.85 0.982 54 

60 0.95 4.86×10
-2

 16.85 0.964 13 

70 0.82 0.29 16.85 0.966 1.7 

 

The half time values corroborate what mentioned before. First observation is that for each type 

of biocatalyst the half time values decrease with temperature increase. Second observation is that the 

highest half time values are displayed for inulinase immobilized in CS and the lowest for the free 

inulinase. Thus, immobilization in CS enhances the half-time of the biocatalyst as much as (roughly) 

5.8-fold (at 40ºC) as compared to the free form, whereas PVA immobilization exhibited 3.2-fold 

increase.  

The half times are dependent of the type of enzyme and the shift in their values is also 

dependent to the type of matrix used. Since no publications regarding half time of Fructanase Mixture 

were reported, a comparison to other inulinases was made.  

Anes and Fernandes (2013) were able to immobilized inulinase from Fructozyme L in PVA 

lenses (Lentikats) with a half time of 50 hours at 40ºC, 23 hours at 50ºC and 0.52 hours at 60ºC [98]. 

Catana et al. (2007) immobilized inulinase from Fructozyme L in Amberlite IRC 50
®
 with a half-life of 

504 hours at 40°C, 134.4 hours at 50°C and 14.6 h at 60°C [170]. Gupta et al. (1992) immobilized 

inulinase from Fusarium oxysporum on DEAE-cellulose and achieved a half-life of 45 min at 50ºC. 

Therefore, the immobilized inulinase in PVA film proved to have better stability than those where 

DEAE-cellulose and aminoethylcellulose was used as a matrix. However when compared with the 

results with Amberlite IRC 50
®
, the PVA matrix prove to be less efficient in maintaining the inulinase 

stability at different temperatures. 

 

IV.8.2. Storage stability 

 

Storage stability of an enzyme is of significant importance for correctly scheduling a production 

batch of the immobilized biocatalyst aiming at its application in given reaction runs along time. During 

storage of immobilized biocatalyst in solution the enzyme activity may decay along time [27]. This 

behavior can be ascribed to the decay of the intrinsic activity to the biocatalyst or to enzyme leakage. 

An exception was reported by Nunes et al. (2012), where 1.5-fold increase in initial activity was 

observed.  
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The storage stability of free and immobilized biocatalyst, stored at 4ºC in acetate buffer 100mM 

pH 4.5 or 5.0 during 180 days, was assessed. Again, the three-parameter bi-exponential model 

(Equation 12) was used to predict the deactivation behavior under storage of each immobilized form of 

inulinase (Figure 35). The data estimated for the parameters of the bi-exponential model, as well as 

the predicted half time, are presented in Table 14. 
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Figure 35. Storage deactivation profile predicted through three-parameter bi-exponential model for storage 

stability of free and immobilized biocatalyst. The lines represent the trend of the three-parameter bi-exponential 

model.  Bioconversion runs were performed with 50 µL of 100-fold enzyme preparation in acetate buffer 100 mM 

pH 4.5, 60 mg of CS beads or 100 mg of PVA film. The reactions were performed in 5% (v/w) inulin solution 

100 mM at optimum conditions. 

 

Regarding the results obtained for the free enzyme, the activity decays to values around 70% 

after 60 days and seemed to be stable until 180 days of storage. This initial activity decay may be 

caused by enzyme adaptations to the storage environment. Nonetheless, in the immobilized inulinase 

the initial decay was not so noticeable, may be due to the matrix protection. CS immobilization 

retained about 80% of the initial activity, whereas the immobilized inulinase in PVA retained about 

76%, which is a promising result. Furthermore, no protein was detected during the storage time and 

no contamination was observed.  

 

Table 14. Rate constants for immobilized inulinase in both forms and free enzyme for storage deactivation using 

a three-parameter bi-exponential equation. 
 

Enzyme A (-)  (h
-1

)  (h
-1

) r t1/2 (days) 

Free 0.76 5.61×10
-4

 16.83 0.998 740 

Immobilized in CS 0.94 9.01×10
-4

 16.83 0.994 700 

Immobilized in PVA 0.87 8.00×10
-4

 16.83 0.991 685 
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Taking into consideration the half time of free (740 days) and immobilized enzyme (700 and 685 

days), it seems that immobilization may not have a direct effect in the storage stability for long term 

studies. Nonetheless, it is important to highlight that the enzyme used was a commercial preparation 

supplied with a stabilized solution containing 50% glycerol and 0.02% sodium azide (from 

https://secure.megazyme.com/Fructanase-Mixture-purified-liquid). Hence, is difficult to guarantee that 

the data obtained from the immobilized biocatalysts were either due to the immobilization or due to the 

enzyme stabilizing agents. To corroborate this observation, when endoinulinase produced from 

Aspergillus niger AUMC 9375 (without addition of stabilizing agents) a complete loss of activity for the 

free enzyme after 24 days was observed [192]. A further study must be prepared with produced 

inulinase in order to determine the effect of the PVA and CS in storage stability. 

 

The storage stability half time for this particular enzymatic commercial preparation is not 

reported in literature. Nonetheless, Karimi et al. (2014) cited 65.2 days for free endo-inulinase from 

Aspergillus niger, assuming the exponential deactivation model [207]. Anes and Fernandes (2013) 

reported a storage stability of inulinase from Fructozyme L in PVA lenses (Lentikats) with a half time 

of 238 days [98]. 

 

IV.8.3. Operational stability 

 

The operational stability of the immobilized enzyme is the main characteristic that limits a 

potential application of immobilizates in industrial scale. A final study was performed to evaluate the 

operational stability of both immobilized systems (PVA and CS), under continuous operation during 47 

and 31 days.  

According to Lilly et al. (1966), and assuming a piston flow through the reactor the residence 

time depends on the void volume and flow rate used [208]. Therefore, residence time (𝜏) was 

calculated according to Equation 13.  

τ =  
V

F
                                                                                 (13) 

 

where F is the flow rate (mL.min
-1

) and V is the void volume (mL). 

 

Also, volumetric productivity (Qp) was calculated according to Singh et al. (2008), as follows: 

 

Qp = Cp  ×
F

V
                                                                                    (14) 

 

where Cp is the concentration of fructose produced (g.L
-1

), F is the flow rate (mL.min
-1

) and V is the 

void volume (mL).  
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From previous publications the optimum pH remained the constant after application in 

continuous operation, in the present work the pH established remained at 5.0. Regarding temperature, 

it was a choice not to perform the continuous operation at optimum temperatures.  

 

Continuous production of fructose using CS immobilized inulinase 

 

The feasibility of using inulinase immobilized in CS reinforced with GA for full inulin hydrolysis 

under continuous flow was then assessed.  The reaction took place for 47 days at 55°C where 

5% (w/v) inulin solution pH 5.0 was being fed to the reactor at a flow rate of 0.0053 mL.min
-1

 and DNS 

analysis were performed on a daily basis for fructose quantification. The reactor had a void volume of 

0.78 mL and the correspondent residence time was 147 minutes approximately.  

 

     

Figure 36. Reactor filled with CS beads used for continuous-flow operation (A). Appearance of the beads after 

continuous operation (B). 

 

Figure 38 displayed encouraging operational stability during the 47 days of operation, since the 

product yield was not under 90% during the first twenty four days and a final product yield of 91% was 

achieved. The initial volumetric activity was 22.6 g.L
-1

.h
-1

. Regarding deactivation constant and half 

time, no deactivation model fit to the experimental data. Therefore more prolonged operation would be 

needed to provide experimental data to suggest a trend.  Product yield (%) seemed to remain roughly 

constant along time.  

 

The results suggest that the set-up presents a promising tool for the continuous productions of 

fructose. Results were very similar to the ones recently presented by Yewale et al. (2013). These 

authors operated a packed bed reactor with inulinase immobilized on chitosan for the continuous 

hydrolysis of inulin at 60ºC and were able to maintain full conversion for 6 days but only for a 1% (w/v) 

inulin solution. No publication was found regarding continuous operation of inulinase immobilized in 

CS during 47 days.  

 

 

A B 



64 

 

Continuous production of fructose using PVA immobilized inulinase 

 

The feasibility of using inulinase immobilized in PVA film for full inulin hydrolysis under 

continuous flow was also assessed.  The reaction took place for 31 days at 50°C where 5% (w/v) 

inulin solution pH 5.0 was being fed to the reactor at a flow rate of 0.0053 mL.min
-1

 and DNS analysis 

were performed on a daily basis for fructose quantification. The void volume was 0.87 mL and the 

correspondent residence time of 164 minutes approximately.   

 

      

Figure 37.  Reactor filled with PVA film used for continuous-flow operation (A). Appearance of the film used after 

continuous operation. Note that the film was cut into cubes before implemented in the reactor (B). 

 

 

Operational stability for PVA immobilized inulinase exhibits promising results, since the product 

yield was not under 90% during the first eight days and a final product yield of 63% was achieved 

(Figure 39). The initial volumetric activity was 18.3 g.L
-1

.h
-1

. Using as reference a linear inverted model 

for enzyme decay (Equation 10), a deactivation constant of 0.02 day
-1

 and a half time of 49 days were 

calculated. 

 

One publication which reports the continuous production of fructose with inulinase 

(Fructozyme L) immobilized in PVA (Lentikats) crosslinking with 1% (v/v) glutaraldehyde cited a 

product yield of 75% over 20 days of hydrolysis reaction. This result is comparable to the one 

achieved in this work, 72% at day twenty.  

Figueira et al. (2013) reported the continuous operation of β-galactosidase entrapped in PVA 

lenses (Lentikats
®
) during 100 hours (4 days) at 50ºC with a final conversion of 75% [209].  

Rebroš et al. (2006) studied the continuous operation of glucoamylase into Lentikats
®
 at 45ºC 

during 63 days with 60% of conversion with no drop in enzyme activity [210]. 

 

A B 
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Figure 38. Operational stability at the packed bed reactor for inulin hydrolysis, based on the relative product yield. The 1.206 g of immobilized inulinase in CS were used for the 

hydrolysis of 5% (w/v) inulin solution in acetate buffer 100 mM pH 5.0 at 55°C. At day one the initial concentration of fructose was 55.5 ± 0.37 g.L
-1

, with volumetric productivity 

of 22.6 g.L
-1

.h
-1

. Moreover, no deactivation model fit to the experimental data.  

 

 

Figure 39. Operational stability at the packed bed reactor for inulin hydrolysis, based on the relative product yield. Predicted values (red line) were estimated assuming a linear 

inverted model. The 3.450 g of inulinase in immobilized in PVA were used for the hydrolysis of 5% (w/v) inulin solution in acetate buffer 100 mM pH 5.0 at 50°C. At day one the 

initial concentration of fructose was 50.0 ± 2.5 g.L
-1

, with volumetric productivity of 18.3 g.L
-1

.h
-1

. 
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Chapter V. Conclusions and Future Work 

 

Hydrogels are being employed in innumerous fields, namely in enzyme immobilization. Polyvinyl 

alcohol and chitosan are synthetic and natural polymers, respectively used for the production of 

hydrogels due to their hydrophilicity, biocompatibility and biodegradability. 

 

Inulinase from Fructanase Mixture was efficiently immobilized on chitosan beads and polyvinyl 

alcohol. The best compromise between polyvinyl alcohol molecular weight and volume of cross-linker 

was achieved, with the film of 50 kDa and 400 µL of glutaraldehyde, yielding 97% of immobilization 

efficiency. The chitosan beads reinforced with glutaraldehyde were the ones with more stability under 

a range of different temperatures, with an immobilization efficiency of 98%.  

 

Free inulinase displays an optimum pH at 4.5 and an optimum temperature of 50ºC. Shifts of 

the optimum pH and temperature to 5.0 and to 65ºC or 55ºC were observed for enzyme immobilized in 

chitosan or polyvinyl alcohol, respectively, were assayed.  

The KM values of free and immobilized inulinase for inulin were 13 g.L
-1

 and 20 g.L
-1

, 

approximately suggesting lower affinity towards substrate. No difference was detected of the Vmax 

value concerning immobilization in chitosan, whereas a 2-fold decrease was detected for polyvinyl 

alcohol immobilization. 

Thermal stability was enhanced after immobilization on both matrices. This improvement was 

mostly noticed at high temperatures. Nonetheless, immobilization seemed not affect storage stability 

during the 180 days of storage.  

Operational stability highlights the potentials of the matrices selected, since a product yield of 

91% was achieved for inulinase immobilized in chitosan, after 47 days at 55ºC. Also, the continuous 

operation of inulinase immobilized in polyvinyl alcohol obtained 63% of product yield, after 31 days at 

50ºC. In the case of chitosan no deactivation model was possible to fit to the experimental data.  

 

In conclusion, the aim of this master’s thesis was accomplished, since relatively simple, robust 

and low-cost immobilization procedures were established.   

 

The results present in this project are a significant achievement for the field of catalytic 

hydrogels. The commercial enzyme preparation has never been reported in immobilization studies 

and thus, its characterization was an asset to the field.   

Concerning the immobilization in PVA films, it was performed at pH more basic (4.5) than the 

commonly published (pH 1 or 2) being an improvement and an advantage for enzymes sensible to 

acidic pH values. Also, the fact that the matrix shape (film form) is different from the usual (lenses) and 

it is an open field of research.  
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Regarding chitosan immobilization, the optimum temperature reported was with no doubt a 

great achievement. Additionally, the improvement in thermal stability was notable. Finally, the 

continuous operation with inulinase immobilized in chitosan revealed no deactivation pattern.   

 

As future work it is proposed the automation process for beads formation and films in order to 

have all matrices with the same dimensions and thus more accurate results. Regarding each matrix, 

different diameters, heights and shapes could also be a topic of research. Concerning immobilization 

technique, other types of cross-linkers and polymer interactions could be studied.  

A more precise protein quantification method is also of great importance. A simple methodology 

to verify the pH inside the matrix could give some insights about the effect of immobilization on pH 

profile.   

It will be interesting to apply the immobilization techniques established for other protein model 

systems, in order to observe if the trend in stability assays and kinetic characterization remain.  

On the subject of reactor, different configurations are also suggested to analyze in order to 

obtain higher product yields as much time as possible.   

The use of non-commercial enzyme preparations is also of relevance. A sample without 

stabilizing agents will probably have different performances when storage stability is studied.   
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Annexes 

 

Annex I. Quantification of reducing sugars  

 

Most of the methods for determination of carbohydrase, inulinase or invertase activities are 

based on the analysis of reducing sugars (RSs). The detection of RSs have been based on the well-

known 3,5-dinitrosalicylic acid (DNS) colorimetric method, since it is a sound, reliable, time- and cost-

efficient method (Figure A1).  DNS method can react with substrates with five or six carbon reducing 

sugars (fructose and glucose), however if the hydrolytic reaction yields disaccharides such as sucrose, 

it will not be detected.  

 

 

Figure A1. Schematic representation of the reaction between DNS reagent and reducing sugar. In the beginning 

of the assay the DNS reagent exhibits a yellow color, which shifts to orange–red if the reaction occurs.  

 

 

In the present work, the quantification of RSs relies on the specific quantification of fructose 

upon hydrolysis of inulin. In this sense, the calibration curve was prepared using different fructose 

concentrations ranging from 0 to 5 g.L
-1

 (Figure A2). 

 

 

Figure A2. DNS calibration curve for fructose concentrations ranging from 0 to 5 g.L
-1

. 
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In order to validate DNS methodology, HPLC analysis was also performed. The calibration 

curve was prepared using fructose concentrations ranging from 0 to 60 g.L
-1

 (Figure A3).  

 

 

 

Figure A3. HPLC calibration curve for fructose concentrations ranging from 0 to 60 g.L
-1

. 

 

Samples were taken from random assays were analyzed by both methods and the values 

obtained were compared. The values obtained by the HPLC method are considered to be more 

reliable given the high accuracy of the methodology. Nonetheless, DNS methodology proved to be 

accurate when compared to the HPLC quantification. Taking this into account as well as the intrinsic 

advantages already mentioned, the DNS method proved to be a reliable method for fructose 

quantification. 

 

 

 

Annex II. Protein quantification 

 

For the total protein quantification by the Bradford method a calibration curve was also 

prepared. Bovine serum albumin (BSA) was used a standard for protein calibration, and the calibration 

curve were prepared using a set standards with concentrations ranging from  2.5 to 20 µg.mL
-1

 (Figure 

A4). Inulinase quantification was determined by preparing a 100-fold dilute solution in acetate buffer 

100 mM pH 4.5. An inulinase concentration of 1.02 mg.mL
-1

 was achieved, which is lower than the 

expected. Nonetheless, this concentration was used in further analysis.  
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Figure A4. Calibration curve used for total protein quantification, obtained from BSA standards with 

concentrations ranging from 2.5 to 20 µg.mL
-1

. 

 

 

 

 

Annex III. Flow rate calibration curve for continuous operation 

 

 

Figure A5. Flow rate (mL.min
-1

) calibration curve for rotations per minute (rpm) ranging from 0.5 to 10 rpm. 

Calibration was performed with distilled water.  


