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CHAPTER 1 
 

 INTRODUCTION  
 

1.1 AIM OF THE THESIS 
 

1.1.1 Background  

 

The aim of the project is the production of different enzymes confinement systems 

on different silica particles of different sizes.  

In general, enzymes are macromolecules, whose main function is to catalyze a 

specific chemical reaction. An enzyme1 is a biocatalyst that interacts with one or a 

group of substances, called substrate, to catalyze a specific reaction. This reaction 

forms an intermediate complex -“transition state”- that requires less energy to 

proceed. The intermediate complex is unstable and quickly breaks down to form 

reaction products and the unchanged enzyme is free to react with another substrates. 

The affinity of the enzyme to recognize the substrate is called molecular specificity 

[1]. Even though the enzymes can be used in several reactions, their commercial 

use is limited by the costs and their low reusability factor [2].  

In light of these evidence, the scientific and industrial interests are focused on 

finding a better strategy to reuse enzymes and, at the same time, to improve their 

performances. A method to recovery the enzymes is based on their confinement on 

a support matrix. The type of the support and the adaption of the enzyme on the 

surface could improve its catalytic performance. Thereby, the enzyme confinement 

strategy become an interesting tool to increase efficiency and enzyme lifetime. All 

together these characteristics of the enzymes, after their confinement, are much 

appreciated in many fields such as engineering, chemical catalysis, industry, 

pharmacology and biotechnology (Fig. 1) [3]. Nowadays, immobilized enzymes 

are preferred, over their free counterpart, due to their prolonged availability and 

avoid redundant extraction and purification processes. 

  

 
1 The enzyme is a protein with catalytic proprieties.  
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Fig. 1 The principal properties and fields use of confinement enzyme system. 

 

 

Fig. 2 a) Publications of enzyme immobilization by Scopus databases, b) Publications on different 

organic and inorganic materials used as confinement supports, c) Publications by subject area. 

 

Fig. 2a-b report the publications, per year, on enzyme confinement and on the 

principal research of organic and inorganic materials used as confinement supports 
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(Scopus database). In addition, in the Fig. 2 c shows the main subject areas related 

to the immobilization of enzymes [4], [5].  

 

1.1.1 Project overview 
 

The project of the thesis is focused on the synthesis and functionalization of 

different silica supports and the immobilization of the Bovine Serum Albumin 

(BSA), Cellulase-endo-β 1,4-glucanase from Aspergillus niger (Cell-EG), PETase 

from Ideonella sakaiensis and streptavidin (STREP) proteins. The research is 

divided into three parts. A general view of the project is reported in Fig. 3. 

 

 
Fig. 3 Outline of the aim of the thesis. 

  



9 
 

 

The first part of the project concerns the syntheses of different non-porous and 

mesoporous silica systems (Fig. 4) by different preparation methods. 

 

 
Fig. 4 Experimental outline for synthesis of different non-porous and mesoporous silica systems. 

 

First, the synthesis of non-porous silica following the classical Stöber method and 

its optimization was investigated. According to the reaction conditions and to the 

tetraethyl orthosilicate (TEOS) and ammonia concentration, silica particles with 

different sizes (diameter in the range of 80 - 250 nm) could be obtained. 

Furthermore, the control of some other parameters of the synthesis such as the 
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dripping speed of the alkoxysilane precursor (TEOS) and the addition of an 

electrolytic compound (KCl) was used to synthesize particles with larger diameters 

up to 1 -2 μm. 

The mesoporous silica systems were synthesized using soft and hard template 

methods. With the soft method, some surfactants, such as cetyltrimethylammonium 

bromide (CTABr), triblock-polymeric (Pluronic 157), and methylcellulose, were 

used as templates to develop the porosity of the structure. The obtained silica 

nanoparticles showed a large surface area (> 1000 m2/g), with pore diameters of 

about 2 nm.  

The hard method, instead, was used to synthesize silica systems with different pore 

sizes using swelling agents such as n-hexane, cyclohexane, methylbenzene, and 

ethylene glycol. A range of 2 - 5nm pore sizes was obtained with a corresponding 

very large surface area (500-1100m2/g).  

Finally, silica particles were synthetized through a bio-inspired synthesis. The 

reaction proceeds at room temperature, at pH=7, in presence of Na2SiO3 and a 

polyamine such as diethylenetriamine (DETA), triethylenetetramine (TETA), 

pentaethylenehexamine (PEHA), polyallylamine (PAA), and polyethyleneimine 

(PEI). An organic/inorganic hybrid matrix was obtained with tunable surface 

features, based on the reaction conditions.  

The morphology of the synthesized systems was analyzed by Scanning Electron 

Microscopy (SEM), while the surface areas and the pore diameters were 

investigated by nitrogen physisorption analysis. Infrared Fourier transform 

spectroscopy (IR-DRIFT) was used to characterize the surface groups of the silica 

systems. 

The second part of the thesis focuses on the functionalization of the supports with 

organosilane precursors, such as 3-aminopropyl-trietoxysilane (APTES), 3-

mercaptopropyl-triethoxysilane (MPTMS), 3-glycidyloxypropyl-trimethoxysilane 

(GPTMS), N-(trimethoxysilylpropyl)-ethylenediamine triacetate trisodium salt 

(EDTATMS), 3-chloropropyl-triethoxysilane (CPTMS) (see Fig. 5). APTES was 

used as elective organosilane. In order to increase the grafted groups on the surface 

of the silica particles, four different methods (called A, B, C, D) were tested to set 

the best functionalization protocol.  

The first method (A) is a coating method that involves an acid-catalyzed reaction. 

The second one (B) is a grafting method in an organic solvent, performed without 

a catalyst. The third method (C) is similar to the first one, but in this case, the 

organosilane precursor was dropped with a piston pump (Prostar varian 210) at a 

fixed flow and time. The fourth one (D) is a co-condensation method, in which the 
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particles were synthesized using an accurate molar ratio between TEOS and 

APTES. With this last one-pot method, the nanoparticles are already functionalized 

after the synthesis. The nonporous silica particles were functionalized with APTES 

using all the previously described methods. The chemical grafting on mesoporous 

systems was accomplished with the methods A and B, using all the organosilane 

precursors listed above. On the other hand, the classic silanization was not used for 

the silica bioinspired materials but the supports were already functionalized after 

synthesis.  

 

 
Fig. 5 Experimental outline of the materials functionalization. 
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The functionalized samples were analyzed by Diffuse Reflectance Fourier 

Transform Infrared Spectroscopy (DRIFT-IR), Thermogravimetric Analysis 

(TGA) and the Differential Scanning Calorimetry (DSC) elemental analysis CHNS, 

Uv-Visible and characterized by Scanning Electron Microscopy (SEM).  

Finally, in the last part of the project different enzymes confinement strategies (i.e., 

covalent bonds, adsorption, and entrapment) on different silica supports are 

investigated (see Fig. 6). 

 
Fig. 6 Experimental outline of the confinement techniques. 
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The covalent bonds strategy was used to block the Cell_EG and BSA proteins. The 

second and third strategies were performed for the BSA, Cell-EG and Strep 

proteins. In the case of the STREP proteins, firstly, a covalent interaction was used 

to block the biotin (Btn) on the silica surface. Secondly, the streptavidin was bound 

to the biotin through a non-covalent interaction. Finally, after the analysis of the 

different strategies, the one with the best activity was identified and then used for 

the confinement of the PETase protein.  

For the covalent bond strategy, the cross-linking method was chosen, in which the 

bond is formed between the amine groups of the protein and the carbonyl groups of 

a cross-linking agent (glutaraldehyde).  

For the non-covalent confinement, the adsorption and entrapment strategies 

represent easy methods to confine the protein on the support without any chemical 

bond between them (see § 2.4 for the detailed description of the methods). The 

adsorption method is used after the functionalization of the supports in a buffer 

solution at fixed values of pH, adsorbed time, and buffer concentration. The 

adsorption of the streptavidin2 was performed on the silica supports functionalized 

with biotin. The latter was performed by Cu-catalyzed azide-alkyne cycloaddition 

(CuAAC) reaction between the azide groups present on the surface of the particles 

and the alkyne added to the biotin structure to form a 1,2,3 triazole heterocyclic 

compound. 

On the other hand, the entrapment method takes place during the synthesis of the 

supports. In this case, the proteins are entrapped into the support matrix using mild 

conditions, such as room temperature, pH 7, and water solvent. The interaction 

support-protein in both adsorption and entrapment systems concerns the 

electrostatic and ionic binding interactions between the positive charge of the amine 

or polyamine groups of the support surface and the negative charge of the proteins 

at neutral pH. 

The immobilization systems were analyzed with sodium dodecyl sulphate - 

polyacrylamide gel electrophoresis (SDS-PAGE) and UV-visible analysis to 

measure the amount of the proteins loaded on the different supports. The 

confinement of STREP-Btn was analyzed with flow cytometry. In addition, the 

enzymatic assays were used to analyze the enzyme stability and its catalytic activity 

before and after immobilization. Consequently, the thermostability, pH resistance, 

and recycling of the biocatalyst confined was evaluated. 

  

 
2 See § 2.4.3.3 
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 1.2 ENZYMATIC CONFINEMENT AND SUPPORT 

MATERIALS STATE OF ART 

 

The confinement techniques are relevant to produce the best stability interaction 

between the support and the enzyme. The final interaction is also related to the 

adaptation of the enzyme onto the support surface; its structure is stabilized and 

does not generate many unfolding processes [6]. For each enzyme, the structural 

stability on the support surface is very important to not modify its catalytic activity 

and, in some cases, to improve it.  

In general, the confinement techniques can be classified in two macro-areas (see 

Fig. 7). In the first one, the protein guest does not interact covalently with the 

support by intermolecular forces [7]. In the second one, the protein is bound to the 

support by strong covalent bonds and orientates itself in a certain direction [8]. The 

orientation for an enzyme is important because allows to directly expose the active 

site to the substrate consequently improving its catalytic activity. 

 

 

Fig. 7. General scheme of confinement techniques. 

 

The macro-area relative to the non-covalent interactions can be further divided in: 

support interactions (adsorption [9], ionic interaction [10], interaction with chelate 

metal[11]), non-covalent entrapment [12] and encapsulation [13]. The support 

interactions comprise all the non-covalent bonds between the support surface and 

the protein. Entrapment and encapsulation methods are based on the caging of the 
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protein within the support by non-covalent bonds that allow the substrate and the 

products to pass but retaining the enzyme into the matrix. The caging of the protein 

is obtained during the synthesis of the support. In general, in both entrapment and 

encapsulation methods, the support is an organic/inorganic polymer network. 

The macro-area related to the covalent interaction is divided into covalent 

attachment [14], cross-linking [15], polymeric interaction [16]. These techniques 

use a covalent bond to irreversibly block proteins on the support. Table 1 

summarizes the principal developmental phases of confinement enzymes. 

 

Table 1 [17] 

Developmental Phases of confinement enzymes 

Phase Years Development 

Early Phase 1916-40 Glass, Alumina, Hydrophobic compound coated glass. 

Underdeveloped 

Phase 
1950 Nonspecific physical adsorption of enzymes on solid carriers 

Developing Phase 1960 

Entrapment of whole cells in synthetic gel, Encapsulation in 

artificial cell, Adsorption-cross-linking, Active site titration, 

Cross-linked enzyme (CLE), cross-linked enzyme crystals 

(CLEC), Immobilization or post-treatment by denaturant. 

Development 

Phase 
1970 

Many new method subgroups, for example affinity binding 

and coordination binding and many novel variations have 

been developed. Increased enzyme loading in order to 

enhance the activity. 

Post Developed 

Phase 
1980 

Engagement (double engagement), covalent multilayer 

immobilized enzymes, organo-soluble lipid-coated enzyme, 

introduction of genetically engineered tags 

Rational Design 

Phase 

1990- till 

now 

Stability and activity in organic solvents, high enzyme 

loading and less diffusion limitation, project to new material 

for enzyme more stabilize the enzyme on the support 
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1.2.1 Non-covalent confinement  
 

The non-covalent confinement of the protein on the surface of the support is very 

complex since there are many interactions to consider. A scheme of the principal 

non-covalent confinement techniques is reported in Fig. 8. 

 

 

Fig. 8 Scheme of the principal non-covalent confinement techniques. 

 

In general, the driving forces are electrostatic interactions [18] (ion- instant dipole 

interaction), π- π stacking [19] and Van Der Waals dispersion forces [20] (two 

permanent dipoles, a permanent and an induced dipole, and two induced dipoles). 

The electrostatic interaction occurs between the protein charge and the support 

charge at a certain distance (r). The π- π stacking is more stable interaction among 

the non-covalent ones and is generated between the aromatic compounds of the 

protein and the support through the overlapping of the π-system of the two aromatic 

rings [21]. 

The Van der Waals dispersion forces (which are attractive in nature- Dispersion 

forces derive their name from the close connection between their origin and the 

cause of optical dispersion) are the sum of the interactions among atoms or 

molecules of the protein-support system. The total energy related to the dispersion 

forces is negative, indicating attraction, and it becomes zero with increasing 

distance r according to 1/r6 [22]. 
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Another factor that makes the definition of these forces challenging derives from 

the conformational flexibility of the protein molecules. Indeed, since the folded 

conformation of the proteins is only marginally stable (standard Gibbs energies of 

unfolding are in the range of about 20–60 kJmol−1), any change of the protein 

environment can perturb this conformation. This critical stability could give to the 

protein a conformational change induced by the surface of the support that can lead 

to an optimized and more stable contact between the protein and the surface. This 

structural adaption of the protein, over time, generally causes an apparent 

macroscopic irreversibility of the protein confinement process [18]. In general, the 

degree of protein confinement on a solid surface depends on both the structure of 

the protein (e.g., the small proteins, are rigid, have a low trend to structural 

alterations) and the chemical and physical properties of the solid surface. 

The non-covalent confinement process is influenced by other factors such as 

temperature, pH, ionic force, and the composition of the buffer solution [23]. The 

temperature influences both the equilibrium state and the kinetic of the 

confinement. In general, an increase of the temperature provides more energy to the 

system, resulting in an increase in the amount of confined protein. The pH 

determines the electrostatic state of the protein. When the pH is equal to isoelectric 

point (pI) of the protein the total charge on its surface is neutral. When the pH is 

less than the protein isoelectric point, the surface charge is negative, while when 

the pH is higher than the isoelectric point, the surface charge is positive.[24]–[26]  

Several papers report a high loading of the protein onto the support surface when 

the pH is equal to the isoelectric point of the protein. 

The ions concentration in the buffer solution is another factor that controls the 

confinement typology related to the ionic forces (Debye forces) present in the 

system. The ionic strength determines the Debye length, that is the distance related 

to a significant charge separation in an electrolyte [26]. Thus, when the ionic 

strength is higher, shorter is the distance of the electrostatic interactions between 

charged electrolytes. As a result, the adsorption is hampered when the ionic strength 

between the protein and the electrolyte is higher than the ionic strength between the 

protein and the support. In this case, the protein interacts more easily with the 

electrolyte in the solution than with the support. When the ionic strength between 

the electrolyte and the protein is lower than the protein-support strength, the 

adsorption on the support is favored. These electrostatic effects can modify the 

confinement kinetics of the protein and the ions concentration depend on the buffer 

composition, which is used to maintain the pH of the solution stable. From the 

composition of the buffer (e.g., phosphate buffer is formed by sodium monobasic 
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phosphate and sodium dibasic phosphate) is possible to select the ion types and 

their concentration [27]. In the following sections, the methods of adsorption, ionic 

interaction and entrapment are described more in deep.  

 

1.2.1.1 Adsorption method 
 

The adsorption is a non-covalent confinement method extensively studied both 

from a theoretical (modeling) and an experimental point of view. In general, the 

protein adsorption on the support is schematized in Fig. 9.  

 

 

Fig. 9. Scheme of the adsorption process. 

 

The interaction starts when the protein interacts with the support surface through 

weak forces at certain distance (r) to generate a complex protein-support. The 

principal driving forces of the adsorption mechanism are electrostatic and Van Der 

Waals interactions and hydrophobic effects. All these forces contribute to the 

adsorption process and they depend on the protein and on the physico-chemical 

properties of the support. However, some other parameters such as temperature, pH 

and substrate addition may weaken the bond. Furthermore, the adsorbed enzymes 

or other proteins are usually resistant to proteolysis and aggregation thanks to their 

hydrophobic interaction with the support surface [28], [29]. This interaction is due 

to an energy compensation between the conformational entropy of the protein and 
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the enthalpic energy of the adsorption process that stabilize the protein structure on 

the interfaces [30], [31]. 

In general, the adsorption process depends from kinetic and energetic factors. 

Literature data report that several approaches deal with mathematical models (based 

on kinetic or thermodynamic methods) in order to understand the absorption 

mechanism. From one side, the kinetic models [24], [32], [33], describe the events 

and phenomena during the process of adsorption, starting from an empty solid 

surface until the surface saturation is reached. From the other side, the 

thermodynamic models consider the energetic aspects involved in the protein 

adsorption and predict the final equilibrium state of adsorption based on some 

parameters such as pH, ionic strength, temperature, surface chemistry, protein 

composition, etc. [34]. A key element of the equilibrium models is a suitable 

expression of the Gibbs free energy of a given system, that includes enthalpic 

contributions from protein–protein and protein–surface interactions as well as the 

entropic contributions from the respective protein adsorption state and the 

surrounding solvation shell.  

The knowledge of the Gibbs free energy minimum of the systems can give 

information on adsorption kinetic or about cooperative and surface clustering 

effects of the proteins [24], [35], [36]. 
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1.2.1.2 Ion interaction method  
 

The ionic interaction approach is based on the attraction between opposite charge 

groups present both on the protein and the support surface as shown in Fig. 10. 

In a water environment, at a specific pH value, these surfaces are surrounded also 

by their counterions generating an electrical double layer [31].  

 

 
Fig. 10 Scheme of the ionic interaction process. 

 

When the electrical double layers overlap, an ions redistribution is obtained. If one 

of the layers of protein or support carries a great excess of charge it would result in 

a considerable net amount of charge in the contact region between the protein layer 

and the sorbent surface. The excess of charge is compensated by ions with low 

molecular weight that pass from the solution to the absorbent layer and regulate the 

amount of charge at the interface [22], [37]–[39]. This interaction is reversible and 

depends on the modulation of the ionic strength of the solution, pH, and 

temperature. For example, the increase of the ionic strength or pH can cause a 

release of the protein from the interface of the support to the solution.  

In their works, B. da Silva et al. [40] and the K. Chen et al. [41], observed that the 

protein-support complex, obtained from ionic interaction, depends on the intensity 

of the different interactions (coulomb interaction, charge regulation and ion-dipole) 

that can be generated during the process. The authors reported that an ionic 

interaction can be controlled by the ions quantity in the buffer solution and the pH 

values. 

Seyrek et al. [42] established the consequences of concomitant repulsions and 

attractions of electrostatic origin in protein/polyelectrolyte association in a buffer 

solution. They showed that the anisotropy of electrostatic domains around a protein 

plays a dominant role in determining the ionic strength dependence of the binding 

to a polyelectrolyte. As a result, the affinity of the protein to the polyelectrolyte was 
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regulated by both the charge present on the surface of the protein (inhomogeneity 

of the Coulomb potential) and the short and long-range interactions with the 

polyelectrolyte typical of an adsorption process. Once, the ionic interactions can 

occur simultaneously in an adsorption process in a buffer environment. 

The use of this method is very convenient since the binding of the protein with the 

support is much simpler and the conditions used are milder than in the covalent 

bond. Moreover, for an enzyme, the ionic binding causes slight modifications in the 

conformation of the active site, leading to a high enzyme activity. However, enzyme 

desorption may occur when an electrolyte solution (e.g., buffer solution hypertonic) 

of high ionic strength or with different pH was used. This is due to a weak bond 

between the proteins and the support molecules. In the case of an ionic bond, the 

interactions between the enzyme and the support are much stronger than the 

physical adsorption. 

 

1.2.1.3. Entrapment method 
 

In the entrapment method ( see the scheme in Fig. 11), the proteins are occluded in 

synthetic or natural polymeric networks that retain the enzyme but allow the 

substrates and the products to pass.  

 

 
Fig. 11 Scheme of the encapsulation approach. 

 

The driving forces are the same of the adsorption and ionic interaction. The protein 

entrapment can be an alternative way to keep separate the biological catalyst from 

the solution reagents phase, but the polymeric network can also be considered as an 

active support that can influence the enzyme structure and conformations, its 

dynamics, and the local environment, with a direct effect on its catalytic activity 

[43].  
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In general, this non-covalent confinement is divided in “hard” and “soft” 

entrapment [44]. In hard entrapment, the protein is confined into a fixed matrix, in 

which the protein structure must adapt to the rigid matrix walls. In this case, silica 

[45], zirconia [46], titanium oxides [47], graphene derivatives and metal-organic 

frameworks (MOF) [48] can be used as principal hard matrix. According to the 

experimental conditions selected, the structural architecture of these materials can 

be modulated varying the pores size and shape and also, the surface area. 

In the soft entrapment the protein is confined in a flexible matrix where the protein 

can move more freely. In this case, the flexible matrix fits protein as a glove. As a 

result, the protein does not undergo much conformational changes. These soft 

materials such as membrane, natural polymeric (chitosan), cellulose and saccharide 

matrices (oligo or disaccharides) can possibly mimic the biological environment 

[49]. 

Soft and hard entrapments, can be obtained using different techniques: fiber 

entrapping [50], gel entrapping [51], encapsulation [52], etc.  

The first methods, developed by Snamprogetti, consists in the physical entrapment 

of enzymes inside the microcavities of porous fibers [53] (nanofibers or pristine 

materials) [54]. 

The gels entrapment process concerns the enzymes confinement in sol-gel matrices. 

D. Avnir and co-workers reported [55], in a pioneering study, the immobilization 

of different enzymes by sol-gel process by hydrolytic polymerization of 

tetraethoxysilane. The morphology of the final silica sol-gels structure depended on 

the method of drying [56], [57]. In addition, T. Reetz and co-workers [58] found 

that, when lipases were entrapped in sol-gels produced by Si(OEt)4, the resulting 

systems exhibited disappointingly low activities in the esterification of lauric acid 

by 1-octanol. Since this result could be due to the too hydrophilic 

microenvironment, they entrapped the lipase in a sol-gel prepared from a mixture 

of Si(OMe)4 and R-Si(OMe)3 containing non-hydrolysable alkyl moieties. In this 

case the matrix, more hydrophobic, would have facilitated interfacial activation of 

the lipase. Intriguingly, they observed rate enhancements of 2–8-fold compared 

with the traditional lyophilized lipase powders. This method has been widely used 

for the immobilization of enzymes [59]. Additives such as polyethylene glycol 

(PEG), polyvinyl alcohol and albumin, can have a stabilizing effect on sol-gel 

entrapped enzymes. Indeed, Zanin and co-workers [60] compared three different 

methods – physical binding, covalent attachment, and gel entrapment, in the 

presence and absence of PEG 1450 – for the immobilization of Candida rugosa 

lipase. Their activities were determined in the hydrolysis of olive oil. 



23 
 

Immobilization yields varied from 3 to 32%.  The most active biocatalyst resulted 

by the encapsulation in the presence of PEG. 

N. Ganonyan and co-works [61] reported a bio-friendly procedure for the 

entrapment of enzymes such as glucose oxidase, acid phosphatase and xylanase in 

silica aerogel, retaining both the enzymatic activity and the structure of the aerogel. 

All the steps of the aerogel synthesis were modified and optimized for reducing the 

risk of enzyme denaturation and for preserving the typical aerogel structure of the 

composite. The Michaelis-Menten kinetics (which represents the trend of the 

reaction rate catalyzed by enzymes) was observed for the entrapped enzymes, 

indicating that the enzymes are highly accessible and diffusional limitations of the 

substrate are negligible. Furthermore, S. Betigeri & H. Neau [62] observed that, 

when the lipase enzyme was entrapped in chitosan, it showed an enhanced enzyme 

activity and entrapment efficiency preventing its friability and leaching. The 

support matrix is biocompatible and nontoxic and it is receptive to chemical 

modifications due to its hydrophilic nature and high affinity toward proteins.  

X. Wu et.al [63] reported the first example of multiple enzymes entrapped in MOF, 

which can be readily prepared via a co-precipitation procedure in an aqueous 

solution at environmental conditions. In this case, glucose oxidase (GOx) and 

horseradish peroxidase (HRP) were chosen for the cascade system3 and used to 

prepare the multiple enzyme-embedded zeolitic imidazolate framework (ZIF-8). 

The GOx&HRP/ZIF-8 nanocomposite displayed high catalytic efficiency, high 

selectivity, and enhanced stability due to the protecting effect of the framework. 

In another recent work, B. Heater et al. [64] have entrapped lipase into crystal 

protein (Cry3Aa). The Cry3Aa crystal-mediated entrapment, provides multiple 

benefits to the lipase, including a high enzyme loading, a significantly improved 

thermostability, an increased proteolytic resistance and the ability to be utilized as 

a recyclable biodiesel catalyst. 

These different examples evidence that the entrapment system may be a good and 

quick strategy, sometimes done in one-pot step, to block the enzyme into the matrix 

preserving its catalytic activity. 

  

 
3 The model of the cascade enzymes represents a model formed by more enzyme that acts together 

on the substrate.  
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1.2.2 Covalent confinement  
 

The covalent confinement is based on the chemical interactions between the protein 

and the support. These interactions generate strong covalent bonds. The chemical 

bond involves the sharing of electron pairs between atoms. Usually, the covalent 

bonds formed between the enzyme and the support are σ-bonding or π-bonding 

[65], [66]. The sigma bonds (σ bonds) are the strongest covalent chemical bonds.  

In the covalent confinement, the protein uses the reactivity of lateral groups (amine, 

carboxyl, thiol, and aromatic ring) of the amino acids to generate a covalent 

interaction with the support. In general, as reported in Fig. 12 the covalent 

confinement methods are divided in: Covalent bond on support, Cross-linking and 

Polymeric incorporation. In the following sections, the methods of the covalent 

bond on support and the cross-linking will be analyzed in detail4. 

 

 

Fig. 12 Scheme of the covalent techniques. 

  

 
4 The polymeric incorporation is not deep because it is not used in this project. 
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1.2.2.1 Covalent bond on support 
 

The covalent bond on support mainly depends on the formation of a covalent bond 

between the enzyme and the support material (see the scheme in Fig. 13). The 

problems related to this method concern the support morphology, hydrophilicity, 

numbers of reactivity groups, choice of molecular spacer arms, types of the 

activating agents to generate a covalent bond on the support. 

 

 

Fig. 13 Scheme of the covalent bond formation between the support and the protein. 

 

The covalent linkage is strong and stable, and depends on the support material 

including polyacrylamide, porous glass, agarose, and porous silica [67], [68]. The 

reactivity, between the enzyme and the support, depends on the different functional 

groups present on the surface of the support such as carboxyl group, amino group, 

indole group, phenolic group, sulfhydryl group, thiol group, imidazole group, and 

hydroxyl group. Enzyme activities can be unaffected by the confinement, 

preventing the modification of the amino acids presents in the active site. The 

covalent binding of the enzyme with the support involves two main steps: the 

activation of the support by the addition of the reactive compound and the further 

modification of the surface matrix [68]. The activation step produces the 

electrophilic group on the surface of the support, so that it reacts with the strong 

nucleophiles groups of the proteins [4]. Moreover, higher specific activity and 
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stability, with controlled protein orientation, can be achieved when peptide-

modified surfaces are used for enzyme linkages. For example, the enzyme shows 

high thermal stability when it is covalently linked to cyanogen bromide (CNBr)-

agarose and CNBr-Sepharose. In this case, carbohydrate moiety and glutaraldehyde 

can act as spacer arm [69]. Moreover, covalent binding of enzymes in modified 

silica gel carriers (by removing unreacted aldehyde groups with SBA-15 supports) 

has shown enhanced enzyme stability and acts as hyperactive biocatalysts. Covalent 

binding of enzymes with mesoporous silica and chitosan can increase the half-life 

and thermal stability of the enzymes [70]. 

 

1.2.2.2 Cross-linking reaction 
 

The cross-linking is another irreversible method for enzyme immobilization that 

does not necessarily require the presence of a support to prevent enzyme loss 

dispersion into the solution (see Fig. 14 a) [71], [72]. 

 

 

Fig. 14 a) Scheme of the Cross-linked enzyme aggregate (CLEA) b) cross-linking reaction 

between the protein and the support 
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The cross-linking is another irreversible method for enzyme immobilization that 

does not necessarily require the presence of a support to prevent enzyme loss 

dispersion into the solution (see Fig. 14 a) [71], [72]. This method can also be used 

to generate a covalently bonded protein-protein complex, but also among proteins 

and the surface of the solid support as shown in Fig. 14 b. 

Cross-linking is obtained by the formation of intermolecular cross-linkages 

between the enzyme molecules by means of bi- or multifunctional reagents. In 

general, this technique is called CLEA (Cross-Linked Enzyme Aggregate) and 

glutaraldehyde is the most used cross-linking reagent due to its low cost and high 

availability (see Fig. 14 a) [73], [74]. For decades, this method used the aggregation 

and the reaction of the free α-amino groups of lysine residues, on the surface of 

neighboring enzyme molecules, with oligomers or polymers of glutaraldehyde 

resulting from inter- and intramolecular aldol condensations. Cross-linking 

reactions entail both Schiff's base formation and Michael-type 1,4 addition to α, β-

unsaturated aldehyde moieties. The exact cross-linking mode is pH-dependent [75]. 

This method promotes high loading levels of the proteins and it manages to 

maintain the activity of the enzyme after the cross-linking process.  

Another disadvantage is the formation of protein oligomers bound to the support 

surface, invalidating the results of the analysis revealing the quantity of bound 

protein. The activity of CLEA depends on several factors such as precipitant agent, 

additive, cross-linker, cross-linking time, enzyme concentration, temperature, pH 

and agitation [76].  
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1.2.3 Enzymatic kinetics in the confinement systems 
 

The activity of the enzyme is the crucial aspect that should be analyzed in the 

immobilization systems. This parameter shows if the confined enzyme has a lower 

or a higher activity compared with the free enzyme. 

In particular, the study of the rate of reaction catalyzed by the enzymes is called 

enzymatic kinetics [77], [78]. The general reaction (R.1.1),  

 

(R.1.1)                                      [S] → [P] 

 

where [S] is the substrate and [P] is the product of the reaction, is irreversible and 

with a low reaction rate. 

When an enzyme is involved in the reaction R.1.1, the reaction rate increases since 

the enzyme acts as a catalyst (Fig. 15). 

 

 
Fig. 15 Graphical representation of the interaction between the substrate and the enzyme during 

the catalysis reaction. 
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Due to the presence of the enzyme, R.1.1 becomes R.1.2. 

 

(R 1.2)                       

 

The first part of the equation (E+S↔ES) represents the initial interaction between 

the enzyme and the substrate, and the ES term describes the formation of the 

complex enzyme-substrate, which is the intermediate of the reaction. The second 

part (EP↔E+P) shows the EP complex, which in turn decays rapidly to product and 

enzyme (E+P). The ES ↔ EP terms describe the structural rearrangement of the 

complex (ES). In particular, the transformation of the substrate into the product 

remains tied for a short time to the enzyme to form the enzyme-product complex 

(EP). Fig. 16 shows the plot of the free energy involved in the enzymatic catalysis 

reaction vs the reaction coordinate [79]. 

 

 

 

Fig. 16 Plot of the free energy of the enzymatic reaction [79]. 

 

The reaction velocity is described from the Michaelis -Menten equation (Eq. 1) 

[80]. 

 

(Eq. 1)                        𝑣 =
𝑉𝑚𝑎𝑥 [𝑆]

𝐾𝑀+[𝑆]
   where   Vmax =  K2[E0] 
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where v is the velocity of the enzyme reaction, Vmax is the maximal velocity for a 

specific enzyme concentration (this value depends on experimental condition: pH, 

temperature, reaction medium composition ect.), [S] is the substrate concentration 

and KM is the Michaelis-Menten constant that represents the affinity of the enzyme 

to the substrate. If the KM value is low the affinity is strong. For high KM values, the 

affinity is low. The KM and Vmax values represent the kinetic parameters of the 

enzyme. 

However, when the enzyme is confined on a solid surface it may behave differently 

from a free enzyme[E0] in solution. The final behavior of the enzyme confined [Es] 

on a solid may be affected by several factors: the different conformation of the 

enzyme after immobilization, the presence of different environments in the reaction 

solution, a different partitioning of the substrate between the solution and the 

support and the diffusional effects. Fig. 17 shows the values of v for three enzyme-

substrate systems[81], [82].  

 

 
Fig. 17 a) Classical case of an enzyme and substrate in solution b) Enzyme confined on the support 

with the substrate diffusion c) Enzyme confined system in presence of the substrate in the solution 

[81]. 

 

In the first case, the enzyme and the substrate are in solution (Fig. 17a) and the 

reaction rate is controlled by the classical Michaelis -Menten equation (Eq. 1). 
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In the second case (Fig. 17b), both the enzyme and the substrate interact with the 

solid support. They may exist in different conformations and, consequently, the rate 

constants may be altered. In addition, the reaction can proceed in different 

environments. As a result of these effects, the Michaelis parameters, K2 and KM, 

may be different from those of the free solution. So, we consider K’2 and K’M  as 

new parameters and equation (Eq. 1) becomes:  

 

(Eq. 2)                          v =
𝑉𝑚𝑎𝑥[𝑆]

𝐾′
𝑀+[𝑆]

   where   𝑉𝑚𝑎𝑥 = 𝐾′
2[𝐸𝑠] 

 

However, there is also the possibility that, diffusion effects of the substrate could 

be present in the solid support, leading to a change in the reaction rate of the 

confined enzyme (see graph in Fig. 18a-b).  

The limiting rate, K’2 [Es], can have the same value both in the absence or presence 

of diffusion effects since this term corresponds to the complete saturation of the 

enzyme by the substrate. On the contrary, at low substrate concentrations, the 

diffusion has a significant effect on the reaction rate. In some cases, the rate can be 

lowered increasing KM. This may be due to a low substrate availability for the 

enzyme. The change of the K'M value is indicated with an apparent Michaelis 

constant, KM(app) which can assume values greater than K’M. In this case, the 

diffusion effect causes a decrease of the reaction rate of the enzyme. 

 

 
Fig. 18 Comparison between a) the enzyme confined in the presence of the substrate diffusion and 

b) the rate enzyme confined rate in the solution with the substrate. 

 

In the third system (Fig. 17c), the enzyme is confined on the support and the 

substrate is present in solution. In order to interact with the enzyme, the substrate 
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has to diffuse into the solid. Therefore, as in the previous case, the diffusion is 

important. However, there is an additional factor to consider: the partition 

coefficient (P) related to the amount of the substrate in solution and on the support. 

This factor may increase the rates when greater than unity. In this case, the rate 

equation can be written as (Eq. 3) 

 

(Eq. 3)                   v ≈
𝑉𝑚𝑎𝑥′[𝑆]

𝐾𝑀 (𝑎𝑝𝑝)+[𝑆]
   where   𝑉𝑚𝑎𝑥′ = 𝐾′

2[𝐸𝑠] 

 

The apparent Michaelis constant KM (app) is related to the K’M value for the 

immobilized enzyme by equation (Eq. 4): 

 

(Eq. 4)                                           𝐾𝑀 (𝑎𝑝𝑝) =
𝐾′

𝑀

𝑃𝐹
 

 

where P is a partition coefficient and F is a Thiele function (Eq. 5) to be taken into 

account when diffusion is involved in catalytic problems. This function depends on 

the support thickness l, the enzyme concentration [Es]and the diffusion coefficient 

D for the substrate in the support.  

 

(Eq. 5)                             𝐹 =
tan 𝛾𝑙

𝛾𝑙
   where    𝛾 =

1

2
 √

𝑉𝑚𝑎𝑥′

𝐷𝐾′
𝑀

 

 

In the case of enzyme confinement on spherical support as shown Fig. 19. that 

follows the Michaelis-Menten kinetics, Himberg and coworkers [83] proposed (Eq. 

6):  

 

(Eq. 6)                               𝐷
1

𝑟2

𝑑

𝑑𝑟
(𝑟2 𝑑𝑆(𝑟)

𝑑𝑟
) =

𝑉𝑚𝑎𝑥′𝑆(𝑟)

𝐾′
𝑀+𝑆(𝑟)
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Fig. 19 Enzyme confinement on spherical support. 

 

that describes the stationary distribution of the substrate. D is the diffusion 

coefficient of the substrate within the spherical support, S(r) is the concentration of 

the substrate at a distance r from the center of the support particle, K’2 and K’M are 

the true catalytic and the Michaelis constants, respectively, for the reaction within 

the support. Due to conformational and environmental effects they can differ from 

the kinetic parameters of the free enzyme, K2 and KM 

The kinetic parameters of the confinement enzymes can also depend on other 

factors such as temperature and pH. Temperature plays a particular role in enzyme 

confinement and substrate transformation. At higher temperatures, the enzyme 

converts more rapidly the substrate to the product which is accumulated in the 

solution. In the case of free enzyme in solution, the increase of product 

concentration and temperature may cause a structural instability of the enzyme 

leading to a loss of activity. For a confined enzyme, the interaction with the support 

can increase the structural stability at higher temperature, even though, also in this 

case, an accumulation of the product on the support can decrease the catalytic 

activity (see Fig. 20 a). 

The pH variation in the solution may generate a different partitioning of hydrogen 

ions or hydronium between the solution and the confined enzyme. The pH effect 

can influence the reaction rate resulting in a shift of the pK values of the confined 

enzyme with respect to the free enzyme values. This effect can be due to 

accumulated hydroxyl ions or hydronium ions on both the confined enzyme and the 
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charged support. As a result, the optimum pH values change for the confined 

enzyme with respect to the free enzyme values (see Fig. 20 b). 

 

 
Fig. 20 a) Temperature effect and b) pH effect on free enzyme and confined enzyme [81][84]. 

 

C. Rodrigues and coworkers [85], [86] evidenced that some other variables such as 

the aggregation effect, the diminished enzyme inhibition, the presence of pores 

(when the support is a porous matrix), the enzyme rigidification, etc. can improve 

the activity, the specificity and the selectivity (real or apparent) of the immobilized 

enzyme. The aggregation is much lower for the free enzyme but depends on the 

concentration in the solution. Some cases evidenced an improved activity of 

immobilized enzymes with respect to the aggregated free enzymes even though, the 

improved activity could be an artifact. In this case, the increase of the catalytic 

effect may be due to a greater amount of enzyme on the support and not to an 

increased stability of the enzyme. Concerning the enzyme inhibition, free enzymes 

in solution may be inhibited by high concentrations of the substrate or by some of 

the products, decreasing the observed activity. In some cases, when these enzymes 

are confined on a support, the inhibition effect diminishes and an increased enzyme 

activity after immobilization may be expected. This effect on the improved activity 

can be the result of a higher affinity between the substrate and the active site, 

reducing some allosteric inhibitions. 

Therefore, the higher enzymes activity, after immobilization, can be due to a 

decrease of the enzyme inhibition, and not to a more active conformation of the 

enzyme. In addition, when the enzyme is confined into a pore structure, the presence 

of pores can have several protective effects on the enzyme structure such as an 

apparent increase in the enzyme activity and stability. Another variable that strongly 

determines the enzyme activity is the so-called enzyme rigidification. A strong 

enzyme structure rigidification is obtained when the enzyme is bound to the surface 
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of the support by multipoint covalent bonds. The rigidification prevents enzyme 

conformational changes and it increases the enzyme activity, solvent resistance and 

thermal stability. The rigidification can also stabilize a more active conformation 

of the enzyme. Some enzymes, such as the lipase classes, can exist in different 

conformational states: the open and closed forms. In the close form, the active site 

is protected by a hydrophobic pocket. When the substrate interacts with the pocket 

(interfacial activation) via hydrophobic interaction, the lid is open exposing the 

active site to the medium. Other classes of enzymes can be hyperactivated by a 

conformational change induced by an activator or some specific medium [87], [88]. 

In addition, other factors such as effect of medium partition, diffusional limitations, 

production of a new more active conformation can also influence the enzyme 

activity [89]. 

Y. Zhang and coworkers [90] studied the electrostatic stabilization, the enhanced 

capture of substrates and the effect of metal ions that may enhance the activity of 

confined enzymes. The electrostatic stabilization between the enzyme and the 

support can affect the apparent activity of the confined enzymes and the presence 

of polyelectrolytes can also enhance of 15-fold the kinetic parameters. An activity 

change is also observed when specific metal ions are incorporated into the support.  

Finally, properly designed systems, used in the immobilization, can capture the 

substrates through hydrophobic or electrostatic interactions. The adsorption and 

desorption of substrates on supports are dynamically balanced, leading to a higher 

substrate concentration in the vicinity of the enzyme. This enrichment of substrate, 

which is also known as the positive partition effect, apparently reduces the 

Michaelis constant, KM (app), giving an increased apparent enzymatic activity. 

All these factors can enhance the activity of the confined enzyme, but the final result 

strongly depends on the type of the support, from the enzyme characteristics, and 

its interaction with the support. 
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1.3 NON-POROUS AND MESOPOROUS MATERIAL 

SUPPORTS: STATE OF THE ART 
 

The bond between the supports and the enzymes is crucial to determine the success 

of the enzyme immobilization. The bond depends not only on the protein 

characteristics, but also on the nature and characteristics of the support matrix. 

Based on their chemical composition, the support matrices are classified into two 

main classes: inorganic and organic. The first one includes glass, silica gel, alumina, 

metal oxides, zirconia, and many other silica-based materials. These systems are 

widely used for their thermal and mechanical resistance, their rigidity and their 

suitable porosity. 

The class of organic support represents a wide group of compounds divided in: 

natural supports and synthetic supports.  

The natural supports usually are from natural origin and are water-insoluble. This 

class includes collagen, chitosan, carrageenan, alginate, cellulose, starch, agarose, 

etc.. Due to their chemical structure, the distinctive features of these natural 

polymers are their ability to form inert gels which can be easily activated. They can 

bind to proteins or enzymes in a reversible and irreversible way. They are available 

in large quantities, inexpensive, and they show high thermal and mechanical 

resistance. 

The synthetic supports are ion-exchange resins, which have a porous surface and 

are insoluble in nature. This class includes polystyrene, polyvinyl chloride (PVC), 

polyacrylate, polyamide, polypropylene, diethylamino-ethyl cellulose (DEAE 

cellulose), UV-activated polyethylene glycerol, etc..  

In general, the choice of the support depends on economic advantages, inertness, 

stability, structural strength, ability to enhance enzyme specificity/ activity, easy 

recovery, ability to reduce product inhibition, and ability to prevent nonspecific 

adsorption and bacterial contamination.  

The next sections reports in detail the non-porous and mesoporous silica based  

systems used as supports in the thesis [17], [43], [91]. 
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1.3.1 Silica Materials: Sol gel mechanism and particles formation 
 

The sol-gel process is widely applied to produce inorganic materials due to its 

ability to form pure and homogenous products at mild conditions. This technique,  

classified as Soft chemistry is widely used for tailored materials and nanoparticles 

production [92]. The process includes a two steps reaction: metal alkoxides [M 

(OR) n with R = ring-alkyl or aryl] hydrolysis and hydroxyl groups condensation.  

The hydrolysis reaction is influenced by steric and inductive effects and can be acid 

and base catalyzed. The reaction proceeds by bimolecular nucleophilic 

displacement reactions (SN2-Si) involving pentacoordinate intermediates or 

transition states [93], [94]. 

 

 

R. 2 a) Mechanism of the acid-catalyzed hydrolysis b) Mechanism of the base-catalyzed 

hydrolysis. 

 

Under acid conditions, an alkoxide group is protonated in a rapid first step. Electron 

density is withdrawn from silicon, making it more electrophilic and thus more 

susceptible to be attacked by water (R. 2a). Under basic conditions, the water 

dissociates to produce a nucleophilic hydroxide anion during a rapid first step; after 

that, the anion attacks the silicon center (R. 2b). The hydrolysis reaction may follow 

the reverse process, in which the alkoxide group displaces a hydroxyl group to 

produce an alkoxide ligand plus water as a by-product.  
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This reverse process, re-esterification, always occurs via mechanisms SN2 (R. 3) 

[92]. During the hydrolysis, also transesterification could take place, in which 

alcohol displaces an alkoxide group to procedure an alcohol molecule. This reaction 

often occurs when alkoxides are hydrolyzed in alcohols containing different alkyl 

groups [95]. 

 

 
R. 3 Re-esterification reaction by bimolecular nucleophilic substitution reactions. 

 

The condensation reactions occur by either a de-alcoholization or dehydration 

process with the formation of an alcohol or water molecule. As the hydrolysis 

reaction, also the condensation reaction depends on the pH of the solution. Under 

acidic conditions (R. 4a), the condensation mechanisms occur through a protonated 

silanol species. Protonation of the silanol makes the silicon more electrophilic and 

thus more susceptible to the nucleophilic attack. At basic conditions (R. 4b), the 

reaction involves the attack of a nucleophilic deprotonated silanol on neutral silicate 

species [92] [95].  

As a result, the final reaction produces a sol-phase of inorganic polymers network 

that can condense into particles that remain stably suspended or can aggregate in a 

particular gel or can grow so much that they settle out of suspension.  

The continuous collisions and the aggregations between primary particles, formed 

in the sol-phase, can led to the growth of the particle clusters linked together into a 

gel phase.  
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R. 4 a) Mechanism of the acid-catalyzed condensation b) Mechanism of the base- catalyzed 

condensation. 

 

Since a shorter time of nucleation decreases the final total number of nuclei and 

increases the final particle size of the synthetic silica colloids, the rates of the 

hydrolysis intermediates formation and of the condensation mechanisms is crucial.  

This fact confirms that the relative rate of the two reaction mechanisms can be 

decisive for the final quality of the product. 

The most famous method to produce monodisperse non-porous silica particles was 

developed by Stöber, Fink, and Bohn (SFB) [96]. The process involves the 

hydrolysis of tetraethyl-orthosilicate (TEOS) in a basic solution of water and 

alcohol. During the reaction, the particles grow up to a critical size of about 350nm 

[97].  

Silica particles larger than 1 µm can be commonly prepared by a seeded-growth 

technique known as the multistage SFB method (see Fig. 21). This technique 

involves a first step where seed particles are formed. In this step, the diameter of 

the particles may reach a critical size as predict by the classical reaction described 



40 
 

above (R. 2-4). The next steps, defined as growth steps of the silica particles, are 

obtained by the slow addition of the TEOS precursor. As a result, the increased 

TEOS concentration facilitates the formation of new particles that aggregate on the 

particles previously formed. The aggregation increases the diameter of the particles. 

It is possible to obtain different particle sizes as a function of  the temperature, the 

concentration of the reagents (NH3, H2O, presence of a polyelectrolyte such as KCl, 

and TEOS) and by setting the drop rate of TEOS [98], [99]. 

 

 
Fig. 21 Modified Stöber method (Seeded–growth technique) [97]. 
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1.3.2 Mesoporous Materials  
 

The mesoporous materials are widely used as carriers in the enzyme confinement 

systems. An advantage of these materials is the possibility to change their surface 

morphology changing the synthesis conditions. In particular, the mesoporous 

materials prepared via the sol gel-method are produced by two different approaches: 

Soft-templating and hard-templating. 

In the soft method, organic molecules such as surfactants block copolymers, and 

silane coupling agents are used as structural directing agents. Several theoretical 

models have been developed for describing the formation mechanism of the 

mesoporous systems via the soft method. Fig. 22 reports the principal mechanisms: 

liquid-crystal templating mechanism (LCT) and cooperative formation mechanism 

(CFM) [100].  

 

 
Fig. 22 Principal mechanisms for the synthesis of mesoporous material: cooperative formation 

mechanism (CFM) and liquid-crystal templating mechanism (LCT) [100]. 

 

The hard-templating method (Fig. 23) uses a guest material (swelling agent) to 

generate a pore structure modification in the matrix support. The process can be 

divided in three steps: 1) the precursor infiltration inside meso-channels of the silica 

template; 2) the conversion of the precursor in the nanochannels; 3) the removal of 

the mesoporous silica template.  
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Fig. 23 Hard template process [101]. 

 

Those methods are used to prepare different mesoporous materials (see Fig. 24) 

such as MCM [9, 10], SBA [104], FDU [105], MSU[106], HOM[107], KIT[108] 

series. 

 

 
Fig. 24 SEM and TEM images of different mesoporous silica materials [100], [107], [109]–[113]. 

 

Thanks to their morphology and to the easy synthesis, the MCM and SBA structures 

are widely used as supports for enzyme confinement. However, also dendritic 

fibrous systems such as KCC1or DFNPs are widely used as supports [114]. Unlike 



43 
 

MCM and SBA structures, DFNPs (Fig. 25), obtained via hard templating, have a 

disordered structure and derive from a cooperative assemble between the micelles 

and the silicates formed in the solution to generate a dendritic pore structure. 

 

 

Fig. 25 Formation mechanism of dendritic fibrous silica particles (DFNPs) [115]. 
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1.3.3 The bioinspired method: A eco-friendly synthesis to produce 

silica material 
 

Bioinspired methods use soft strategies to produce inorganic mesoporous 

structures; Fig. 26 shows an example for silica. In general, the bioinspired process 

is designed on the chemical principles underpinning the biological processes. An 

example is the bioinspired silicification method inspired by the natural bio-

silicification. Indeed, in nature exist different organisms such as diatoms, sponges, 

and grasses that are able to form a variety of complex and hierarchical biogenic 

silica structures under mild physiological conditions [116]. 

 

 

Fig. 26 a) Typical synthesis of the mesoporous silica particles (MSN), b) Development of bio-

inspired silica synthesis [117]. 

 

The bio-silica produced in the organisms is used as mechanical structural support, 

as protection against predators and as sensors. In the bio-silicification, the silicic 

acid, a non-toxic compound and soluble in aqueous environments, is the starting 

precursor [118]. Probably the formation of the bio-silica polymer is due to specific 

proteins (Silicatein-α [119]), peptides, and amines, which catalyze the condensation 

reaction of the silicic acid to form a silica polymeric network. However, this 

mechanism is not yet fully understood. On the other hand, biosynthesis generates 

an ornate and hieratical silica structure at mild pH (near-neutral), at room 

temperatures (<40℃) in a friendly aqueous (‘green’) environment [120].  

In a typical silica bio-inspired process, the polymerization reaction occurs in water 

using mild conditions and with Na2SiO4 as a precursor. The reaction is activated by 

additives used as catalysts and templates. At the end of the reaction, they are 
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removed. The mild conditions of the bioinspired method might be relevant for 

generating the silica platforms for the enzyme confinement [116], [121].  

A principal advantage of this method is that the materials properties (e.g., surface 

area, particle size, porosity, etc.) can be fine-tuned through the use of appropriate 

processing parameters, additives and silica precursors, the preparation time is short, 

it requires mild conditions and it is flexible.  

The R5 peptide was the first molecule used as catalyst for the bioinspired method 

and it was able to maintain a high activity and stability of some confined enzymes 

(catalase, horseradish peroxidase and β-Galactosidase). However, R5 peptide is 

very expensive, and thus alternative additives have been considered [12], [122], 

[123].  

For instance, C. Forsyth [124] and co-works used different amines such as 

pentaethylenehexamine (PEHA), tetraethylenepentamine (TEPA), 

triethylenetetramine (TETA), and diethylenetriamine (DETA) for the entrapment 

of the lipase enzyme into the bioinspired silica support. The authors obtained high 

immobilization efficiency close to 100% and high levels of activity and stability. 

Polyethyleneimine (PEI) was also successfully used for enzyme entrapment, even 

though poor results were obtained for lipase and carboxylesterase immobilization 

[125], [126]. Although many works report a significant loss of activity for the 

confined enzyme, the PEI additive appears efficient for horseradish peroxidase 

immobilization [127]. In addition, also additives like polyallylamine (PAH), 

polyamidoamine dendrimers (PAMAM), and poly-L-lysine (PLL) can successfully 

immobilize enzymes such as D-amino acid oxidase, glucose oxidase, horseradish 

peroxidase, adenosine deaminase [128] . However, the comparison between 

different immobilization systems is not straightforward due to the limitations 

caused by the diffusion effects of the substrate and product formed after reaction. 

The success of the system depends very much on the size of the substrate used in 

activity tests the confinement systems.  
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1.3.4 Chemical functionalization of the supports for the 

confinement enzyme 
 

The surface interaction between the enzymes and the supports is a crucial step to 

generate the final confined systems. In general, the chemical and physical 

proprieties of the surface of the support can be improved or modified by a suitable 

surface functionalization [100], [129], [130]. The functionalization can influence 

the catalytic efficiency and the dispersion ability of the enzyme and the interactions 

between the enzyme interfaces. In addition, the surface modification is used to 

provide biocompatibility, steadiness, and functionality to the supports for their 

further applications [131]. During the enzyme immobilization, the presence of the 

functionalized group can control the electrostatic interaction and reduce the 

diameter of the channels to facilitate the enzyme entrapment in the nanochannels of 

the support carrier. The surface functionalization can occur through direct or post-

synthetic functionalization (grafting) [129], [132]. The direct functionalization 

method is performed during the synthesis of the support. This strategy has several 

advantages such as homogeneous surface coverage in one-pot synthesis, a better 

control over the amount of incorporating ligand on the surface, and the possibility 

to use a wide range of functional groups. The grafting method is used to link 

functional groups after the support synthesis 

 

 

Fig. 27 a) Direct functionalization method, b) post-synthesis grafting method. 
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In the case of the silica support, the direct functionalization method (see Fig. 27 a) 

is performed using a precursor (TEOS) together with different organosilanes such 

as (3-Aminopropyl) triethoxysilane (APTES), (3-mercaptoopropyl) 

trimethoxysilane (MPTMS) or (3-Glycidyloxypropyl) trimethoxysilane (GPTMS), 

which actively participate to the synthesis. In the grafting method (see Fig. 27 b), 

the silica support is functionalized by a silylation process, which can graft the 

desired functional groups. In this case, the silanol groups can be replaced by a target 

organic ligand through a single-phase or multistep attachment. The clustering of the 

functional groups and the formation of an isolated cluster are the main 

disadvantages of this procedure. 
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1.4 IMMOBILIZATION OF ENDOGLUCANASE AND 

PETASE  
 

In all industrial activities, the production of natural and synthetic waste is inevitable 

and, consequently, it is one of the most important issues to be addressed in the near 

future. Among the strategies and methods to transform waste in resource, now, 

recycling is one of the most used. However, physical and chemical methods of 

recycling can have some adverse effects mainly related to the environmental 

impacts that they could cause. In the last years, among the recycling processes, the 

use of enzymes has been receiving growing attention. In particular, the cellulase 

families are used for recycling biomass waste to produce bioethanol, and the 

PETase families for recycling PET bottles. Nevertheless, the main disadvantages of 

a strategy involving enzymes are always strongly related to the recovery and the 

production of the biocatalyst. For this reason, the immobilization or confinement of 

the enzymes may be a valid solution to some of the problems related to the use of 

enzymes in industrial processes.  

 

1.4.1 Endo-β-1,4-glucanase 
 

In the last decades, biomass has been widely used as a sustainable resource for the 

production of biofuels (e.g. bioethanol, biohydrogen, and biodiesel) [133]. In 

particular, the Endo-β 1,4-glucanase is part of a wide family, called glucanase, that 

catalyzed the hydrolysis of the cellulose in the biomass to produce reducing 

oligosaccharides (see Fig. 28) [134], [135]. Endo-β-1,4-glucanase is the main for 

cellulose degradation, it is produced by Aspergillus Niger and it belongs to the 

glycosyl hydrolase family 12. It is known to catalyze glycosidic bond cleavage with 

net retention of anomeric configuration. In general, the structure of the cellulases is 

divided into two main parts: a carbohydrate-binding domain (CBD) and a catalytic 

domain (CD). The (CBD) domain facilitates the interaction between the enzyme 

catalytic domain (CD) and the cellulose network. The (CD) domain is the principal 

site where the catalytic hydrolysis occurs [136]. The hydrolysis mechanism is 

catalyzed in an acid or basic environment, where the catalytic reaction stepwise 

passes through a glycosyl-enzyme intermediate to letting the substrate be 

hydrolyzed via oxocarbenium- ion transition states [137]–[139]. Moreover, 

considering the cellulosic ethanol production, cellulase costs about 40% of the total 
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cost and, in general, is used in the soluble form, which presents several drawbacks 

such as low stability, poor reusability, and limitations when used in continuous 

reactors [140], [141].  

 

 

 

Fig. 28 a) Endo-β-1,4-glucanase structure and catalytic site, b) reaction catalysis [138]. 
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1.4.2 PETases 
 

The Polyethylene terephthalate (PET) is one of the most used plastics, in addition 

to polyethylene, polypropylene, polystyrene, polyvinyl chloride, and polyurethane, 

and its worldwide production amounted to 56 million tons in 2013 [142]. PET has 

various applications and it can be used for the production of manufacturing bottles, 

fibers, films, and containers [143]. The PET waste is dumped on land and in oceans 

and, eventually, it is deteriorated into microplastics threatening the marine 

ecosystem. In general, the degradation of PET is obtained by chemical techniques 

based on the polymerization of the powder produced, that transform the polymer 

into the initial raw material. These chemical techniques can be very expensive and 

not eco-friendly [144]. 

 

 
Fig. 29 a) Scheme of the degradation a PET bottle, b) SEM images of a bacterium that degrades 

and assimilates PET, c) SEM images of I. sakaiensis cells grown on a PET film for 60 hours, d) 

SEM image of a degraded PET film surface [142], [144].  

 

As an improved approach, the work of S. Yoshida and co-workers[144] showed 

that some microbes such Ideonella sakaiensis, (see Fig. 29) adapted properly and 

evolved to partially degrade man-made plastics into carbon and energy sources. In 

particular, the authors showed that the microbes species degrade the plastic by using 

enzymes (PETase and METase) efficiently converting PET into its two monomers, 

terephthalic acid, and ethylene glycol.  

On comparative analysis with esterase enzymes such as lipases and cutinases, 

PETase was found to have more effective activity at low temperature, in degrading 

PET films. The work of X. Han and coworkers [145] presents the structure of the 

PETase from the PET-consuming microbe Ideonella sakaiensis. The authors 
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explained that the PETase adopts the canonical ɑ/β- hydrolase fold, in which the 

strictly is conserved catalytic triad Serine (S 131)-Histidine (H 208)-Aspartic acid 

(D 177). Several unique features are present near the catalytic center such as two 

intra- molecular disulfide bridges (DS1 and DS2) and Tryptophan (W156) adjacent 

to the catalytic center displays variable conformations in the crystal structures. 

Tryptophan (W156) is found in every PET-hydrolyzing enzyme. Fig. 30a shows 

the PETase structure with the catalytic sites evidenced in Fig. 30b-c. The authors 

reported a three-steps reaction mechanism for PET hydrolysis. The first step 

concerns the substrate-binding formation where different conformations of 

Tryptophan (W156) are possible (Fig. 30d). During the second step, PET enters the 

substrate-binding cleft. The carbonyl group placed in the active site is ready to be 

hydrolyzed by the nucleophilic attack of Serine (S131). As last step, the resulting 

benzoic acid group of the hydrolytic compound becomes more planar, and it is 

induced by W156 to turn and form a face-to-face stacking interaction. As a result, 

the enzyme hydrolysis reaction may cause an initial dissolution of the polymer 

[146]–[148]. 

 

 

Fig. 30 a) Graphic model of the PETase enzyme structure, b), c) Catalytic site, d) Hydrolysis 

mechanism reaction of the PETase [149].  
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CHAPTER 2 
 

EXPERIMENTAL PART 
 

2.1 SYNTHESIS OF DIFFERENT SILICA SUPPORTS  
 

2.1.1 Synthesis of the non-porous silica particles via Stöber 

method 

 

2.1.1.1 Materials 

 

Table 2 reports a list of reagents used for the samples preparation. They were 

used without further purification. 

 

Table 2 

Reagents Abbreviation 
PM 

(uma) 
Purity 

Density 

(g cm-3) 
Supplier 

Ethanol EtOH 46.07 99.8% 0.79 Aldrich 

ammonia solution NH3 35.05 28wt% 0.90 Fluka 

tetraethyl orthosilicate TEOS 208.33 98% 0.93 Aldrich 

potassium chloride KCl 74.55 99% 1.98 Fluka 

 

2.1.1.2 Synthesis of non-porous silica via Stöber method 

 

Silica particles, obtained via Stöber method [96], were prepared by hydrolysis and 

condensation of tetraethyl orthosilicate (TEOS) in ethanol and in presence of 

ammonia as catalyst. In a jacketed beaker (250 ml) with thermostatic bath a first 

solution with a preferred concentration of ethanol (14.6 M), ammonia (1.6 M) and 

millQ water (4.9 M) was added. The solution was stirred for 5 min to ensure a 

complete mixing. A second solution of TEOS (0.1 M) was added slowly (dripping) 

into the first solution at 30 °C overnight. After the addition of TEOS, the clear 

solution gradually turned opaque due to the formation of a white silica suspension, 

and it was continuously stirred for 24 h. The final colloidal solution was separated 

by centrifugation from the suspension at 9000 rpm and washed with water and 

ethanol for three times, and then they were dried in an oven at 60 °C overnight. 
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2.1.1.3 Synthesis of non-porous silica via modified Stöber method 

 

The Silica particles with larger size were obtained using the method of Yu et al. and 

performed with a piston pump (Prostar varian 210) [150]. 

The synthesis of silica particles was conducted in a 250 mL jacketed glass where 

an ethanol solution (4.92 M) of TEOS (0.08 M) (solution I) was continuously 

supplied with a piston pump to the reaction mixture (solution II) of water (3.2 M), 

ethanol (4.92 M), ammonia (2.41 M) and KCl electrolyte (0.002 M). The solution 

(I) was dropped into the solution (II) with the supply rate of 0.2 mL min-1. The 

reaction temperature was 30 °C and the stirring speed was 300 rpm. After supply 

of solution I, the obtained particles were purified by centrifugation at 9000 rpm and 

washed with ethanol three times. Finally, the SiO2 particles were dried in stove at 

60 °C. 
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2.1.2 Synthesis of mesoporous silica via soft and hard methods 

 

2.1.2.1 Materials 

 

Table 3 reports a list of reagents used for the samples preparation. They were 

used without further purification. 

 

Table 3 

Reagents Abbreviation 
PM 

(uma) 
Purity 

Density 

(g cm-3) 
Supplier 

Ethanol EtOH 46.07 99.8% 0.79 Aldrich 

ammonia solution NH3 35.05 28wt% 0.90 Fluka 

tetraethyl orthosilicate TEOS 208.33 98% 0.93 Aldrich 

hexadecyltrimethylammonium 

bromide 
CTABr 364.45 98% 1.11 Aldrich 

sodium hydroxide NaOH 40 98% 2.13 Aldrich 

n-hexane NHEX 86.18 95% 0.66 Aldrich 

Toluene TOL 92.14 99% 0.87 Aldrich 

Urea UREA 60.06 99% 1.34 Aldrich 

Acetone ACE 58.08 99% 0.80 Aldrich 

sodium stearate Na-STE 306.46 99% 1.02 Aldrich 

TYLOSE MH300 (Methyl 2-

hydroxyethyl cellulose) 
MHEC n/a n/a 1.30 Aldrich 

Methanol MeOH 32.04 99% 0.80 Aldrich 

n-butanol n-BuOH 74.12 99% 0.81 Aldrich 

 

2.1.2.2 Synthesis of MSN with soft template method (series MC)  

 

The MSN synthesis was performed following the method of Chen et.al starting from 

TEOS as precursor, hexadecyltrimethylammonium bromide (CTABr) as template 

and ammonia as catalyst [100]. In a jacketed beaker of 250 ml an amount of CTABr 

(0.08 M) was dissolved in a solution of deionized water (40 M) ethanol (4.10 M) 

and ammonia (0.34 M). An amount of the TEOS was slowly dropped into the 

solution and mixed for 2 h at 30 °C. The final colloidal solution was filtered and 

washed with deionized water and ethanol. The product was dried and calcined for 

5 h at 550 °C, to remove the organic part. The synthesis was performed with 

different surfactants such as sodium stearate and methyl 2-hydroxyethyl cellulose 

(Tylose). 
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2.1.2.3 Synthesis of MSN with hard template (series MS). 

 

A new series of MSN was performed using an organic co-solvent as swelling agent 

to increase the micelle size and obtaining a mesoporous system with larger pore 

size. In this case, TEOS hydrolysis and condensation were catalysed by sodium 

hydroxide (NaOH). In a jacketed beaker of 250 ml CTABr (0.001 M) and NaOH 

(0.003 M) were dissolved in water (53 M) and mixed for 10 min at 30 °C. An 

amount of n-hexane (0.23 M) was added under vigorous stirring (500 rpm) for 15 

min to form an emulsion. After the emulsion formation the stirring was stopped 

waiting for the separation of the two phases. At this point, a TEOS solution (0.01 

M) was added and mixed for 5 h. The final product was filtered and washed with 

deionized water and methanol (MeOH). The product was dried and calcined in air 

at two temperature and rates: 90°C at 1 °C/min and 550 °C at 5 °C/min for 5 h. 

 

2.1.2.4 Synthesis of DFNPs (KCC1 series). 

 

The KCC1 synthesis was prepared following the work of Febriyanti et al. [151]. In 

typical synthesis, n-butanol (0.21 M) was dissolved in toluene (4.40 M) followed 

by adding TEOS (0.18 M). Subsequently, a solution of CTABr (0.04 M), urea (0.16 

M) in deionized water (26 M) was quickly added into the above solution. After 

vigorous stirring for 30 min, the mixture that turned into emulsion was transferred 

to a 50 mL Teflon lined autoclave and heated at 120 °C for 4 h. The resulting 

product was isolated by centrifugation, washed with deionized water and acetone 

and dried in air for 24 h. Finally, the as-synthesized product was calcined at 550 °C 

for 6 h in air.  
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2.1.3 Synthesis of silica support via bioinspired method 

 

2.1.3.1 Materials 

 

In Table 4 are listed all the reagents used for the samples preparation. They were 

used without further purification. 

 

Table 4 

Reagents Abbreviation 
PM 

(uma) 
Purity 

Density 

(g cm-3) 
Supplier 

sodium metasilicate 

pentahydrate 

Na2SiO3 x 

5H2O 
212.14 95% 2.61 Aldrich 

hydrochloric acid HCl 36.46 37% 1.3 Aldrich 

diethylenetriamine DETA 103.17 99% 0.95 Aldrich 

triethylenetetramine TETA 146.23 97% 0.98 Aldrich 

pentaethylenehexamine PEHA 232.37 99% 0.95 Aldrich 

polyethyleneimine PEI ⁓25000 99% n/a Aldrich 

polyallylamine hydrochloride PAA ⁓50000 99% n/a Aldrich 

 

2.1.3.2 Bioinspired method 

 

The typically bio-inspired synthesis [116] was performed preparing, into a 150 ml 

tube, the first solution of Na2SiO3 x 5H2O (0.03 M) and 70 ml of deionized water. 

In a second tube the additive was weighed out in a molar ratio [Si]:[N]=1 and was 

dissolved in 20 ml deionized water. The reaction mixture was neutralized adding a 

pre-determined amount of 1 M HCl while stirring to reach the final pH of 7±0.05 

after 5 min. For post-synthetic treatment, in a second step, to the supports 

synthesized at pH 7, further pre-determined amount of 1 M HCl was added to reach 

the desired pH value (pH 5 or pH 2) [29]. After the reaction, the suspension was 

centrifuged at 5000 rpm for 15 min and washed 3 times in deionized water. After 

washes, the product has been dried in a vacuum oven for 5 h. The synthesis was 

performed using other additives (DETA, TETA, PAA, PEI). 
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2.1.4 Characterization  

 

The porosity of the samples was analyzed by nitrogen physisorption measurements 

collected at liquid nitrogen temperature (−196 °C) using a Micromeritics ASAP 

2010 volumetric adsorption analyzer. The Brunauer Emmett Teller (BET) equation 

was used to calculate the specific surface area, the pore size distributions by the 

Barrett Joyner Halenda (BJH) model. The study of the morphology was performed 

by Zeiss Sigma VP FE-SEM c/o the Centro di Microscopia "Giovanni Stevanato" 

in Venezia-Mestre (VE, Italy). The particle size distribution was calculated by the 

ImageJ software. The degree of BIS samples purification was analyzed by the 

Diffuse Reflectance Fourier Transform Infrared Spectroscopy (DRIFT-IR) with a 

NEXUS-FT-IR instrument implementing a Nicolet AVATAR Diffuse Reflectance 

accessory. 
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2.2 CHEMICAL FUNCTIONALIZATION OF 

DIFFERENT SILICA SUPPORTS  
 

2.2.1 Materials 

 

In Table 5 are listed all the reagents used in the samples preparation. They were 

used without further purification. 

 

Table 5 

Reagents Abbreviation 
PM 

(uma) 
Purity 

Density 

(g cm-3) 
Supplier 

Ethanol EtOH 46.07 99.8% 0.79 Aldrich 

ammonia solution NH3 35.05 28wt% 0.90 Fluka 

tetraethyl orthosilicate TEOS 208.33 98% 0.93 Aldrich 

(3-Aminopropyl) 

triethoxysilane 
APTES 221.37 99% 0.94 Aldrich 

(3-Mercaptopropyl) 

trimethoxysilane 
MPTMS 196.34 95% 1.05 Aldrich 

(3-Glycidyloxypropyl) 

trimethoxysilane 
GPTMS 236.34 98% 1.07 Aldrich 

N-[(3-trimethoxysilyl)propyl] 

ethylenediaminetriacetic 

acid 

EDTA-TMS 462.21 45% 1.26 
ATK 

Chemical 

(3-Chloropropyl) 

trimethoxysilane 
CPTMS 198.72 97% 1.09 Aldrich 

toluene TOL 92.14 99% 0.87 Aldrich 

sodium acetate anhydrous NaOAc 82.03 99% 1.53 Aldrich 

acetic acid AcOH 60.05 99% 1.05 Aldrich 

cyclohexane Cy 84.16 99% 0.78 Aldrich 

n-propylamine PrA 59.11 98% 0.72 Aldrich 

Triethylamine TEA 101.19 99% 0.73 Aldrich 

Tetrahydrofuran THF 72.11 99% 0.89 Aldrich 

Methanol MeOH 32.04 99% 0.80 Aldrich 

Dimethylformamide DMF 73.09 99% 0.94 Aldrich 

Sodium azide NaN3 65.01 99% 1.85 Fluka 

Copper (II) sulfate Cu SO4 159.61 99% 3.603 Aldrich 

Biotin alkyne B-Alkyne 281.37 98% n/a 
Lumipro

be 

(+)-Sodium L-ascorbate SA 198.11 98% 1.66 Aldrich 

polyethyleneimine PEI ⁓25000 99% n/a Aldrich 
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2.2.2 Silica support functionalization via 3-

Aminopropyltriethoxysilane (APTES). 

 

The functionalization with APTES was performed using four different method. 

  

2.2.2.1 Functionalization via acid silylation (method A) 

 

In a beaker, 0.3 g of silica particles were dispersed in water (1.40 M) and ethanol 

(8.14 M) under stirring. In another vial, under stirring, a solution of water (1.40 M) 

and ethanol (8.14 M) was prepared. Glacial acetic acid was added to adjust the pH 

to 5.0 and then APTES (0.13 M) was added. This solution was then dropped to the 

first one, the final solution was left under stirring for 3 h. The resulting silica 

particles were collected by centrifugation at 9000 rpm for 30 min and washed in 

water and ethanol. The obtained product was dried overnight at room temperature. 

 

2.2.2.2 Functionalization via grafting in organic solvent (method B) 

 

In a glass flask, 0.4 g of silica particles were dispersed in toluene (8.85 M) under 

stirring at 50 °C for 30 min. APTES (0.03 M) to the solution was added under reflux 

at 110 °C and mixed for 24h. The final product was centrifuged at 9000 rpm for 10 

min, washed three times with ethanol solution and dried at room temperature 

overnight. 

 

2.2.2.3Functionalization via acid silylation using a controlled dripping 

(method C) 

 

In a glass flask, 0.3 g of silica particles were dispersed an acetate buffer solution 

(0.01 M at pH 5) and ethanol (8.20 M) under stirring at room temperature. In 

another vial, a solution of ethanol (8 M) and APTES (0.13 M) was prepared. This 

solution was then dropped to the first one by a piston pump with a supply rate of 

0.2 mL min-1. After dropping, the final solution was left under stirring for 3 h. The 

resulting silica particles were collected by centrifugation at 9000 rpm for 30 min, 

washed three times with water and ethanol. The final product was dried at room 

temperature overnight. 
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2.2.2.4 Direct Functionalization via Co-condensation synthesis (method D) 

 

In a glass flask, a solution of water (2.70 M), ethanol (14.64 M), and ammonia (4 

M) was prepared. In another vial, a quantity of TEOS (0.08 M) and of APTES (0.03 

M) were dissolved in ethanol (14 M) under stirring at room temperature for 10 min. 

This solution was then dropped to the first one, the resulting solution was mixed for 

24 h at room temperature. The resulted colloidal solution was centrifuged at 9000 

rpm for 30 min, washed three times with water and ethanol. The final product was 

dried at 70 °C. 

 

2.2.3 Silica support functionalization via (3-

mercaptopropyl)trimethoxysilane (MPTMS). 

 

In a glass flask, 0.3 g of silica particles were dispersed in cyclohexane (4.50 M) 

under stirring at room temperature. In a second glass flask the second solution of 

cyclohexane (4.50 M), n-propylamine(0.12 M), and MPTMS (0.05 M) was 

prepared. This solution was added to the first one and mixed for 1 h at room 

temperature. The resulting silica particles were collected by centrifugation at 9000 

rpm for 30 min, washed three times with water and ethanol. The product was dried 

at room temperature. 

 

2.2.4 Silica support functionalization via (3-Glycidyloxypropyl) 

trimethoxysilane (GPTMS). 

 

Surface modification of silica supports with GPTMS was performed according to 

methods already present in literature [22]. 1 g of dry silica particles were dispersed 

in dry toluene (9 M) and then GPTMS (0.01 M) and triethylamine (0.02 M) were 

added. The resulting mixture was refluxed under nitrogen atmosphere at 110 °C and 

mixed for 4 h. The resulting silica particles were collected by filtration and washed 

with THF. Finally, product was dried at 120 °C for 8 h. 

 

2.2.4.1 Functionalization with polyethyleneimine 

 

After GPTMS functionalization further modification was carried out using a 

polyamine (PEI). In this case, 0.15 g of the silica functionalized with GPTMS were 

dissolved in 10 ml of methanol. 0.23 g of PEI were added to the solution and mixed 
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for 3 h under reflux at 60 °C. The resulting silica particles were collected by 

filtration and washed several times with methanol. Product was then dried at 60 °C 

for 3 h. 

 

2.2.5 Silica support functionalization via N-[(3-

trimethoxysilyl)propyl] ethylenediaminetriacetic acid (TMS-

EDTA). 

 

In a glass flask, 0.08 g of silica particles were dispersed in water (23 M) under 

stirring at room temperature. A second solution comprising EDTA-TMS (0.20 M) 

and water (18.50 M) was added to the first one. Glacial acetic acid (1.5 M ) was 

added to resulting solution and the suspension was mixed under mechanical stirring 

and under reflux at 90 °C for 24 h. The final product was centrifuged at 9000 rpm 

for 30 min and washed three times with water and ethanol. At the end, product was 

dried at 70 °C. 

 

2.2.6 Silica support functionalization via 3-

Chloropropyltrimethoxysilane (CPTMS) and sodium azide  
 

The Silica supports functionalized with CPTMS were prepared similarly to APTES 

method B described previously. Then the grafted support was functionalized with 

sodium azide following the method of Mader et al. [152].  

In a glass flask, 0.1 g of silica particles functionalized with CPTMS were dispersed 

in 5 mL of a saturated solution of sodium azide and DMF. The resulting mixture 

was mixed at 90 °C for 3 h. The silica particles were collected by centrifugation at 

9000 rpm and washed under stirring in a water solution for 3 h in order to remove 

the remaining DMF. After the first wash in water, the product was centrifuged again 

at 9000 rpm and washed three times with water and ethanol. The product was dried 

at 60 °C for 12 h. 

 

2.2.7 Silica support biotinylated via CuAAC (Cu(I)-catalyzed 

azide/alkyne cycloaddition) click reaction.  

 

The click reaction was performed using silica functionalized with azide group and 

Biotin containing an alkyne group. The reaction was catalyzed with Cu (I). 
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In a tube a solution of CuSO4 (0.2 mM), biotin (3.2 mM) was prepared and mixed 

at room temperature for 1 min. 0.05 mM of sodium ascorbate were added to the 

solution and mixed for 15 min. The resulting silica particles were collected by 

centrifugation and washed three times with water.  

 

2.2.8 Characterization  

 

The functionalized samples were characterized by Diffuse Reflectance Fourier 

Transform Infrared Spectroscopy (DRIFT-IR) with a NEXUS-FT-IR instrument 

implementing a Nicolet AVATAR Diffuse Reflectance accessory. The 

Thermogravimetric Analysis (TGA) and the Differential Scanning Calorimetry 

(DSC) were performed, by the Netzsch STA 409 C instrument, in air from 30 °C to 

900 °C with a heating rate of 10 °C/min. The total nitrogen, carbon, and sulfur 

amounts were determined using a CHNS analyzer (Unicube by Elementer). For the 

CHNS analysis, the powder samples were dried and weighed (5-10 mg) in a tin 

capsule, which was then combusted in a reactor at 1000 °C. The analysis of the 

elements (N2, CO2, and SO2) was performed by direct Temperature Programmed 

Desorption (direct TPD). The dimensions and the change morphologies of the 

samples were studied by scanning electron microscopy using a Zeiss Sigma VP FE-

SEM c/o the Centro di Microscopia "Giovanni Stevanato" in Venezia-Mestre (VE, 

Italy). The UV-Vis analysis was carried out with an Agilent 8453 UV-visible 

spectrophotometer. 
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2.2.8.1 Ninhydrin assay for the detection α-amines 

 

The reaction with ninhydrin (2,2-Dihydroxyindane-1,3-dione) was used to detect 

primary amines in the amino-modified samples. The result of this specific reaction 

was a purple color solution known as Ruhemann’s purple. The reagent was prepared 

in a falcon tube by dissolving 0.1 g of ninhydrin in 30 ml of ethanol solution and 

mixed for 10 min. 0.03 g of the solid was added in 800 μL of ethanol and 200 μL 

of ninhydrin solution and mixed for 5 min. The reaction mixture was heated in 

thermo block at 95 °C for 5 min. After cooling at room temperature, the samples 

were collected by centrifugation at 10000 rpm. The supernatant was collected, and 

the color yield of the solution was measured at 570 nm by a UV–vis 

spectrophotometer. The reaction of glycine (2-amino acetic acid) with ninhydrin 

was used to define the calibration curve [153] as shown in Fig. 31. The groups 

density was calculated by equation (Eq. 7): 

 

(Eq. 7)                                Density NH2= 
𝐺𝑙𝑦(

𝑚𝑔
𝑚𝑙

) 𝑥 𝑁𝑎 𝑥 𝑉(𝐿)

𝐶(𝑔) 𝑥 𝑆(
𝑚2

𝑔 )

 

 

Where Gly is a glycine concentration, Na is Avogadro's number, V is a volume 

solution, C is a sample in gram and S is the sample surface area (m2/g). 

 

 
Fig. 31 a) calibration curve with glycine at different concentration, b) sample without 

functionalization, c) sample functionalization with APTES. 
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2.3 PROTEIN EXSPRESSION AND PURIFICATION  
 

2.3.1 Materials 

 

Table 6 reports the reagents used for the samples preparation. They were used 

without further purification. 

 

Table 6 

Reagents Abbreviation 
PM 

(uma) 
Purity 

Density 

(g cm-3) 
Supplier 

pET21b(+)-Is-PETase-

W159H-S238F plasmid 
PETase n/a n/a n/a Addgene 

OverExpress C41(DE3) C41(DE3) n/a n/a n/a Aldrich 

Rosetta (DE3) R(DE3) n/a n/a n/a Aldrich 

SHuffle® T7 T7 n/a n/a n/a Aldrich 

2xTY Microbial Medium 2xTY n/a n/a n/a Aldrich 

Isopropyl β- D -1-

thiogalactopyranoside 
IPTG 238.31 98% n/a Aldrich 

Acrylamide AM 71.08 99% 1.13 Aldrich 

2-Amino-2-(hydroxymethyl)-

1,3-propanediol, 
Trizma 121.14 99% 1.32 Aldrich 

β-mercaptoethanol βME 78.13 99% 1.11 Aldrich 

bromophenol blue BPB 670 99% 2.2 Aldrich 

Glycerol Gly 92.09 99% 1.25 Aldrich 

hydrochloric acid HCl 36.46 37% 1.3 Aldrich 

sodium dodecyl sulfate SDS 288.37 99% 1.01 Aldrich 

ammonium persulfate (NH4)2S2O8 228.18 99% 1.98 Aldrich 

N,N,N′,N′-tetramethyl 

ethylenediamine 
TEMED 116.24 99% 0.78 Aldrich 

sodium hydroxide NaOH 40 98% 2.13 Aldrich 

Endo-β-1,4-glucanase Cell_EG n/a n/a n/a Aldrich 

 

2.3.2 PETase exspression 

 

The PETase expression was refined by Austin et al. [154]. The protein was 

expressed in E. coli C41(DE3) in 2xTY media and induced by the addition of 1 mM 

final concentration IPTG. The cells were harvested by centrifugation at 2000 rpm 

for 10 min at 4 °C, disrupted by sonication, and the cell debris removed by 

centrifugation at 9000 rpm for 30 min. The protein was purified by Ni-affinity 
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chromatography followed by gel filtration on a Superdex 75 HR column. The 

expression was performed with other three different cell strains (Lemo21 (DE3), 

Rosetta, SHuffle® T7) and the process was scaled up to obtain a final protein 

concentration of 0.77 mg/ml.  

After the first small-scale test expression, the protein was purified from 1 L of TB 

medium, using the Lemo 21 (DE3) induced with 0.4 mM IPTG and grown at 16°C 

for 20 hours.  

The culture was centrifuged at 9000 rpm and the pellet was resuspended in 

sonication buffer (300mM NaCl, 50mM Sodium Phosphate, 3% Glycerol, 1% 

Triton X-100) and centrifuged at 9000 rpm to remove the cells debris. The sonicated 

sample was incubated with Ni-NTA resin. To the sample was added 30 mM 

imidazole to prevent unspecific binding to the resin. The resin has been transferred 

to a gravity-flow column and washed with 50 mM sodium phosphate pH 8, 300 

mM NaCl, 30 mM imidazole and eluted with 50 mM sodium phosphate pH 8, 300 

mM NaCl, 500 mM imidazole. 

 

2.3.3 Characterization and protein purification  

 

The proteins PETase and Endo-β-1,4-glucanase ware purified and analyzed with 

Size exclusion chromatography (SEC) performed with ÄKTA pure 25 M system 

(GE Healthcare).  

The PETase protein was resuspended in a buffer (PBS 1X pH 7.2) and was loaded 

on a Superdex® Increase 75 column and equilibrated with buffer5. The fractions 

containing the pure protein were pooled and further concentrated by using 10000 

NMWL. Amicon Ultra-15 ultrafiltration devices (Merck Life Science) at 2000 rpm 

and 4 °C on a Heraeus Multifuge X1R centrifuge (Thermo Fisher Scientific).  

For the Endo-β-1,4-glucanase (Cell_EG) enzyme, the purification was performed 

with HiLoad 16/600 Superdex 200 prep grade column) in buffer Tris/HCl pH7.4 at 

50 mM.  

The molecular weight of the proteins was characterized with Sodium Dodecyl 

Sulphate Polyacrylamide Gel Electrophoresis analysis (SDS–PAGE). The gels 

were done with 12 % polyacrylamide both resolving gel and stacking gel. The 

protein samples were prepared by boiling for 10 min in the presence of denaturation 

 
5 Equilibration buffer (50 mM sodium phosphate, 300 mM NaCl, pH 8.0), elution buffer 1 (30 

mM Imidazole, 50 mM sodium phosphate, 300 mM NaCl, 30 mM imidazole, pH 8.0) elution buffer 

2 (500 mM Imidazole, 50 mM sodium phosphate, 300 mM NaCl, 30 mM imidazole, pH 8.0) 
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buffer (Tris/HCl 0.5M at pH 6.8, 10 % SDS, 1 % β-mercaptoethanol, Bromophenol 

blue solution at 0.12 % and 0.6 g of Glycerol). After denaturation, the protein 

samples were loaded on the polyacrylamide gel (see Fig. 32) applying a voltage of 

80 V and an intensity of electric current of 100 mA for 2 h. After migration, the gel 

was stained with Coomassie blue. Finally, the gel was analyzed with GeneTools 

from Syngene software to calculate the molecular weight of the proteins. The Broad 

Range Standards (Bio-Rad) marker was used to characterize the molecular weight 

of the protein sample. 

 

 
Fig. 32 a) Schematic of electrophoretic protein separation in a polyacrylamide gel. MW, molecular 

weight, b) Migration of the proteins and buffer ions in a denaturing discontinous PAGE system: (A) 

Denaturated sample proteins loaded into the wells. (B) Voltage is applied and the protein samples 

move into the gel. The chloride ions already present in the gel (leading ions) run faster than the SDS-

bound proteins and form an ion front. The glycine ions, (trailing ions) flow in form the running 

buffer and form a front behind the proteins. (C) A voltage gradient is created between the chloride 

and glycinate ions, which sandwich the proteins in between them. (D) The proteins are stacked 

between the chloride and glycinate ion fronts. At the interface between the stacking and the resolving 

gels, the percentage of acrylamide increases and the pore size decreases. Movement of the proteins 

into the resolving gel is met with increased resistance. (E) The smoller pore size resolving gel begins 

to separate the proteins based on molecular weight only, since the charge to mass ratio is equal in 

all the proteins of the sample. (F) the individual proteins are separated into band patterns ordered 

according to their molecular weights [155].  

  



67 
 

2.4 COVALENT AND NON-COVALENT 

CONFINEMENT SYSTEMS 

 

2.4.1 Materials 

 

Table 7 reports a list of reagents used for the samples preparation. They were used 

without further purification. Except for Endo-β-1,4-glucanase protein, which was 

purified with SEC analysis as describe in § 2.6.3. 

 

Table 7 

Reagents Abbreviation 
PM 

(uma) 
Purity 

Density 

(g cm-3) 
Supplier 

Bovine serum albumin BSA 60KDa 98 n/a Aldrich 

Endo-β-1,4-glucanase Cell_EG n/a n/a n/a Aldrich 

Streptavidin Alexa Fluor 647 
STREP-AF-

647 
n/a n/a n/a 

Thermo 

fisher 

Sodium phosphate dibasic Na2HPO4 141.96 99% 1.7 Aldrich 

Sodium phosphate 

monobasic dihydrate 

NaHPO4 x 

2H2O 
156.01 99% 1.91 Aldrich 

sodium hydroxide NaOH 40 98% 2.13 Aldrich 

Hydrochloric acid HCl 36.46 37% 1.3 Aldrich 

Sodium cyanoborohydride NaBH3CN 62.84 95% 1.2 Aldrich 

Bradford reagent BCA n/a n/a n/a Aldrich 

3,5-Dinitrosalicylic acid DNS 228.12 98% 1.8 Aldrich 

Potassium sodium tartrate 

tetrahydrate 
KNaT 282.22 99% 1.77 Aldrich 

Phenol PHEN 94.11 99.5% 1.07 Aldrich 

Sodium metabisulfite NaSO2 190.11 99% 1.48 Aldrich 

sodium metasilicate 

pentahydrate 

Na2SiO3 x 

5H2O 
212.14 95% 2.61 Aldrich 

hydrochloric acid HCl 36.46 37% 1.3 Aldrich 

diethylenetriamine DETA 103.17 99% 0.95 Aldrich 

triethylenetetramine TETA 146.23 97% 0.98 Aldrich 

pentaethylenehexamine PEHA 232.37 99% 0.95 Aldrich 

polyethyleneimine PEI ⁓25000 99% n/a Aldrich 

polyallylamine hydrochloride PAA ⁓50000 99% n/a Aldrich 

glutaraldehyde GLU 100.2 
50%wt 

in H2O 
1.06 Aldrich 
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2.4.2 Covalent confinement  

 

2.4.2.1 Cross linking method with glutaraldehyde as cross-linking agent  

 

2.4.2.1.1 Protein-protein cross linking  

 

The cross-linking reaction was performed using only a protein solution with 

glutaraldehyde, to form protein-protein bonds.  

In a tube, a protein solution (2 mg/ml in phosphate buffer solution (PBS) 50 mM at 

pH 7.4) and glutaraldehyde(0.42 mM) were prepared and mixed for 2 h at room 

temperature. After, NaBH4 (10 mM) was added to the solution and mixed for 1 h. 

At the end, the resulting product was collected by centrifugation at 5000 rpm for 5 

min and washed three times with water. 

 

2.4.2.1.2 Cross linking between α-amine silica particles and protein.  

 

The cross-linking method with amine silica support and proteins was divided in two 

steps. In first one, in a tube 10 mg of functionalized silica support were washed 

three times with phosphate buffer solution (PBS 0.05 M) at pH 7.4. After the final 

wash, the silica support was suspended in 0.5 ml of the PBS (0.05 M) containing 

10% of glutaraldehyde (GLU) and mixed well for 1 h at room temperature. The 

resulting silica support was collected by centrifugation and washed with PBS 

several times to remove excess of glutaraldehyde. The silica support was 

resuspended in 0.5 ml of buffer PBS. In the second step, the protein was coupled to 

the silica support suspension, with a final concentration of 1 mg/ml and mixed for 

4 h at room temperature. Then, in the suspension NaBH3CN (10 mM) was added 

and mixed for 1 h. The final product was centrifugated at 5000 rpm and washed 

three time with PBS. The supernatants were collected and analyzed for protein 

quantification (see § 2.4.4.1). 
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2.4.3 Non-covalent confinement  

 

2.4.3.1 Protein adsorption  

 

In a first tube, a protein stock solution was prepared at 10 mg/ml in distilled water 

or in PBS (0.05M) at pH 7.4. In a second tube, 10 mg silica samples were suspended 

in 1 ml of distilled water. These two solutions were mixed to a final volume of 2 ml 

and the final concentration of the support was 5 mg/ml and the protein concentration 

was 1 mg/ml. The samples were incubated for 2 h under stirring in a water bath at 

30 °C at 200 rpm. The samples were then centrifuged at 5000 rpm for 15 min and 

washed three times with water. In each washing step, 1 ml of the supernatant was 

replaced with distilled water. 

 

2.4.3.2 Proteins entrapment using the Bioinspired method 

 

For the entrapment of proteins, during BIS synthesis as described in § 2.1.3.2, 1 

mg/ml concentration of proteins was added immediately after neutralization with 1 

M HCl, and the resulting solution was gently mixed, left unstirred for 5 min and 

centrifuged at 5000 rpm, washed, and dried as above. The supernatants were stored 

after each round in order to quantify free proteins remaining. 

 

2.4.3.3 Adsorption streptavidin-Alexa fluor 647 A on Silica support 

biotinylated 

 

The bioconjugation was performed preparing a water solution of 10 mg of the 

biotinylated silica and 0.01 M of the streptavidin-Alexa Fluor 647a. The solution 

was mixed at room temperature for 15 min. The final solution with silica particles 

and streptavidin was analyzed by cytometer analysis. 

 

2.4.4 Characterization 

 

The Bradford assay (see § 2.4.4.1) and enzyme assays(see § 2.4.4.2) were 

performed using an Agilent 8453 UV-visible spectrophotometer. The confinement 

systems were analyzed with SDS-PAGE analysis (see § 2.3.4) and Diffuse 

Reflectance Fourier Transform Infrared Spectroscopy (DRIFT-IR) with a NEXUS-

FT-IR instrument implementing a Nicolet AVATAR Diffuse Reflectance 
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accessory. The cytometer analysis has been performed with Attune NxT Flow 

cytometer. 10000 events were collected and analyzed with a low flow rate of 25 uL 

min-1 for each sample. The instrument was set up with the following voltage 

parameters: forward side scattering (FSC) at 1 V, Side scattering (SSC) at 220 V 

and red laser for the detection of Alexa Fluor 647 fluorophore at 320 V. 

 

2.4.4.1 Protein quantification 

 

The quantification of protein loading was carried out by analyzing the supernatants 

recovered after the reaction and were analyzed by the Bradford assay [33]. The 

assay was performed by adding a predetermined amount of Bradford reagent to 

either the supernatant samples or calibration samples in cuvettes. The calibration 

curve was prepared using the BSA in a range 0.1–1.2 mg/ml. The final solution was 

mixed three times and the color was left to develop for 15 min. The samples 

absorbance was recorded at 595 nm using distilled water as blank. As the protein-

dye complex is stable up to 60 min, the absorbance was recorded before 60 min and 

after 15 min of the Bradford reagent addition. For each calibration, averages from 

three different measurements were reported. The amount of the protein loaded in 

encapsulation and adsorption was calculated using this calibration curve. The 

enzyme loading efficiency (%) and protein in silica (wt %) was determined as 

follows equation (Eq. 8) and (Eq. 9): 

 

(Eq. 8)         𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐸𝑡𝑜𝑡−(𝐸𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦+𝑊1+𝑊2+𝑊3)

𝐸𝑡𝑜𝑡
𝑥 100 

 

(Eq. 9)                𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑠𝑖𝑙𝑖𝑐𝑎 (%) =
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑙𝑜𝑎𝑑𝑖𝑛𝑔(𝑔)

𝑆𝑢𝑝𝑝𝑜𝑟𝑡 𝑦𝑖𝑒𝑙𝑑(𝑔)
𝑥 100 

 

Where Etot is the initial enzyme quantity present in the mixture (during 

encapsulation or adsorption), Erecovery is the amount of enzyme in the supernatant 

immediately after encapsulating and adsorbing. While the W1, W2, and W3 are the 

amounts of enzymes present in the washing solutions. The protein in silica is the 

ratio of the total mass of protein loaded and the mass of support obtained after dying 

(which is the total quantity of the support plus protein after the encapsulation or 

adsorption protein). 

 



71 
 

2.4.4.2 Endoglucanase assay 

 

The enzyme activity was evaluated through the analysis of reducing sugar that 

formed in the solution after the catalytic action of the enzyme on 

Carboxymethylcellulose sodium salt (CMC). The concentrations of the reducing 

sugar were analyzed by the reaction with 3,5-Dinitrosalicylic acid (DNS) reagent 

[34], [35]. 

 

❖ DNS reagent preparation 

 

The DNS reagent was prepared following the work of T. K. Ghose et.al [143]. In a 

falcon tube, 3,5-Dinitrosalicylic acid (0.05 M) was dissolved in a 50 ml of water 

and NaOH (0.55 M) solution and mixed until completely dissolved obtaining a 

yellow-orange color solution. An amount of potassium sodium tartrate tetrahydrate 

(1.2 M), phenol (0.1 M), and sodium metabisulfite (0.05 M) were added to the 

solution and mixed at room temperature for 30 min.  

 

❖ Endoglucanase assay protocol 

 

In a tube, 0.05 ml of protein solution (0.2 mg/ml of the Cell_EG in 0.05 M citrate 

buffer at pH 4.8) and 0.05 ml of CMC solution (2 % w/v CMC in 0.05 M citrate 

buffer) were mixed at 50 °C for 30 min. Then DNS reagent (0.3ml) was added. The 

final solution was boiled for 10 min and then immediately transferred to a cold-

water bath and 1.6 ml of distilled water were added. The color formed was 

monitored at a wavelength of 540 nm. A calibration curve with glucose standard 

was used to evaluate the amount of reducing glucose produced in solution. The 

kinetic parameters Km, Vmax was used to evaluate enzyme activity. The relative 

activity (RA %) of the different confinement systems and their recycled (RASR %) 

were calculated following the (Eq. 10) and the (Eq. 11). 

 

(Eq. 10)               𝑅𝐴 (%) =
𝑅𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑓𝑟𝑜𝑚 𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 𝑠𝑦𝑠𝑡𝑒𝑚(

𝑚𝑔

𝑚𝑙
)

𝑅𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑓𝑟𝑜𝑚 𝑓𝑟𝑒𝑒 𝑒𝑛𝑧𝑦𝑚𝑒(
𝑚𝑔

𝑚𝑙
)

 𝑥 100 

 

(Eq. 11)           𝑅𝐴𝑆𝑅 (%) =
𝑅𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑓𝑟𝑜𝑚  𝑠𝑦𝑠𝑡𝑒𝑚 𝑟𝑒𝑢𝑠𝑒𝑑(

𝑚𝑔

𝑚𝑙
)

𝑅𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑓𝑟𝑜𝑚 𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 𝑠𝑦𝑠𝑡𝑒𝑚(
𝑚𝑔

𝑚𝑙
)

 𝑥 100 
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2.4.4.3 PETase assay 

 

The PETase assay has been performed using a para-nitrophenol acetate as substrate. 

In a tube was prepared a solution of Na2HPO4 -HCl (45 mM) at pH 7.0, NaCl (90 

mM) , and DMSO 10 % (v/v). Para-nitrophenol acetate (1 mM) was added to the 

solution and mixed until completely dissolved. An aliquot of PETase protein (370 

nM) was added and mixed for 5 min at 30 °C. Para nitrophenol (pNP) produce by 

the reaction was monitored at 415 nm.  
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CHAPTER 3 
 

RESULTS AND DISCUSSIONS 
 

3.1 NON-POROUS SILICA PARTICLES. 

 

Non-porous spherical silica particles were synthesized in ammonia solution by the 

Stöber method (Fig. 33a). Different ratios of water (H2O), ammonia (NH3), and 

TEOS and different reaction times were tested to evaluate their effects on the 

particles size. The influence of these parameters on the morphology of the particles 

was analyzed by FE-SEM microscopy and the data elaboration was carried out by 

ImageJ software (Fig. 33b). The concentrations of NH3, H2O and TEOS were based 

on literature data [96], [156]. As shown in Table 8, keeping the reaction time 

constant (2 h), lower concentrations of NH3, H2O and TEOS cause a reduction of 

the particle size. 

 

Table 8 

Sample H2O (mol/L) NH3 (mol/L) TEOS (mol/L) Particles size (nm) 

S1 4.94 1.65 0.11 275±28 

S2 4.94 0.83 0.11 178±17 

S3 4.94 0.41 0.11 53±6 

S4 2.46 1.65 0.11 200±21 

S5 1.23 1.65 0.11 177±18 

S6 0.61 1.65 0.11 70±4 

S7 4.94 1.65 0.028 163±15 

S8 4.94 1.65 0.05 250±20 

S9 4.94 1.65 0.014 86±9 

S10 4.94 3.85 0.11 Aggregate 
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Fig. 33 a) SEM image of sample S1 synthetized following Stöber method, b) Particles size 

distribution. 

 

Fig. 34a summarized the results of Table 8. Three distinct behaviors can be clearly 

evidenced. The increase of the catalyst concentration can also produce a particles 

conglomeration as shown in Fig. 34b. 

 

 
Fig. 34 a) Effect of different concentration of the NH3, H2O and TEOS, b) FE-SEM image of the 

S10 with increase of the catalyst concentration. 
 

The influence of the reaction time on sample S1 was also analyzed. Fig. 35 shows 

the growth of the particle size during the reaction time. After 1440 minutes the size 

reaches a value of 350 nm defined as the limit diameter of the particle growth.  

As shown by Masalov et al. [157] the particles does not grow further after reaching 

a certain critical diameter.  
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Fig. 35 Evaluation of particle size during the synthesis reaction, a) Different distribution of the 

particle sizes, b) Plot of particle size (nm) vs time, c) FE-SEM image of the particle growth over 

time. 

 

However, the possibility to prepare particles with larger size was also investigated. 

In this case, the growth of the particle was controlled by dropping TEOS precursor 

with a 0.2 ml/min rate using a piston pump. A final particle size of 1 and 2 μm was 

obtained, in the presence of an electrolyte (KCl) in solution. The experimental 

conditions are listed in Table 9 and the experimental setup are represented in  

Fig. 36. 

 

Table 9 

Sample 
H2O 

(mol/L) 

NH3 

(mol/L) 

TEOS 

(mol/L) 

KCl 

(mol/L) 

Dripping 

speed 

(mL/min) 

Particles size 

(nm) 

S15 3.18 4.05 0.08 n/a 0.20 

238±19, 

360±23, 

441±13 

S18 3.18 4.05 0.08 0.002 0.20 1180±25 

S19 3.21 2.73 0.16 0.002 0.20 2081±49 
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Fig. 36 Experimental setup of the growth technique. 

 

Sample S15 (see Fig. 37) was synthetized without the electrolyte and the growth of 

the particles was investigated during 4 hours of TEOS dripping. As shown in Fig. 

38a, after 1 hour, the particle size distribution is centered at about 230 nm. The 

continuous addition of TEOS, after 2 and 3 hours (Fig. 38b and Fig. 38c), generates 

different distribution size of particles centered at different values. The average size 

of the distribution containing the larger particles increases when the dripping time 

is increased. After 3 hours, four distributions centered at 189, 233, 305 and 375 nm 

are clearly present. After 4 hours (see Fig. 38d), the size distribution of the larger 

particles is centered at about 441 nm.  

The presence of a cationic species (K+) promotes the aggregation of small spheres 

on the surface of the growing particles causing crucial effects on the distribution 

and the final size of the particles. Keeping the TEOS, H2O, and NH3 concentrations 

constant, sample S18 was prepared in presence also of KCl. As a result, a single 

size distribution centered at about ⁓1 μm is obtained (see Fig. 39a).  

Still, in presence of KCl, but changing the NH3 and TEOS concentrations, sample 

S19 identified an increased particle size up to ⁓2 μm (Fig. 39b).  

 

 
Fig. 37 FE-SEM images of the S15 sample at different times. 
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Fig. 38 size distributions of the sample S15 during the growth over time, a) 1 h, b) 2 h, c) 3 h and 

d) 4 h.  

 

 
Fig. 39 Size distribution and FE-SEM images of the a) S18 and b) S19 samples. 
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3.2 MESOPOROUS SILICA PARTICLES VIA SOFT 

AND HARD TEMPLATING 

 

Table 10 

Soft method (MC samples) 

Sample 
H2O 

(mol/L) 

EtOH 

(mol/L) 

NH3 

(mol/L) 

TEOS 

(mol/L) 

Template* 

(mol/L) 

Particles 

size (nm) 

MC 11 18 9 5.3 0.15 0.05 Aggregate 

MC 102 40 4.1 0.33 0.12 0.08 85±6.0 

MC 113 45 2.2 1.1 0.13 0.09 
291±19.5; 

345±9.1 

MC 124 0.04 0.004 0.1 0.0002 0.01 Aggregate 

MC 135 4.48 14.6 1.57 0.11 0.0001 Aggregate 

*(1), (2), (3) CTABr, (4) Methyl 2-hydroxyethyl cellulose (MHEC), (5) Sodium stearate (Na-STE) 

Hard method (MS samples) 

Sample 
H2O 

(mol/L) 

NaOH 

(mol/L) 

Swelling 

agents* 

(mol/L) 

TEOS 

(mol/L) 

CTABr 

(mol/L) 

Particles 

size (nm) 

MS 16 53 0.003 0.23 0.01 0.001 
103±8.2, 

122± 12.3 

MS 27 47 0.003 1.17 0.01 0.001 
Not 

spheric 

*
(6) Hexane (7) Cyclohexane 

Hard method (KCC1 sample) 

Sample 
H2O 

(mol/L) 

Urea 

(mol/L) 

Toluene 

(mol/L) 

n-butanol 

(mol/L) 

TEOS 

(mol/L) 

CTABr 

(mol/L) 

Particles 

size 

(nm) 

KCC 1 19.2 0.12 3.2 0.16 0.14 0.03 ⁓400 

 

The best confinement process depends on the morphological properties (shape, 

surface area, and size) of the porous support. Soft and hard templates are the main 

methods to produce suitable mesoporous silica systems. Table 10 summarizes the 

samples synthesized by soft and hard method.  

Soft method (MC series) is similar to the Stöber method, but in this case, during the 

hydrolysis and condensation reactions of TEOS, a surfactant is added as template 

to generate, after calcination, a mesoporous structure (see Fig. 40). 
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Fig. 40 scheme of the reaction by soft template. 

 

In order to prepare mesoporous systems with monodisperse nanoparticles size and 

high surface areas, we optimized the reaction conditions and the template (chosen 

among Methyl 2-hydroxyethyl cellulose, MHEC, and sodium stearate (Na-STE)).  

The hard template method (MS and KCC1 samples) was performed using different 

swelling agents (hexane, cyclohexane, and toluene) to increase the pore diameter 

(Fig. 41) and the surface area. For the detail of the synthesis see § 2.1.2.3 and 

2.1.2.4. At basic condition: NaOH was added to hexane or cyclohexane, meanwhile 

urea and a co-solvent (n-Butanol) to toluene. All the samples were analyzed by 

nitrogen physisorption and SEM microscopy. For each sample, the measurement 

for each analysis was performed three times.  

 

 
Fig. 41 scheme of the reaction by hard template. 

 

The analysis of MC samples often showed the formation of aggregates and 

conglomerates, with irregular shapes (Fig. 42), due probably to the thermal 

treatment at 550°C and to the reaction conditions. Only samples MC 10 (Fig. 43) 

and MC 11 (Fig. 44), showed spherical particles with size of about 85 and 290 nm 

and little aggregation (see Fig.45). 
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Fig. 42 FE-SEM image of the MC 1 sample.  Fig. 43 FE-SEM image of the MC 10 sample. 

 

      
Fig. 44 FE-SEM image of the MC 11 sample. Fig. 45 Dimensional analysis of the MC 10 and MC 

11samples. 

 

Using the same optimized conditions of MC 10 and MC 11 but changing the 

templates (MHEC and Na-STE), the particles form aggregates as clearly observed 

in Fig. 46 and Fig.47.  

 

         
Fig. 46 FE-SEM sample MC 12.             Fig. 47 FE-SEM sample MC 13. 

 

Concerning the hard template method, samples MS 1and MS 2 were prepared with 

two different swelling agents (n-hexane and cyclohexane). As a result, the 
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morphology of the samples drastically changes. Sample MS 1 (Fig. 48) showed the 

presence of aggregated spherical nanoparticles with an average size of about 103 

nm (Fig.49). The use of cyclohexane (sample MS 2 Fig. 50) led to a total loss of 

sphericity probably due to a structural change of the reverse micelle during the 

formation of the emulsion.  

Sample KCC 1 was prepared by hydrothermal method using toluene and N-butanol 

for the formation of reverse micelles. The obtained particles showed a fibrous 

morphology (see Fig. 51) and an average size of ⁓ 400 nm. This morphology, as 

explained by Febriyanti et al. [151], was generated through a cooperative action 

between the growth of the inverse micelle and the hydrolysis and condensation 

processes of TEOS that occurred inside the emulsion/bath. 

 

   
        Fig. 48 FE-SEM of the MS 1 sample.         Fig. 49 Dimensional analysis of the MS 1 sample. 

   
        Fig. 50 FE-SEM of the MS 2 sample.               Fig. 51 FE-SEM of the KCC 1 sample.     

 

Nitrogen adsorption isotherms of MC 11 and MS 1 showed type IV profiles with a 

H1 hysteresis loop (according to the IUPAC classification), typical of mesoporous 

materials, whereas KCC 1 presents a type II profile and H4 hysteresis loop typical 
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of micro-mesoporous material. MC 12 and MS 2 show a type III isotherm, 

characteristic of a non-porous material. Some isotherms are reported in Fig. 52.  

 

 
Fig. 52 Adsorption and desorption curve of the a) MC11, b) MC12, c) MS1 and d) KCC1. 

 

Table 11 summarizes the results of the samples obtained by soft and hard methods. 

For both the methods the specific surface area and the pore size distributions (Fig. 

53) are within a wide range of values.  
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Table 11 

Soft method  

Sample 

BET 

Surface area 

(m2g-1) 

Total 

Pore volume 

(cm3g-1) 

BJH 

Pore diameter 

(nm) 

Particles size 

(nm) 

MC-1 1552±62.1 0.80±0.04 2.3±0.9 Aggregate 

MC-10 1165±46.1 1.15±0.1 2.6±1.0 85±6.0 

MC-11 810±32.2 0.18±0.02 1.1±0.05 291±19.5; 345±9.1 

MC-12 50±2.5 0.06±0.02 n/a Aggregate 

MC-13 256±10.1 0.17±0.04 2.8±1.1 Aggregate 

Hard method 

MS1 1029±40.6 1.30±0.05 4.2 ±1.6 103±8.2, 122± 12.3 

MS2 123±4.9 0.18±0.01 n/a Not spheric 

KCC1 507±20.3 1.01±0.04 3±1.1 ⁓400 

 

 
Fig. 53 Pore size distribution of the samples from BJH model. 
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3.3 SILICA SUPPORTS PREPARED BY BIOINSPIRED 

METHOD 

 

The bioinspired method was used as an alternative process to produce silica 

supports in a water environment without organic solvents. Compared to the 

procedures followed for the synthesis of mesoporous materials, that required drastic 

reaction conditions (e.g., high temperatures or different organic compounds), the 

bio-inspired synthesis was carried out in water solution using a metasilicate salt 

((Na2SiO3)•5H2O) as precursor, in presence of an additive (usually an amine or 

polyamine) at room temperature. In general, the initial pH of the reaction was about 

12, but it depended on the used additive. The condensation process (R. 5) of the 

silicic precursor started when a stoichiometric amount of hydrochloric acid was 

added to the solution. Around 5 minutes later, a colloidal solution with pH=7 was 

obtained. At the end of the synthesis in presence of an acid pH, the amine can be 

removed as shown in Fig. 54. All the samples were analyzed by nitrogen 

physisorption, SEM microscopy. For each sample, the measurement for each 

analysis was performed three times. The removal of the additive from the supports 

was analyzed by FTIR-DRIFT. 

 

 
R. 5 The reaction from sodium metasilicate to formation of the silica support. 

 

 
Fig. 54 Scheme of the bio inspired silica synthesis. 
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In Table 12 are listed: the samples, the final pH (7,5,2) and the different additives 

(i.e., DETA, TETA, PEHA, PEI, and PAA) chosen for the preparation. 

 

Table 12 

Sample Additive pH 

BIS_DETA_7 

DETA 

7 - 5- 2 

BIS_DETA_5 

BIS_DETA_2 

BIS_TETA_7 

TETA BIS_TETA_5 

BIS_TETA_2 

BIS_PEHA_7 

PEHA BIS_PEHA _5 

BIS_PEHA _2 

BIS_PEI_7 

PEI BIS_PEI_5 

BIS_PEI_2 

BIS_PAA_7 

PAA BIS_PAA_5 

BIS_PAA_2 

 

The supports were characterized by FE-SEM microscopy and by nitrogen 

physisorption, whereas the purification degree was verified by FTIR-DRIFT. All 

the samples showed aggregates of particles, especially when PAA (Fig. 55a) and 

PEI (Fig. 55b) are used.  

 

 
Fig. 55 a) FE-SEM images of the BIS-PAA, b) and BIS-PEI at pH7. 
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At pH 7 and 5, the particles of the supports synthesized with other additives (DETA, 

TETA, PEHA) do not completely lose their spherical shape. On the other hand, at 

pH=2 the morphology of the particles was completely changed. As an example, 

Fig. 56 shows the FE-SEM images for the supports synthesized with DETA 

additive at different pHs.  

 

 
Fig. 56 FE-SEM images of the sample BIS-DETA at a) pH 7, b) 5 and c) 2. 

 

The samples show isotherms of type II and III, typical of the non-porous or 

macroporous materials (see Fig. 57a-b).  

 

 
Fig. 57 Adsorbed and desorbed curves of the BIS-DETA a) and b)BIS-PAA at different pH. 
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At pH 2, the specific surface area of samples synthesized by DETA, TETA and 

PEHA are larger than the values obtained at pH 7 and 5 (Fig. 58a). These 

differences could be related to the best removal of the additives from the support 

after the treatment at pH 2. This difference is also supported by the increased pore 

volume for supports synthesized at pH 2, as indicated in Fig. 58b. The supports 

synthesized with PAA and PEI at pH 2, 5 and 7 do not show evident changes.  

 

 
Fig. 58 a) Specific surface area, b) pore volume of the different silica supports.  

 

 
Fig. 59 FTIR-DRIFT analysis of the a) BIS-DETA, b) BIS-PAA samples. 

 

From FTIR analysis it is possible to have a further evidence of the removal of the 

additive from the supports synthesized at pH 2. As shown in Fig. 59, supports 

prepared at pH 7, show the characteristic signals of the additive (1440-1480 CH 

bending, 1650-1600 bending of primary amines, 3000-3330 NH stretching of 
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secondary amines) in addition to those of the silica (1100-1000 Si-O-Si stretching, 

> 3500 Si-OH stretching). The intensity of the additive bands decreased for  

supports synthesized at pH 5 and 2. In the supports produced by PAA (Fig. 59b) at 

pH 2, the additive is not completely removed as confirmed by the bands at 1500-

1450 of the C-H bending. 
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3.4 CHEMICAL FUNTIONALIZATION OF THE NON-

POROUS AND MESOPOROUS SILICA SUPPORT 

 

Chemical functionalization is an important step to obtain silica supports containing 

organic groups on the surface able to interact with proteins.  

The non-porous silica supports were functionalized with APTES and CPTMS with 

an azide group. In the first case, the density effect of NH2 groups and the use of 

some silanization methods have been investigated (see § 2.2.2) on the particle size; 

in the second one, the quality of the surface functionalization has been studied. 

Samples functionalized with APTES were characterized by CHSN elemental 

analysis and the Ninhydrin assay. The samples functionalized with CPTMS with 

azide group, were investigated by Thermogravimetric Analysis (TGA), Differential 

Scanning Calorimetry (DSC) and FTIR-DRIFT data.  

Mesoporous supports were functionalized using different organosilnes ((3-

Aminopropyl) triethoxysilane (APTES), 3-(Trimethoxysilyl)-1-propanethiol 

(MPTMS), (3-Glycidyloxypropyl)trimethoxysilane(GPTMS), N-[(3-

trimethoxysilyl)propyl] ethylenediaminetriacetic acid (TMS-EDTA) ). The sample 

functionalized with GPTMS was further modified with PEI.  

The samples were characterized with TGA, DSC, CHNS elemental analysis and the 

Ninhydrin assay (for the APTES case). For the sample functionalized with GPTMS 

and PEI, also FTIR-DRIFT analysis was performed. In Table 13 are reported the 

details of the samples used. For each sample, the measurement for each analysis 

was performed three times. 

 

Table 13 

Sample Oragnosilanes 
Functionalization 

method 

Particles 

size (nm) 

Density 

(NH2/nm2) 

Linkers 

(mmol/g) 

S8-PrNH2 APTES 
Acid silanization 

(method A) 
250±20 1.5±0.23 0.17±0.03 

S18-PrNH2 APTES 
Acid silanization 

(method A) 
1180±25 0.97±0.15 0.21±0.04 

S19-PrNH2 APTES 
Acid silanization 

(method A) 
2081±49 1.74±0.26 0.22±0.03 

S19-PrCl CPTMS 

Grafting in 

organic solvent 

(method B) 

2081±49 n/a n/a 
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S19-PrN3 Sodium azide 

Grafting in 

organic solvent 

(method B) 

2081±49 n/a n/a 

S8-PrNH2 

(A) 
APTES 

Acid silanization 

(method A) 
250±20 1.5±0.23 0.17±0.03 

S8-PrNH2 

(B) 
APTES 

Grafting in 

organic solvent 

(method B) 

250±20 27.50±4.13 3.78±0.60 

S8-PrNH2 

(C) 
APTES 

Acid silylation 

using a controlled 

dripping 

(method C) 

250±20 1.72±0.26 1.23±0.18 

S8-PrNH2 

(D) 
APTES 

Co-condensation 

synthesis 

(method D) 

250±20 64.50±9.67 7.92±1.20 

MC10-

PrNH2 
APTES 

Acid silanization 

(method A) 
85±6.0 0.71±0.10 6.23±0.93 

MC10-PrSH MPTMS 

Grafting in 

organic solvent 

(method B) 

85±6.0 0.65±0.10 6.82±1.02 

MC10-GP-

PEI 
GPTMS and PEI 

Grafting in 

organic solvent 

(method B) 

85±6.0 1.07±0.16 10.70±1.60 

MC10-

EDTA 
EDTA-TMS 

Acid silanization 

(method A) 
85±6.0 0.50±0.07 4.8±0.72 

 

3.4.1 APTES and CPTMS cases on different non-porous supports.  
 

The APTES functionalization on non-porous silica particles, was carried on 

particles of 250 (sample S8), 1000 (S18) and 2000 nm (S19). S8 was also used for 

testing different silanization methods. 

As shown in Table 13, the density of the NH2 groups increases for larger particles, 

indicating a correlation between the APTES functionalization and the particle size. 

However, the total density in all the samples is low. In order to increase the NH2 

density several silanization methods were tested.  

In the method B a grafting solvent (toluene) was used; method C was similar to 

method A, with the difference that an acidic solution was used to keep the pH 

constant and the APTES precursor was added controlling the drop rate via a piston 

pump. Finally, method D concerned the co-condensation reaction of APTES in 

presence of TEOS in a basic environment. Table 14 summarized the results of the 
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CHNS analysis, the linkers concentration and the values of the density of NH2 

groups obtained by different functionalization methods. The methods B and D 

displayed the higher density of NH2 groups and the higher concentrations of 

functional groups (linkers). Even using ninhydrin assay to detect primary amines, 

methods B and D still showed the higher linkers concentration. 

 

Table 14 

Element 

Element content (%)1 

S8 
S8-PrNH2  

(A) 

S8-PrNH2  

(B) 

S8-PrNH2  

(C) 

S8-PrNH2  

(D) 

C 0.025 0.10±0.02 2.38±0.35 0.70±0.10 7.60±1.15 

H 2.140 1.64±0.25 1.92±0.28 1.50±0.23 2.70±0.40 

N 0.01 0.43±0.07 0.96±0.15 0.06±0.01 2.25±0.33 

S 0.035 0.04±0.01 0.05±0.01 0.04±0.01 0.038±0.01 

Linkers 

(mmol/g) 
0.04±0.01 0.17±0.03 3.78±0.60 1.72±0.23 7.92±1.20 

Density  

(NH2/nm2) 3 
0.3±0.05 1.50±0.23 27.5±4.13 1.23±0.20 64.50±9.60 

Ninhydrin assay2 

Linkers  

(mmol/g) 
negligible 0.05±0.01 7.20±1.08 1.48±0.22 27.2±4.10 

Density 

(NH2/nm2) 4 
negligible 0.3±0.05 28.40±4.26 1.82±0.27 91.36±13.70 

1-2 Analysis were performed on two different batches.  

3-4 Different density values (NH2/nm2) obtained with the two different methods 1-2 can be due 

to large batch-to-batch variability in amine content available. 

 

As revealed for APTES case, the functionalization can be influenced by silanization 

method. The functionalization with CPTMS and azide groups was performed on 

micro non-porous particles with a size of about 2081 nm. In this case, the graft 

mechanism can be divided in two steps: in the first step, the silica surface is 

modified using CPTMS [158]; in the second step, the surface is modified with 

sodium azide in a DMF solution obtaining a substitution (SN2) of the halogen group 

(Cl-) with an azide group as shown in R. 6. 
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R. 6 SN2 reaction mechanism between halogen group of the CPTMS and azide group of the 

sodium azide.  

 

IR spectra (Fig. 60) show signals mainly attributed to the silica support (1100-1000 

cm-1 Si-O-Si stretching, > 3500 cm-1 Si-OH stretching). Samples S19-PrCl and S19-

PrN3 also show a weak band around 2975-2845cm-1 attributed to the stretching of 

the C-H bond. 

 

 
Fig. 60 FTIR-DRIFT analysis on the samples S19, S19-PrCl and S19-PrN3. 
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DSC curves (Fig. 61a) and thermograms (Fig. 61b) of S19-PrCl and S19-PrN3 

evidence a small weight variation of the residual mass (3-4 %), indicating a low 

density of the organic groups on the surface of the support. 

 

 

Fig. 61 a) Thermograms, b) DSC curves of the samples S19, S19-PrCl and S19-PrN3. 
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3.4.1.1 Biotinylation of the azide silica by CuAAC Click reaction 

 

In order to verify the substitution of the halogen with an azide group, that was not 

always clearly visible by FTIR and DSC analysis, biotin was bound to the azide-

functionalized silica supports via Cu-Catalyzed Azide-Alkyne Cycloaddition 

(CuAAC). The analysis of the amount of bind biotin was carried out by adsorption 

of fluorescent streptavidin.  

The click reaction was carried out between non-porous silica particles (sample S19-

PrN3) and biotin (Btn). The reaction is catalyzed by Cu (I) obtained from the 

reduction of Cu (II) in CuSO4, using sodium ascorbate as reducing agent. As shown 

in R. 7, the cycle started with the coordination of the alkyne 1 with the Cu (I) species 

forming the acetylide via the formation of an acetylene π-complex with a loss of 

the terminal hydrogen of the alkyne group. 

 

 
R. 7 Cycloaddition mechanism between silica azide particles and alkyne group of the biotin [159] 

 

Consequently, one of the copper ligands was replaced by the azide compound. The 

nitrogen proximal to the carbon forms the bond with the copper species giving 

intermediate 3. Subsequently, the C-2 carbon of the alkyne was attacked by the 

distal nitrogen of the azide in 3 giving a six-membered Cu (III) metallacycle (4). 

This step was endothermic. The energy barrier was much lower than the barrier for 

the uncatalyzed reaction explaining the accelerating effect of the Cu (I) catalysis. 



95 
 

As a result, Species 5 is formed via a ring contraction reaction. Finally, triazole 

compound is produced by a proton transfer reaction completing the catalytic cycle. 

 

3.4.1.2 Analysis with fluorescent streptavidin of the binding efficiency of 

biotinylated silica support 

 

The Azide-functionalized silica supports (S19 PrN3) were used to bind biotin (Btn) 

containing an alkyne group via Cu-Catalyzed Azide-Alkyne Cycloaddition 

(CuAAC) in order to evidence the presence of functional groups on the surface of 

the particles. The binding efficiency between biotin and support was detected by 

adsorption of 10 mM of streptavidin (Strep) containing a fluorescent compound and 

analyzed by flow cytometry. The analysis for each sample was performed three 

times. 

In Fig. 62, the bioconjugation process between biotin and STREP is represented. 

Tests of the binding efficiency was performed on sample S19-PrN3 whereas the 

bioconjugate and cytofluorimetric analysis were carried out on samples S19-PrCl, 

S19-PrN3 and S19-Pr-triazole-B with a negative control with S19. 

 

 

 

Fig. 62 Bioconjugation between Streptavidin and biotin bound on silica particles. 

 

Further, in Fig. 63 is reported the fluorescence counts on the single micro particles 

for sample S19. The same analysis was made also for sample S19-Pr-triazole-Btn 

treated with STREP protein in order to identify the biotin on the particles. In this 

case, as shown in Fig. 63a-4 and Fig. 63b-4, the high counts related to the quantity 

of streptavidin, indicated that part of streptavidin interacts with the surface of the 

biotinylated particles. 

In order to verify a possible adsorption affinity between streptavidin and the surface 

of the silica particles, the adsorption of streptavidin on the non-biotinylated support 

S19-PrN3was also tested (Fig. 63b-3). The final amount of the adsorbed protein 

was very low. A further test was carried out on sample S19-PrCl (see Fig. 63b-2): 

in this case the adsorption of both biotin and streptavidin was tested. Also, in this 

case the adsorption was low, confirming that the result obtained for the biotinylated 
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sample S19-Pr-triazole-Btn is not only due to the absorption of streptavidin, but 

also to the presence of biotin covalently linked to the functionalized particles. 

 

 
Fig. 63 Flow cytometric analysis of the samples: a) graphics of the counts in function of fluorescence 

intensity and b) graphics of the particles scattering intensity. 
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3.4.2 Functionalization of Mesoporous silica supports.  

 

The functionalization of mesoporous silica supports with different organosilanes 

(APTES, MPTMS, GPTMS and EDTA-TMS) was performed on MC and MS 

series. Since the results are similar for all the mesoporous support series, only the 

results of MC 10 sample are discussed as representative of the data reported in 

Table 15. 

 

Table 15 

Sample Organosilanes 
Functionalization 

method 

Density 

(NH2/nm2) 

Linkers 

(mmol/g) 

MC10-PrNH2 APTES 
Acid silanization 

(method A) 
0.71±0.10 6.23±0.93 

MC10-PrSH MPTMS 

Grafting in 

organic solvent 

(method B) 

0.65±0.10 6.82±1.02 

MC10-GP GPTMS 

Grafting in 

organic solvent 

(method B) 

1.07±0.16 10.70±1.60 

MC10-GP-

PEI* 
PEI 

Grafting in 

organic solvent 

(method B) 

0.50±0.07 4.8±0.72 

MC10-EDTA EDTA-TMS 
Acid silanization 

(method A) 
1.30±0.20 12.30±1.85 

*The analysis was performed after functionalization with Ninhydrin assay 

* For each sample, the measurement was performed three times. 

 

DSC curves (Fig. 64a) of all (MC10-) samples exhibited both endothermic and 

exothermic peaks that correspond to crystallization and melting events of the 

material. The relative thermograms (Fig. 64b) showed the weight loss compared to 

the non-functionalized sample (MC-10). The calculated residual mass of the 

samples ranges from 13.44%±2.01 (MC10-PrNH2) to 27.93%±4.20 (MC10-

EDTA), as reported in Table 16.  

Elemental analysis was performed to confirm the presence of the functional groups 

on the MC samples. The corresponding values are listed in Table 16.  
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Fig. 64 a) Thermograms and b) DSC curves of the sample MC10 functionalized 

 

Table 16 

Element 
Element content (%) 

MC10 MC10-PrNH2 MC10-PrSH MC10-GP MC10-EDTA 

C 0.02±0.005 5.26±0.80 7.90± 14.97± 15.65± 

H 2.14±0.43 3.02±0.45 7.30± 1.18± 1.21± 

N 0.01±0.002 1.86±0.28 0.01± 0.11± 3.48± 

S 0.03±0.007 0.02± 4.00± 0.03± 0.01± 

Mass(%) 0 10.17± 17.00± 16.29± 20.35± 

Linkers 

(mmol/g) 
0 6.23± 6.82± 10.70± 12.30± 

Density 

(groups/nm2) 
0 0.71± 0.65± 1.07± 1.30± 

TG analysis 

Mass (%) 0 13.44± 17.10± 17.21± 27.93± 

* For each sample, the measurement was performed three times. 

 

FTIR spectra (Fig. 65) show the typical peaks related to silica systems together with 

CH bond peaks, both of stretching at 2975-2845 cm-1 and bending at 1480-1440 

cm-1 (even tough of weak intensity) especially in MC10-PrSH, MC10-GP and 

MC10-GP-PEI samples. In addition, MC10-PrSH, MC10-GP and MC10-EDTA 

samples show also the absorption related to the stretching of the C-C bond of the 

acyl group at 1636-1653 cm-1. The peak at 1350cm-1 of MC10-GP sample is 

ascribable to the stretching of the C-O bond of the ether groups. This signal 

disappears with the C-C bond at 1600-1650cm-1 when the sample is functionalized 

with PEI, indicating that the surface is further modified. 
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Fig. 65 FTIR analysis of mesoporous silica support (MC10) with different functionalization. 
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3.5 PROTEIN EXSPRESSION AND PURIFICATION 
 

3.5.1 PETase  
 

The pET21b(+)-PETase-W159H-S238F pET-21b(+) plasmid was used of PETase. 

The gene from Ideonella sakaiensis 201-F6 (Genbank GAP38373.1) contains 

W159H and S238F mutations. 

The expression tests were carried out with different expression strains of E. Coli 

(C41(DE3)), Rosetta, Lemo 21 (DE3), Shuffle® T7); the final concentration of 

IPTG was 0.4 mM for 20h at16°C. A small-scale purification with Nickel -NTA 

resin was performed and enzyme was eluted with 500 mM imidazole. The 

purification has been performed by gravity-flow. The Lemo 21 strain obtained a 

greater yield as shown by SDS-PAGE gel in Fig. 66a. 

 

 

 
Fig. 66 SDS-PAGE gels of the expression strains, a) Lemo21 PETase TB medium (100mL), b) 

Lemo21 PETase TB medium (1L), c) Chromatogram of the Lemo21 PETase TB medium (1L and 

2L). 
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After the first small-scale test expression, the protein was purified as describe in § 

2.3.2, from 1 L of TB medium, using the Lemo 21 (DE3) induced with 0.4 mM 

IPTG and grown at 16°C for 20 hours. The final yield of the protein was 1.1mg 

(Fig. 66b). In the Fig. 66c shown the result of the size exclusion chromatography, 

where it is observable the narrow peaks came out at around 85 ml on the Hi Load 

Superdex 75 16/600.  

 

3.5.2 Purification of Endo-β-1,4-glucanase (Cell_EG) 
 

Purification of the cellulase Endo-β-1,4-glucanase was performed with size 

exclusion chromatography as described in § 2.3.3. In this case a higher level of 

purity compared to the commercially available form is reached, showing a co-

elution with narrow peak at ca 68 ml of the elution volume and a smaller peak at 

around 75 ml corresponding to the dimeric and monomeric form of the protein, 

respectively (Fig. 67a). The protein showed an equilibrium between the two forms 

that are both catalytically active, as reported in the literature [160][161]. In addition,  

in Fig. 67b shown the principal bands of SDS PAGE gel before and after 

purification of the Cell_EG protein. After purification, the protein displayed a more 

intense band at 65KDa and a second, less intense, nearby 50kDa. This weak band 

could be due to impurities still present in the protein. 

 

Fig. 67 a) Chromatogram of the Cell_EG after second time purification, b) SDS-PAGE gel of the 

Cell_EG after first and second time purification. 
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3.6 COVALENT CONFINEMENT  

 

3.6.1 Cross-linking reaction  

 

3.6.1.1 Protein cross-linking 

 

Cross-linking is a method to generate a covalent bond between protein molecules 

or protein and functionalized support. In general, the reaction involves a 

bifunctional molecule such as Glutaraldehyde (Glu) and the lateral groups of the 

protein. The reactivity of the dialdehyde depends on the reactive moieties of the 

amino acids. The reactivity follows the following order: ε-amino (lysine) > α-amino 

(contained in all amino acids) > guanidinyl (arginine) > secondary amino (Arginine, 

Histidine, Proline, Tryptophan) > hydroxyl groups (Serine and Threonine) [162]. 

Glu residues react with amine by two principal mechanism, the Schiff base 

formation and Michael-type addition as shown in R. 8. 

 

 
R. 8 Schiff base (1) and Michael-type (2) reactions of glutaraldehyde with proteins [163]. 

 

Tests on the cross-linking were performed with BSA and Cell -EG proteins and 

were carried out at different concentrations of glutaraldehyde. The study on 

Cell_EG was used to optimize the pH of the reaction. Once the reaction was over, 

the solutions were analyzed by UV spectrophotometry to verify the formation of 

bonds among the proteins thorough the crosslinker Glu. For each sample, the 

measurement was performed three times.  
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❖ BSA protein without support 

 

Table 17 

Sample Glu concentration (mol) Time and temperature 

BSA n/d 

2 h at room temperature 

BSA@Glu_1 2.5 x 10-5 

BSA@Glu_2 5.3 x 10-5 

BSA@Glu_3 1.06 x 10-4 

BSA@Glu_4 2.1 x 10-4 

 

Table 17 reports the details of the samples. The protein, without the crosslinker, 

evidences a maximum absorption at 280 nm (UV-visible). The maximum is due to 

the absorbance of the aromatic amino acids tryptophan (Trp), tyrosine (Tyr), 

phenylalanine (Phe). When the proteins start to cross-link, due to a hyperchromic 

effect, the intensity of the peak at 280nm decreases and a new peak near 275 nm 

starts to increase. The shift of the peak is generated by the π-π* transition of 

ethylenic double bond conjugated with an adjacent double bond (R 1 - C=C(R2)- 

C=N or Rs- C=C(R4)- C=O) as reported by Kawahara et al. [163] or by Glu 

polymerization by aldol condensation. As shown in Fig. 68a, the absorbance at 275 

nm increases with the concentration of the Glu indicating a larger number of cross-

linking among the proteins.  

 

 
Fig. 68 UV-visible spectra of BSA cross-linked a) at different GLU concentrations and b) at pH 7 

and pH > 7 
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The addition of NaOH 1 M, used to increase the protein aggregation, also influences 

the aspect of the final solution; in particular, at pH > 7, the transparent solution 

become white due the formation of aggregates. In Fig. 68b, a redshift of the peak 

from 275 nm to 290-300 nm is very clear and probably due to an n-π* transition of 

a C=O bond in an α-β unsaturated formyl group.  

In order to verify the cross-linking among the proteins, for the present evaluation 

was used the electrophoresis analysis (SDS-PAGE gels). Table 18 reports the 

details of the analysis. Gels show that, when the protein interacts with 

glutaraldehyde, different long smeared bands are formed. The smearing is due to 

the formation of aggregates of BSA that migrate in different ways along the gel. 

These bands present in the lines (1,2,3,4 in Fig. 69a) are already formed in the upper 

part of the gel. This result indicates that the BSA starts to aggregate and to migrate 

in a different way with respect to the not cross linked BSA (line 5 Fig. 69b). 

 

Table 18 

Sample Glu concentration (mol) Line 

BSA@Glu_1 2.5 x 10-5 Line 1 

BSA@Glu_2 5.3 x 10-5 Line 2 

BSA@Glu_3 1.06 x 10-4 Line 3 

BSA@Glu_4 2.1 x 10-4 Line 4 

BSA n/d Line 5 

 

 
Fig. 69 SDS-PAGE gels on a) BSA crosslinked at different concentration of Glu b) BSA without 

Glu (line 5) 
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❖ Cell_EG protein without support 

 

The results for Cell_EG are similar to the BSA results. The peak at 280 nm 

increased with the increase of the amount of Glu (Fig. 70a). At different pH, up to 

pH 7, the solution is transparent and shows two peaks at 275-280 nm and 230 nm 

(UV-Vis spectra, Fig. 70b-c). At pH 8-9, the transparent solution become white 

indicating the formation of aggregates and  the peak shifts from 280nm to 290-300 

nm. 

 

 

Fig. 70 a) Cell_EG UV spectra at different Glu concentrations b) solutions and c) Cell_EG UV 

spectra  at different pH. 
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3.6.1.2 Protein cross-linking on functionalized silica particles  

 

The covalent confinement via cross-linking was carried out on the solid supports in 

two steps, the former involves the bond of a cross linking agent on the solid support 

and the second concerns the attachment of the protein on the functionalized 

supports (see R. 9). Glu was used as cross-linking agent and the reaction was carried 

out at pH 7,4 and room temperature.  

 

 
R. 9 Cross-linking reaction between the silica support and the protein. 

 

❖ BSA systems on non-porous support 

 

The functionalized supports and the results of the BSA loading efficiency are listed 

in Table 19. 

 

Table 19 

Sample1 Support Functionalization method 

Quantity of 

organic groups 

(mmol/g) 

Loading 

efficiency 

(%) BSA2 

S8@PrNH2_A 

Non-

porous 

(250nm) 

Acid silanization  

(method A) 
0.17±0.03 13.0±2.6 

S8@PrNH2_B 
Grafting in organic solvent 

(method B) 
3.78±0.60 52.3±12.6 

S8@PrNH2_C 

Acid silylation using a 

controlled dripping 

(method C) 

1.23±0.18 27.5±5.4 

S8@PrNH2_D 
Co-condensation synthesis 

(method D) 
7.92±1.20 35.2±6.4 

1 For each sample, the measurement was performed three times.  

2 The loading efficiency is measured after 3 washing 
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The maximum loading efficiency and the protein yield were calculated according 

to the equation (8) in §2.4.4.1. Equation (8) is applied on the recovery supernatant 

after immobilization reaction and different washing. The supernatants were 

analyzed with Bradford assay and UV-Vis spectrophotometry at 280nm. As 

reported in Table 19, the loading efficiency depends on the silanization methods.  

The BSA loading efficiency at different time reports in Fig. 71a. S8-PrNH2_A 

reaches the maximum loading efficiency after 4 hours. This value remains constant 

also after 24 hours. S8@PrNH2_B reaches the maximum efficiency after 2 hours, 

then the efficiency decreases and, after 24 hours, it stabilizes at about 43%.  

The behavior of the loading efficiency is the same for samples prepared with 

methods C and D. After a maximum of 3 hours, a constant loss of protein, probably 

due to its low interaction with the support, is well detectable. The maximum loading 

of the different non-porous silica supports shows in Fig. 71b. 

 

 

Fig. 71 a) BSA Loading efficiency at different time, b) BSA amount on different non-porous silica 

supports. 

 

 

Fig. 72- Fig. 73 FE-SEM image of the S8@NH2_A before and after BSA immobilization 



108 
 

We can conclude that for the cross-linking, S8-PrNH2_B and S8-PrNH2_D are the 

best support for the BSA loading. 

After the immobilization process an increased aggregation of the particles is well 

detectable (see Fig. 72 and Fig 73).  
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❖ BSA systems on mesoporous supports 

 

Table 20 reports the loading efficiency on mesoporous silica supports with different 

grafted group (PrNH2, PrSH, and GP-PEI). The best protein loading is achieved by 

MC10-PrNH2@BSA (37%) and MC10-PrSH@BSA (54%). 

 

 

❖ Cell_EG systems on non-porous and mesoporous supports 

 

Cell EG cross-linking was performed on the best loading supports found for BSA. 

The loading efficiency results are summarized in Table 21. In this case the loading 

efficiency is much lower respect to BSA, probably due to a lower affinity of the 

protein with the support. 

 

Table 20 

Sample1 Support Functionalization method 

Quantity 

organic groups 

(mmol/g) 

Loading 

efficiency 

(%) BSA2 

MC10-

PrNH2 

Mesoporous 

Acid silanization (method A) 6.23±0.93 36.7±3.7 

MC10-PrSH 
Grafting in organic solvent 

(method B) 
6.82±1.02 54.0±6.1 

MC10-GP-

PEI 

Grafting in organic solvent 

(method B) 
10.70±1.60 25.0±3.4 

1 For each sample, the measurement was performed three times. 

2 The loading efficiency is measured after 3 washing 

Table 21 

Sample1 Support Functionalization method 

Quantity of 

organic 

groups 

(mmol/g) 

Loading 

efficiency 

(%) Cell_EG2 

S8@PrNH2_D 

Non-porous 

Co-condensation synthesis  

(method D) 
7.92±1.20 42.0±8.4 

S8@PrSH_B 
Grafting in organic solvent 

(method B) 
3.78±0.60 17.0±3.3 

MC10-PrNH2 

Mesoporous 

Acid silanization (method A) 6.23±0.93 10.5±1.88 

MC10-PrSH 
Grafting in organic solvent 

(method B) 
6.82±1.02 10.5±2.1 

1 For each sample, the measurement was performed three times. 

2 The loading efficiency is measured after 3 washing 
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3.7 THE NON-COVALENT CONFINEMENT  

 

3.7.1 Protein adsorption  

 

The adsorption confinement uses the non-covalent bond to generate an interaction 

between protein and the surface of the support. It was carried out in a single-step 

process at pH 7.4 and room temeperature (see §2.4.3.1) using BSA (see Fig. 74a) 

and Cell_EG (Fig. 74b). The protein adsorption was performed on the different 

supports with different particles size and functionalized with different methods.  

 

 
Fig. 74 Potential surface, Isoelectric point (pI) and size of the a) BSA and b) Cell_EG 

 

3.7.1.1 Adsorption on non-porous silica support 

 

❖ BSA protein  

 

In Table 22 are listed the samples, the particle size and the loading efficiency. 

 

Table 22 

Sample1 
Particle 

size (nm) 

Quantity organic 

groups on the 

surface (mmol/g) 

Loading efficiency 

(%)2 

S8-PrNH2@ BSA 250±20 0.17±0.03 11.5±2.1 

S18-PrNH2@ BSA 1180±25 0.21±0.04 4.8±0.9 

S19-PrNH2@ BSA 2081±49 0.22±0.03 28.8±0.6 

1 For each sample, the measurement was performed three times.  

2 The loading efficiency is measured after 3 washing 
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The adsorption kinetics6 (Fig. 75a) were performed after reaction before washing, 

while the quantity of the protein loaded on the systems was evaluated after three 

washing. 

The figure below showed similar trends and the amount of BSA adsorbed increases 

proportionally to the size of the particles. A maximum is well detectable after 4 

hours for the two samples with larger size. After the maximum, the amount of the 

protein decreases and after 24 hours an equilibrium state is almost reached. Sample 

S8-PrNH2@BSA shows a small maximum and the system reaches the equilibrium 

after 4 hours. 

 

 
Fig. 75 a) BSA kinetic adsorption on samples with different size particles b) loaded amount of 

protein after recovery and washing. 

 

The trends of Fig. 75a can be analyzed by the model descried by Wertz et.al [32]. 

This model, called “Rollover model”, considers that the protein is rapidly adsorbed, 

but rather weakly on the surface in its end-on orientation, and then it is slowly, but 

tightly adsorbed in its side-on orientation. A possible scheme of the model is shown 

in Fig. 76. The surface is initially in the non-equilibrium state, mainly covered with 

proteins in the end-on orientation. Then, the side-on oriented proteins dominate, 

their surface affinity is higher, and their desorption rate is slower. The slow 

desorption explained the decreasing behavior of the protein quality (Fig. 75a). As 

expected, the loading efficiency (Fig. 75b) decreased after the washing cycles. 

 

 
6 The kinetics study was performed to evaluate: the equilibrium state between the protein and the 

supports and the time needed to have a maximum amount of protein adsorbed on the supports.  
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Fig. 76 Rollover model scheme on different size particles 

 

The presence of the protein on the particles was further investigated by SDS-PAGE 

gels analysis.  

 

 
Fig. 77 SDS-PAGE gels a) BSA adsorption on S8 -PrNH2_A at 2h, 4h and 24h, b) Amount of  

BSA in the supernatant of the recovery and after washings. 

 

Fig. 77a shows the gel (Lines 3,5,7) of the BSA residues on the S8-PrNH2@BSA 

sample (previously washed) after 2, 4 and 24 h of adsorption. Fig. 77b shows the 

gel (Lines 10,13,15) of the protein in the recovery solution (supernatant) 

immediately after adsorption. The analysis indicates that a large amount of protein 

is still present in solution. 
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❖ Cell_EG protein 

 

Table 23 reports the loading efficiency and the details of the samples.  

 

 

The adsorption kinetics (Fig. 78a) of samples S8-PrNH2@Cell_EG and S18-

PrNH2@Cell_EG have similar trends, but different loadings.  

 

 
Fig. 78 Cell_EG adsorption on silica supports with different size: a) kinetic of adsorption, b) loading 

efficiency after recovery and different washing cycles 

 

The behavior, can be described by the “Surface Cluster model” introduced by 

Minton et al. [164]. The model describes the growth of two-dimensional protein 

clusters on the surface. Each surface can interact with monomers, dimers, trimers, 

etc.. (Fig.79) and it has a specific tendency to attract a further incoming protein that 

increases the cluster size by one unit. Proteins can be adsorbed as individual species 

and then they can diffuse and aggregate to a pre-existing cluster or they can be 

deposited directly on the edge of a two-dimensional surface cluster via a piggyback 

Table 23 

Sample1 
Particle 

size (nm) 

Quantity organic 

groups on the 

surface (mmol/g) 

Loading efficiency 

(%)2 

S8-PrNH2@ Cell_EG 250±20 0.17±0.03 Negligible 

S18-PrNH2@ Cell_EG 1180±25 0.21±0.04 5.5±1.5 

S19-PrNH2@ Cell_EG 2081±49 0.22±0.03 Negligible 

1 For each sample, the measurement was performed three times.  

2 The loading efficiency is measured after 3 washing 
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pathway (S8-PrNH2@BSA). In both the steps the predicted adsorption kinetics 

exhibit an S-shaped curve with an increasing adsorption rate at the beginning (a 

positive cooperative adsorption) followed by a decreasing adsorption rate when the 

available surface becomes a limiting factor. 

 

 
Fig.79 Surface cluster model scheme. 

 

The behavior of S19-PrNH2@Cell_EG can be described with the “Rollover model”.  

After some washing, the loading efficiency of S19-PrNH2@Cell_EG and S8-

PrNH2@Cell_EG samples is negligible (see Fig. 78b and Table 23).  

 

3.7.1.2 Adsorption on functionalized non porous silica supports 

 

The adsorption tests performed on the samples are reported in Table 24. 

 

 

Table 24 

Sample1 
Functionalizatio

n method 

Particle

s size 

(nm) 

Quantity linker 

on the surface 

(mmol/g) 

Loading 

efficiency 

(%)2 

S8-PrNH2_A@BSA Acid silanization 

(method A) 
250±20 0.17±0.03 

13.0±2.6 

S8-PrNH2_A@Cell_EG Negligible 

S8-PrNH2_B@BSA Grafting in 

organic solvent 

(method B) 

250±20 1.23±0.18 

Negligible 

S8-PrNH2_B@Cell_EG Negligible 

S8-PrSH_B@Cell_EG 22.5±1.3%. 

S8-PrNH2_C@BSA Acid silylation 

using a controlled 

dripping 

(method C) 

250±20 3.78±0.60 

Negligible 

S8-PrNH2_C@Cell_EG 

Negligible 

S8-PrNH2_D@BSA Co-condensation 

synthesis 

(method D) 

250±20 7.92±1.20 

Negligible 

S8-PrNH2_D@Cell_EG 
Negligible 

1 For each sample, the measurement was performed three times.  

2 The loading efficiency is measured after 3 washing 
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Fig. 80 a) BSA kinetics on different functionalized surface b) BSA loading efficiency after 

different washings. 

 

The trends of the adsorption kinetics relative to the BSA protein(Fig. 80a) can be 

analyzed by the “Rollover model” and “Surface Cluster model”.  

The loading efficiency (about 13.0% Fig. 80b) is positive only for S8-

PrNH2_A@BSA sample.  

Concerning the adsorption of Cell_EG, only S8-PrSH_B@Cell_EG shows a 

positive value (about 22.5%). In this case, the protein seems to have more affinity 

with thiol group then with the amine. 
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3.7.1.3 Adsorption on functionalized mesoporous supports 

 

Table 25 lists the samples and the loading efficiency of the proteins. 

 

 

The adsorption process of the proteins on functionalized mesoporous supports is 

described by different trends (Fig. 81).  

 

 
Fig. 81 Adsorption kinetics for a) BSA and b) Cell_EG  proteins. 

  

Table 25 

Sample1 
Functionalization 

method 

Particl

es size 

(nm) 

Quantity linker 

on the surface 

(mmol/g) 

Loading 

efficiency 

(%)2 

MC10-PrNH2@BSA 
APTES by Acid 

silanization (method A)  
85±6.0 6.23±0.93 

34.1±3.5 

MC10-

PrNH2@Cell_EG 

4.75±1.5 

MC10-PrSH@BSA MPTMS by Grafting in 

organic solvent. 

(method B) 

85±6.0 6.82±1.02 

40.3±4 

MC10-

PrSH@Cell_EG 
4.25±0.7 

MC10-PEI@BSA GPTMS and PEI by 

Grafting in organic 

solvent. 

(method B) 

85±6.0 16.29±2.5 

10.5±2.3 

MC10-PEI@Cell_EG 8.5±1.0 

1 For each sample, the measurement was performed three times.  

2 The loading efficiency is measured after 3 washing 
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The trends of MC10-PrNH2@BSA and MC10-PrSH@BSA are similar (Fig. 81a) 

and they can be described by the “Three-states model” according to Rabe et al., 

(Fig. 82) [165]. In this case the protein continues to be adsorbed as long as the 

surface is empty or when it is covered not homogeneously. The proteins are 

adsorbed on the surface only via the initial state. The transition between initial and 

intermediate state is a result of lateral protein–protein interactions and takes place 

once a critical surface coverage is exceeded. According to the authors, this 

transition proceeds rapidly suggesting an orientational change rather than a 

(multistep) conformational rearrangement. Proteins in the intermediate state 

undergo further transition into the final relaxed state. This transition is much slower 

and therefore involves most likely some conformational rearrangements. The last 

step is divided in two transition states, changing their surface affinity from 

irreversible to reversible state which is the key element of the overshooting effect 

in this model.  

The adsorption kinetic of MC10-PEI@BSA sample can be descried by the 

“Rollover model” as reported above. 

The adsorption kinetic of MC10-PrNH2@Cell_EG (Fig. 81b), has a trend close to 

MC10-PrNH2@BSA and MC10-PrSH@BSA. The specific behavior evidenced by 

MC10-PEI@Cell_EG and MC10-PrNH2_Cell_EG can be explained by the fact the 

protein is always in a different state of reversible equilibrium. 

 

 
Fig. 82 Three-states model scheme a) at the beginning b) around critical coverage and c) after a 

long-term adsorption. 
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3.7.1.4 Adsorption on silica bioinspired with different polyamine additives. 

 

The adsorption strategy was performed, in two steps, also on silica supports 

synthesized via the bio-inspired method. The first step concerns the synthesis of the 

supports. At pH 7, the additives (see section § 3.3) are completely entrapped in the 

silica network, resulting in a functionalized surface of the support. At pH 2, the 

amines are soluble, and they can be eliminated from the silica network by washings; 

the polyamines, due to their size and to their closer interaction with the silica 

network, are not completely eliminated by washings. The second steps concern the 

protein adsorption on the bio-inspired supports. The adsorption tests were carried 

out only for 2h at room temperature using water as solvent. 

 

❖ BSA protein 

 

Table 26 summarizes the samples, some morphological features and the loading 

efficiency. 

 

 

  

Table 26 

Sample1 
Surface area 

(m²/g) 

Pore volume 

(cm³/g) 

Loading efficiency 

(%)2 

BIS_DETA_7@BSA 32±4.80 0.043±0.01 2.79±0.85 

BIS_DETA_5@BSA 266±40 0.15±0.02 Negligible 

BIS_DETA_2@BSA 402±60.34 0.75±0.10 14.55±0.33 

BIS_TETA_7@BSA 24±3.63 0.044±0.01 27.42±10.50 

BIS_TETA_5@BSA 211±31.72 0.18±0.02 1.34±0.44 

BIS_TETA_2@BSA 306±46.00 0.19±0.03 1.66±1.47 

BIS_PEHA_7@BSA 19±2.80 0.044±0.01 26.07±1.63 

BIS_PEHA_5@BSA 20±3.00 0.18±0.03 7.10±2.04 

BIS_PEHA_2@BSA 672±100.85 0.19±0.03 Negligible 

BIS_PEI_7@BSA 75±11.30 0.13±0.02 71.66±4.58 

BIS_PEI_5@BSA 117±17.65 0.19±0.03 52.16±22.21 

BIS_PEI_2@BSA 100±15.00 0.18±0.02 Negligible 

BIS_PAA_7@BSA 145±21.75 0.4±0.06 32.00±3.12 

BIS_PAA_5@BSA 159±23.85 0.45±0.07 52.69±3.59 

BIS_PAA_2@BSA 170±25.50 0.41±0.06 71.66±4.58 

1 For each sample, the measurement was performed three times.  

2 The loading efficiency is measured after 3 washing 



119 
 

 

The best loading (Fig. 83) is obtained with the supports synthesized at pH 7 

(BIS_PEI_7 and BIS_TETA_7) and at pH 2 (BIS_DETA_2 and BIS_PAA_2). The 

additives (ammine and polyamine) are still present in the two samples prepared at 

pH 7, revealing a certain affinity related to the interaction between negative charges 

of the protein and positive charges of the additives. 

 

 

 

Fig. 83 BSA amount (mg/g) after adsorption on different bio-inspired supports.  

 

For the two samples prepared at pH 2 we can consider that: a) the absence of the 

additives changes the morphology features of the support (pore volume and surface 

area) influencing the adsorption amount of the protein (sample BIS_DETA_2); b) 

when the additives are not completely eliminated a surface, positive charged, can 

be obtained (sample BIS_PAA_2) 

 

❖ Cell_EG protein  

 

The supports, with the best BSA performance, were chosen also for the Cell_EG. 

Table 27 reports the samples and the loading efficiency. 
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Keeping the same adsorption conditions of BSA, the Cell_Eg loading is lower. 

BIS_PAA_2@Cell_EG shows the best loading efficiency (28.3%). The adsorption 

kinetics (see Fig. 84) can be analyzed by the Three-state model (BIS_PAA_2) and 

the Rollover model (others). 

 

 
Fig. 84 Adsorption kinetics of the Cell_EG. 

  

Table 27 

Sample1 
Surface area 

(m²/g) 

Pore volume 

(cm³/g) 

Loading efficiency 

(%)2 

BIS_DETA_2@Cell_EG 402±60.34 0.75±0.10 Negligible 

BIS_TETA_7@Cell_EG 24±3.63 0.044±0.01 10.4±0.8 

BIS_PEI_7@Cell_EG 75±11.30 0.13±0.02 4.9±1.5 

BIS_PAA_2@Cell_EG 170±25.50 0.41±0.06 28.3±0.5 

1 For each sample, the measurement was performed three times.  

2 The loading efficiency is measured after 3 washing 
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3.7.2 Protein entrapment.  

 

The non-covalent confinement via entrapment method was carried out in situ with 

one-pot step reaction and the protein is caged into the silica network. 

Fig. 85 shows a scheme of the general reaction. The entrapment strategy was 

performed in water, at room temperature, at pH 7, with a time reaction of 5-10 

minutes and with five additives (Table 28). 

 

 
Fig. 85 Protein entrapment reaction 

 

 

The mechanism of the protein entrapment with bio-inspired synthesis (see Fig. 86), 

can be analyzed according to the model proposed by Manning et al [166]. In 

presence of an additive and the silica precursor, the entrapment reaction starts when 

protein and acid are added to the solution. The acid has the role to reduce the pH of 

the solution (from 13-12 to 7), allowing the additive to activate the silica 

polymerization via condensation of the precursor (Na2SiO3•5H2O). During the 

Table 28 

Sample Additives 

BSA Protein 

BIS_DETA@BSA DETA 

BIS_TETA@BSA TETA 

BIS_PEHA@BSA PEHA 

BIS_PEI@BSA PEI 

BIS_PAA@BSA PAA 

Cell_EG Protein 

BIS_DETA@Cell_EG DETA 

BIS_TETA@Cell_EG TETA 

BIS_PAA@Cell_EG PAA 
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reaction, the protein interacts with the additive by charge attractions. Then, protein 

and additive interact with the moieties on the surface. However, during 

polymerization, the SiO- fractions can also interact forming oxygen Si-O-Si bridges. 

During the condensation, the slow elimination of the SiO- fractions, can cause the 

desorption of the additive and of the protein from the surfaces. At the end of reaction 

(pH 7), the protein and the additive remain in close contact with the surface, 

obtaining an entrapment or embedded state. 

 

 

 

Fig. 86 Possible mechanism of the protein entrapment with bio-inspired synthesis. 

 

❖ BSA protein 

 

Table 29 reports the samples and the results of the loading efficiency. 

 

Table 29 

Sample1 Additives Loading efficiency (%)2 

BSA PROTIEN 

BIS_DETA@BSA DETA 50.6±13.1% 

BIS_TETA@BSA TETA 16.6±2.1% 

BIS_PEHA@BSA PEHA 10.5±5.3% 

BIS_PEI@BSA PEI 6.4±2.4 % 

BIS_PAA@BSA PAA 87.2±7.2% 

1 For each sample, the measurement was performed three times.  

2 The loading efficiency is measured after 3 washing 
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The best loading (87.2%) is obtained with PAA. This result is due to the strong 

interaction between polyamine, positively charged, and protein, negatively charged. 

As the number of secondary amines increases (PEI>PHEA>TETA>DETA), the 

loading decreases since the additives, with higher numbers of secondary amine, 

interact better with the silica polymeric network. 

The FTIR -DRIFT was performed only on the system with the maximum loading 

(taken as reference). Fig. 87 shows the spectra of: BIS-PAA@BSA, BIS-PAA_7 

(support without BSA), BSA protein powder and polyamine powder. The entrapped 

protein shows signals at 3280, 1650-1550 and 1400-1200, cm-1. Peaks at 1400-1200 

cm-1 are due to the combination of the NH bending with the C-N stretching vibration 

with small contributions from the C-C stretching vibration. The 1650-1550 cm-1 

peaks are mainly due to the stretching of the double bond C=O and C-N bond, 

whereas the 3280 cm-1 band represents the NH stretching vibration. However, the 

intensity of the signals (in particular at 1400-1200 and 3280 cm-1) can be affected 

by the presence of polyamine into the support. The other peaks at 3600 cm-1 and 

1100-800 cm-1 represent the OH stretching vibration and stretching and bending of 

the Si-O-Si. 

 

 
Fig. 87 FTIR spectra of BIS-PAA@BSA (solid blue line), BIS-PAA_7 (system without BSA light 

blue), protein powder (BSA, red) and polyamine powder (PAA, green). 
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❖ Cell_EG protein 

 

The three supports (BIS_DETA, BIS_TETA, BIS_PAA), with the best BSA 

performance, were used also for the entrapment of Cell_EG protein. All these new 

samples evidence a lower loading even though the trends are very similar (Table 

30). The maximum loading (34.3 %) is obtained with the BIS_PAA support.  

 

  

Table 30 

Sample1 Additives Loading efficiency2 

(%) 

Cell_EG PROTEIN 

BIS_DETA@Cell_EG DETA 5.35±2.4% 

BIS_TETA@Cell_EG TETA 16.0±1.6% 

BIS_PAA@Cell_EG PAA 34.3 ± 6.7% 

1 For each sample, the measurement was performed three times.  

2 The loading efficiency is measured after 3 washing 
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3.8 CATALYTIC ACTIVITY ON DIFFERENT CONFINMENT 

SYSTEMS OF THE Cell_EG PROTEIN 

 

Table 31 summarizes the samples, the confinement strategy, the loading efficiency, 

and the catalytic activity. The activity test of the Cell_EG confinement was 

performed on the best samples of each confinement technique.  

 

Table 31 

Samples 
Confinement 

Strategy 

Loading efficiency 

(%)* 

Relative 

activity (%)* 

1 S8@PrNH2_D@Cell_EG 
Covalent via 

crosslinking 

42.2±8.6 negligible 

2 Mc10-PrNH2-Glu @ Cell_EG 8.5±1.0 35.5±7.0 

3 Mc10-PrSH @ Cell_EG 10.5±2.1 14.3±3.0 

4 S8-PrSH_B@ Cell_EG 

Adsorption 

22.5±2.5 negligible 

5 Mc10-PEI@ Cell_EG 8.5±1.0 10.0 ±0.2 

6 BIS-TETA_7@ Cell_EG 10.4±0.8 22.5±0.1 

7 BIS-PAA_2@ Cell_EG 28.3±0.50 54.7±0.7 

9 BIS-DETA@ Cell_EG 

Entrapment 

5.35±2.4 negligible 

10 BIS-TETA@ Cell_EG 16.0±1.6 43.3±10.8 

8 BIS-PAA@ Cell_EG 35.24±5.2 90.4±10 

* For each sample, the measurement was performed three times. 

 

The Cell_EG activity was carried out with the Endoglucanase assay (CMCase) that 

produces the amount of reducing sugars by hydrolysis of the substrate sodium 

carboxymethyl cellulose (CMC). The reducing sugar was evaluated by the DNS 

method. The DNS method consists of a redox reaction between the 3,5- dinitro 

salicylic acid (DNS) and the reducing sugars (see Fig. 88).  

 

 
Fig. 88 Scheme of the reducing sugar process by DNS method. 
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The reducing power of these sugars derives from their carbonyl group, which can 

be oxidized to carboxyl group by mild oxidizing agents, whereas the DNS (of 

yellow color) is reduced to 3-amino-5-nitrosalicylic acid (red brown). The intensity 

of the color is proportional to the concentration of the sugars in the solution [135], 

[167]. 

 

 
Fig. 89 Relative activity of the different Cell_EG confinement systems  

 

Fig. 89 shows the activity of all the samples. BIS-PAA@Cell_EG (entrapment) and 

BIS - PAA_2@Cell_EG (adsorption) prepared by bioinspired method show the best 

performance. Among the samples prepared by covalent strategy, only sample 

Mc10-PrNH2-Glu@Cell_EG still evidences a residual activity. In the covalent 

strategy the enzyme fails to maintain its natural conformation and suffers the 

unfolding process. Fig. 90a-b show the Michaelis Menten curves and the 

Lineaweaver-Burk plot of the samples with the best activity. The Michaelis Menten 

curves report the reaction rate of the enzyme at different substrate concentrations. 

The curves of the entrapment system and the free enzyme are very close, meanwhile 

the curves of the adsorption and the covalent systems show a decrease of the 

reaction rate. The kinetic parameters are extrapolated linearizing the Michaelis 

curves by the Lineaweaver-Burk plot (Eq. 12). 

 

(Eq. 12)                                 
1
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Fig. 90 a) Michaelis Menten curves and b) Lineaweaver-Burk plot of the Cell_EG. 

 

Table 32 reports the kinetic parameters of the confined systems compared to the 

free enzyme. 

 

Table 32 

Samples Km
* Vmax

* 

Free enzyme 11.45± 0.57 0.72± 0.03 

MC10-PrNH2-GLU@Cell_EG 11.70± 0.70 2.05±0.15 

BIS- PAA_2@Cell_EG 11.5± 0.45 1.33±0.06 

BIS- PAA@Cell_EG 11.46± 0.80 0.80±0.05 

* For each sample, the measurement was performed three times. 

 

The Km parameter (Michaelis constant) represents the affinity between enzyme and 

substrate and Vmax is the point where the enzyme is complexed with substrate. The 

larger Km and Vmax values for the adsorption and covalent systems are related to the 

loss of affinity between confined enzyme and substrate. On the contrary, the kinetic 

parameters of the entrapment system, close to free enzyme parameters, show a good 

affinity between confined enzyme and substrate. 

The pH and thermal stabilities of the samples are shown in Fig. 91a. The trends of 

the entrapment and the covalent systems, at different pH, are similar, but lower than 

the free enzyme. The adsorbed system shows a different trend: at pH=3 and pH=9 

the activity is larger or comparable to the free enzyme activity. The trends of the 

thermal stability (Fig. 91b) are similar, even though the values of the confined 

systems are always lower than the values of the free enzyme.  
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Fig. 91 a) Chemical stability and b) thermal stability of Cell_EG. 

 

As underline in the previous paragraphs, one of the advantages of the confinement 

systems is the possibility of recycling the enzyme after the catalytic process. 

In order to verify this possibility, the confined enzyme systems were recycled for a 

maximum of 5 recycles (Fig. 92a). The adsorption and the covalent confinement 

systems show a low residual activity after 2 recycles, preserving, after the last 

recycle, only the 5% ca of the activity. The entrapped enzyme maintains the 40-

45% ca of the activity after 2 recycles, losing the residual activity after the last three 

recycles. The missing activity after each recycles may be due to a further unfolding 

or a leaching effect of the enzyme.  

Since the entrapped confinement gives the best results, we use this strategy also for 

the PETase confinement. 

 
Fig. 92 a) residual activity after recyclings b) relative activity of Cell_EG systems with different 

substrates 
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The confinement systems were tested also with Tylose (methyl-hydroxyethyl 

cellose ethers (MHEC)) and Whatman Filter Paper (Fig. 92b). However, the use of 

these two substrates reduces the activity also for free Cell_Eg. This negative effect 

can be due to the non-ionic nature of the substrate which requires more drastic 

conditions for the activation of the enzyme.  

 

3.9 ENTRAPMENT CONFINEMENT OF PETase PROTEIN 

 

As previously reported for the Cell_EG, the entrapment via bio-inspired method is 

an easy and valid method to confine the enzyme and allows to preserve its activity. 

We use the same procedure also for PETase enzyme (sample BIS- PAA@PETase) 

and a loading efficiency of about 80% was obtained. After the entrapment process 

the evaluation of the enzymatic activity was performed by hydrolysis of para-

nitrophenyl acetate (reaction scheme Fig. 93). 

 

 
Fig. 93 a) Potential surface, Isoelectric point (pI) and size, b) PETase hydrolysis reaction with P-

nitrophenyl acetate 

 

Sample BIS- PAA@PETase shows an enzyme activity of about 95%, suggesting 

that the enzyme entrapped preserves most of its activity. The Michaelis curves (Fig. 

94) of the free and entrapped systems show that the reaction velocity of the 

entrapped enzyme tends to decrease. This indicates that the confined enzyme loses 

some of its efficiency. However, the catalytic parameters, Km and Vmax (Table 33), 

do not change. The same Km values show a high affinity between the enzyme and 

the substrate.  
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Fig. 94 a) Kinetics PETase of free enzyme and entrapped system b) Lineaweaver-Burk plot  

 

The chemical (Fig. 95a) and thermal stability (Fig. 95b) show similar trends 

evidencing that the enzyme maintains its stability after entrapment.  

 

 
Fig. 95 Free PETase and PETase entrapped a) chemical stability b) thermal stability 

 

  

Table 33 

Samples Km  Vmax 

Free enzyme  0.76± 0.1 0.04± 0.03 

BIS-PAA@PETase 0.8± 0.06 0.05±0.05 

* For each sample, the measurement was performed three times. 
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The recycling process of the entrapped system (Fig. 96) indicated that the enzyme 

after the second recycles loose half of its activity (52.1%), but after 5 recycles the 

activity remain high (about 42.3 %). The activity loss after first and second recycles 

may be due to a further strong unfolding of the enzyme.  

 

 
Fig. 96 Residual activity of the recycling system of the entrapped PETase sample. 
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CHAPTER 4 
 

CONCLUSIONS  

 

4.1 FINAL REMARKS AND FURTHER PERSPECTIVES 
 

The thesis is focused on the study of some methods to confine Bovine Serum Album 

(BSA), Cellulase-endo-β 1,4-glucanase (Cell-EG), PETase, and streptavidin (Strep) 

proteins on different silica supports. The project is divided in three parts: the first 

part concerns the synthesis of some non-porous and mesoporous silica systems 

prepared by different methods; the second part is focused on some  

functionalization processes of the supports; the third part compares the yield of the 

different protein confinement strategies. 

The synthesis of the non-porous supports was carried out following the Stöber 

method. The research investigated the role of the concentration of the components 

(TEOS, H2O, NH3) on the final morphology: particles size of 50- 350 nm (samples 

S1-S10) were obtained. By controlling the dropping rate of the precursor, in 

presence of an electrolyte (KCl), it was possible to synthesize particles with larger 

diameters of 1-2 μm (samples S18 and S19).  

The synthesis of the mesoporous materials was carried out by the soft and the hard 

template methods, using surfactants as templating agents to generate pores inside 

the support. 

The Soft method (MC series) is similar to the Stöber method, but, during the 

hydrolysis and the condensation reactions of TEOS, a surfactant is added as 

template to generate, after calcination, a mesoporous structure. When CTABr was 

used as surfactant, it was possible to synthesize spherical particles with pores size 

of 2 nm, with diameters of 80-345 nm and surface areas of 50-1500 m2g-1. The 

change of the templates (sodium stearate and methyl cellulose) causes particles 

aggregation with the loss of sphericity. 

The hard-templating method uses different swelling agents (hexane, cyclohexane 

and toluene) to increase the pore diameter and the surface area. The syntheses were 

carried out with CTABr as template and NaOH or urea as catalysts for the silica 

polymerization. Using hexane and cyclohexane (MS series) and NaOH, we 
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obtained spherical shapes (except for the samples synthesized with cyclohexane), 

pore sizes of about 3-5 nm and surface area of 120-1000 m2/g.  

Using toluene and urea, we obtained supports with spherical shape (with fibrous 

morphology), pore sizes of about 3 nm and surface area of 500 m2/g. 

Bioinspired method (BIS series) was an alternative method to produce silica 

materials. In this case the reaction was carried out in an aqueous solution, at room 

temperature, using sodium metasilicate as precursor and an additive (usually an 

amine or a polyamine). With this method it is possible to prepare samples with the 

additive into the silica network. Different amines (DETA, TETA and PEHA) and 

polyamines (PEI, PAA) at different pH (7, 5, 2) were used. Thanks to the soluble 

nature of the amine, it was possible to eliminate the additive by decreasing the pH 

of the solution (pH=2). On the contrary, the supports synthesized with polyamines 

(PEI and PAA) at pH 2 still contained the additive as evidenced by the FTIR 

analysis. The supports with the amines show high values of surface area at pH 2 

especially with the additive PEHA (BIS-PEHA_2 672 m2/g). This high value of 

surface is probably related to the complete removal of the additive from the support. 

The removal is also confirmed by FTIR-DRIFT characterization: no peaks related 

to the amino additive are present.  

As reported above, the second part of the research is focused on the 

functionalization of non-porous and mesoporous support with several organosilanes 

precursor such as APTES, MPTMS, GPTMS, EDTA-TMS. We would like to 

remember that this part does not consider the bioinspired systems that have the 

surface already functionalized.  

1) Non-porous supports functionalization 

The functionalization of non-porous supports was performed with APTES as 

the elective organosilane compound. Initially the functionalization was 

performed on particles with different sizes (i.e., 250 nm sample - S8, 1000 nm 

- S18 and 2000 nm - S19) using an acid silanization (method A). For larger 

particles, the NH2 groups increases, indicating that the APTES functionalization 

can be influenced by the particle size. 

The functionalization process with APTES was optimized using other methods 

(B, C and D) on sample S8. Method B was carried out by grafting process in an 

organic solvent, without a catalyst; method C is similar to the acid silanization, 

but in this case the organosilane precursor was dripped by piston pump, and 

method D was performed by a single step reaction using TEOS and APTES to 

synthetize supports already functionalized. Methods B and D evidence the 
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higher density of NH2 groups and the higher concentrations of functional groups 

(linkers) (3.78 and 7.92 mmol/g) 

The functionalization of the supports with larger particles, was further carried 

out with CPTMS and then, with sodium azide. In order to verify the 

functionalization (CPTMS and azide group), biotin was bound to the azide-

functionalized silica supports via Cu-Catalyzed Azide-Alkyne Cycloaddition 

(CuAAC). 

The bond between the support with azide groups and biotin was evidenced by 

the adsorption of the fluorescent streptavidin and analyzed by flow cytometer. 

The analysis confirms that biotin was covalently linked to the support. 

2) Mesoporous supports functionalization 

The mesoporous supports were functionalized with some organosilanes 

(APTES, EDTA-TMS, GPTMS and MPTMS).  

 

The final part of the research is focused on the covalent and non-covalent 

confinement of Bovine Serum Albumin (BSA) used as reference, Cellulase-endo-β 

1,4-glucanase (Cell-EG) and PETase on the silica supports.  

Before the use: Cell_EG protein was purified and analyzed by size exclusion 

chromatography, PETase protein was expressed using the pET21b(+)-PETase-

W159H-S238F pET-21b(+) plasmid and the gene from Ideonella sakaiensis 201-

F6 (Genbank GAP38373.1) contains W159H and S238F mutations. This 

expression was optimized and then scaled to obtain a greater amount of protein after 

purification (1.1 mg).  

Different confinement methods (covalent via cross linking reaction, adsorption, and 

entrapment) were tested first on BSA and then on Cell_EG. Methods used to 

confine Cell_EG with the best activity were also employed for PETase protein.  

 

Covalent confinement 

Glutaraldehyde was used as cross-linking agent. The reaction was performed on 

two systems: among proteins (with crosslinker) and among protein and silica 

support. 

For the systems containing only proteins (BSA and Cell_EG) and cross-linker the 

effect of the cross-linker concentration and of pH on the reaction was studied. 

Samples, with higher crosslinker concentration and at acid pH, showed a blue shift 

(from 280 to 275 nm) of the UV-visible peak. This shift could be due to the imino 

bond or ethylene bond between protein and crosslinker. At basic pH, the peak shifts 

from 280 nm to 290-300 nm and the transparent solution became white, indicating 
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the formation of protein aggregates.  

The systems containing protein and silica supports (non-porous and mesoporous) 

were prepared by two steps cross-linking reaction. During the first step, the 

crosslinker is bound to the support and then (second step) the protein can interact 

with functionalized support. The measures of the loading efficiency for BSA and 

Cell_EG proteins gave the following results:  

1) Non-porous support:  

- BSA protein. Samples (S8@PrNH2_B) and (S8@PrNH2_D) functionalized 

with APTES and prepared by method B and D showed the best values of 

loading efficiency. 

- Cell_EG protein. Samples (S8@PrNH2_D) and (S8@PrSH_B) 

functionalized with APTES and MPTMS and prepared by method D and B 

showed the best value of loading efficiency.  

2) Mesoporous supports:  

- BSA protein. Samples (MC10-PrSH) and (MC10-PrNH2) functionalized 

with MPTMS and APTES evidenced the best loading efficiency. The 

support with the best BSA loading was used for Cell_EG protein. 

- Cell_EG protein. The loading efficiency of MC10-PrSH and MC10-PrNH2 

samples was lower with respect to BSA. This result is probably due to the 

lower affinity between Cell_EG and the support. 

 

Non-covalent confinement 

Non- covalent confinement was performed by adsorption and entrapment of BSA 

and Cell_EG.  

The adsorption method was carried out using different silica support (non-porous, 

mesoporous, and support synthesized by bio-inspired method). 

1) Non-porous supports. First the adsorption was performed on supports with 

different particle sizes and functionalized only with APTES and then on 

supports functionalized with different silanization methods using APTES and 

MPTMS. 
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- Supports with different sizes. 

BSA protein. Sample S19-PrNH2_A (with larger particle sizes- 2000nm), 

evidenced the better loading efficiency. 

Cell_EG protein. Sample S18-PrNH2_A (with 1 μm particle sizes) had the 

better loading efficiency.  

 

- Supports functionalized with different silanization methods.  

BSA protein. Sample S8-PrNH2_A@BSA, functionalized with APTES and 

prepared by A method, showed the better loading. 

Cell_EG protein. Sample S8-PrSH_B@Cell_EG functionalized with 

MPTMS and prepared by B method had the better loading. 

 

2) Mesoporous supports. 

BSA protein. Samples MC10-PrSH@BSA and MC10-PrNH2 @BSA 

functionalized with MPTMS and APTES gave the better  values of the 

loading efficiency.  

Cell_EG protein. Samples MC10-GP-PEI@Cell_EG (functionalized by 

GPTMS and PEI) and MC10-PrNH2_Cell_EG (functionalized by APTES) 

gave the better values of the loading efficiency. 

3) Bioinspired supports  

The better loading for BSA was obtained with the supports synthesized at 

pH 7 (BIS_PEI_7 and BIS_TETA_7) and at pH 2 (BIS_DETA_2 and 

BIS_PAA_2). These supports were used also for Cell_EG protein, but in 

this case only  sample BIS_PAA_7 evidenced a good loading efficiency. 

The adsorption kinetics of all samples could be described by three kinetic models: 

the "Rollover model", the "Three-states model" and the “Surface Cluster model”. 

 

The Entrapment method was performed on supports prepared by bioinspiration 

method using five additives (amines and polyamines). The confinement was carried 

out, at pH 7, with one-pot step reaction. The best loading efficiency was obtained 

with polyamine PAA for BSA and Cell_EG. This result can be explained by a better 

charge affinity between polyamine PAA (positive charge) and the proteins 

(negative charge).  
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The final catalytic activity tests of the Cell_EG confined systems was performed on 

the best loaded support of each confinement techniques (covalent via cross linking 

reaction, adsorption, and entrapment). The Cell_EG maintained about 90% of the 

initial activity using the entrapment method (BIS-PAA@Cell_EG), while for the 

adsorption (BIS-PAA_2@Cell_EG) and covalent methods (Mc10-PrNH2-

Glu@Cell_EG) the residual activity decreased to 54% and 35%. The lower activity 

of the samples prepared by the covalent and adsorption methods probably derives 

by a decrease of the enzyme stability after the confinement process.  

This finding was also confirmed by the Michaelis Menten curves and the kinetic 

parameters (Km and Vmax) that show as the entrapment method keeps the protein 

more stable with respect to the adsorption and covalent confinement. 

The best catalytic activities of the Cell_EG confined systems were tested at 

different pH values (1), temperature (2), different recycles (3) and substrates (4).  

1) Different pH: The entrapment and the covalent systems have similar activity, 

even if lower of the free enzyme. The activity is larger or comparable to the free 

enzyme for the adsorbed systems prepared at pH=3 and pH=9.  

2) Thermal stability: The activity values of the confined systems are always 

lower than the values of the free enzyme. 

3) Different recycles: The adsorption and the covalent systems show a low 

residual activity after 2 recycles and after the last recycles the activity is about 

of 5%.The entrapment method maintains the activity of about 40-45% after 2 

recycles, but the residual activity after the last recycles is lower than 5%.  

4) Different substrates: The substrates (MHEC and Whatman filter paper) reduce 

the activity of the confined systems also for free Cell_EG protein. 

As reported above, BIS-PAA@Cell_EG sample is the systems with the best 

performance to confine the Cell_EG protein. The same method was used to entrap 

the PETase protein.  

Sample BIS_PAA@PETase showed a loading efficiency of about 80% and a 

residual activity of 95%. The sample was recycling for five time maintaining a 

residual activity of about 45%.  

Also, the catalytic activity of this samples was compared to the catalytic activity of 

the free enzyme at different pH (1) and thermal stability (2). 

1) At different pH, the trend of the entrapment system was similar to free enzyme. 

Only at pH10 the entrapped enzyme was more stable.  

2) The thermal stability of the entrapped system showed similar trend to the free 

enzyme. 
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In conclusion, we can underline that the entrapment via bioinspired method could 

be very interesting technique for future applications. This strategy shows promising 

results thanks to easy preparation and the green environment, preserving the 

catalytic activity and stability of the enzyme. In particular, interesting results are 

observed with Cell_EG and PETase (proteins used in the recycling field of biomass 

and plastic PET waste) entrapped into silica network. 

Further research can be addressed to find new methods to improve the stability of 

entrapped proteins and to scale up the relative process. 
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