
 

  

 

Università degli Studi di Cagliari  

Università degli Studi di Sassari 

 

DOTTORATO DI RICERCA  
In Scienze e Tecnologie Chimiche 

Ciclo XXXV 

 

Development of New Synthesis Methods of  

Proteins/Enzymes-Metal Organic Frameworks (MOFs)  

Hybrid Composite Materials for Biomedical Applications 

 

Settore scientifico disciplinare di afferenza 

CHIM/03 

 

Presentata da:    Giada Mannias 
 

Coordinatori Dottorato:    Prof.ssa Carla Cannas 

        Prof. Stefano Enzo 

 

Tutor:    Prof. Guido Ennas 

 
 

Anno accademico 2021 – 2022 

 



 

 

 



 

 

 

 

 

 

 

 

   To my beloved family and friends  

   who have always believed in me 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The present Ph.D. thesis is based on my three-year research at the Ph.D. School (Chemical 

Science and Technology Ph.D. Course, XXXV cycle) of the University of Sassari (Italy), in 

collaboration with the University of Cagliari (Italy). It is submitted as a requirement for 

obtaining the Ph.D. degree with the further certificate of Doctor Europaeus. The whole research 

has been financed by the University of Cagliari with the Sardinia Regional Government 

fundings (P.O.R. Sardegna F.S.E. Operational Programme of the Autonomous Region of 

Sardinia, European Social Fund 2014-2020 – Asse III “Istruzione e Formazione” – Obiettivo 

Tematico 10 “Investire nell’istruzione, nella formazione e nella formazione professionale per 

le competenze e l’apprendimento permanente” per le aree di specializzazione D.G.R. n. 43/12 

del 01/09/2015: ICT, Reti intelligenti per la gestione efficiente dell’energia, Biomedicina, 

Turismo e beni culturali e ambientali). 

 

Giada Mannias 



 

 

 



 

I 

 

Table of Contents 

 

Summary ................................................................................................................................................ 1 

1. Introduction ....................................................................................................................................... 5 

1.1. Metal-organic frameworks (MOFs) .......................................................................................... 5 

1.1.1. IUPAC definition and terminology .................................................................................... 5 

1.1.2 Organic ligands and metal sites........................................................................................... 9 

1.2. Iron(III) trimesate MOFs ........................................................................................................ 17 

1.2.1 MIL-100(Fe) and Fe-BTC .................................................................................................. 17 

1.2.2. Stability in water and physiological media ..................................................................... 20 

1.2.3. Intrinsic peroxidase-like activity ...................................................................................... 23 

1.2.4. Coordinatively unsaturated metal sites (CUS) ............................................................... 26 

1.2.6. Synthesis methods .............................................................................................................. 28 

1.2.6.1. Green Chemistry principles....................................................................................... 28 

1.2.6.2. Conventional methods ................................................................................................ 31 

1.2.6.3. Alternative methods ................................................................................................... 34 

Electrochemical method ....................................................................................................... 34 

Sonochemical method .......................................................................................................... 35 

Mechanochemical method ................................................................................................... 39 

1.3. Protein immobilisation ............................................................................................................. 50 

1.3.1. Solid supports .................................................................................................................... 52 

1.3.2. Immobilisation strategies .................................................................................................. 54 

1.3.2.1. Surface adsorption ..................................................................................................... 54 

1.3.2.2. Covalent binding ......................................................................................................... 56 

1.3.2.3. Pore entrapment ......................................................................................................... 57 

1.3.2.4. In situ immobilisation ................................................................................................ 59 

1.4. Aim of this research ................................................................................................................. 67 

1.5. References ................................................................................................................................. 71 

2. Mechanochemical synthesis, characterisation, and intrinsic peroxidase-like activity of Fe-BTC

 ............................................................................................................................................................... 84 

2.1. Experimental section ................................................................................................................ 84 

2.1.1. Reagents and materials ..................................................................................................... 84 

2.1.2. Synthesis ............................................................................................................................. 84 

2.1.3. Characterisation ................................................................................................................ 86 

2.1.4. Evaluation of the intrinsic peroxidase-mimic activity of Fe-BTC................................. 86 



 

II 

 

2.1.5. pH, temperature, catalyst concentration and incubation time dependence on Fe-BTC 

peroxidase-mimic activity ........................................................................................................... 87 

2.1.6. Colorimetric biosensing of H2O2 ...................................................................................... 88 

2.1.7. Steady-state kinetic assay.................................................................................................. 88 

2.1.8. Drug encapsulation ............................................................................................................ 89 

2.2. Results and Discussion ............................................................................................................. 90 

2.2.1. Effect of pH ........................................................................................................................ 90 

2.2.2. Effect of solvents ................................................................................................................ 97 

2.2.3. Effect of milling media ...................................................................................................... 99 

2.2.4. Effect of grinding time .................................................................................................... 101 

2.2.5. Effect of drying conditions .............................................................................................. 103 

2.2.6. Intrinsic peroxidase-like activity .................................................................................... 106 

2.2.7. Effect of pH, temperature, catalyst concentration and incubation time .................... 107 

2.2.8. Steady-state kinetic assay................................................................................................ 109 

2.2.9. H2O2 colorimetric detection ............................................................................................ 111 

2.2.10. Drug encapsulation ........................................................................................................ 112 

2.3. References ............................................................................................................................... 114 

3. Mechanochemical synthesis, characterisation, and catalytic activity of GOx@Fe-BTC hybrid 

composite ............................................................................................................................................ 118 

3.1. Experimental section .............................................................................................................. 118 

3.1.1. Reagents and materials ................................................................................................... 118 

3.1.2. Synthesis ........................................................................................................................... 118 

3.1.3. Characterisation .............................................................................................................. 119 

3.1.4. Catalytic activity of GOx@Fe-BTC ............................................................................... 120 

3.1.5. Leaching test .................................................................................................................... 120 

3.1.6. Temperature, storage conditions, and biocatalyst concentration dependence on 

GOx@Fe-BTC catalytic activity .............................................................................................. 121 

3.1.7. Catalytic stability ............................................................................................................. 121 

3.2. Results and Discussion ........................................................................................................... 122 

3.2.1. Physicochemical characterisation .................................................................................. 122 

3.2.2. Catalytic activity and stability ........................................................................................ 129 

3.2.3. Temperature, storage conditions, and biocatalyst concentration dependence on 

GOx@Fe-BTC catalytic activity .............................................................................................. 133 

3.3. References ............................................................................................................................... 135 

4. Sonochemical synthesis, characterisation, and intrinsic peroxidase-like activity of Fe-BTC 138 

4.1. Experimental section .............................................................................................................. 138 

4.1.1. Reagents and materials ................................................................................................... 138 

4.1.2. Synthesis ........................................................................................................................... 138 



 

III 

 

4.1.3. Characterisation .............................................................................................................. 140 

4.1.4. Evaluation of the peroxidase-mimic activity of Fe-BTC .............................................. 140 

4.2. Results and Discussion ........................................................................................................... 141 

4.2.1. Formation of a xerogel .................................................................................................... 141 

4.2.2. Effect of pH ...................................................................................................................... 143 

4.2.3. Effect of concentration .................................................................................................... 147 

4.2.4. Effect of solvents .............................................................................................................. 150 

4.2.5. Intrinsic peroxidase-mimic activity ............................................................................... 152 

4.3. References ............................................................................................................................... 153 

5. Sonochemical synthesis, characterisation, and catalytic activity of GOx@Fe-BTC hybrid 

composite ............................................................................................................................................ 156 

5.1. Experimental section .............................................................................................................. 156 

5.1.1. Reagents and materials ................................................................................................... 156 

5.1.2. Synthesis ........................................................................................................................... 156 

5.1.3. Characterisation .............................................................................................................. 157 

5.1.4. Catalytic activity of GOx@Fe-BTC ............................................................................... 158 

5.1.5. Leaching test .................................................................................................................... 158 

5.1.6. pH dependence on GOx@Fe-BTC catalytic activity .................................................... 159 

5.1.7. Catalytic stability ............................................................................................................. 159 

5.1.8. Colorimetric biosensing of glucose ................................................................................. 159 

5.1.9. Steady-state kinetic assay................................................................................................ 160 

5.2. Results and Discussion ........................................................................................................... 161 

5.2.1. Physicochemical characterisation .................................................................................. 161 

5.2.2. Catalytic activity and stability ........................................................................................ 166 

5.2.3. pH dependence on GOx@Fe-BTC catalytic activity .................................................... 168 

5.2.4. Steady-state kinetic assay................................................................................................ 168 

5.2.5. Colorimetric biosensing of glucose ................................................................................. 170 

5.3. References ............................................................................................................................... 172 

6. Conclusions .................................................................................................................................... 173 

List of Abbreviations ......................................................................................................................... 175 

Acknowledgments .............................................................................................................................. 177 

 

 

 



 

1 

 

Summary 

 

This three-year Ph.D. research project is the result of the collaboration among the research 

group of Prof. Guido Ennas from University of Cagliari (Italy), expert in innovative and green 

synthesis approaches of micro- and nanomaterials, including mechanochemistry and 

sonochemistry, and the research group of Dr. Sarah Hudson from University of Limerick 

(Ireland), expert in biocatalysts and drug-delivery systems.  

The research focuses on the development of innovative synthesis routes for the preparation of 

proteins/enzymes – Metal Organic Frameworks (MOFs) hybrid composite materials for 

biomedical applications. In particular, alternative sonochemical and mechanochemical methods 

have been explored for the one-pot synthesis of glucose oxidase – iron(III) trimesate composites 

under eco- and bio-compatible conditions. Conventional harsh synthesis conditions have been 

overcome in order to minimise enzyme denaturation and activity loss, while retaining structural 

and textural features of the MOF. Beside their biocompatibility and low cost, one of the 

advantages of using iron(III) trimesate materials to immobilise biomolecules is their 

peroxidase-mimic behaviour. Indeed, such MOFs do not act as passive supports for the 

immobilisation of glucose oxidase, but also perform as enzyme-mimics, avoiding the 

immobilisation of additional peroxidase enzymes. Hybrid glucose oxidase – iron(III) trimesate 

composites prepared via mechanochemical and sonochemical approaches under mild 

conditions were applied as sensitive biosensors for glucose colorimetric detection. 

Chapter 1 first gives a general overview on Metal-Organic Frameworks’ chemistry, design and 

classification, focusing on structures built up from iron(III) and 1,3,5-benzentricarboxylate, 

also known as iron(III) trimesate materials. Chemical, physical features and main applications 

fields of these MOFs are extensively reported. A discussion on the most common synthesis 

methods is then proposed, focusing mainly on mechanochemical and sonochemical alternative 

approaches and their advantages compared to conventional methods. Finally, ex vivo 

applications of biomolecules and the strategies employed for their immobilisation on solid 

supports are introduced, illustrating the potential advantages of using alternative methods under 

mild conditions to preserve biomolecules functionality.  
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Experimental section is divided in four chapters: Chapter 2 deals with the synthesis and 

characterisation of an iron(III) trimesate material under mild biomolecule-friendly conditions 

via mechanochemical approach. Moreover, mechanochemically-prepared iron(III) trimesate 

MOFs have been employed for hydrogen peroxide biosensing and preliminary studies on their 

usage as drug-delivery systems are described. In Chapter 3 mechanosynthesis for the in situ 

immobilisation of Glucose Oxidase (GOx) during iron(III) trimesate MOF building-up is 

illustrated. Physicochemical characterisation of samples, biocatalytic studies, and the 

application of the obtained enzyme-MOF hybrid composites for glucose biosensing are further 

discussed. Chapter 4 describes the sonochemical synthesis and characterisation of an iron(III) 

trimesate material under green, biomolecule-friendly conditions. In Chapter 5 one-pot 

immobilisation of GOx on iron(III) trimesate MOF using sonochemical approach is described, 

followed by characterisation of the obtained composites and their usage for glucose detection.  

All samples were characterised by Fourier transform infrared spectroscopy (FT-IR), X-ray 

powder diffraction (XRPD), thermal analysis, scanning electron microscopy (SEM), and 

nitrogen physisorption at -196 °C.  

Finally, Chapter 6 is dedicated to the conclusions and future perspectives of this research work. 
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1. Introduction 
 

1.1. Metal-organic frameworks (MOFs) 
 

Metal-organic frameworks, abbreviated to MOFs, are a subclass of coordination polymers 

(CPs) composed of metal centres, called nodes, joined by organic ligands via coordination 

bonds to constitute highly porous architectures.[1]  

The term MOF was used for the first time in 1995 by Omar Yaghi et al. to describe a porous 

3D network consisting of slightly distorted trigonal planar copper(I) centres linked by rod-like 

4,4'-bipyridine ligands.[2] MOFs have rapidly attracted the attention in the last decades because 

of their zeolite-like features: stability and microporosity of the framework, high specific surface 

areas, host-guest interactions, and selective catalytic activity. Because of these properties, 

MOFs have been applied in several fields, including catalysis, gas storage and separation, 

sensing, drug delivery and electrochemical charge storage.[3] Unlike zeolites, which are 

aluminosilicate inorganic frameworks with highly ordered microporous structure,[4] a wide 

variety of organic ligands and metal ions can be combined, giving rise to a potentially infinite 

range of topologies and structures. Moreover, MOF pore size and shape can be easily tuned, 

even from the micropore to the mesopore scale, by simply changing the length and/or the nature 

of the ligands.[5]  

 

1.1.1. IUPAC definition and terminology 

 

MOFs and CPs constitute prolific research areas involving interdisciplinary fields, such as 

inorganic and coordination chemistry and crystal engineering. A variety of different 

terminologies were in use among research groups, eventually causing confusion in literature 

searches and unnecessary misunderstandings within the scientific community. Therefore, 

considering the growing interest in MOFs, also at the industrial level, in 2009 the International 

Union of Pure and Applied Chemistry (IUPAC) started a project to define terminology and 

nomenclature guidelines on coordination polymers and metal–organic frameworks, to be added 

to the previously offered definitions of coordination compound, coordination entity, polymer 

and macromolecule. A coordination compound is “any compound that contains a coordination 

entity”, which in turn is “an ion or neutral molecule that is composed of a central atom, usually 
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that of a metal, to which is attached a surrounding array of atoms or groups of atoms, each of 

which is called ligands”.[6] A polymer is any “substance composed of macromolecules”.[7] 

Macromolecules are molecules “of high relative molecular mass, the structure of which 

essentially comprises the multiple repetition of units derived, actually or conceptually, from 

molecules of low relative molecular mass”.[7]  

According to the current IUPAC recommendations, a hierarchical terminology in which the 

most general term is coordination polymer is strongly recommended. Coordination networks 

represents a subclass of coordination polymers and MOFs are a further subclass of coordination 

networks (Figure 1.1).  

 

Figure 1.1. Hierarchical classification of coordination polymers, coordination networks and metal-organic 

frameworks according to IUPAC recommendations.[8] 

 

The current terminology guidelines are as follows:[8] 

 

• Coordination polymers 

A coordination polymer is “a coordination compound with repeating coordination entities 

extending in 1, 2, or 3 dimensions”.[8] 

Crystallinity does not constitute a requirement for coordination polymers. Consequently, the 

use of the terms “1-periodic, 2-periodic, and 3-periodic”, used for crystalline states is 

discouraged. Conversely, the prefixes “1D-, 2D-, and 3D-” are acceptable to indicate the degree 

 

 

 



 

7 

 

of extension of the coordination polymer. An example of coordination polymer is given in 

Figure 1.2. 

 
Figure 1.2. An example of a 1D coordination polymer. Cyan: Mo; blue: N; red: O; grey: C. All hydrogen atoms 

have been omitted for clarity. Reproduced from Ref. [9] with permission from the Royal Society of Chemistry.  

 

• Coordination network 

A coordination network is “a coordination compound extending, through repeating 

coordination entities, in 1 dimension, but with cross-links between two or more individual 

chains, loops, or spiro-links, or a coordination compound extending through repeating 

coordination entities in 2 or 3 dimensions”.[8] 

IUPAC task group strictly underlines that coordination polymers and coordination networks are 

not synonyms, since the latter are a subset of the former. According to these definitions, 

structures containing repeated tubular, necklace, rhomboid chains, or (4,4) net topology, can be 

classified as coordination networks. Conversely, zig-zag, arched, and helical chains belong to 

the group of 1D-CPs (Figure 1.3).[10] 

 
Figure 1.3. Some examples of structural motifs observed for coordination networks and coordination polymers. 

This picture is reproduced according to Ref. [10]. 
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An example of coordination networks is showed in Figure 1.4. 

 

Figure 1.4. 2D-coordination network with (4,4) net topology. Mauve: Zn; yellow: S; light blue: N, grey: C; red: 

O. All hydrogen atoms have been omitted for clarity. This picture is reproduced according to Ref. [10]. 

 

• Metal-organic framework 

A metal–organic framework is “a coordination network with organic ligands containing 

potential voids”.[8] 

One of the criteria MOFs need to fulfil is the presence of potential voids. However, IUPAC 

clarifies that no physical measurements of porosity or other properties are required. This is 

related to the fact that many systems are dynamic. Then, modifications in structure and, 

consequently, in potential porosity or solvent (and/or guest) filled voids can occur depending 

on external stimuli (e.g., temperature and pressure). For these reasons it is also not demanded 

for MOFs to be crystalline. Figure 1.5 shows an example of MOF. 
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Figure 1.5. Example of MOF. Blue: Zn; red: O; grey: C (a). The yellow sphere in the middle highlights the 

presence of a cavity. All hydrogen atoms have been omitted for clarity. Reprinted with permission from [11]. 

Copyright 2007 American Chemical Society. 

 

1.1.2 Organic ligands and metal sites 
 

Several metal centres with specific points of extension can be connected to each other by a wide 

range of organic ligands through coordination bonds. This yields a numerous diversity of 

MOFs, especially in terms of topology. To the best of our knowledge, the flexibility with which 

geometry, size, and functionality of MOF constituents can be varied has led to more than 20,000 

different structures in the past decades, proving an exceptional chemical tailoring of these 

materials.[12] 

Commonly, two groups of ligands are used in MOFs: N-donors and carboxylates. Linkers are 

further classified as di-topic, tri-topic, tetra-topic, etc., according to the number of sites which 

they can use to bind a metal centre. Figure 1.6 reports some examples of carboxylate ligands, 

which are known as hard donors.[13] 
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Figure 1.6. Examples of carboxylate ligands used for MOF synthesis. This picture is reproduced according to Ref. 
[13]. 

 

N-donors, such as bipyridines and imidazolates, are classified as neutral soft ligands. Some 

examples of N-donor ligands are given in Figure 1.7. 

 
Figure 1.7. Examples of N-donor ligands based on bipyridine (a) and imidazolate (b). 

a) b) 
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Pore size of MOFs can be modulated by using ligands with different length. The use of the 

isoreticular principle in the design of MOFs, varying the size and nature of a structure without 

changing its underlying topology, can lead to ultrahigh porosity and unusually large pore 

openings. A representative example of linker extension strategy is given by Omar Yaghi et al., 

who developed a straightforward method to fabricate larger pores in MOFs by changing the 

extension of the bridging ligand length while keeping the framework topology (Figure 1.8).[14]  

Figure 1.8. MOF series (a) obtained via isoreticular principle (IRMOF) using organic ligands with different length 

(b). Reprinted from [14] with permission from AAAS.  

 

The presence of metals in MOFs has a significant role in the catalytic performance, as well as 

in the extraction and adsorption capacities, due to their partial positive charge and the possibility 

to create open sites. Metal centres can be constituted by single metal ions or metal-cluster 

entities, called secondary building units (SBUs).[15]  

Figure 1.9 provides an example of MOF self-assembly in a simple metal-and-ligand 

construction mode: metal ions are linked by di-topic ligands (e.g., 4,4’-bipyridine), giving a 

flexible structure where each vertex represents a metal ion.[5] A variety of framework structures 

has been produced by assembling metal ions with di-, tri-, and poly-topic organic ligands. 

However, attempts to evacuate and/or exchange guests within the pores without compromising 

structural integrity, with few exceptions,[16,17] provoked the collapse of the host framework.[15] 

a) b) 
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Figure 1.9. Assembly of MOFs based on the copolymerisation of organic linkers with metal ions, giving a flexible 

metal-ligand structure with expanded diamond topology. M, orange; C, grey, N, blue. All hydrogen atoms have 

been omitted for clarity. Adapted with permission from [15]. Copyright 2001 American Chemical Society. 

 

Conversely, one or more metal ions can be coordinated by carboxylates or other coordination 

modes of poly-topic ligands to form SBUs, as shown in Figure 1.10. The replacement of metal 

vertices by clusters of vertices is called decoration. It provides higher rigidity and structural 

stability and lower interpenetration tendency to the resulting framework compared to single 

metal nodes, since metal ions result locked in their position within large rigid vertices, which 

in turn can be joined by rigid organic ligands to produce extended frameworks.[18] 

 

 

 

 

 

 

 

 

Metal 

ion 

4,4’-bipyridine 

(bpy) 
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Figure 1.10. Assembly of MOFs by the copolymerisation of organic linkers with metal ions to give rigid metal-

ligand clusters. Such SBUs can be in turn linked by organic ligand “struts” forming rigid extended frameworks. 

Each cluster acts as a large octahedron-decorated vertex in a cube. M, purple; O, red; C, grey. All hydrogen atoms 

have been omitted for clarity. Adapted with permission from [15]. Copyright 2001 American Chemical Society. 

 

 

SBUs can be classified depending on the number of metal ions composing a cluster. Figure 1.11 

shows same examples of SBUs divided according to the different number of metal ions.  

 

Figure 1.11. Different examples of secondary building units (SBUs). Reprinted from [5]. Copyright 2021, with 

permission from Elsevier.  

 

Metal 

ion 

1,4-benzenedicarboxylate 

(terephthalate, bdc) 

SBU 
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2-methylimidazole 

Benzimidazole 

Imidazole-2-carboxaldehyde 

One-metal 

SBU 
ZIF-8 

ZIF-7 

ZIF-90 

One-metal SBUs composed of M(N)4 cores (M: Zn, Co; N: imidazolate) feature in the ZIF-n 

family (ZIF: zeolitic imidazolate framework) (Figure 1.12).[19]  

 

 

 

 

 

 

 

 

 

  

  

 

 

 

 

 

Figure 1.12. Examples of ZIFs derived from the linkage of one-metal SUBs and imidazolates. This picture is 

reproduced according to Ref. [20]. 

 

Two-metal SBUs can be found in MOF-199, also known as HKUST-1 (HKUST: Hong Kong 

University of Science and Technology), with paddle-wheel Cu2(RCOO)4 cores (R: H, alkyl, 

aryl), as shown in Figure 1.13.[21]  
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Figure 1.13. Structure of HKUST-1 based on two-metal SBUs and trimesate. This picture is reproduced according 

to Ref. [22]. 

 

Three-metal SBUs are typical of the terephthalate (BDC) based MIL-101 and the trimesate 

(BTC) based MIL-100 (MIL: Material Institute of Lavoisier) with [M3(μ3-O)(RCOO)6] cores 

(M: Cr, Fe, Al, Sc, V) (Figure 1.14);[23,24]  

 

 

Figure 1.14. Structure of MIL-100 and 101 formed by three-metal SBUs linked through BTC and BDC, 

respectively, into supertetrahedra, which further assembles into hexagonal and pentagonal cages constituting a 

porous framework with the zeolite MTN topology (MTN = zeolite socony mobil – thirty-nine). Reproduced from 

Ref. [25] with permission from the Royal Society of Chemistry. 

 

 

 

Two-metal 

SBU 
1,3,5-benzenetricarboxylate 

(trimesate, BTC) 
HKUST-1 

Trimesic acid 

Terephthalic acid 

Three-metal 

SBU 
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Four-metal SBUs with a [Zn4(μ4-O)(RCOO)6] core are arranged in MOF-5, also known as 

IRMOF-1, (Figure 1.15).[26]  

 

Figure 1.15. Structure of MOF-5 based on four-metal SBUs and terephthalate. This picture is reproduced 

according to Ref. [20]. 

 

The UiO-n family (UiO: University in Oslo) consists of six-metal SBUs with a 

Zr6O4(OH)4(RCOO)12 core (Figure 1.16).[27]  

Figure 1.16. Structure of UiO-66 based on six-metal SBUs and terephthalate. Adapted with permission from [28]. 

Copyright 2019 American Chemical Society. 

 

SBUs can also consist of infinite rods of linked metal-centred polyhedra (Figure 1.17). This is 

the case of the so-called rod MOFs including MOF-71, MIL-47, and MIL-53.[29] 

 

Figure 1.17. One rod of MOF-71 of composition [Co2O(RCOO)4]∞. Reprinted with permission from [29]. 

Copyright 2016 American Chemical Society. 

Four-metal 

SBU 
Terephthalic acid MOF-5 

Six-metal 

SBU 

Terephthalic acid UiO-66 
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1.2. Iron(III) trimesate MOFs 
 

Among the wide existing variety of MOFs, structures derived from the linkage of iron(III) and 

1,3,5-benzenetricarboxylate (trimesate, btc), constituting the iron(III) trimesate family of 

MOFs, have aroused great interest in the last decade. This is due to the combination of attractive 

features of both iron, which is environmentally benign, non-toxic, cheap and possesses redox 

properties, and 3D-architectures with remarkable air- and water-stability, high specific surface 

areas (up to 2800 m2/g), large accessible pores and permanent porosity.[24]  

 

1.2.1 MIL-100(Fe) and Fe-BTC 

 

MIL-100(Fe) was the first synthesised iron trimesate MOF by Patricia Horcajada et al. in 2007 

under hydrothermal conditions.[30] It is a zeotype architecture based on trimers of iron(III) 

octahedra sharing a common μ3-O vertex. These trinuclear SBUs are linked through trimesate 

ligands to build supertetrahedra, which in turn assemble into a zeolitic MTN topology. This is 

characterised by the existence of two types of mesoporous cavities of free diameter of ca. 25 

and 29 Å, accessible through pentagonal and hexagonal microporous windows with a free 

diameter of ca. 5.5 and 8.6 Å, respectively (Figure 1.18). The structure formula reported for 

MIL-100(Fe) is Fe3O(H2O)2X∙{C6H3(CO2)3}2∙nH2O (n ~14.5) (X = F– or OH–). It possesses a 

crystalline cubic structure with a Fd-3m space group. 

To the best of our knowledge, in lieu of Fe, many other trivalent metals, including Cr,[31] Sc,[32] 

Al[33] and V[34] can be used to build MIL-100 structure with the same organic linker. Moreover, 

synthesis of mixed-metal MIL-100(Sc,M) (M=Al, Cr, Fe) have been reported. However, unlike 

the above mentioned trivalent metals, iron can also form the semicrystalline iron(III) trimesate 

material, commonly called Fe-BTC, which is the disordered counterpart of MIL-100(Fe). The 

relationship between Fe-BTC and MIL-100(Fe) has received great attention over the past 

decade.[35] Among the huge family of MOFs, only another semicrystalline-full crystalline pair 

of materials have been recently reported.[36] Fe-BTC and MIL-100 have proven to possess same 

composition,[37] thermal stability,[38] and comparable nature/structure of metal clusters.[39] 

Sciortino et al. have related the disordered structure of Fe-BTC to the presence of terminal 

carboxyl groups belonging to extra-framework or partially deprotonated trimesic acid 

molecules which interrupt the order of the network.[39] The structure of Fe-BTC still remains 

almost unknown. Nevertheless, it has been recently identified that Fe-BTC contains both 
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crystalline and amorphous domains.[40] Therefore, Fe-BTC material is not ascribable as 

amorphous, but rather as disordered.  

Figure 1.18. The structure of MIL-100(Fe), based on the coordination of Fe(III) trimers and trimesates, creating 

hybrid supertetrahedra which further assemble into a zeotypic MTN architecture consisting of small mesoporous 

cages, delimited by pentagonal microporous windows, and large mesoporous cages accessible through pentagonal 

and hexagonal microporous openings. Reprinted from [41]. Copyright 2013, with permission from John Wiley & 

Sons. 

 

The interest in Fe-BTC is such that it was one of the first MOFs to be commercialised, as so-

called Basolite®F300 by BASF/Aldrich.[42] Indeed, despite the disordered structure, Fe-BTC is 

widely used for the same applications of MIL-100, sometimes even surpassing its crystalline 

counterpart as heterogeneous catalysts, especially when Lewis acid sites are required by the 

reaction.[35] Catalysts can be divided into two main types, homogeneous and heterogeneous, 

depending on whether the catalyst is in the same phase as the reactants (homogeneous reaction), 

or in a different phase from the reactants (heterogeneous reaction), respectively. Heterogenous 

catalysis provide much easier and faster recovery and product separation compared 

homogeneous reactions. A variety of MOFs, including iron trimesate family, have attracted 
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significant attention as archetypical heterogeneous catalysts. MIL-100(Fe) was exploited as 

porous catalyst in numerous Friedel−Crafts type reactions, including the catalytic conversion 

of benzyl chloride (BZC) to diphenylmethane (DPM).[30] Dhakshinamoorthy et al. have 

compared the catalytic activity of MIL-100(Fe) and commercial Fe-BTC.[35] Four 

representative reactions have been selected, two of them requiring Lewis acidity (epoxide ring-

opening reaction and aldehyde acetalization) and another two that are oxidation reactions 

(aerobic oxidation of thiophenol and benzylic oxidation of diphenylmethane (DPM) by TBHP). 

It was found that Fe-BTC performs better for catalytic processes requiring strong Lewis acid 

sites. Conversely, MIL-100(Fe) is the preferred catalyst for oxidation reactions. This has been 

related to the existence in Fe-BTC of structural defects (presence of extra Brønsted acid sites) 

compared to MIL-100(Fe).  So, the use of whether MIL-100(Fe) or Fe-BTC as heterogeneous 

catalysts results interchangeable depending on the selected reaction type. The leaching of metal 

sites from the solid catalyst to the liquid phase is one of the main issues in heterogeneous 

catalysis. Therefore, to confirm that the process is heterogeneous and, thus, not related to the 

leaching of iron in solution, in the above-mentioned study Dhakshinamoorthy et al. also 

performed leaching tests for all reactions. A negligible detection of iron has been found in 

solution for both MIL-100(Fe) and Fe-BTC, proving that iron trimesates are valid catalyst with 

high catalytic activity.[35] 

 

In addition, iron trimesate MOFs have recently shown great potential for electrochemical 

performance as electrode materials for high power Li-ion batteries applications because of their 

notable framework stability and redox reactivity. Among the currently available 

electrochemical energy storage devices, rechargeable batteries, including lithium-ion batteries 

(LIBs), possess high energy densities and are suitable for large-scale energy storage systems, 

electric vehicles, and portable electronic devices.[43] It has been reported an outstanding 

electrochemical performance for Fe-BTC MOFs, showing capacities up to 408 and 436 mA h 

g-1 after 400 cycles at a current density of 1000 and 500 mA g-1, respectively.[44] Nowadays, 

there is great interest in exploiting MOFs for LIB applications, due to their high thermal 

stability, high surface area and porosity, controllable structures for lithium-ion intercalation and 

deintercalation, and tunable redox properties.[45] Moreover, both organic ligands and metal sites 

in MOFs can serve as active sites for electrochemical processes.[46]  
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1.2.2. Stability in water and physiological media 

 

The stability in water of MOFs is of much interest for their industrial applications, especially 

in the context of wastewater remediation, liquid phase separation, and drug delivery, in which 

MOFs are used in aqueous media.[47] Iron(III) trimesate MOFs are remarkably promising 

regarding water stability, which has been widely studied in terms of water adsorption capability. 

Water adsorption firstly occurs on the available metal sites of these materials. Water molecules 

avoid the hydrophobic areas of the surface, preferably adsorbing on the hydrophilic centres. 

Iron(III) trimesate MOFs have polar sites due to the metal oxygen clusters and non-polar 

regions due to the organic aromatic linkers, which represent the major fraction of the inner 

surface. The filling of the mesopores then takes place, by filling of the smaller 25 Å pores 

followed by the larger 29 Å pores. Adsorption of water molecules eventually occurs in the inter 

particulate voids of the powder. This phenomenon has been clarified by Stefan Kaskel et al. on 

the basis of the so-called “bridging effect” (Figure 1.19): after the formation of a monolayer of 

water molecules, additional water can be hydrogen-bonded to these water nucleation sites 

forming water clusters in the pores. Finally, pores result filled by water agglomerates with free 

voids between them.[48] 

 

 

Figure 1.19. Bridging effect: (a) adsorption of single water molecules to the hydrophilic centres; (b) formation of 

water clusters via hydrogen bonds; (c) filled pore with free voids between the water agglomerates. L and M depict 

the organic linker and the metal cluster, respectively. Black dots represent the water molecules. Reprinted from 
[48]. Copyright 2009, with permission from Elsevier.  

 

As promising material in water adsorption-related processes, iron trimesate has proven to be an 

efficient water vapor adsorbent dehumidification systems and water purification.[49,50] MIL-

100(Fe) showed much higher water adsorption uptakes (up to 0.873 g H2O per g dry adsorbent), 

compared to commercial adsorbents, such as SAPO-34 (0.330 g g−1), NaX (0.336 g g−1), and 

silica gel (0.327 g g−1), and other representative MOFs (e.g., MOF-74, UiO-66-NH2, and 

b) a) c) 
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HKUST-1).[51] Unlike the conventional porous materials which require a dehydration at high 

temperature before use, iron trimesate MOF need to be dehydrated at 30 °C. Recently, an 

efficient adsorption process based on iron trimesate MOF for water harvesting from air has 

been designed, contributing to address an actual global issue, that is water crisis.[52] In addition 

to a remarkable stability to water vapor at elevated temperatures, iron trimesate also remains 

stable in boiling water for up to 7 days.[49] Such an excellent stability arises from strong 

metal−ligand bonds given by the highly charged trivalent metals used to assemble the 

structure.[47] 

In the context of drug delivery, the stability of iron(III) trimesate has been examined in the 

presence of various simulated physiological fluids for oral and intravenous administration.[53] 

Phosphate groups in PBS (PBS: phosphate buffered saline) have been found to replace the 

carboxylates from the MOF’s structure, resulting in a progressive degradation of the material 

under intravenous conditions. A departure of the constitutive organic linkers occurs associated 

with an amorphization. It has also been highlighted that this degradation phenomenon is 

phosphate concentration-dependent since faster degradation of the material occurs at higher 

concentration of phosphates in PBS. Figure 1.20 presents a typical image of iron trimesate 

particles before (a) and after 8 days degradation in PBS (b). The morphology of particles 

changed with the appearance of a red-coloured core delimited by a grey shell.[54] 

 

Figure 1.20. Images of iron trimesate observed by Raman-microscopy before (a) and after (b) degradation in PBS 

for 8 days. This picture is reproduced according to Ref. [54]. 

 
 
 
 

a) b) 
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In order to overcome these drawbacks, several efforts have been done. For instance, the 

presence of BSA in the solution has been observed to lead to the formation of a protein corona, 

which decreases the degradation rate and improves the overall colloidal stability of the material 

under intravenous conditions by introducing steric hindrance.[53]  

The degradation of the particles under gastric and intestinal conditions has proven to be 

comparable to that in PBS, with a gradual degradation up to 6 h reaching a plateau over 24 h. 

The presence of phosphates in intestinal conditions progressively replaces the carboxylic 

linkers, provoking the dissembling of the structure. Conversely, highly acidic conditions (pH 

1.2) in gastric media favour the presence of soluble Fe3+/2+ species as well as protonated linker, 

leading to a progressive structure degradation. However, it has been observed that in the 

presence of mucin, iron trimesate can interact with glycosylated proteins, promoting a degree 

of grafting to the intestinal mucosa after oral administration. Overall, iron trimesate displays an 

optimal stability for the first 6 h after immersion in simulated digestive media. A good stability 

for oral administration is ensured, considering the small bowel residence time (3.5−8 h).[53] 

Thus, iron trimesates exhibit optimal stability during the first stages of incubation in both 

intravenous and oral conditions, demonstrating their potential in acting as drug nanocarriers. 

An efficient nontoxic nanocarrier material for drug delivery should meet requirements 

including high drug loadings, controllable drug release and matrix degradation. Because of their 

high surface areas and large mesoporous cavities, iron trimesate MOFs have been widely 

applied as drug-delivery systems.[55] It has been proven by Horcajada et al. that iron trimesate 

MOFs can efficiently act as nanocarriers for a variety of retroviral and antitumoral drugs (e.g., 

cidofovir, doxorubicin, azidothymidine, busulfan or triphosphate) against AIDS and cancer, 

respectively.[56] Drug entrapment efficiency was found to be larger than that of other existing 

carrier materials including MIL-53 and MIL-89 MOFs, demonstrating that iron trimesates 

could act like sponges through the encapsulation of drugs with various functional groups, 

polarities, and sizes. The in vivo acute toxicity of high doses of iron trimesate nanoparticles 

(NPs) have been intravenously investigated by evaluating their distribution, metabolism and 

excretion in rats.[57] The rats kept alive without any toxicity effect for 7 days after intravenous 

administration. It has been found that, such NPs are rapidly sequestered by the liver and spleen, 

and further biodegraded into their constitutive components (i.e., organic linkers and metal 

subunits), which could be directly eliminated in urine and/or faeces without metabolization and 

substantial toxicity. The controllable release of drugs from iron trimesate was exploited by 

Simon-Yarza et al.[58] The anticancer compound gemcitabine monophosphate (GMP) was 
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chosen to be encapsulated into the MOF for lung targeting. The colloidal suspension of this 

nanocarrier remained stable in the blood at pH < 6.5, while forming aggregates at pH > 6.5. 

Then the aggregates disaggregated releasing the drug molecules within the lung tissue. The 

controllable release of drugs could be also achieved through the degradation of the framework 

due to the high content of hydrogen peroxide at the site of infection caused by the bacteria.[59] 

A functionalisation approach of an iron trimesate MOF through the external surface covalent 

attachment of functional polymers has been reported.[60] Amino-polyethylene glycol 

(PEG5000) and Stp10-C were chosen as representative compounds due to their potential 

applications in multimodal imaging and biomedicine. The resulting functionalised iron 

trimesate NPs showed optimal chemical and colloidal stability in aqueous environments. The 

in vivo visualisation of functionalised NPs allowed to evaluate their distribution and 

accumulation. Moreover, such NPs displayed high uptake by cells without cytotoxicity even at 

high concentrations for more than 24 h.  

 

1.2.3. Intrinsic peroxidase-like activity 

 

Several non-protein materials have been found to possess intrinsic peroxidase-like activity, 

exhibiting catalytic activity similar to that found in natural peroxidases.  Intrinsic peroxidase-

like activity of MIL-100(Fe) has been reported for the first time by Zhang et al. in 2014. The 

optimal pH range was found to be 2.5 – 5.0 and the best temperature range was 35 – 55 °C.[61] 

Along with MIL-100(Fe), also disordered Fe-BTC material shows an intrinsic peroxidase-like 

activity.[62] Furthermore, peroxidase mimics include Fe-based MIL-53,[63] MIL-88(Fe),[64] and 

MIL-101(Fe) MOFs,[65] as well as Fe3O4,
[66] Au nanoparticles,[67] Ce nanoparticles,[68] graphene 

oxide,[69] carbon nanotubes,[70] and carbon nanodots.[71]  

It has been proposed that peroxidase mimic activity of MIL-100(Fe) originates from its catalytic 

activation of H2O2 through electron transfer, which leads to ·OH radicals, by a Fenton-like 

reaction.[72] Unlike Fenton reaction, which involves Fe2+ ions and hydrogen peroxide, a Fenton-

like reaction is the reaction of hydrogen peroxide with Fe3+ ions, as shown in Eqs.(1) – (4).[73] 
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𝐹𝑒3+ + 𝐻2𝑂2 ⇄ 𝐹𝑒 ⋅⋅⋅ 𝑂𝑂𝐻2+ + 𝐻+ (1) 

𝐹𝑒 ⋅⋅⋅ 𝑂𝑂𝐻2+ ⟶ 𝐻𝑂2 ⋅  + 𝐹𝑒2+ (2) 

𝐹𝑒2+ + 𝐻2𝑂2 ⟶ 𝑂𝐻 ⋅  + 𝑂𝐻− +  𝐹𝑒3+ (3) 

𝑂𝐻 ⋅ + 𝑅𝐻 ⟶ 𝑅 ⋅ + 𝐻2𝑂 (4) 

The resulting ·OH radicals can react with chromogenic dyes, such as o-phenylenediamine 

(OPD), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), or 

3,3',5,5'-tetramethylbenzidine (TMB), producing a colour change in the reaction.  

Enzyme mimics have received the most attention over the past decade, since they overcome the 

drawbacks of using enzymes.[74] Indeed, enzymes easily get denatured upon heating or chemical 

changes. Moreover, their isolation, purification, and storage are relatively expensive and time-

consuming.[75]  

An archetypical example of peroxidase is given by horseradish peroxidase, also called, 

hydrogen peroxide oxidoreductase or HRP (EC Number: 1.11.1.7). It is a predominantly α-

helical single-chain glycoprotein of 44 kDa containing four disulfide bridges and 18% 

carbohydrate (Figure 1.21). HRP, isolated from the roots of horseradish (Amoracia rusticana), 

belongs to the ferroprotoporphyrin group of peroxidases.[76]  

 

Figure 1.21. Three-dimensional representation 

of the horseradish peroxidase isoenzyme C 

(Brookhaven accession code 1H5A). The heme 

group (red) is located between the distal and 

proximal domains, containing one calcium atom 

(blue) for each domain. α-helical and β-sheet 

regions of the enzyme are coloured in purple and 

yellow, respectively. Reprinted from [76]. 

Copyright 2004, with permission from Elsevier. 
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HRP can combine with hydrogen peroxide (H2O2) and the resultant [HRP-H2O2] complex 

readily oxidises a wide range of hydrogen donors. Peroxidase reaction can be simply 

summarised by the following equation:[77] 

2𝑅𝐻 +  𝐻2𝑂2 → 2𝑅 ⋅  + 2𝐻2𝑂                  

Peroxidase mimics possess great potential in many fields, including catalysis, and sensing for 

the detection of hydrogen peroxide, ascorbic acid, and other peroxidase substrates.[61,62,64] 

Sensors are analytical devices that estimate the chemical response of a chemical reaction, by 

producing a signal as a function of the concentration of an analyte in the chemical reaction. 

They are applied into a wide range of fields, ranging from food and environment safety 

(pollutant detection, microorganism identification, etc.) to biomedicine (disease monitoring, 

drug discovery, etc.). Iron(III) trimesate MOFs have been extensively employed in 

biosensing.[55] Patra et al. have developed a bioelectrode for glucose detection combining MIL-

100(Fe) with platinum nanoparticles (Pt-NPs) as immobilisation matrix for glucose oxidase 

enzyme (GOx). The biosensor was prepared through the step-by-step deposition of each 

component at the surface of the carbon ink electrodes (CIE). It exhibited interesting results in 

terms of sensitivity, response time, reproducibility, and time stability. After one week of 

storage, the bioelectrode retained 96% of its original response, and after 21 days it retained 90% 

under wet and 78% under dry conditions. Electrochemical biosensor prepared with MIL-

100(Fe) was also compared to bioelectrodes containing other MIL-100 MOFs, such as 

aluminium and chromium-based ones. MIL-100(Fe)-based biosensors showed advantages in 

terms of limit of detection, linear concentration range, detection time, and sensitivity over the 

other MOFs. This behaviour was explained by the synergetic of the intrinsic peroxidase-like 

activity of iron trimesate MOF and catalytic activity of GOx. The enzyme mimic iron trimesate 

catalysed the decomposition of H2O2, the main product of glucose oxidation by GOx, by a 

Fenton-like reaction.[78] Iron trimesate MOFs have been also studied for colorimetric 

biosensing. Colorimetric sensors became very popular and widespread in recent years. They 

are a class of optical sensors that provides a colour-change when influenced by external stimuli. 

Unlike electrochemical sensors, they possess higher accessibility and ease of use, lower costs 

and more sensitive and selective responses toward various analytes.[79] Zhang et al. exploited 

the peroxidase mimic activity of iron trimesate MOF for a colorimetric method to quantitatively 

determine hydrogen peroxide.[61] In the presence of H2O2, iron trimesate produces ·OH radicals 

which can oxidise 3,3′,5,5′-tetramethylbenzidine (TMB), a chromogenic substrate molecule, 

simultaneously giving rise to the blue-coloured oxidised TMB (oxTMB). oxTMB gives intense 
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characteristic absorbance peaks at 370 and 652 nm in the UV-vis spectra, accounting for the 

blue colour of the solution. Since the absorbance of oxTMB is dependent on the concentration 

of H2O2 in the solution, this method has been used for the quantitative evaluation of hydrogen 

peroxide. 

 

1.2.4. Coordinatively unsaturated metal sites (CUS) 

 

The existence of metal sites surrounded by labile ligands that can be eliminated to create a 

coordinatively unsaturated site (also called open-metal sites or CUS) is of great interest in 

MOFs’ research. The existence of CUS can strongly modify interactions with gases or liquid 

adsorbates, playing a key role in gas storage and separations. Moreover, since CUS act as Lewis 

acid sites, they have been tested for their efficacy in a broad range of Lewis acid-catalysed 

reactions, proving exceptional chemical turnovers while maintaining the structural integrity of 

the porous material.[80]  

In 2010 Gérard Férey et al. have demonstrated that a controlled and partial reduction of Fe3+ to 

Fe2+ sites in MIL-100 structure upon heating under vacuum gives rise to open-metal sites. These 

CUS exhibit strong interactions with unsaturated molecules, such as propylene, CO and NO, 

through π-back donation, consisting in the donation of an electron from the partially filled d 

orbital of the metal to the antibonding orbital of the unsaturated adsorptive.[81] It has been shown 

that an activation of the material at a temperature T > 150 °C under vacuum leads to the 

departure from the framework of terminal water molecules coordinated to iron, giving rise to a 

large number of Fe3+ CUS. Conversely, the activation under vacuum at a temperature 150 °C < 

T < 250 °C, further leads to the creation of Fe2+ CUS, which is not due to the direct reduction 

of Fe3+ sites but rather to the departure of the anionic ligand (F- and OH-) (Figure 1.22).  

 

Figure 1.22. Formation of Fe3+ and Fe2+ CUS in an octahedral iron trimer of MIL-100(Fe) by dehydration and 

partial reduction. Reprinted from [81]. Copyright 2010, with permission from John Wiley & Sons.  
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Fe3+ CUS showed better adsorption capacity of propylene compared to propane while Fe2+ CUS 

showed higher performance on CO adsorption than CO2 adsorption due to the different metal-

gas interaction.[80] Therefore, different amounts of Fe3+ and Fe2+ CUS, easily tunable by 

exploiting a variety of activation conditions, lead to gas adsorbents with different selectivity.  

The multivalent nature of the MIL-100, given by the compresence of Fe2+ and Fe3+ unsaturated 

metal sites, makes iron trimesate materials promising gases adsorbents with high adsorption 

selectivity. Finding suitable porous materials for gas adsorption and separation in industry can 

be very challenging. Besides activated carbons, silica gels, zeolites and polymers, MOFs 

represents interesting candidates for industrial adsorption and separation processes due to their 

high thermal and chemical stability and high specific surface areas.[24] Iron trimesates have been 

found to show good performances in gas adsorption and separation. Recently, an iron trimesate 

MOF has been employed to prepare polylactic acid (PLA) mixed matrix membranes, which 

were used in the pervaporation process for the separation of ethanol/methyl tert-butyl-ether 

mixtures at the azeotropic point.[82]  
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1.2.6. Synthesis methods 

 

1.2.6.1. Green Chemistry principles 

 

Before examining in detail the different synthesis approaches reported for the preparation of 

iron(III) trimesate MOFs, a briefly discussion on green chemistry is necessary. Green chemistry 

is defined as the “design of chemical products and processes to reduce or eliminate the use and 

generation of hazardous substances”.[83] Since this concept was proposed, several governmental 

programs and initiative on green chemistry have been introduced around the world.[84] The main 

green chemistry’s aim is to achieve sustainability. This is also in agreement with the current 

2030 Agenda for Sustainable Development, adopted by all United Nations Member States in 

2015, which is based on 17 Sustainable Development Goals for peace and prosperity for people 

and the planet, now and into the future (Figure 1.23).[85] 

Figure 1.23. The 17 Sustainable Development Goals.[85]  

 

Given its sustainability purposes, it is not surprising that green chemistry has been applied to a 

large range of industry fields, from automobile, aerospace, electronics, energy, household, 

cosmetic products, pharmaceutical, to agriculture and so on.[86] Green chemistry criteria can be 

summarised into the Twelve Principles of Green Chemistry (Figure 1.24), introduced in 1998 

by John Warner and Paul Anastas,[83] as follow: 
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Figure 1.24. The 12 principles of green chemistry. 

 

1.  Prevention. “It is better to prevent waste than to treat or clean up waste after it is 

formed”.[86] In order to define the environmental acceptability of a manufacturing process, the 

concept of E-Factor has been proposed to quantify the amount of waste produced per kg of 

product.[87] 

2.  Atom Economy. “Synthetic methods should be designed to maximise the incorporation 

of all materials used in the process into final product”.[86] 

3.  Less Hazardous Chemical Synthesis. “Whenever practicable, synthetic methodologies 

should be designed to use and generate substances that pose little or no toxicity to human health 

and the environment”.[86] 

4.  Designing Safer Chemicals. “Chemical products should be designed to preserve 

efficacy of the function while reducing toxicity”.[86] 

5.  Safer Solvents and Auxiliaries. “The use of auxiliary substances (e.g., solvents, 

separation agents, etc.) should be made unnecessary whenever possible and, when used, 
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innocuous”.[86] Where possible, the use of any solvent should be avoided because including an 

auxiliary inevitably implies energy and efforts to remove it from a designated system. Hence, 

the ideal situation would be devoted to developing solventless systems. 

6.  Design for Energy Efficiency. “Energy requirements of chemical processes should be 

recognised for their environmental and economic impacts and should be minimised. If possible, 

synthetic methods should be conducted at ambient temperature and pressure”.[86] 

7.  Use of Renewable Feedstocks. “A raw material or feedstock should be renewable rather 

than depleting whenever technically and economically practicable”.[86] 

8.  Reduce Derivatives. “Unnecessary derivatisation (use of blocking groups, 

protection/deprotection, temporary modification of physicochemical processes) should be 

minimised or avoided, if possible, because such steps require additional reagents and can 

generate waste”.[86] 

9.  Catalysis. “Catalytic reagents (as selective as possible) are superior to stoichiometric 

reagents”.[86] 

10.  Design for Degradation. “Chemical products should be designed so that at the end of 

their function they break down into innocuous degradation products and do not persist in the 

environment”.[86] 

11.  Real-Time Analysis for Pollution Prevention. “Analytical methodologies need to be 

further developed to allow for real-time, in-process monitoring and control prior to the 

formation of hazardous substances”.[86] 

12.  Inherently safer Chemistry for Accident Prevention. “Substances and the form of a 

substance used in a chemical process should be chosen to minimise the potential for chemical 

accidents, including releases, explosions, and fires”.[86] 

 

Given the above-illustrated discussion, synthesis method can be divided into traditional (or 

conventional), and alternative methods. The former does not strictly follow green chemistry 

criteria, mainly due to harsh synthesis conditions, use of large amounts of solvents and 

hazardous chemicals, and long reaction times. Conversely, the latter has been developed in 

agreement with green chemistry principles, characterised by mild reaction conditions, short 

reaction times, use of safe chemicals and little amounts of solvents. 
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1.2.6.2. Conventional methods 

 

MIL-100(Fe) was synthesised for the first time by Horcajada et al. in 2007 via hydrothermal 

method.[30] Metallic iron, trimesic acid (H3BTC), hydrofluoric acid (HF), nitric acid (HNO3) 

and water (reaction mixture of composition 1.0 Fe0 : 0.66 H3BTC : 2.0 HF : 1.2 HNO3 : 280 

H2O) were placed into a Teflon-coated autoclave and held at 150 °C for 6 days with an initial 

heating ramp of 12 h and a final cooling ramp of 24 h (Figure 1.25). The pH remained acid (< 

1) during the synthesis. After being recovered by filtration, the resulting orange solid was 

washed with deionised water. In order to decrease the amount of residual trimesic acid, the 

sample was treated in hot deionised water (80 °C) for 3 h. Finally, the sample was dried at RT. 

This synthesis protocol yielded a highly crystalline material using HF as efficient mineralizing 

agent. However, HF is corrosive and difficult to handle. In addition, the requirement of long 

reaction time, high pressure and temperature, and acidic pH did not address green chemistry 

criteria, leading to the need for more eco-compatible routes to prepare the material.  

Figure 1.25. Schematic representation of hydrothermal synthesis of MIL-100(Fe). The picture of MIL-100(Fe) 

structure is reprinted with permission from [88]. Copyright 2018 American Chemical Society.  

 

In the context of hydrothermal methods, many efforts have been done by Canioni et al., 

developing a HF-free-synthesis of MIL-100(Fe) without compromising the obtainment of a 

crystalline pure material.[89] FeCl3·6H2O and trimethyl 1,3,5-benzenetricarboxylate were 

dispersed in 5 mL of water and heated at 130 °C for three days in a Teflon-lined autoclave. 

Then, the orange solid, recovered by filtration, and washed with acetone, is finally dried under 

air. This new route provided many advantages in comparison to the previously reported method, 

since it required shorter reaction times (3 days vs 6 days), it avoided the use of corrosive acids 

HF and HNO3. Moreover, the use of trimethyl 1,3,5-benzenetricarboxylate instead of 1,3,5-
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benzenetricarboxylic allowed a better control of the reaction kinetics, since the slow hydrolysis 

of ester moieties helped leading to a well crystalline solid. Based on this protocol, García 

Márquez et al. developed a microwave-assisted synthesis of MIL-100(Fe) which gave rise to a 

nanometric solid.[90]  

A large-scale hydrothermal synthesis of a HF-free MIL-100(Fe) was developed by Seo et al. in 

2012.[91] After dissolving Fe(NO3)3·9H2O in water, trimesic acid was added, stirring at RT for 

1 h. The resulting reactant mixture was loaded in a Teflon-lined autoclave and heated at 160 °C 

for 12 h. After the hydrothermal reaction, the orange solid was recovered by filtration and 

washed with deionised water. Then, the as-synthesised MIL-100(Fe) was purified by a two-step 

process: (i) double solvent extraction with hot water and ethanol; (ii) chemical treatment with 

an aqueous solution of NH4F. The sample was finally air-dried at less than 100 °C. The 

synthesis was also conducted by using different iron precursors (e.g., metallic iron or iron 

chloride), always leading to lower porosity and product yield compared to iron nitrate. Despite 

the improvements compared to the first synthesis of MIL-100(Fe) by Horcajada et al., the 

synthesis still suffered of requiring acidic conditions, high temperature and pressure, long 

reaction times (including time-consuming purification steps), as well as the use large amounts 

of solvents (the reactor volume was up to 10 L). These harsh conditions are not eco-friendly 

and raise the costs of the overall process, which is not desirable in the context of an efficient 

industrial production.  

 

In 2015 Sanchez-Sanchez et al. partially overcame such drawbacks proposing a batch-based 

method for the preparation of an iron(III) trimesate MOF under atmospheric pressure at room 

temperature.[37] They did not obtain a crystalline MIL-100(Fe) but its disordered analogous Fe-

BTC. For a typical synthesis (Figure 1.26) two solutions are prepared. The first one was 

obtained by dissolving trimesic acid in a NaOH aqueous solution. The second solution was 

prepared by dissolving of FeCl3·6H2O in water. The latter solution was added dropwise over 

the former under stirring, immediately generating a brownish orange solid. The resultant 

suspension (pH = 2.1) was maintained under magnetic stirring at RT for 10 minutes. The molar 

ratio of the mixture was 1.5 Fe : 1.0 H3BTC : 3.0 NaOH : 880 H2O. After being recovered by 

centrifugation, the solid was washed with deionised water and ethanol, and finally dried at room 

temperature. This synthesis strategy avoided the use of high temperature and pressure and 

required short reaction times. However, the pH remained acidic throughout the synthesis, 

despite the use of NaOH, which is also irritating and strongly corrosive. In addition, the 
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formation of a brownish orange solid upon dropwise mixing the solutions revealed a lack of 

homogeneity within the reaction mixture.  

 

Figure 1.26. Schematic representation of a solution-based synthesis of Fe-BTC. Reprinted with permission from 
[38]. Copyright 2017 American Chemical Society. 

 

Based on this synthesis, further research led Sanchez-Sanchez’s group to develop a solution-

based preparation of crystalline MIL-100(Fe) (Figure 1.27). The only distinctions compared to 

the previous protocol were the use of an iron(II) source, FeCl2·4H2O in place of FeCl3·6H2O, 

and a longer reaction time (24 hours vs 10 minutes). The pH of the suspension after adding 

dropwise the NaOH aqueous solution of trimesic acid into the iron(II) chloride solution was 

around 5.2. However, long reaction times, in addition to the use of corrosive NaOH, are still 

not feasible for a sustainable industrial scale-up of the synthesis. 

 

Figure 1.27. Schematic representation of a solution-based synthesis of MIL-100(Fe). Reprinted with permission 

from [38]. Copyright 2017 American Chemical Society. 
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1.2.6.3. Alternative methods 

 

In order to overcome the disadvantages of conventional synthesis methods, greener and milder 

synthetic conditions have been attained by employing alternative methods. In the following 

section, alternative synthesis routes of iron(III) trimesate based on electrochemical, 

sonochemical and mechanochemical methods are described. 

 

Electrochemical method  
 

Commercially available Fe-BTC MOF is produced as Basolite®F300 by BASF/Aldrich via 

electrochemical approach.[92] Electrochemical synthesis uses the anode oxidation under an 

applied electric field for supplying metal ions to the reaction solution, which also contains 

dissolved ligand molecules and an electrolyte. The as-synthesised samples are then washed and 

dried (Figure 1.28).[93]   

 
Figure 1.28. Schematic representation of an electrochemical synthesis of MOFs. Reprinted from [94]. Copyright 

2013, with permission from Springer Nature. 

 

The synthetic parameters, which can be modulated, include solvent, voltage, electrolyte, and 

synthesis temperature. The metal deposition on the cathode is avoided by using protic solvents, 

and H2 is formed in the process. This method can be performed at atmospheric pressure and 

room temperature, and it is significantly fast and cost-efficient for MOFs’ production. 

Moreover, it is feasible for industrial scale-up since it provides high yields coupled with short 

fabrication times under milder conditions compared to conventional batch reactions. Another 

advantage of the electrochemical route for industrial applications is the possibility to run a 

continuous process. It gives high levels of purity, since it avoids the reaction between anions 

and metal in a salt solution.[95] However, only a few MOFs can be prepared using 

electrochemical method. BASF researchers has so far achieved the electrochemical synthesis 
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of 5 types of MOFs, namely Basolite®F300 (Fe-BTC), Basolite®Z1200 (ZIF-8), 

Basolite®Z377 (MOF-177), Basolite®C300 (HKUST-1), and Basolite®A100 (MIL-53(Al).[96] 

One of the main disadvantages of this method is the inferior quality of MOFs compared to other 

techniques. Schlesinger et al. synthesised HKUST-1 using both electrochemical and 

solvothermal routes, investigating the effect of synthesis procedures on its properties. It has 

been found that the electrochemically-prepared product possessed lower quality because of the 

salt's conduction and/or the linker's inclusion in the pores during crystallisation.[97] 

 

Sonochemical method 
 

The sonochemical method is based on the irradiation of reaction solution with high frequencies 

ultrasonic waves (20 kHz – 10 MHz). The use of ultrasounds (US) for material synthesis has 

been extensively exploited over many years, becoming one of the most powerful tools to 

synthesise nanostructured materials.[98] Starting in 2008, it was also applied for the synthesis of 

MOFs, representing a fast, facile, energy-efficient, environmentally friendly, room temperature 

method.[99] This is of main interest for industrial scale-up of MOFs’ synthesis. In addition, 

nanocrystalline particles, which are often obtained by sonochemical syntheses, establish further 

advantage for their application.[95] Compared to other energy sources (e.g., heat, radiations, 

electric potential, etc.), ultrasonic irradiations provides short durations of extremely high 

pressures and temperatures in liquids, which cannot be achieved by other methods.[100] 

Interestingly, these unique reaction conditions do not arise directly from US itself. Indeed, 

acoustic wavelengths are much larger than molecular dimensions. Therefore, no direct, 

molecular level interaction between the chemical species and ultrasound could take place. 

Several theories have been proposed to explain how sonic radiation with frequency ranging 

from 20 kHz to 10 MHz could break chemical bonds. They all agree that the main event 

accounting for the chemical effects of ultrasound is the formation, growth, and collapse of 

bubbles that are formed in the liquid.[101] This phenomenon, driven by high intensity 

ultrasounds, is called acoustic cavitation (Figure 1.29). When liquids are irradiated with US, 

the alternating expansive and compressive acoustic waves creates cyclic alternating areas of 

compression (high pressure) and rarefaction (low pressure). In the rarefaction regions, the 

pressure drops below the vapor pressure of the solvent and small bubbles (i.e., cavities) are 

formed. The resulting bubbles starting to oscillate because of the alternating pressure. The 

oscillating bubbles can accumulate ultrasonic energy while growing to a certain size (typically 

tens of μm) through the diffusion of solute vapor into the volume of the bubble. Once the 
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bubbles reach their maximum size, they become unstable and subsequently collapse, releasing 

the stored energy within a very short time (heating and cooling rates > 1010 K s-1). This 

cavitation implosion is very localised and transient, giving rise to hot spots with a temperature 

of ca. 5000 K and a pressure of ca. 1000 bar.[100] Such a fast kinetics prompt by US results in 

accelerated and homogeneous nucleation. However, it does not permit the growth of the nuclei, 

since in each collapsing bubble a few nucleation centres are formed but their growth is limited 

by the short collapse. Subsequently, despite varying in size, shape, structure, and solid phase 

(amorphous or crystalline), this process gives rise to nanometric particles and reduced 

crystallisation times compared with other synthesis techniques.[92]  

 

Figure 1.29. Schematic representation of transient acoustic cavitation. Reproduced with permission from [98]. 

Copyright 2013, Royal Society of Chemistry. 

 

Sonochemical process variables and apparatuses 

Cavitation occurs over a very wide range of frequencies (20 kHz – 10 MHz). At higher 

frequencies the intrinsic viscosity of liquids prevents cavitation phenomenon. In general, 

cavitational heating of collapsing bubbles occurs at higher frequencies, whereas physical effects 

of ultrasounds (e.g., surface damage and emulsification) are more dominant at lower 

frequencies.[100] The formation of cavities and the intensity of their collapse is governed by a 

wide range of parameters: acoustic frequency and intensity, which depend on the equipment 

used, temperature, gas atmosphere, and vapor pressure, viscosity, and chemical reactivity of the 

liquid. Volatile organic solvents are not optimal media for sonochemical reactions since the 
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high vapor pressure reduces the intensity of bubbles collapse and thus the resulting temperatures 

and pressures.[95] 

The source of the US irradiation is a piezoelectric material, such as ceramic (PZT), lead–

zirconate–titanate or quartz. It is subjected to high-voltage alternating current with an ultrasonic 

frequency, expanding and contracting in this electric field and converting electrical energy into 

sound energy.[102] 

A variety of sonochemical apparatuses are commercially available, including ultrasonic 

cleaning baths, flow reactors, and direct-immersion ultrasonic horns. Most cleaning baths 

(Figure 1.30) operate near 40 kHz. Commonly, they have insufficient intensity for most 

applications. However, they are useful for liquid-solid reactions with reactive and easily 

passivated solids (e.g., Li, Mg).[100] 

 
Figure 1.30. Schematic representation of transient acoustic cavitation. Reprinted from [103], Copyright 2015, with 

permission from Elsevier.  

 

In a typical laboratory-scale sonochemical apparatus (Figure 1.31) a high-intensity ultrasonic 

titanium horn, driven by a piezoelectric transducer, is directly introduced into a thermostatic 

glass reactor. Commonly, high intensity ultrasonic horns operate at 20 or 40 kHz. 
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Figure 1.31. Schematic representation of transient acoustic cavitation. Reprinted from [103], Copyright 2015, with 

permission from Elsevier.  

 

Sonochemical reactions can be carried out continuously through flow reactors (Figure 1.32), 

which are highly feasible for industrial scale-up.[104]  

 

Figure 1.32. Scheme of the continuous flow ultrasonic reactor. Reprinted from [103], Copyright 2015, with 

permission from Elsevier.  
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Mechanochemical method 
 

According to the International Union of Pure and Applied Chemistry (IUPAC), a 

mechanochemical reaction is defined as a “chemical reaction that is induced by the direct 

absorption of mechanical energy”.[105] Mechanical energy can be imparted into the system 

through a variety of mechanical treatments, including compression, impact, grinding, 

stretching, and shearing. Besides reactions initiated by mechanical actions, this definition of 

mechanochemical reaction includes reactions involving reagents pre-treated by mechanically 

activation.[106] The mechanical action can reduce particle size, create active sites for chemical 

reactivity, and generate (and/or increase) active surfaces of substances which can more 

efficiently contact, coalesce and react.[107] Mechanochemistry is widely adopted in a range of 

areas such as pharmaceutical, organic and inorganic chemistry, polymer science, etc.[108] The 

first mechanochemical synthesis of MOFs was reported in 2006 by James et al.[109] The interest 

in mechanochemical synthesis of MOFs is mostly due to the opportunity to carry out reactions 

at room temperature, minimising, or completely avoiding, the use of solvents throughout 

synthetic routes, from laboratory-scale to large-scale set-ups. Solvent-free, or nearly solvent-

free, synthetic routes are particularly advantageous in an age where the need to develop more 

eco-friendly chemical syntheses is remarkably demanding. Moreover, mechanochemical 

reactions can lead to quantitative yields in relatively short reaction times (normally in the range 

of 10 – 60 min), and products containing small particles are generally obtained.[95]  

 

Mechanochemical tools and equipment  

The most ubiquitous and easy-to-use mechanochemical tool is the traditional mortar and pestle 

(Figure 1.33). However, manual grinding is affected by variable factors, both human and 

environmental. First, the manual force applied is inevitably variable between individuals and 

over time. In addition, variability of atmospheric conditions, such as ambient humidity, which 

differs in the seasons and latitudes, may negatively affect the reaction outcome, especially in 

the case of moisture- and/or air-sensitive reagents. Safety concerns should be also considered, 

especially when handling toxic or volatile compounds. Owing to these variables being very 

difficult to control, results obtained by mortar and pestle are often unreproducible.[110]  
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Figure 1.33. Traditional mortar and pestle to conduct manual grinding. Reproduced with permission from [111].  

Copyright 2021, Royal Society of Chemistry. 

 

Nowadays, laboratory-scale mechanochemical reactions are preferentially conducted using 

automatised grinders. Unlike mortar and pestle, they ensure more controlled conditions, 

homogeneous and intense grinding, also for prolonged reaction times (e.g., several hours) 

which are sometimes required to obtain very small particle sizes and/or amorphization of 

reagents. An archetypical example of automated grinder is represented by ball mills, which 

include a closed reaction vessel, called jar, containing balls. There are several types of ball mills 

commercially available, such as shaker or mixer mills, planetary and attritor mills.[112] Despite 

differing by the way in which the mechanical energy is imparted to the system, they are all 

based on a simple working principle, using the mechanical energy generated by impacting the 

reaction mixture with balls inside a closed jar. During the periodic motion of the mill, balls 

inside the reactor collide with each other, with the reactants and with the jar walls at a high 

velocity, exerting a mechanical loading to the processed powder particles.  

Planetary and attritor ball mills are characterised by low compressive and high shear forces. In 

a planetary ball mill the jar movement is compared to the motion of spinning planets along their 

orbit around a sun (thus, the term planetary). Indeed, cylindrical jars spin around their main axis 

while rotating eccentrically about the sun wheel axis. Two forces (centrifugal and Coriolis 

forces) combine inside the vessels, leading to a disordered dynamic of milling balls involving 

frictional and impulsive processes of powders. A typical planetary mill consists of two or more 

jars that rotate around their axis (with angular velocity ωd) installed on a disc (so-called solar 

wheel), which also rotates (generally in the opposite direction) with angular velocity ωr. 

Depending on the relative speeds of these two rotation modes, this motion causes the balls to 

move around the surfaces of the walls (attrition mode) or jump across the vessel and impact 

against the sides (collision mode). Fritsch GmbH released one of the most common planetary 
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mills, which offers capacities between 12 and 500 mL, and rotational speeds up to 1100 rpm, 

giving rise to a centrifugal acceleration up to almost 100 times the Earth’s gravity (Figure 1.34). 

 
Figure 1.34. (a) A Fritsch-pulverisette 5 planetary ball mill. (b) Schematic representation of the movement of the 

balls inside the jar in a planetary mill. 

 

Planetary systems with adapters holding multiple vessels (with capacities between 2 and 250 

mL) and able to process up to 48 samples simultaneously are also commercially available. This 

multisampling approach is called parallel mechanochemistry.[113] As above mentioned for 

conventional planetary ball mills, the adaptors containing several vials rotate at an angular 

frequency ωd, and at an angular frequency ωr in the opposite direction. The distance between 

the adaptors and the support disc is constant (R), but not in the case of the vial (A) (Figure 

1.35). Consistently, during the milling process, the vials (A) are not always placed at the same 

distance from the disc centre over the time. Vials positioned at the periphery of the adapters (at 

a distance r1) experiment most force, while vials positioned more toward the centre are at a 

distance r2 and experience less force. This movement is named lunar and is typical of 

multisampling planetary mills.[106,113]  

 

 

 

 

b) a) 
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Figure 1.35. (a) A multisample planetary mill. Reproduced with permission from [113]. Copyright 2020, Royal 

Society of Chemistry. (b) Schematic representation of a multisampling planetary mill. R = distance between the 

solar wheel axis and the jar axis; r1 = distance between the solar wheel axis and the vial A placed at the edge; r2 = 

distance between the solar wheel axis and the vial A placed toward the centre (after 180° rotation). 

 
 

Another example of mill is the attritor ball mill in which the agitator has a rotating shaft with 

perpendicular arms (Figure 1.36). This type of mills causes a differential movement between 

the powder and the balls, providing a large degree of surface contact. The kinetic energy 

imparted depends on the speed of rotation of the attritor shaft. Attritors are characterised by a 

relatively low energy, translating in frictional dynamics. Impulsive dynamics can also be 

present depending on the operational conditions.[112] 

 

 

 

 

 

 

 

 

Figure 1.36. Schematic representation of an attritor mill. 

a) b) 

Rotating impeller 

Drive shaft 
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In contrast with attritor and planetary ball mills, mixer ball mills (also called shaker or vibratory 

mills) are characterised by low shear forces and high compressive. In mixer mills, the reaction 

jars are horizontally or vertically rapidly shaken at a frequency up to 60 Hz, grinding and 

shearing the reactants together (Figure 1.37). Since mixer mills can process sample quantities 

between 0.01 and 50 mL, they are suitable for laboratory-scale investigations up to a gram scale.  

 
Figure 1.37. (a) An example of shaker mill; (b) schematic cross section for horizontally oscillating mixer mill. 

 

Mixer mills with a so-called “shape of 8” movement are also available: the reactor undergoes 

simultaneously a rotation in the equatorial plane and an angular harmonic displacement. 

Typically, operational frequency is ca. 18 – 30 Hz (Figure 1.38).  

 
 

Figure 1.38. Schematic representation of the “shape of 8” movement of the reaction chamber in a SPEX mixer 

mill.  

a) b) 

Motion 
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One of the most complicated three-dimensional milling movements is characteristic of the 

SPEX Mixer/Mill 8000. The vessel moves at high frequency in a complex cycle that involves 

motion in three orthogonal directions. The centre of the jar vibrates in two directions (x and y 

axis) with the same frequency and different amplitude, while its slanted axis rotates around the 

third direction (z axis). Rotation and vibration movements occur at the same frequency (Figure 

1.39).[114]  

 
Figure 1.39. SPEX 8000 mixer/mill (a); schematic representation of the movement of the SPEX 8000 (b) 

reproduced according to ref [114]. 

 

In addition to ball milling, twin-screw extrusion (TSE) is a another mechanochemical 

equipment. In this apparatus solid reagents are ground together by a pair of counter-rotatory 

screws while the mixture is transported along the extrusion path through a barrel (Figure 1.40). 

Different type of sections of the screw are available to enable several mechanical actions (e.g., 

simple mixing, conveying, or grinding). The reagent feed-rate, screw rotating speed and screw 

and barrel lengths can be modulated to optimise reaction conditions.[107] Since the 

mechanochemical reaction occurs in a continuous process, TSE represents a solid-state 

equivalent to solution-based flow-reactors. Moreover, TSE has been successfully employed for 

large-scale preparation of MOFs, proving exceptional feasibility of mechanochemistry for 

industrial scale-up.[115] 

 

a) b) 
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Figure 1.40. Twin screw extruder (a); schematic twin-screw extrusion setup (b). Reproduced from Ref. [115,116] 

with permission from the Royal Society of Chemistry. 

 

Mechanochemical process variables 

The energy transfer which occurs during the mechanical milling is affected by a variety of 

processing parameters. They are often intertwined because of the complex ball and powder 

dynamics, and include: the type of mill,  the materials composing jars and balls (constituting 

the so-called milling media), the number and size of milling balls, the milling frequency, the 

duration of milling, the temperature of milling, dry or wet milling, ball-to-powder ratio, and 

(balls + powder)/empty jar volume ratio.[107,117] The milling media (i.e., the jars and balls), can 

be made from a variety of materials, such as Teflon, stainless-steel, zirconia, tungsten carbide, 

etc. The kinetic energy of the balls is a function of their mass and square velocity. Therefore, 

since milling media can vary in their density (ρ), they allow to control energy input and, hence, 

reactivity. Steel and tungsten carbide are dense materials (ρsteel = 7.8 g/cm3 and ρtungsten carbide = 

15.8 g/cm3), so, they carry higher kinetic energy during the milling process than less dense 

materials (ρTeflon = 2.3 g/cm3; ρagate = 2.6 g/cm3; ρzirconia = 5.7 g/cm3). The appropriate milling 

material need to be carefully evaluated mostly depending on the nature of the substances 

composing the reaction mixture.[107] For example, less dense materials are more suitable 

compared to more dense material especially when dealing with biomolecules which require 

mild reaction conditions. Since the milling medium influences the kinetic energy of the balls, 

it also influences the temperature during milling. In addition, milling media can differ in their 

chemical resistance. For instance, stainless-steel milling media corrode in contact with strong 

acids.[118] Moreover, metal contamination or chemical leaching of metal ions (e.g., Co, Fe, etc.) 

can occur during prolonged milling, affecting the reaction outcome. In this context, milling 

a) b) 
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media made from chemically resistant materials, such as Teflon, can avoid these contamination 

issues. However, being much softer, the Teflon milling media shows faster wear and tear 

rate.[119] The volume ratio (balls + powder)/empty jar should be optimised on the basis of the 

mill used. Higher volume ratio reduces the mean free path of the ball motion and friction mode 

is promoted. Vice versa, the impact mode is dominant with lower volume ratio. The grinding 

speed and the duration of milling influence the kinetics. The faster the milling speed, the higher 

the energy input, and generally the reaction is faster. Conversely, high speeds can result in 

higher temperatures, that may cause side reactions or contaminations from the jar material.[120] 

Ball-to-reagent-ratio (BRR) is another pivotal experimental parameter to consider in ball 

milling reactions. It is defined as the total mass of the milling balls in the media divided by the 

total mass of the reagents in the reaction. It has been shown that BRR influences reaction 

kinetics and can be varied to finely optimise and tune mechanochemical reactions.[121] BRR can 

be summarised as follow: 

𝐵𝑎𝑙𝑙 − 𝑡𝑜 − 𝑟𝑒𝑎𝑔𝑒𝑛𝑡 − 𝑟𝑎𝑡𝑖𝑜 (𝐵𝑅𝑅)  =  
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑎𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠
 

 

Neat grinding (NG) and Liquid-Assisted Grinding (LAG) 

Mechanosynthesis can be carried out using small amounts of solvent (LAG - Liquid-Assisted 

Grinding) or without using any additional solvent (NG – Neat Grinding).  

The term liquid-assisted grinding (LAG) has been introduced to describe and unify 

mechanochemical reactions in which a defined volume of liquid is added.[122] In order to assess 

a systematic distinction between the various grinding techniques, a parameter (η), defined as 

the ratio of liquid volume (in μL) to the combined mass of solid reactants (in mg),  has been 

proposed.[108]  

𝜂 =
𝐴𝑑𝑑𝑒𝑑 𝑙𝑖𝑞𝑢𝑖𝑑 (𝜇𝐿) 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 (𝑚𝑔)
 

 

According to this classification (Figure 1.41), NG correspond to η = 0, while LAG correspond 

to 0 < η < 1. Higher values (η > 1) correspond to the formation of slurries and homogenously 

dissolved reactions.[121] 
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Figure. 1.41. Ranges of η values.  

 

Besides NG and LAG, other grinding techniques have been exploited, such as polymer-assisted 

grinding (POLAG), vapour-assisted grinding (VAG), and ion- and liquid-assisted grinding 

(ILAG). These approaches involve the addition of sub-stoichiometric amounts of additives to 

the grinding process, leading to a better control of chemical selectivity and reactivity.[110] 

In its simplest form, NG mechanochemical synthesis involves reaction between dry reactants. 

Nevertheless, some reactions in this category can involve the release of liquid during the 

reaction.[123] This is the case of hydrate reactants or liquid by-products, such as acetic acid or 

water, which are generated as condensates during the reaction. These kinds of reactions proceed 

rapidly under mechanochemical conditions, suggesting that the presence of liquid may 

accelerate the reaction. For instance, Fernández-Bertrán et al. demonstrated that 

mechanochemical reactions were accelerated when the analyte was a hydrate.[124] This is the 

case of the reaction occurring when milling and pressing analytes with alkali halides to form 

disks for IR experiments. Conversely, LAG approach refers to mechanochemical synthesis in 

which a small quantity of liquid is intentionally added to the reaction mixture. It has been 

showed that adding small amounts of liquid can dramatically accelerate, and even enable, 

mechanochemical reactions between solids. The amounts of solvents used are much inferior 

than the quantities typically used in solution-based reactions.[123] Hence, both NG and LAG 

methods result more environment-friendly and sustainable than conventional approaches. 
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Compared to conventional solution-based approaches, alternative methods require shorter 

reaction times and the use of lower amounts of solvents. Moreover, alternative approaches 

avoid high temperature and pressure. Such features result in reduced costs of the overall 

production processes and contribute to further improve environmental footprint of reactions. 

This is not only appealing to industrial scale-up, but it is also in agreement with green chemistry 

principles for a sustainable and conscious development. Both electrochemical, sonochemical 

and mechanochemical approaches give rise to Fe-BTC materials, the disordered phase of MIL-

100(Fe) containing both crystalline and amorphous domains.[40] Fe-BTC MOF is commercially 

available as Basolite®F300 by BASF/Aldrich.[42] It has grabbed great attention in the last 

decades because of its remarkable activity as heterogeneous catalysts, performing even better 

than its crystalline counterpart (i.e., MIL-100(Fe)) for Lewis acid reactions. Therefore, despite 

the disordered structure, Fe-BTC is widely used for the same applications of MIL-100(Fe) and 

it is sometimes preferred owing to the milder reaction conditions required for its synthesis.  

According to the framework formation proposed by Seo et al., the synthesis pathways under 

hydrothermal conditions of crystalline MIL-100(Fe) undergo four important steps: hydrolysis, 

deprotonation, self-assembly, and condensation.[91] In the very early reaction stage, the 

hydrolysis of Fe(III) salts forms monomeric [Fe(H2O)6-n(OH)n]
(3-n)+ octahedra which readily 

arrange to produce inorganic clusters with a triangular arrangement of Fe(III) atoms through H-

bonds. Full deprotonation of trimesic acid (pKa1 = 3.12; pKa2 = 3.89; pKa3 = 4.70)[125] is needed 

to promote condensation. Once trimeric inorganic units are formed, the self-assembly of the 

inorganic trimers and carboxylic acids can take place. Carboxylate moieties of deprotonated 

trimesic acid orient properly towards inorganic trimers. Then, the condensation occurs, leading 

to the final phase of the material, with the formation of the iron trimers based supertetrahedral 

building blocks of MIL-100(Fe). Although trimesic acid deprotonation is favoured at basic 

conditions, low pH allows a better control of the reaction kinetics.[89] Indeed, a slow rate of 

deprotonation leads to a more ordered arrangement of carboxylate moieties towards trimeric 

iron(III) clusters, leading to the obtainment of highly porous and ordered solids. Moreover, 

acidic conditions stabilised iron trimers over monomeric octahedra. This mechanism clearly 

explains why acidic conditions, as well as high temperature and pressure and long reaction time, 

are required for to obtain a well-defined and crystalline MIL-100(Fe), and why milder 

conditions under short reaction times at ambient pressure and temperature generally give rise 

to disordered Fe-BTC materials. Given the same features between MIL-100(Fe) and Fe-BTC 

in terms of composition,[37] thermal stability,[38] and nature/structure of metal clusters,[39] and 
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the comparable applications,[35] milder and alternative synthesis of disordered iron(III) 

trimesate MOFs are generally preferred over the harsh conditions required for conventional 

preparation of crystalline MIL-100(Fe). However, despite the enormous advantages given by 

alternative methods, they have been scarcely exploited for the synthesis of Fe-BTC[126,127], 

which is rather widely carried out in solution according to the method developed by Sanchez-

Sanchez.[37] As previously discussed in section 1.2.6.2, a typical synthesis with this batch-based 

protocol requires ambient temperature and pressure, short reaction times (10 minutes). 

However, the pH remains acidic throughout the synthesis (pH = 2.1), despite the use of alkaline 

solutions. In addition, the formation of a brownish orange solid upon dropwise mixing the 

solutions of the precursors does not ensure homogeneity within the reaction mixture. 

Mechanochemical approach has been used to synthesise a Fe-BTC MOF, exhibiting 

crystallinity and better textural properties compared to the commercial Basolite®F300.[126] 

Synthesis was carried out grinding ferric nitrate nonahydrate and trimesic acid together with a 

small amount of an aqueous solution of tetramethyl ammonium hydroxide pentahydrate 

(TMAOH∙5H2O) for one hour. Despite the use of base, the pH remained acidic (pH ≈ 1) 

throughout the synthesis, similarly to the traditional solvo/hydrothermal protocol. These acidic 

conditions can limit the use of iron(III) trimesate materials, especially for biomedical purposes. 

Therefore, milder synthesis conditions still need to be addressed. This is prominent when using 

MOFs as support for the immobilisation of pH-sensitive molecules (e.g., proteins, nucleic acids, 

drugs etc.), since they can easily undergo upon denaturation if exposed to harsh temperature, 

pressure, and pH conditions. Before entering more in detail into the advantages of employing 

alternative synthesis methods to achieve mild and bio-friendly encapsulation of biomolecules, 

an extensive and detailed discussion on existing immobilisation strategies is provided in the 

next section. 
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1.3. Protein immobilisation 
 

Proteins are indisputably one of the most important biomacromolecules for life, serving a 

variety of functions within the body. Some of them are involved in structural support and 

movement (contractile proteins), or in defending the body from antigens (antibodies), others 

are receptors or messenger proteins which help coordinating life-sustaining biological functions 

(hormones). Other proteins possess catalytic activity (enzymes), which generally far exceeds 

artificial catalysts efficiency.[128] Consistently, the interest in applying proteins for ex vivo 

applications has rapidly grown in recent years owing to circumventing the laborious design and 

synthesis of artificial molecules. Proteins have been extensively studied to explore diverse and 

unique applications from food and environment safety to biomedicine, including sensing, drug 

delivery and biocatalysis.[129] However, the use of free proteins for practical applications is 

hindered by their instability in harsh operational conditions, low shelf-life, difficult recovery 

and poor reusability.[130] Indeed, enzymes, and more generally proteins, possess a labile nature 

owing to their low thermal stabilities, narrow optimum pH ranges, low tolerances to most 

organic solvents and many metal ions. Furthermore, proteins themselves represent a source of 

contamination in the desired product, resulting in inevitable purification and separation 

steps.[131] In order to overcome such drawbacks, several protein immobilisation strategies on 

solid supports have been exploited. The term “immobilised proteins” refers to “enzymes 

physically confined or localised in a certain defined region of space with retention of their 

catalytic activities, and which can be used repeatedly and continuously”.[132] Unlike using 

proteins homogeneously, the major benefits of employing heterogeneous immobilised proteins 

include enhanced stability in storage and operational conditions, easy separation from the 

reaction mixture, adjustability of their properties, reusability, prevention of microbial 

contaminations and/or protein contamination in the product.[133] Moreover, protein 

immobilisation can lead to enhanced activity and/or selectivity.[134] The improved stability and 

reusability of immobilised proteins is significantly beneficial for their industrial application.  

Immobilised proteins or enzymes are widely employed in biomedical fields, food industry and 

environmental monitoring.[135] Encapsulated proteins are used in different types of bioreactors 

for the separation of metabolites from body fluids or for the improvement of metabolic 

deficiency in the human body.[136] Some applications of bioreactors used in human medicine 

include the degradation of organophosphate in organophosphate poisoning by the use of 

organophosphate hydrolases,[137] DNA damage repair in skin aging and cancer by DNA repair 
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enzymes,[138] and hydrolysis of phospholipids in hypercholesterolemia using phospholipase 

A2.[139] The development of controlled drug delivery systems for dosing of proteins or enzymes 

into cells is another important application of immobilised enzymes in biomedicine, especially 

in cancer treatment. Usually, chemotherapeutics tends to show weak targeting effects and/or 

causes toxic effects on normal cells during cancer treatment. One strategy to overcome such 

limitations is to employ nontoxic prodrugs metabolised by enzymes to generate cytotoxic 

products in a tumour microenvironment.[140] However, enzymes are generally present at very 

low levels in cells, which leads to the poor selectivity and unsatisfactory results for this enzyme-

activated prodrug therapies. An ideal method is to deliver exogenous enzymes to tumour 

cells.[130] Nevertheless, enzymes tend to suffer from the internal environment during the 

delivery process. This problem can be overcome by the immobilisation of enzymes on solid 

supports, which emerges as excellent matrixes to deliver enzymes to the cancer cells.[141] 

Several immobilised enzymes are commonly used as biocatalysts for the production of active 

pharmaceutical ingredients (APIs), cosmetic additives for personal care, and food ingredients 

due to their high regio-, chemo- and enantioselectivity, operating in conditions which were 

extreme for a wild type enzymes.[142] Biosensors represent a major application of immobilised 

proteins, not only in medicine and clinical diagnostics[143] but also in environmental 

monitoring,[144] food safety,[145] as well as agricultural industry.[146] Immobilised antibodies, 

receptors, and enzymes have been reported for the detection of different bioactive compounds 

in medical diagnosis or food and/or environment contaminants, including glucose,[147] urea[148], 

cholesterol,[149] hydrogen peroxide[150], organophosphates pesticides[151] and so on. Such 

biosensors use high reactivity and specificity of enzymes towards their substrates and possess 

high accuracy, sensitivity, reliability, ease of handling. Moreover, they are relatively cost 

efficient compared to traditional analytical methods.[152] Depending on the assay type, 

enzymatic biosensors can be classified in two fundamental categories. In the first group, the 

enzyme detects the presence of co-factor/co-substrate, or a substrate. A typical example of this 

approach is given by glucose biosensors employed for blood glucose monitoring in people 

affected by diabetes.[153] The second group is based on the detection of enzyme inhibitors in the 

presence of a substrate. One of the most common example is the detection of organophosphate 

compounds used as warfare nerve agents or pesticides.[154] 
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Besides the advantages given by enzyme immobilisation, it is also important to consider that 

physical and chemical properties of proteins can suffer changes after immobilisation depending 

on the choice of immobilisation method and support.[131] Therefore, it is pivotal to identify 

immobilisation technique and matrix that produce the minimum loss of protein integrity and 

functionality. 

 

1.3.1. Solid supports  
 

Various solid materials have been employed as supports for enzyme immobilisation, including 

porous and non-porous materials. Non-porous materials (mainly magnetic nanoparticles) 

showed several disadvantages, such as very low protein-loading capabilities. Moreover, 

enzymes are exposed to the external surface, often requiring covering the immobilised proteins 

with polymers.[155] Conversely, protein immobilisation on porous solids enables an increased 

contact surface and, therefore, stronger binding with the protein and higher loading capacity 

compared to flat surfaces, because of the large surface area and void volume. A considerably 

inferior protein leaching is observed when using porous materials, since the proteins result 

confined within the pores after immobilisation. In addition, immobilisation on porous supports 

can stabilise the enzyme against interaction with the enzymatic extract, preventing autolysis or 

proteolysis by proteases.[134] Further, the spatial separation of proteins within the pores of the 

support can avoid their distortion, deactivation, and/or aggregation. However, diffusion 

restrictions can represent a disadvantage when immobilise proteins in porous materials.[136] 

Porous materials such as hydrogels, sol–gel matrices, mesoporous silica, organic 

microparticles, and metal-organic frameworks are interesting candidate materials for protein 

immobilisation and have attracted great attention over the past years.[131] Sol-gel matrices can 

prevent enzyme leaching due to entrapment within their intrinsically porous structure. 

However, it has been observed that the disordered structures of sol-gels can favour enzymes 

denaturation. In addition, the entry of bulky substrates into enzyme active sites is sometimes 

hindered by the small pore size of such matrixes.[156] Enzymes immobilisation using hydrogels 

or organic microparticles as supports suffer from limited mass transfer, leaching (owing to the 

degradation or swelling of the matrices), and enzyme denaturation.[157] In this regard, 

mesoporous silica nanoparticles represents a better choice for protein immobilisation, because 

of their ordered structure and large pore size.[158,159] However, the one-dimensional-channel 

structure of mesoporous silica gives rise to fewer interactions between enzymes and the inner 

channel surface of support, causing the leaching of enzymes after multiple cycles of use. 
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Furthermore, the challenges of rational structural design, the presence of surface charges which 

can provoke a reduction of enzyme loading and/or enzyme denaturation, together with the 

possibility of aggregation inside the channel, often hinder the use of mesoporous silica as a 

protein support. 

Among porous materials, MOFs show unique properties such as high surface area and pore 

volume, and specific molecular adsorptions, which make them very promising as supports for 

protein immobilisation. The strong interaction between MOFs and proteins is one of the main 

advantages of using MOFs over other support materials, especially mesoporous silica. Indeed, 

these strong interactions between the organic components of the framework and protein 

molecules (e.g., π-π interactions) lead to a lower extent of protein leaching-out from supports 

during applications, whereas the lack of specific interactions between the proteins and 

mesoporous silica materials causes severe protein leakage.[160] Furthermore, unlike other porous 

materials including zeolites and mesoporous silicas, chemical functionality and pore 

dimensions of MOFs can be precisely tuned for the immobilisation of specific. This is a distinct 

advantage of MOFs as potent supporting matrices for protein immobilisation. Another relevant 

aspect of MOF chemistry regarding protein encapsulation is that biocompatible synthesis 

conditions (room temperature, H2O) have been developed, for a number of examples, especially 

ZIFs.[161,162] In the last decade, various applications have been explored using MOFs as a 

platform for the immobilisation of proteins, enzymes, drugs, and DNA.[163] To the best of our 

knowledge, MOFs were applied to immobilise a wide range of proteins and enzymes, such as 

cholesterol oxidase,[164] acetylcholinesterase,[165] glucose oxidase,[166] uricase,[167] and 

hemin[168] for cholesterol, methyl parathion, glucose, uric acid and 2,4,6-trichlorophenol 

detection, respectively, lipase to catalyse warfarin synthesis[169] and esterification reactions,[170] 

carbonic anhydrase to promote CO2 capture,[171] organophosphate hydrolase for nerve agent 

detoxification,[172] insulin to favour oral drug delivery for diabetes treatment,[173] tyrosinase for 

cancer therapy,[141] and so on. Besides enzymes and proteins, MOFs have been combined with 

several bioentities, including drugs,[174], nucleic acids (DNA[175] and RNA[176]), antibodies,[177] 

cells and viruses.[178] 
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1.3.2. Immobilisation strategies 
 

Given the above-mentioned advantages of using MOFs as support for protein immobilisation, 

significant efforts have been made for the preparation of protein-MOF hybrid composites in the 

last decades. Several strategies have been developed to immobilise numerous proteins on 

MOFs. There are mainly two ways to prepare protein-MOF composites in terms of how guest 

molecules bind to the supports. One consists of the immobilisation of guests into the MOF 

during its building-up process and it is called in situ/de novo approach. The other involves post-

synthetic methods where proteins are introduced into the pre-synthesised MOF, and includes 

surface adsorption, covalent binding, and pore entrapment. Typically, protein/MOF-based 

biocomposites are termed as follow:[161]  

• protein@MOF; proteins are embedded within the MOF structure since (i) the MOF is 

synthesised in the presence of an enzyme (in situ immobilisation), or (ii) the enzyme is 

introduced within the pore network of a pre-synthesised MOF (pore entrapment). 

• protein-on-MOF: proteins are anchored to the surface of a pre-synthesised MOF via (i) 

covalent bonds (covalent binding), or (ii) noncovalent interactions (surface adsorption). 

First, post-synthetic approaches such as surface adsorption, covalent binding, and pore 

entrapment are discussed in sequence. Then, in situ immobilisation is examined. 

 

1.3.2.1. Surface adsorption 
 

This is a fast, cost-efficient, simple, and most widely used method to immobilise proteins solid 

supports. It is a reversible process performed by simply bringing protein and support into 

contact with each other. Physical attachment of proteins on the support surface is usually an 

effect of simple non-covalent interactions, including van der Waals forces, hydrogen bonding 

ionic binding, and hydrophobic forces.[179] Because of the variety of functional groups in 

proteins, given by the presence of various amino acids, the binding is not site-specific and a 

distinction among the forces is generally difficult. Conversely, the minimum activation step is 

one of the advantages of enzyme immobilisation by adsorption method. Moreover, it is an easy 

and inexpensive strategy of immobilisation. However, since proteins results exposed to the 

external surface, any change of salt concentrations and/or pH could strongly affect the 

electrostatic protein-support interactions and eventually lead to the leaching-out of the 

protein.[130] Recently, a surface adsorption approach has been used by Zhong et al. to 

immobilise GOx on a Zr-based porphyrin MOF matrix (Figure 1.42).[166]  In the case of protein 
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surface adsorption, the selected framework should have large enough pores to adsorb a specific 

protein.[180] 

 
Figure 1.42. Schematic representation of the preparation of GOx-on-MOF-545(Fe) composites via surface 

adsorption strategy. Reprinted from [166], Copyright 2009, with permission from Elsevier.  

 

When MOFs possess smaller pore size than the corresponding protein, an alternative strategy, 

called dye-tagging method, can be pursued to achieve surface immobilisation. Firstly, protein 

molecules are conjugated via covalent bond to small molecules, such as dyes. Then the dye can 

diffuse within the pores of MOFs, whereas the enzyme molecules remain adsorbed on the 

external surface.[163] Since single- or multi-point covalent attachment are necessary, protein 

chemical modifications and/or rigidification/distortion can occur and should be taken into 

account.[181] Based on this strategy, Liu et al. carried out the immobilisation of trypsin on 

various MOF supports (CYCU-4-(Al) and MIL-101(Cr)), using fluorescein isothiocyanate 

(FITC) as dye (Figure 1.43). FTIC molecules possess much inferior size compared to the MOF 

pores. Therefore, dye molecules could be used to gain trypsin access into the pores of the MOFs 

designed as supports. Indeed, trypsin is a macromolecule, therefore its entry into the pores of 

MOFs would be hindered.[182] 

 

 

 

 

MOF-545(Fe) GOx-on-MOF-545(Fe) 
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Figure 1.43. Schematic representation of trypsin surface immobilisation on a MOF support via dye-tagging 

strategy. Reproduced with permission from [182]. Copyright 2013, Royal Society of Chemistry. 

 

1.3.2.2. Covalent binding 
 

Covalent binding is a widely used method for protein immobilisation. Unlike weak interactions 

given by physical adsorption, covalent binding is irreversible and it can be attained by direct 

linkage of the protein on the surface of support materials via covalent bonds.[183] Generally, 

covalent binding method involves an activation step before protein immobilisation. This 

activation step requires the introduction of an electrophilic group to the support material, giving 

rise to strong covalent bonds with protein nucleophilic groups.[184] Furthermore, the strong 

interactions between protein and support favour protein rigidification, stabilizing proteins 

against harsh conditions and reducing protein leakage. The covalent binding method suffers 

from some intrinsic limitations, since it involves numerous steps, including activation of the 

support, covalent binding, and blocking of reactive groups, making this strategy time-

consuming and expensive. Moreover, the activity of enzymes may decrease after the 

immobilisation due to the chemical modification of the enzyme by covalent binding. Multipoint 

covalent linkage is postulated to be one of the most robust chemical bonds to conjugate 

biomolecules.[134] However, the creation of multiple interactions between the protein and the 

support can diminish the conformational flexibility of the guest, often leading to protein 

distortion.[163]  In addition, similarly to adsorption strategies, proteins resulted exposed to the 

Trypsin-FITC-on-MOF 
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external surface, thus they may not be fully shielded from pH, solvent, and temperature 

conditions, which can cause the deactivation of proteins. Shih et al. have successfully exploited 

covalent binding strategy to immobilise trypsin on a range of MOF supports (MIL-88B(Cr), 

MIL-88B-NH2(Cr), and MIL-101(Cr)).[185] First, dicyclohexylcarbodiimide (DCC, a common 

enzyme coupling agent) was used to activate the free carboxylate groups of the MOFs. Then, 

the DCC-activated carboxylates reacted with the amine groups present on trypsin via 

nucleophilic attack (Figure 1.44). 

 
Figure 1.44. Schematic representation of trypsin immobilisation on a MOF support via covalent binding strategy. 

Reprinted from [185], Copyright 2012, with permission from John Wiley & Sons. 

 

1.3.2.3. Pore entrapment 
 

Cage inclusion, also known as pore/cage entrapment or encapsulation, is performed as a second 

step after the synthesis of the support. Protein inclusion in porous materials reduces protein 

leaching owing to introducing physical barriers. A wide variety of proteins can, in principle, be 

immobilised within the pores if the size of the protein is smaller than those of support 

channels.[130] Unlike surface adsorption, in which proteins are exposed on the MOF surface, 

pore entrapment contributes to improved stability and reduced leaching in recycle since proteins 

result physically adsorbed within the cavity of the support. The pores of the framework can 

provide size selectivity for specific substrates, which can hardly be attained with surface 

immobilisation strategies. Pore entrapment provides an additional protective layer, since 

enzyme interfering species need to diffuse through the pore channels before access the enzyme. 

This also prevents aggregation by physical separation of enzyme molecules.[131] However, only 

a few reported MOFs possess enzyme-compatible pores.[169,186] It has been explored the 

synthesis of big-pore-size MOFs feasible for enzyme immobilisation. However, owing to 

requiring complex synthetic procedures involving long organic ligands, this generally resulted 

in unstable systems.[187] Chen et al. have achieved the encapsulation of cytochrome c (Cyt c) in 

a nanoporous MOF, despite the much smaller pore sizes of the MOF compared to the larger 

Trypsin-on-MIL88B-NH2(Cr) Activated MIL88B-NH2(Cr) DCC MIL88B-NH2(Cr) 
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molecular dimension of the protein. This mechanism, depicted in (Figure 1.45), firstly involved 

the surface adsorption of the protein (a) followed by a partial unfolding (b). Then, the partially 

unfolded protein, after partitioning between the surface and exterior pores (c), finally migrated 

into the large interior cavity of the MOF (d).[188] 

 
Figure 1.45. Example of protein immobilisation through pore entrapment, involving surface adsorption of the 

protein (a); partial protein unfolding (b); protein partitioning between the surface and exterior pores (c); migration 

of the protein into the large interior cavity (d). Reprinted with permission from [188]. Copyright 2012 American 

Chemical Society. 

 

Huo et al. reported a different encapsulation method for the immobilisation of proteins such as 

β-galactosidase (β-gal), and Candida Antarctica lipase B (CalB) on ZIF-8 MOF.[189] They 

employed an agarose hydrogel droplet containing the enzyme and stabilised by magnetite 

nanoparticles and UiO-66. Such droplets acted as a template around which a hierarchically 

structured ZIF-8 shell was deposited (Figure 1.46). The resulting microcapsular structures were 

highly microporous and robust to encapsulate proteins and successfully fabricate β-gal@ZIF-8 

and CalB@ZIF-8 materials. This encapsulation strategy configures MOFs into hollow 

microcapsules. Therefore, encapsulation of biomolecules within the capsule interior did not 

significantly affect ZIF-8’s porosity, allowing for the immobilisation of large proteins. Despite 

the great potential, post-synthetic pore entrapment strategies require numerous additional steps, 

resulting expensive and time consuming.  

 

 

a) b) 

c) d) 
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Figure 1.46. Schematic representation of the two-step synthesis of ZIF-8 capsule shell. Reproduced from [189] with 

permission from the Royal Society of Chemistry. 

 

1.3.2.4. In situ immobilisation 
 

Protein immobilisation strategies based on adsorption or covalent linkage into support surfaces 

cause a significant decrease of MOF porosity, owing to the large protein molecules blocking 

the apertures to the available porosity of the framework. This could be an issue in terms of 

molecular diffusion and selectivity for biocatalytic applications. Moreover, direct 

adsorption/attachment of proteins into the pores of MOFs is achievable only when the size of 

the proteins is such that can enter the pores. Most of the reported MOFs possess pore size 

inferior to the molecular size of proteins. Pore entrapment has been proved to allow for the 

inclusion of guest molecules whose size are larger than the pores of supports. However, this 

strategy is limited by the multi-step pathways and the overall time-, cost- and chemical-

consumption. Furthermore, conformational changes of proteins, that could decrease their 

biocatalytic potentials, are often needed.[136] In this regard, an alternative strategy, named in 

situ (de novo or one-pot) immobilisation, leads to the immobilisation of proteins into the MOF 

during its synthesis in a one-step process. Unlike post-synthetical approaches, pre-formed 

supports are not required since nucleation and growth of MOF proceed simultaneously with 

protein encapsulation. Proteins result embedded into MOF, and their size can be larger than the 

pore openings of supports.[131] This not only reduces, or even avoids, leaching, but also 

remarkably enlarges the selection of proteins and MOFs, making this immobilisation strategy 

generally applicable for numerous applications.[136]  

The encapsulation of biomolecules into MOFs by in situ approach mainly depends on the 

synthetic conditions. Mild and biocompatible operating conditions are pivotal for de novo 

strategies, where proteins are mixed with MOF precursors (organic ligands and metal ions).[187] 

Only a few MOFs are the candidates for this immobilisation method. This is for example the 

case for zeolitic imidazolate frameworks (ZIFs), which represent one of the most widely used 
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MOFs to immobilise biomolecules via in situ approach because of their extremely mild 

synthetic conditions.[130] Lyu et al. introduced this one-pot method for the synthesis of enzyme-

MOF composites in 2014.[190] They selected cytochrome c (Cyt c) as model protein and ZIF-8 

as MOF support. In principle, Cyt c cannot gain access into the pores of the MOF, owing to Cyt 

c having much larger size than the pores of ZIF-8. However, protein immobilisation was easily 

achieved by one-pot synthesis method. In this experiment, a methanol solution of zinc nitrate 

hexahydrate and 2-ethylimidazole is mixed with a solution of both Cyt c and 

polyvinylpyrrolidone (PVP), yielding Cyt c@ZIF-8 crystals (Figure 1.47). PVP promoted the 

stabilisation and dispersion of the protein in methanol. This strategy has been also used to 

immobilise proteins such as lipase (LP) and horseradish peroxidase (HRP) into ZIF-8 and ZIF-

10 MOF, showing the versatility of in situ approach.[190] Nevertheless, the above-mentioned 

enzyme–MOF composites were synthesised in methanol, thus, it is suitable only for methanol 

resistant proteins. 

 
Figure 1.47. One-pot synthesis of a Cyt c/ZIF-8 composite. Adapted with permission from [190]. Copyright 2014 

American Chemical Society. 

 

Efforts have been done to perform one-pot immobilisation in aqueous solution, making the 

preparation of protein–MOF hybrid biocomposites suitable to be expanded to a very large pool 

of biomolecules and MOF materials.[162,191–193] Liao et al. immobilised Catalase (CAT) protein 

molecules into the ZIF-90 MOF support via one-pot synthesis strategy, by using water as 

solvent.  

Cyt c@ZIF-8 composite 
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To fabricate CAT@ZIF-90 composites an aqueous zinc nitrate solution was stirred at room 

temperature with an aqueous solution containing catalase, imidazolate-2-carboxaldehyde, and 

capping agent. The enzyme molecules resulted confined in the porous cavities left in the MOF 

crystals by growth of the framework around the enzyme. This confinement reduced the 

structural changes that lead to unfolding. Indeed, they exposed the embedded enzymes to 

denature reagent (e.g., urea) and high temperatures (e.g., 80 °C), monitoring their resulting 

catalytic activity and structural conformation changes. The results indicated that the 

confinement provided by the in situ approach reduces structural changes and retains enzymes 

functionality under denaturing reaction conditions, compared to free enzymes (Figure 1.48).[193] 

 

Figure 1.48. De novo approach for the preparation of enzyme-MOF composites. The resulting structural 

confinement ensure the retainment of biological function under a wider range of conditions (e.g., exposure to urea) 

after being embedded into MOFs. Reprinted with permission from [193]. Copyright 2017 American Chemical 

Society.  

 

The one-step immobilisation method can be also exploited to encapsulate two or more proteins 

within a support in order to develop multi-enzyme systems which are able to catalyse multi-

step tandem (or cascade) reactions. For instance, horseradish peroxidase (HRP) and glucose 

oxidase (GOx) were co-immobilised within ZIF-8 by Wu et al. using an in situ approach.[162] 

The multi-enzyme/ZIF-8 composite also exhibited high stability, selectivity, and sensitivity in 

glucose detection (Figure 1.49).  
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Figure 1.49. Schematic one-pot synthesis of GOx&HRP@ZIF-8 and GOx-HRP cascade reaction. Reproduced 

with permission from [162]. Copyright 2015, Royal Society of Chemistry. 

 

In situ immobilisation strategies include co-precipitations methods, where enzymes are 

stabilised by a capping agent (e.g., PVP), and biomimetic mineralisation approaches, which are 

carried out in the absence of capping agents. Liang et al. compared the stability of urease@ZIF-

8 composites obtained by co-precipitation and biomimetic mineralisation one-pot strategies 

(Figure 1.50). Both approaches showed comparable encapsulation efficiencies suggesting that 

capping agents do not help enhancing biomolecule loading. Furthermore, it has been reported 

that the biomimetic mineralisation approach is able to improve the bioactive temperature range 

of enzymes compared to both the enzymes encapsulated via the controlled co-precipitation 

method and free enzymes. Therefore, biomimetic mineralisation offers enhanced protection 

than the co-precipitation method over a range of temperatures. Furthermore, the co-

precipitation method typically exposes the enzymes to the external environment. Conversely, 

the biomimetic mineralisation approach leads to a homogeneous distribution of cavities in the 

sample.[194] 
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Figure 1.50. Schematic representation of the synthesis of urease@ZIF-8 composite by (a) co-precipitation in the 

presence PVP, and (b) biomimetic mineralisation method. Reproduced with permission from [194]. Copyright 2016, 

Royal Society of Chemistry. 

 

Besides proteins and enzymes, in situ immobilisation strategy can be further extended to the 

encapsulation of a variety of biomacromolecules (Figure 1.51), including DNA, into MOFs.[192] 

 
Figure 1.51. Schematic representation of a hybrid biocomposite in which a biomacromolecule (e.g., DNA, protein, 

or enzyme) is encapsulated within the crystalline, porous shell of a MOF. This picture is reproduced according to 

ref [192].  

 

Biomacromolecule@MOF composite 



 

64 

 

One-pot immobilisation of biomolecules in MOFs offers retained activity and integrity of 

guests, as well as enhanced stability, and reduced leaching from supports. However, 

biocomposites selectivity and efficiency does not depend exclusively on biomolecule integrity 

and/or concentration but also on its spatial localisation and dispersion.[130] Determining the 

orientation of guest molecules confined on solid supports, can be extremely challenging 

because of the interferences given by background signals of the MOF. Pan et al. were the first 

to employ site-directed spin labelling (SDSL) in combination with Electron Paramagnetic 

Resonance (EPR) spectroscopy to allow the evaluation of the spatial orientation of lysozyme in 

situ immobilised on ZIF-8. surfaces.[195] Their findings showed the presence of both buried and 

solvent-exposed enzymes. Buried enzymes include the enzyme molecules whose active sites 

are either buried deep inside MOF framework or partially buried below MOF surface (Figure 

1.52).  

 
Figure 1.52. Schematic representation of deeply (a) or partially (b) buried and solvent-exposed (c) enzymes. 

Reprinted with permission from [195]. Copyright 2018 American Chemical Society. 

 

Being able to control enzyme localisation on MOF could enable a fine tuning of substrate 

selectivity depending on its size and/or affinity to MOFs. In this regard, an orientation keeping 

the active site away from solvent bulk could favour the accessibility of small substrates over 

large ones. Conversely, the partial block of the active sites can help discriminating among small 

substrates with different sizes, whereas an orientation directing the active site towards the 

solvents is preferred in the case of large substrates.[195] 

a) 

b) 

c)  
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In situ immobilisation represents a very promising strategy for the synthesis of biomolecule–

MOF composites, due to its simple operation (one-step process), wide applicability to a variety 

of available guest molecules and facile extension to multi-enzyme systems.[196] Since 

encapsulation occurs concurrently with the synthesis of the support, one-pot immobilisation 

implies that the support must be capable of being formed in the presence of biomolecules under 

conditions that do not significatively alter their structure/functionality. Indeed, biomolecules 

stability is affected by chemical, physical, and biological factors, therefore the immobilisation 

conditions (temperature, pH, concentrations) need to be carefully evaluated.[161] However, only 

a few MOFs are synthesised under biocompatible, mild conditions suitable for this 

immobilisation method.[190] Whenever the synthesis of the support cannot be carried out in 

aqueous media under mild temperature and pH, post-synthetical immobilisation approaches are 

indisputably required.[187] This involves additional steps, resulting in the use of more reagents 

and higher costs. Post-synthetical immobilisation strategies are generally needed for iron(III) 

trimesate MOFs, whose traditional hydrothermal synthesis conditions are far from 

biocompatibility, requiring long reaction times, high temperature, high pressure, and acidic pH 

which would hinder the retention of the biological activity of designed guest 

molecules.[174,197,198] Hence, applications of iron(III) trimesate MOFs as protein support are 

often restricted, although the great potentialities of this framework. On the one hand, iron is 

environmentally benign, non-toxic, and cheap. On the other hand, such MOFs show remarkable 

air- and water-stability, high specific surface areas (up to 2800 m2/g), large mesoporous cavities 

accessible through micropores and permanent porosity. Moreover, iron(III) trimesate possesses 

intrinsic peroxidase-like activity, therefore it constitutes a nanozymes, namely a nanostructure 

with enzymatic-like activity.[199] Nanozymes, have attracted great attention because of the 

lowered costs, improved stability, and excellent recyclability compared to natural enzymes. In 

this regard, trying to shift MOFs’ harsh synthesis conditions to those demanded to avoid the 

biomolecule denaturation would fully open up their application spectrum. This would 

eventually result in time-, cost-efficient, and sustainable in situ immobilisation approaches 

which overcome the above-mentioned disadvantages given by post-synthetical strategies. 

Nevertheless, tailoring the synthetic conditions of support to a bio-friendly level without 

compromising its textural and structural features represents the one of the main challenges of 

the one-pot immobilisation approach. To the best of our knowledge, only conventional solution-

based strategies have been reported so far to attain one-pot enzyme immobilisation on iron(III) 

trimesate MOFs. Gascon et al. encapsulated lipase B, GOx, and alcohol dehydrogenase (ADH) 

during the synthesis of the MOF.[200–202] An enzyme-containing aqueous solution was mixed 
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with a NaOH solution of trimesic acid. Then, an aqueous solution containing FeCl3 was slowly 

added. The resulting suspension was stirred for 10 minutes at RT. A similar protocol was 

followed by Tocco et al. to integrated laccase (LAC) on ZIF-zni and Fe-BTC, finding much 

higher catalytic activity for ZIF-zni based biocatalyst compared to Fe-BTC.[203] Zhao et al. in 

situ encapsulated GOx on iron(III) trimesate MOF through solution-based synthesis.[204] An 

aqueous solution containing GOx and PVP was mixed with an ethanolic solution of trimesic 

acid. Then, an aqueous solution containing ferric chloride was dropwise added, keeping under 

magnetic stirring for 30 minutes. Analogously, a CAT@Fe-BTC composite was synthesised 

via de novo method by Jing et al.[205] An aqueous solution of the enzyme was added to an 

ethanolic solution containing trimesic acid. An aqueous solution containing ferric nitrate was 

then added, keeping the resulting suspension under magnetic stirring for 4 hours. All the above-

mentioned protocols required ambient temperature and pressure conditions and relatively short 

reaction times (from 10 minutes to 4 hours). Nevertheless, enzymes result expose to either 

organic solvents (ethanol) or NaOH solutions. Moreover, the pH of the resulting suspensions 

has not been reported. pH is pivotal when dealing with biomolecules, as they can easily undergo 

upon denaturation and consequent loss of functionality. To fully retain biocatalytic activity, 

immobilisation strategies using Fe-BTC could be further improved. Also, the contact between 

the biomolecule and solvent can be minimised, or even completely avoided, by using 

mechanochemical methods. Very fast kinetics prompted by ultrasounds makes also 

sonochemical approaches interesting for de novo immobilisation. Moreover, the preparation of 

protein@MOF composites through these alternative methods appeals to industrial scale-up, 

minimizing the environmental footprint of the process while providing the same efficiency of 

traditional routes. Nevertheless, neither mechanochemistry nor sonochemistry have been 

exploited for one-pot encapsulation of biomolecules within iron(III) trimesate structure. Indeed, 

only a few studies reported the synthesis of iron(III) trimesate MOF via alternative 

mechanochemical and sonochemical approaches and none of them is conducted under 

biocompatible conditions. Zadeh et al. prepared a Fe-BTC material via sonochemical method 

by irradiating a DMF solution of ferric nitrate in DMF and trimesic acid under 50 kHz 

ultrasound, at 70 °C for 120 min.[127] Furthermore, Pilloni et al. obtained an iron(III) trimesate 

material by grinding ferric nitrate and trimesic acid with 5 mL of an aqueous solution of 

tetramethyl ammonium hydroxide for 1 hour.[126] Despite the use of base, the pH remained 

acidic (pH ≈ 1) throughout the synthesis, similarly to the traditional method. Therefore, huge 

improvements can be done in order to further widespread the unexpressed potential of 

alternative methods for one-pot encapsulation of biomolecules. 
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1.4. Aim of this research 
 

The present Ph.D. research project deals with the development of new synthesis protocols for 

the preparation of enzymes-MOFs hybrid composite materials using alternative 

mechanochemical and sonochemical methods under green, mild conditions. In particular, this 

study focused on the innovative synthesis, characterisation and catalytic determination of 

GOx@Fe-BTC hybrid composites. One of the advantages of using Fe-BTC, beside its 

biocompatibility and low cost, is its enzyme-mimic nature. Indeed, enzyme-enzyme mimic 

cascade reaction can be carried out without requiring the immobilisation of additional 

peroxidase enzymes. Hence, this MOF does not act as a mere passive platform for the 

immobilisation of GOx, but rather performs a double function serving as support and 

concurrently taking part to a tandem reaction. Disordered Fe-BTC was preferred over 

crystalline MIL-100(Fe) owing to the milder and more sustainable reaction conditions required 

for its synthesis. Glucose oxidase isolated from the fungus Aspergillus niger, also called 1-

oxidoreductase, β-D-glucose:oxygen or GOx (EC Number: 1.1.3.4.), is a dimer consisting of 

two 80 kDa equal subunits (Figure 1.53). Each subunit contains one mole of iron and one flavin 

adenine dinucleotide (FAD) moiety. GOx is a glycoprotein containing approximately 2% amino 

sugars and 16% neutral sugar.[206] It also contains 3 cysteine residues and 8 potential sites for 

N-linked glycosylation.[207]  

 
 

GOx catalyses the oxidation of β-D-glucose by molecular oxygen to form hydrogen peroxide 

and D-glucono-δ-lactone, which subsequently hydrolyses spontaneously to gluconic acid.[208] 

The reaction can be summarised as follows: 

 

 

Figure 1.53. Schematic representation of 

GOx: monomers coloured in dark blue 

and light blue, FAD in yellow and active 

sites in red. Reprinted from [213], 

Copyright 2016, with permission from 

Elsevier.  
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Glucose oxidase is commonly used to accomplish enzymatic determination of D-glucose in 

solution.[209] Since GOx oxidises β-D-glucose to D-glucono-δ-lactone and hydrogen peroxide, 

HRP is often exploited as the coupling enzyme in glucose sensing.[210] In lieu of peroxidases, 

peroxidase-mimics can also be employed to catalyse the oxidation of peroxidase substrates, 

including chromogenic molecules, giving rise to a sensitive colorimetric detection of glucose 

concentrations.[211] Such peroxidase-mimics include iron(III) trimesate materials. The pH 

optimum for GOx (isoelectric point: 4.2) is 5.5, while it possesses a broad activity in a pH range 

between 4 and 7.[212] Conversely, iron(III) trimesate materials possess intrinsic peroxidase-like 

activity in the pH range 2.5 – 5.0.[61]  

Therefore, the first part of this research work dealt with the evaluation of the optimal synthesis 

conditions enabling a balance between the retainment of both GOx stability/activity and Fe-

BTC enzyme-mimic feature, and the preservation of Fe-BTC integrity, robustness, and porosity 

to efficiently coated the enzyme. The effect of pH on textural properties, thermal stability, and 

microstructure of Fe-BTC MOF was evaluated. Once determined the best conditions, one-pot 

synthesis of GOx@Fe-BTC biocomposites have been carried-out via two different synthesis 

methods, namely mechanochemical and sonochemical approaches. Because of their advantages 

in terms of reduced reaction times, and minimal use of solvents compared to traditional 

methods, these alternative methods enable synthesis conditions feasible to preserve 

biomolecules integrity/functionality.  

Then, in the final part of this study, hybrid GOx@Fe-BTC composites prepared via 

mechanochemical and sonochemical approaches under mild conditions were exploited as 

biosensors to perform colorimetric detection of glucose. Such a biosensing uses a cascade 

reaction involving the peroxidase-mimic activity of Fe-BTC and the catalytic activity of GOx. 

First, GOx catalyses the oxidation of D-glucose, producing D-glucono-δ-lactone and H2O2. 

Then, in the presence of hydrogen peroxide Fe-BTC is able to catalyse the oxidation of 

chromogenic molecules, such as TMB into its blue-coloured oxidised form (called oxTMB), as 

shows in Figure 1.54.  

GOx 

β-D-Glucose Glucono-δ-lactone 

+  O2 +  H2O2 
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Figure 1.54. Schematic representation of the enzyme-enzyme mimic cascade reaction involving GOx and Fe-

BTC. GOx picture is reprinted from [213], Copyright 2016, with permission from Elsevier. Fe-BTC picture is 

reprinted with permission from [88]. Copyright 2018 American Chemical Society. 

 

TMB is a colourless diamine with absorbance maximum (λmax) at 285 nm. Compared to other 

peroxidase substrate dyes used for diagnostic purposes (e.g., ABTS and OPD), TMB shows the 

highest detection sensitivity.[214] The oxidation of TMB by peroxidase or peroxidase-mimic 

gives rise to coloured products. First, a blue product is obtained, passing through a green stage, 

and finally a yellow coloration is observed. The blue product arises from the one-electron 

oxidation of TMB (λmax = 370, 652 nm), whereas the yellow product is the two-electron diimine 

product (λmax = 450 nm). The one-electron oxidation product of TMB is a radical cation, which 

is in rapid chemical equilibrium with a charge transfer complex (CTC) consisting of a yellow 

coloured diimine form (electron acceptor) and a colourless diamine form (electron donor).[215] 

TMB oxidation product intermediates are depicted in Figure 1.55. Typically, colorimetric 

sensing using TMB relies on the detection of the one-electron oxidation product of TMB 

recording the absorbance at 370 or 652 nm. Indeed, a complete and rapid oxidation of TMB 

into its diimine form requires a large excess of peroxidase/peroxidase-mimic and/or highly 

acidic conditions (pH = 1) to lead to the complete dissociation of the CTC.[216] 
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Figure 1.55. Oxidation product intermediates of TMB. 

 

The development of hybrid composites via alternative mechanochemical and sonochemical 

approaches under ad hoc selected mild conditions, aims to minimise the enzyme activity loss 

during its immobilisation. A full retention of catalytic activity is a key factor in the field of ex 

vivo applications of biomolecules. Therefore, this work looks at a new generation of 

biomolecule@MOF composites to achieve a green, easy, and sustainable fabrication of highly 

performing biocatalysts, drug delivery systems, and biosensors.  
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2. Mechanochemical synthesis, 

characterisation, and intrinsic     

peroxidase-like activity of Fe-BTC  
 

2.1. Experimental section 
 

2.1.1. Reagents and materials 
 

Iron(III) nitrate nonahydrate (Fe(NO3)3∙9H2O, 98%), tetramethyl ammonium hydroxide 

pentahydrate (TMAOH∙5H2O, 97%), 1,3,5-benzenetricarboxylic acid (H3BTC, 95%), 

hydrogen peroxide solution (H2O2, 30% (w/w) in H2O), 3,3′,5,5′-tetramethylbenzidine (TMB, 

≥99%), glacial acetic acid (AcOH, ≥99%), sodium acetate trihydrate (NaAc·3H2O), Ethanol 

(EtOH, ≥99.8%), and horseradish peroxidase (EC 1.11.1.7) were supplied by Sigma-Aldrich 

and used as received without further purification. Valsartan ((S)-3-methyl-2-(N-{[2′-(2H-

1,2,3,4-tetrazol-5-yl)biphenyl-4-yl]methyl} pentanamido) butanoic acid) was supplied by 

Novartis.  

 
 

2.1.2. Synthesis 
 

1.29 g of Fe(NO3)3∙9H2O, 0.47 g of H3BTC, proper amounts of TMAOH∙5H2O (1.63, 1.81 or 

1.99 g to obtain a pH of 3, 4 or 5, respectively), and 13.7 g of zirconia balls were placed in a 32 

mL stainless-steel Teflon coated grinding jar. No additional solvents were added. The reaction 

mixture was grinded using a Spex 8000 Mixer/Mill (Figure 2.1). Then, the resulting dense, 

orange-coloured slurry was dispersed in 20 mL of Milli-Q deionised water. The pH of the 

obtained dispersion was measured. The dispersion was centrifugated for 10 min at 2500 rpm, 

the precipitate was washed twice with Milli-Q deionised water, and finally dried. The resulting 

dry orange sample was collected and stored.  
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To identify the most suitable conditions for the in situ immobilisation of biomolecules during 

MOF mechanosynthesis, the effect of different synthesis parameters on the properties of the 

material was investigated. In particular, the use of balls with different sizes was evaluated (5- 

and 10-mm diameter). Synthesis was performed in a range of grinding time from 6 to 60 

minutes. Several drying conditions were also explored, such as air-drying at room temperature 

and freeze-drying (samples were stored at -80 °C prior to lyophilisation) to identify the best 

sample storage conditions. Indeed, freeze drying, also called lyophilisation, offers several 

advantages in terms of storage stability and product shelf-life. It is a three-stage process 

consisting in removing water from frozen samples by sublimation and desorption. Firstly, (i) 

an initial freezing step leads to the formation of ice nuclei which separate from the solute phase. 

Then, (ii) ice is removed by sublimation. Finally, (iii) remaining water is desorbed by increasing 

the temperature.[1] 

For comparison purposes, a LAG synthesis using 4 mL of deionised water as solvent was also 

carried out. 

In a typical NG synthesis, 10-mm diameter zirconia balls are employed, the reaction mixture is 

grinded for 1 hour and samples are dried under air at room temperature, unless otherwise stated. 

Figure 2.1. a) Spex 

8000 Mixer/Mill; b) 

Spex 8000 

Mixer/Mill interior. 

c) Stainless-steel jar 

with Teflon coating 

and zirconia balls.  

a) 

b) 

c) 
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Figure 2.2. Schematic representation of a mechanochemical synthesis of Fe-BTC MOF. 

 

2.1.3. Characterisation  
 

Fourier-transform infrared (FT-IR) spectra were recorded using a Bruker Tensor 27 

spectrophotometer within the 400-4000 cm-1 scanning range. X-ray powder diffraction (XRPD) 

patterns were collected on a Bruker D8 Advance Diffractometer using Cu-Kα radiation (λ = 

1.54056 Å, I = 30 mA, V = 40 kV) in a scanning range between 7° and 80° 2-theta (step size = 

0.05° 2-theta). Due to the high iron fluorescence radiation emission stimulated by the Kα copper 

radiation, to obtain a satisfactory signal-to-noise ratio in the XRPD pattern an appropriate 

acquisition time was selected. Differential scanning calorimetry analysis (DSC) and 

thermogravimetric analysis (TGA) were carried out on a Perkin-Elmer STA 6000 simultaneous 

thermal analyser in a temperature range between 25 and 850 °C (heating rate = 10 °C/min) 

under O2 flow (40 mL/min). Scanning electron microscopy (SEM) images were obtained on a 

FEI Quanta 200 microscope. N2 physisorption was performed on a Sorptomatic 1990 CE 

apparatus (Fisons Instruments) at -196 °C. Prior to measurement, all the samples were 

outgassed at 150 °C under vacuum for 17 h. Pore size distribution was estimated by using 

Horvath-Kavazoe (HK) equation to the adsorption branches of the N2 isotherms. Specific 

Surface Area (SSA) was determined from adsorption data by applying Dubinin-Radushkevich 

(DR) method. 

 

2.1.4. Evaluation of the intrinsic peroxidase-mimic activity of Fe-BTC 

 

To evaluate the intrinsic peroxidase-like activity of Fe-BTC, four reaction systems were 

examined: (1) Fe-BTC (250 μg/mL), TMB (0.4 mM) and H2O2 (0.5 mM) in acetate buffer (10 
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mM, pH = 4); (2) Fe-BTC (250 μg/mL), and TMB (0.4 mM) in acetate buffer (10 mM, pH = 

4); (3) TMB (0.4 mM) and H2O2 (0.5 mM) in acetate buffer (10 mM, pH = 4); (4) TMB (0.4 

mM) in acetate buffer (10 mM, pH = 4). The solution mixtures were incubated at 35 °C under 

magnetic stirring (150 rpm) for 1 hour. Then, the test samples were centrifugated at 5000 rpm 

for 10 minutes and supernatants were collected. Absorbance spectra of the supernatants were 

collected from 500 to 800 nm on a BioTek Synergy H1 Plate Reader.  

 

2.1.5. pH, temperature, catalyst concentration and incubation time 

dependence on Fe-BTC peroxidase-mimic activity 
 

pH profile of Fe-BTC peroxidase-mimic activity was examined over the pH range 3 – 5 (acetate 

buffer, 10 mM). Experiments were performed by adding Fe-BTC (250 μg/mL) or free HRP (0.2 

ng/mL), TMB (0.4 mM) and H2O2 (0.5 mM) in the appropriate buffer. The solution mixtures 

were incubated at 35 °C under magnetic stirring (150 rpm) for 1 hour. The influence of 

temperature on the peroxidase-mimic activity of Fe-BTC was investigated in the temperature 

range between 25 and 55 °C. Experiments were carried out by adding Fe-BTC (250 μg/mL) or 

HRP (0.2 ng/mL), TMB (0.4 mM) and H2O2 (0.5 mM) in acetate buffer (10 mM, pH = 4). The 

solution mixtures were incubated at the appropriate temperature under magnetic stirring (150 

rpm) for 1 hour. Incubation time dependence on Fe-BTC peroxidase-mimic activity was 

evaluated considering a time range between 30 and 120 minutes. Experiments were carried out 

by adding Fe-BTC (250 μg/mL), TMB (0.4 mM) and H2O2 (0.5 mM) in acetate buffer (10 mM, 

pH = 4). The solution mixtures were incubated at 35 °C under magnetic stirring (150 rpm) for 

the appropriate incubation time. The effect of Fe-BTC concentration on its peroxidase-mimic 

activity was considered. Experiments were carried out by adding different concentration of Fe-

BTC (250, 500 or 800 μg/mL), TMB (0.4 mM) and H2O2 (0.5 mM) in acetate buffer (10 mM, 

pH = 4). The solution mixtures were incubated at 35 °C under magnetic stirring (150 rpm) for 

1 hour.  

 

After the appropriate incubation time, the test samples of all above-mentioned experiments 

were centrifugated at 5000 rpm for 10 minutes and supernatants were collected. Absorbance of 

the supernatants was then recorded at 652 nm on a BioTek Synergy H1 Plate Reader. All 

measurements were performed in triplicate and the average value reported. 
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The relative activity was calculated using the following formula:[2] 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝐴

𝐴𝑚𝑎𝑥
× 100% 

where Amax is the maximum absorbance recorded, and A is the absorbance measured at same 

conditions. 

 
 

2.1.6. Colorimetric biosensing of H2O2  

 

A dose-response curve for H2O2 detection (A652nm vs H2O2 conc.) using Fe-BTC under the 

optimum conditions was obtained. Experiments were carried out by adding Fe-BTC (250 

μg/mL), TMB (0.4 mM) and different concentrations of H2O2 (0-200 μM) in acetate buffer (10 

mM, pH = 4). The solution mixtures were incubated at 35 °C under magnetic stirring (150 rpm) 

for 1 hour. Then, the test samples were centrifugated at 5000 rpm for 10 minutes and 

supernatants were collected. Absorbance of the supernatants was then recorded at 652 nm on a 

BioTek Synergy H1 Plate Reader. All measurements were performed in triplicate and the 

average value reported. 

The limit of detection (LOD) and the limit of quantification (LOQ) for H2O2 were calculated 

by using the following equations:[3] 

𝐿𝑂𝐷 =
3𝜎

𝑠
 ; 𝐿𝑂𝑄 =

10𝜎

𝑠
 

 

where σ denotes the standard deviation of ten blank tests and s represents the slope of the 

calibration curve. 

 

2.1.7. Steady-state kinetic assay  
 

Kinetic parameters of peroxidase-mimic Fe-BTC and horseradish peroxidase were evaluated 

by varying the concentration of one substrate at a fixed concentration of the second substrate. 

Experiments were carried out at room temperature in acetate buffer (10 mM; pH = 4) using Fe-

BTC (250 μg/mL) or HRP (1 ng/mL) with a fixed concentration of TMB (0.2 mM) and varying 

concentrations of H2O2 (0.25 – 6 mM) or a fixed concentration of H2O2 (0.5 mM) and different 

concentrations of TMB (0.1 – 0.8 mM). The change in absorbance at 652 nm was monitored 

on a BioTek Synergy H1 Plate Reader for 180 sec. According to Michaelis−Menten equation:[4] 
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𝑉0 =
𝑉𝑚𝑎𝑥 ⋅ [𝑆]

𝐾𝑚 + [𝑆]
 

Where [S] is the substrate (TMB or H2O2) concentration and V0 is the initial velocity. Moreover,  

𝑉0 =
𝛥𝐴

𝛥𝑡 ⋅ 𝜖
 

Where ΔA is the change in absorbance, Δt is the time variation and ε is the molar extinction 

coefficient (oxTMB molar extinction coefficient, ε652nm = 3.9 × 104 M−1 cm−1).[5] 

The Michaelis–Menten constant (Km) and the maximum reaction rate (Vmax) can be calculated 

by using the double reciprocal of Michaelis−Menten equation:  

1

𝑉0
=

𝐾𝑚

𝑉𝑚𝑎𝑥

1

[𝑆]
+

1

𝑉𝑚𝑎𝑥
 

The plot 1/V0 vs. 1/[S] (known as Lineweaver–Burk or double reciprocal plot) is linear. Vmax is 

obtained from the intercept and Km is calculated from the slope.[4]  

 

2.1.8. Drug encapsulation 
  

Preliminary studies on the application of the mechanochemically-prepared Fe-BTC material as 

drug-delivery system were also carried out. Valsartan, an angiotensin II receptor type 1 

antagonists widely used in treatment of hypertension, heart failure, myocardial infarction, and 

diabetic nephropathy,[6] was selected.  

 

 

 
Figure 2.3. Chemical structure of Valsartan. 
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The encapsulation of Valsartan was performed by a simple impregnation method. Valsartan 

was dispersed into 10 mL of ethanol with a concentration of 10 mg/L, and then, 5 mg of Fe-

BTC were added into the drug solution under magnetic stirring (150 rpm, RT) for 24 hours. 

The orange-coloured mixture was then centrifugated for 10 minutes (10000 rpm, RT). 

Supernatant was collected and absorbance at 250 nm was measured for the quantification of 

Valsartan loaded in Fe-BTC. Calibration curve was obtained by measuring the absorbance at 

250 nm of Valsartan ethanolic solutions with concentrations ranging from 1 to 30 mg/L. 

Absorbance measurements were performed on a BioTek Synergy H1 Plate Reader. All 

measurements were performed in triplicate and the average value reported. 

 

 

2.2. Results and Discussion 
 

2.2.1. Effect of pH 
 

Samples were characterised by N2 physisorption, TGA, DSC, SEM, XRPD, and FT-IR in order 

to investigate the effect of pH on textural properties, thermal stability, morphology, and 

microstructure of the material. To distinguish among different working pH conditions, Fe-BTC 

samples were labelled as BM_pH3, BM_pH4 and BM_pH5 (BM stands for ball milling).  

 

X-ray Powder Diffraction 

 

XRPD patterns obtained for BM_pH3, BM_pH4 and BM_pH5 samples are depicted in Figure 

2.4. All samples show a similar diffraction pattern in terms of position of diffraction peaks. This 

is consistent with XRPD patterns reported in the literature for Fe-BTC frameworks.[7,8] An 

intense diffraction peak centred at 10.65° 2-theta with a visible shoulder at ca. 14.30° 2-theta 

was observed for all samples. The following peaks at ca. 18.76, 23.83, 28.09, 33.36, 42.49° 2-

theta are less intense and broader than the first one. The presence of broad diffraction peaks is 

in agreement with the disordered structure of Fe-BTC material in comparison with crystalline 

MIL-100(Fe).[9] Despite the different pH conditions, all samples do not show significant 

microstructural differences by XRPD. 
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Figure. 2.4 XRPD patterns of BM_pH3, BM_pH4 and BM_pH5 recorded from 7 to 80° 2-theta. 

 

Fourier-Transform Infrared Spectroscopy 

 

Figure 2.5 reports FT-IR spectra obtained for BM_pH3, BM_pH4 and BM_pH5 in the 4000-

400 cm-1 range. The presence of a broad band in region 3600-3100 cm-1 is attributed to the 

stretching vibrations of hydroxyl groups and water molecules coordinated to iron octahedra as 

well as adsorbed water molecules.[10,11] The relative intensity of this band slightly decreases 

with increasing pH. This suggested the presence of larger amounts of adsorbed water in 

BM_pH3, compared to samples obtained at pH 4 or 5. However, this is a negligible difference 

between samples owing to water adsorption being closely dependent on the extent of humidity 

and exposure time to air of samples.[12] The weak band at 3080 cm-1 is ascribable to the aromatic 

C–H stretching vibrations. A weak carbonyl band at 1703 cm-1 is visible in all samples. It is 

noteworthy that the relative intensity of this band gradually decreases at higher pH values. This 

is consistent with the presence of larger amounts of deprotonated trimesic acid at pH 5, which 

concur interrupting the order of the network.[13] Despite these slight differences, the spectra of 

the samples synthesised at different pH values are similar to each other as well as to FT-IR 

spectra reported in the literature for Fe-BTC materials.[14] The band at 1625 cm-1 is due to the 

C=O stretching of carboxylate groups, while the bands at ca. 1564 and 1371 cm-1 are ascribable 

to the asymmetric and symmetric stretching of the O–C–O group, respectively. The bands at 
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759 and 706 cm-1 are assigned to the C–H bending vibrations of aromatic rings, whereas the 

band at 463 cm-1 is attributed to the stretching vibrations of Fe-O bonds.[15–17]  

Therefore, despite the different working pH conditions, samples do not show significant 

microstructural differences by FT-IR and XRPD. 
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Figure 2.5. FT-IR spectra of BM_pH3, BM_pH4 and BM_pH5 from 400 to 4000 cm-1. 

 
 

Scanning Electron Microscopy 

 

Samples microstructure was also examined by scanning electron microscopy. As shown in 

Figure 2.6, BM_pH3, BM_pH4 and BM_pH5 samples are constituted by agglomeration of 

particles which in turn are covered by much smaller particles. The presence of these smaller 

particles is mostly pronounced in the BM_pH4 sample (Figure 2.6 b). 
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b) 

a) 
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Figure 2.6. SEM images of BM_pH3 (a), BM_pH4 (b) and BM_pH5 (c). 

 

 

Thermal Analysis  

 

Thermal behaviour of samples was investigated under oxygen flow. Thermogravimetric (TG) 

curves, the corresponding derivative curves (dTG) and the DSC curves obtained for BM_pH3, 

BM_pH4 and BM_pH5 are shown in Figure 2.7. TG curves of all samples (Figure 2.7a) display 

three weight losses in the 25 – 850 °C range, as reported in the literature for this material.[18,19] 

The first weight loss occurs up to 150 °C and derives from the loss of adsorbed water molecules. 

Such a first loss is higher for BM_pH3 compared to BM_pH4 and BM_pH5. This is in 

agreement with the different amounts of adsorbed water observed also in FT-IR spectra. The 

second weight loss (150 – 260 °C) is attributed to the departure of water molecules coordinated 

to iron trimers. The third and last weight loss over the 260 – 450 °C range, is related to the 

decomposition of the framework into hematite by combustion, as confirmed by the presence of 

an intense exothermic peak at ca. 350 °C in the DSC curves of the samples (Figure 2.7c). 

 

c) 
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Figure 2.7. TG (a), dTG (b) and DSC (c) curves of BM_pH3, BM_pH4 and BM_pH5 samples, obtained between 

25 and 850 °C (10 °C/min) under O2 flow (40 ml/min). 

 

Nitrogen physisorption  

 

N2 adsorption/desorption isotherms and pore size distributions for BM_pH3, BM_pH4 and 

BM_pH5 are shown in Figure 2.8a. All samples present a I-type isotherm, which is typical of 

microporous material.[20] BM_pH3 and BM_pH4 display a plateau at ca. p/p0 = 0.12, while the 

plateau is reached at lower adsorbed volume and at lower relative pressure (p/p0 = 0.01) for 

BM_pH5. Unlike BM_pH3 and BM_pH5 samples, the isotherm of BM_pH4 shows a hysteresis 

loop at p/p0 0.83-0.99, due to capillary condensation occurring because of interparticle 
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mesoporosity. Indeed, BM_pH4 shows a relatively higher mesopore and macropore volume 

than BM_pH3 and BM_pH5 (Table 2.1). This suggests a different extent of particle aggregation 

for BM_pH4, which gives rise to interparticle meso- and macropores, as also evidenced by 

SEM analysis. The presence of a peak centred at around 6 Å in pore size distribution curves 

(Figure 2.8b) of both BM_pH3 and BM_pH4 testifies that the average dimension of a large 

fraction of pores is around 6 Å for these two samples. A small population of pores of higher 

dimensions (around 12 Å) is also observable, reminding of the presence of two types of cages 

in MIL-100(Fe). 6Å-diameter pores are absent in BM_pH5 which only shows a broad and less 

intense peak in the 10-15 Å region.  

 

 
Figure 2.8. N2 adsorption/desorption isotherms obtained at -196 °C (a) and pore size distributions (b) of BM_pH3, 

BM_pH4 and BM_pH5.  

 

BM_pH3 sample showed the best results in terms of micropore volume (0.260 cm3/g) and 

specific surface area (742 m2/g). A decrease of both micropore volume and SSA with increasing 

pH was observed, as shown in Table 2.1. Such a decrease in micropore volume and SSA of the 

material as the pH increased is consistent with the framework formation mechanism proposed 

by Seo et al.[21] (previously reported in section 1.2.6.3). Although trimesic acid deprotonation 

and, therefore, condensation is favoured at basic conditions, low pH ensures a better control of 

the reaction kinetics because of the lower extent of hydrolysis of carboxyl groups.[22] Indeed, a 

slow condensation rate leads to a more ordered arrangement in space of carboxyl moieties 

towards trimeric iron(III) clusters, leading to the obtainment of highly porous and ordered 

solids. Hence, despite having a lower extent of extra-framework carboxyl groups which could 
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be assumed as a hint of a more ordered structure, as the pH increases the rate of condensation 

increases, hindering the formation of a sample with considerable permanent porosity. This 

explains the decreasing micropore volume and SSA observed increasing pH from 3 to 5.  

 

 

Table 2.1. Specific Surface Area (SSA) and macro-, meso- and micropore volume of BM_pH3, BM_pH4 and 

BM_pH5. % Relative Standard Deviation (%RSD) SSA = 2; %RSD pore volume = 1. 

 

Therefore, on the one hand textural properties of this material are noticeably affected by pH, 

having proved to be tuned by simply varying the amount of TMAOH. On the other hand, 

samples do not show any considerable differences in terms of thermal stability and 

microstructure. 

 

Even though the best results in terms of SSA and micropore volume have been attained at pH 

3, further investigation has been conducted on synthesis at pH 4. Since GOx shows a broad 

activity range (pH 4-7)[23] and iron(III) trimesate materials possess an intrinsic peroxidase-like 

activity in a pH range between 2.5 and 5,[24] synthesis at pH 4 represents the optimal balance 

between retention of GOx and Fe-BTC enzymatic and enzymatic-mimic activity, respectively, 

and satisfactory textural properties, physicochemical integrity of Fe-BTC. 

 

2.2.2. Effect of solvents 
 

In order to establish a comparison between NG and LAG approaches, mechanosynthesis of Fe-

BTC at pH 4 was also conducted by adding a small amount of deionised water together with 

H3BTC, Fe(NO3)3∙9H2O and TMAOH∙5H2O in the grinding jar. To distinguish among NG and 

LAG synthesis, Fe-BTC samples were labelled as BM_NG, and BM_LAG. As reported in 

Figure 2.9, samples show a similar diffraction pattern. Therefore, the use of water did not affect 

the sample’s microstructure. 

Sample 
SSA 

(m2/g) 

Micropore 

volume (cm3/g) 

Mesopore volume 

(cm3/g) 

Macropore volume 

(cm3/g) 

BM_pH3 742 0.260 0.007 0.003 

BM_pH4 450 0.162 0.089 0.048 

BM_pH5 57 0.020 0.008 0.002 



 

98 

 

10 20 30 40 50 60 70

2-theta (Degree)

In
te

n
s
it
y
 (

a
.u

.)

BM_NG

BM_LAG

 

Figure. 2.9 XRPD patterns of BM_NG, and BM_LAG recorded from 7 to 70° 2-theta. 

 

Conversely, LAG synthesis gave rise to lower SSA and micropore volume compared to the 

sample obtained without adding any solvents (Table 2.2). Consistently, the use of solvents 

proves to be completely unnecessary to obtain the material.  
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Figure 2.10. N2 adsorption/desorption isotherms obtained at -196 °C (a) and pore size distributions (b) of BM_NG, 

and BM_LAG. 
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This represents an unprecedented breaking point for Fe-BTC synthesis, which is here 

successfully synthesised for the first time in solvent-free conditions. Avoiding the use of 

solvents, this approach fulfils both bio-friendly targets and green chemistry criteria. Moreover, 

biomolecules are generally more stable in powder than in solution.[25] 

 

Sample 
SSA 

(m2/g) 

Micropore 

volume (cm3/g) 

Mesopore volume 

(cm3/g) 

Macropore volume 

(cm3/g) 

BM_NG 450 0.162 0.089 0.048 

BM_LAG 323 0.118 0.080 0.030 

 
Table 2.2. Specific Surface Area (SSA) and macro-, meso- and micropore volume of BM_NG, and BM_LAG. 

%RSD SSA = 2; %RSD pore volume = 1. 

 

2.2.3. Effect of milling media 
 

The effect of milling media on the material was investigated by exploring the use of zirconia 

balls with different sizes. Fe-BTC samples were labelled as BM_5mm and BM_10mm to 

distinguish between samples obtained employing 5- or 10-mm diameter balls, respectively. 
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Figure. 2.11. XRPD patterns of BM_10mm and BM_5mm recorded from 7 to 80° 2-theta. 
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The use of balls with different sizes does not affect the microstructure of the material (Figure 

2.11). Conversely, Fe-BTC material obtained by using small balls showed slightly lower SSA 

and micropore volume compared to BM_10mm (Table 2.3). Therefore, 10-mm diameter balls 

were preferred.  
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Figure 2.12. N2 adsorption/desorption isotherms obtained at -196 °C (a) and pore size distributions (b) of 

BM_10mm and BM_5mm. 

 

Sample 
SSA 

(m2/g) 

Micropore 

volume (cm3/g) 

Mesopore volume 

(cm3/g) 

Macropore volume 

(cm3/g) 

BM_10mm 450 0.162 0.089 0.048 

BM_5mm 410 0.148 0.091 0.075 

 

Table 2.3. Specific Surface Area (SSA) and macro-, meso- and micropore volume of BM_10mm and BM_5mm. 

%RSD SSA = 2; %RSD pore volume = 1. 
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2.2.4. Effect of grinding time 
 

The effect of grinding time on microstructure and textural properties of Fe-BTC was examined 

over a range between 6 and 60 minutes. Fe-BTC samples obtained grinding for 6, 30 or 60 

minutes were labelled as BM_6min, BM_30min and BM_60min, respectively. 
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Figure. 2.13. XRPD patterns of BM_6min, BM_30min and BM_60min recorded from 7 to 80° 2-theta 
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Figure 2.14. FT-IR spectra of BM_6min, BM_30min and BM_60min from 400 to 4000 cm-1. 
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Despite the different grinding time, all samples do not show significant microstructural 

differences by XRPD (Figure 2.13) and FT-IR (Figure 2.14). 

As displayed in Figure 2.15, all samples showed a I-type isotherm and comparable pore 

distribution size curves.  
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Figure 2.15. N2 adsorption/desorption isotherms obtained at -196 °C (a) and pore size distributions (b) of 

BM_6min, BM_30min and BM_60min. 

 

Samples obtained grinding for 30 or 60 minutes showed negligible differences in terms of SSA 

and pore volume. Conversely, a slight decrease of textural properties was observed when 

reducing grinding time from 30 to 6 minutes. 

 

Sample 
SSA 

(m2/g) 

Micropore 

volume (cm3/g) 

Mesopore volume 

(cm3/g) 

Macropore volume 

(cm3/g) 

BM_60min 450 0.162 0.089 0.048 

BM_30min 449 0.157 0.078 0.043 

BM_6min 370 0.129 0.065 0.030 

 

Table 2.4. Specific Surface Area (SSA) and macro-, meso- and micropore volume of BM_6min, BM_30min and 

BM_60min. %RSD SSA = 2; %RSD pore volume = 1. 

 

Given the physicochemical similarities between BM_60 min and BM_30min, 30-minute 

grinding should be preferred over 60-minute synthesis, in order to minimise potential effect of 
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grinding on biomolecules. Moreover, a time-saving procedure is more desirable for industrial 

scale-up contributing to lower the cost of the overall production process. In view of in situ 

immobilisation of biomolecules both 30-minute and 6-minute synthesis protocols provide an 

optimal compromise to preserve biomolecules structural/functional stability while displaying 

desirable textural properties of Fe-BTC. 

 

2.2.5. Effect of drying conditions 
 

Two different drying processes have been explored (air-drying at room temperature and freeze-

drying) to identify the most suitable conditions to store the samples in sight of biomolecules 

immobilisation strategies. Fe-BTC samples undergone upon air-drying and freeze-drying are 

labelled as BM_air-dried and BM_freeze-dried, respectively. 

Figure 2.16 shows the diffraction pattern of BM_air-dried and BM_freeze-dried samples. Such 

patterns do not significatively differ in terms of position of the diffraction peaks.  
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Figure. 2.16. XRPD patterns of BM_air-dried, and BM_freeze-dried recorded from 7 to 80° 2-theta. 

 

 

As depicted in Figure 2.17, both air-dried and freeze-dried samples show the same thermal 

behaviour, consisting of three weight losses in the 25-900 °C range. The first loss up to 150 °C 
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is smaller for BM_freeze-dried compared to the air-dried sample. Such a lower amount of 

adsorbed water molecules in the lyophilised material is consistent with the removal of water by 

sublimation and desorption during the freeze-drying process. 
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Figure 2.17. TG (a), dTG (b) and DSC (c) curves of BM_air-dried and BM_freeze-dried samples, obtained 

between 25 and 900 °C (10 °C/min) under O2 flow (40 ml/min). 

 

 

Both air-dried and freeze-dried samples show a I-type isotherm (Figure 2.18a). However, 

lyophilisation causes a severe decrease of both micropore volume and SSA, as displayed in 

Table 2.5.  
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Figure 2.18. N2 adsorption/desorption isotherms obtained at -196 °C (a) and pore size distributions (b) of BM_air-

dried and BM_freeze-dried. 

 

Furthermore, pore size distribution curves obtained for both materials differ in terms of intensity 

and peak positions (Figure 2.18b). BM_air-dried exhibits an intense peak at around 6 Å, 

attesting to a large fraction of pores with average dimension of ca 6 Å. Conversely, BM_freeze-

dried sample shows a broad and less intense peak at higher diameter values, given by a 

population of pores with larger average dimensions (ca. 10 Å) compared to the air-dried Fe-

BTC material. 

 

Sample 
SSA 

(m2/g) 

Micropore 

volume (cm3/g) 

Mesopore volume 

(cm3/g) 

Macropore volume 

(cm3/g) 

BM_air-dried 449 0.157 0.078 0.043 

BM_freeze-dried 140 0.048 0.064 0.056 

 
Table 2.5. Specific Surface Area (SSA) and macro-, meso- and micropore volume of BM_air-dried and 

BM_freeze-dried. %RSD SSA = 2; %RSD pore volume = 1. 

 

Despite the potential advantages of lyophilisation regarding storage and shelf-life of the 

material, also in sight of its application of as biomolecule support, the decrease of textural 

properties of the Fe-BTC observed after freeze-drying proved the feasibility of air-drying to 

effectively retain a significant permanent porosity of the sample. 
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2.2.6. Intrinsic peroxidase-like activity 
 

The intrinsic peroxidase-mimic activity of Fe-BTC material was evaluated by investigating the 

catalytic oxidation capacity of the material over a chromogenic peroxidase substrate (TMB) in 

the presence of H2O2. As shown in Figure 2.19, in the absence of both Fe-BTC and H2O2, the 

characteristic absorbance peak of oxidised TMB at 652 nm was not detected. A weak 

absorbance peak at 652 nm was visible for the reaction system consisting of TMB in the 

presence of Fe-BTC, revealing a weak capability of the MOF to oxidise TMB in the absence of 

H2O2. A slightly higher absorbance at 652 nm was observed for TMB in the presence of H2O2 

but in the absence of Fe-BTC. A considerable increase in the absorbance at 652 nm and, thus, 

in the oxidation rate of TMB, was observed for the reaction system containing TMB together 

with both Fe-BTC and H2O2. This attested the significant intrinsic peroxidase-like activity of 

Fe-BTC, being able to catalyse the oxidation of peroxidase substrate in the presence of 

hydrogen peroxide. 
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Figure 2.19. Absorption spectra of different reaction systems: TMB+H2O2+Fe-BTC (1, red), TMB+H2O2 (2, 

black), TMB+Fe-BTC (3, green), TMB (4, blue) in acetate buffer (10 mM, pH 4), at 35 °C after 1 hour incubation. 

The concentrations were 250 μg/mL for Fe-BTC, 0.4 mM for TMB and 0.5 mM for H2O2. 
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2.2.7. Effect of pH, temperature, catalyst concentration and incubation time 
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Figure 2.20. Effect of pH (a), temperature (b), incubation time (e) and catalyst concentration (f) on the intrinsic 

peroxidase-like activity of Fe-BTC. pH (c) and temperature (d) profile of HRP. Error bars represent the standard 

deviations of three independent experiments. 
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Similar to HRP, the intrinsic peroxidase-like activity of Fe-BTC is closely dependent on 

experimental conditions. The effect of pH, temperature, catalyst concentrations and incubation 

time on the relative activity of Fe-BTC was investigated. As shown in Figure 2.20 a, the activity 

of Fe-BTC gradually decreased from pH 3.5 to 4, while it decreased sharply at higher pH values. 

Although the maximal relative activity of Fe-BTC was found at pH 3.5, pH 4 was considered 

as optimal condition to gain a satisfactory balance between the intrinsic peroxidase-like activity 

of Fe-BTC and the catalytic activity of GOx in sight of the synthesis of GOx@Fe-BTC hybrid 

biocatalysts. The pH profile of Fe-BTC differed from that observed for HRP, whose relative 

activity increased from pH 3.5 to 4, reaching the maximum at 4.5, and finally decreasing from 

5 to 5.5 (Figure 2.20 c). Regarding temperature dependence, Fe-BTC (Figure 2.20 b) and HRP 

(Figure 2.20 d) showed a similar profile with the maximal relative activity at 35 °C and a 

significant activity loss above 45 °C. The dependence on incubation was also investigated. It 

was found that maximal relative activity of Fe-BTC is reached in 60 minutes (Figure 2.20 e). 

As shown in Figure 2.20 f, a gradual decrease of Fe-BTC activity was observed while increasing 

the catalyst concentration. The higher the catalyst concentration, the higher is the surface of Fe-

BTC available to adsorb oxTMB and remove it from solution. Therefore, a lower concentration 

of oxTMB in solution is detected. Figure 2.21 showed the increasing extent of Fe-BTC 

precipitate solid after centrifugation while increasing the catalyst concentration. The solid 

appears blue because of the adsorption of blue-coloured oxTMB on the Fe-BTC surface. 

  

 

Figure 2.21. Blue-coloured solids after centrifugation of different reaction systems: a) Fe-BTC 250 μg/mL, TMB 

(0.4 mM), H2O2 (0.5 mM), b) Fe-BTC (800 μg/mL), TMB (0.4 mM), H2O2 (0.5 mM), in acetate buffer (10 mM, 

pH 4), at 35 °C after 1 hour incubation.  

 

According to the experimental results above reported, the optimal pH, reaction temperature, 

incubation time, and Fe-BTC concentration were 4.0, 35 °C, 60 min, 250 μg/mL, respectively. 

a) b) 
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2.2.8. Steady-state kinetic assay 
 

To further investigate the intrinsic peroxidase-mimic activity of Fe-BTC, steady-state kinetic 

experiments were performed. Typical Michaelis-Menten curves were obtained for both Fe-BTC 

(Figure 2.22 a,e) and HRP (Figure 2.22 c,g). Kinetic parameters Km and Vmax, summarised in 

Table 2.6, were obtained from Lineweaver–Burk double-reciprocal plots (Figure 2.22 b,d,f,h). 
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Figure 2.22. Steady-state kinetic analysis using the Michaelis–Menten model for Fe-BTC (a, e) and HRP (c, g) 

and the Lineweaver–Burk double-reciprocal plots for Fe-BTC (b, f) and HRP (d, h). Error bars represent the 

standard deviations of three independent experiments. 

 

As shown in Table 2.6, the Km value of Fe-BTC with TMB as substrate is slightly higher than 

the one calculated for HRP. Conversely, the Vmax value of Fe-BTC with TMB as substrate is 

lower in comparison with HRP. These results revealed a slower reaction rate for Fe-BTC and a 

relatively lower affinity between TMB and catalyst for Fe-BTC compared to HRP. The Km 

value calculated for Fe-BTC with H2O2 as substrate is ca. 2.8 times lower than the value 

obtained for HRP, revealing a much better affinity for Fe-BTC to H2O2 compared to HRP. The 

Vmax value for Fe-BTC is lower compared to HRP, suggesting a relatively slower reaction rate 

for Fe-BTC than HRP. 
 

Catalyst Substrate E (M) Km (mM) Vmax (M/s) 

Fe-BTC TMB 2.85 · 10-4 0.49 2.57 · 10-8 

HRP TMB 2.27 · 10-11 0.32 6.95 · 10-8 

Fe-BTC H2O2 2.85 · 10-4 0.38 1.29 · 10-8 

HRP H2O2 2.27 · 10-11 1.07 5.80 · 10-8 

 

Table 2.6. Comparison of the kinetic parameters of Fe-BTC and HRP. [E] is the enzyme concentration, Km is the 

Michaelis constant, Vmax is the maximum reaction rate. 

 

Because of its peroxidase-mimic activity and excellent affinity (especially towards H2O2), 

mechanochemically-prepared Fe-BTC could be used as a colorimetric assay platform to detect 

H2O2 concentrations.  
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2.2.9. H2O2 colorimetric detection 
 

Hydrogen peroxide is widely applied as bleach agent and bactericide in many fields, including 

food industry and environmental protection, due to its strong oxidation.[3] However, H2O2 

residues can be harmful for public health. Indeed, its accumulation in human body can lead to 

headaches, cardiovascular disease diabetes and cancer.[26] Therefore, a simple, accurate, and 

highly effective method for the detection of hydrogen peroxide is indispensable for 

environmental and food safety purposes.  

Thus, a colorimetric biosensing of H2O2 was performed based on the above-mentioned optimal 

reaction conditions. Figure 2.23 showed the dose-response curve obtained in a [H2O2] range 

between 0 and 200 μM. The absorbance at 652 nm progressively increased with the increase of 

H2O2 concentration. A good linear response of the absorbance at 652 nm was found in the 7.5 -

75 μM [H2O2] range, with a correlation coefficient of 0.99961. LOD and LOQ were 0.24 and 

0.79 μM, respectively.  
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Figure 2.23. Dose–response curve for H2O2 detection in the 0 - 200 μM range. Inset: linear calibration plot between 

the absorbance at 652 nm and H2O2 concentration. Experiments were carried out using Fe-BTC (250 μg/mL), 

TMB (0.4 mM) and different concentration of H2O2 (0-200 μM) in acetate buffer (10 mM, pH = 4). The solution 

mixtures were incubated at 35 °C under magnetic stirring (150 rpm) for 1 hour. Error bars represent the standard 

deviations of three independent experiments. 
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Table 2.7 shows a comparison of various peroxidase-mimic materials used for the H2O2 

detection. Compared to crystalline MIL-100(Fe), H2O2 biosensing platform Fe-BTC prepared 

via mechanochemical approach showed a wider linear range and similar LOD. Furthermore, 

LOD value obtained using Fe-BTC is significatively lower compared to other peroxidase-

mimics, revealing a good sensitivity of the colorimetric detection assay developed in the present 

thesis work. 

 

Catalyst Substrate 
Linear range 

(μM) H2O2 

LOD(μM) 

H2O2 
Ref. 

MIL-100(Fe) TMB 3 – 40 0.155 [24] 

MIL-88B-Fe TMB 10 – 100 0.60 [3] 

Hemin@MIL-

101(Al)-NH2 
TMB 5 – 200 2 [27] 

MOF (Co/2Fe) TMB 10 – 100 5 [28] 

FeS2 NPs TMB 2 – 80 0.91 [29] 

Fe-Ag2S TMB 10 – 150 7.82 [30] 

Fe-BTC TMB 7.5 – 75 0.24 This work 

 

Table 2.7. Comparison of the characteristics of various peroxidase-mimics used for H2O2 colorimetric detection. 

 

2.2.10. Drug encapsulation 
  

Figure 2.24 shows the calibration curve obtained in a [Valsartan] range between 1 and 30 mg/L. 

The absorbance at 250 nm progressively increased as Valsartan concentration increased. The 

linear fitting equation is A250nm= 0.030109c - 0.0024719 (mg/L) (R = 0.99991). Valsartan 

encapsulation was performed via impregnation method. 5 mg of mechanochemically-prepared 

Fe-BTC material were added to 5 mL of an ethanolic solution of Valsartan (10 mg/L). A250nm 

of the supernatant collected after centrifugation of the Valsartan and Fe-BTC mixture was 

0.148. This corresponded to [Valsartan] = 5 mg/L, attesting a Valsartan loading of ca. 50 % on 

Fe-BTC sample. These preliminary results testified the potential of Fe-BTC materials as drug-

delivery systems. Further research is in progress in order to enhance Valsartan loading and 

perform drug release profile studies. 
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Figure 2.24. Calibration curve for Valsartan. Error bars represent the standard deviations. 
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3. Mechanochemical synthesis, 

characterisation, and catalytic activity of 

GOx@Fe-BTC hybrid composite  
 

3.1. Experimental section 
 

3.1.1. Reagents and materials 
 

Iron(III) nitrate nonahydrate (Fe(NO3)3∙9H2O, 98%), tetramethyl ammonium hydroxide 

pentahydrate (TMAOH∙5H2O, 97%), 1,3,5-benzenetricarboxylic acid (H3BTC, 95%), and 

glucose oxidase from Aspergillus niger (EC 1.1.3.4), glucose (≥99.5%), 3,3′,5,5′-

tetramethylbenzidine (TMB, ≥99%), glacial acetic acid (AcOH, ≥99%), sodium acetate 

trihydrate (NaAc·3H2O), Ethanol (EtOH, ≥99.8%), and horseradish peroxidase (EC 1.11.1.7) 

were purchased by Sigma-Aldrich and used as received without further purification.  

 

3.1.2. Synthesis 
 

In situ immobilisation of glucose oxidase on Fe-BTC material was performed under optimal 

reaction conditions, according to the experimental results discussed in Chapter 2. In a typical 

mechanochemical synthesis of GOx@Fe-BTC hybrid composite 1.29 g of Fe(NO3)3∙9H2O, 

0.47 g of H3BTC, 1.81 g of TMAOH∙5H2O, appropriate amounts of glucose oxidase (10, 25 or 

50 mg),  and 13.7 g of zirconia balls were place in a 32 mL stainless-steel Teflon coated grinding 

jar. No additional solvents were added. The reaction mixture was grinded for 6 or 30 minutes 

using a Spex 8000 Mixer/Mill. Then, the resulting dense, orange-coloured slurry was dispersed 

in 20 mL of Milli-Q deionised water. The pH of the obtained dispersion was ca. 4. The 

dispersion was centrifugated for 10 min at 2500 rpm, the precipitate was washed twice with 

Milli-Q deionised water, and finally air-dried. The resulting dry orange sample was collected 

and stored at 4 °C.  
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Figure 3.1. Schematic representation of a mechanochemical synthesis of GOx-iron(III)trimesate hybrid 

composite. 

 

3.1.3. Characterisation  
 

Fourier-transform infrared (FT-IR) spectra were recorded using a Bruker Tensor 27 

spectrophotometer within the 400-4000 cm-1 scanning range. X-ray powder diffraction (XRPD) 

patterns were collected on a Bruker D8 Advance Diffractometer using Cu-Kα radiation (λ = 

1.54056 Å, I = 30 mA, V = 40 kV) in a scanning range between 7° and 80° 2-theta (step size = 

0.05° 2-theta). Due to the high iron fluorescence radiation emission stimulated by the Kα copper 

radiation, to obtain a satisfactory signal-to-noise ratio in the XRPD pattern an appropriate 

acquisition time was selected. Differential scanning calorimetry analysis (DSC) and 

thermogravimetric analysis (TGA) were carried out on a Perkin-Elmer STA 6000 simultaneous 

thermal analyser in a temperature range between 25 and 850 °C (heating rate = 10 °C/min) 

under O2 flow (40 mL/min). N2 physisorption was performed on a Sorptomatic 1990 CE 

apparatus (Fisons Instruments) at -196 °C. Prior to measurement, all the samples were 

outgassed at room temperature under vacuum for 24 h. Pore size distribution was estimated by 

using Horvath-Kavazoe (HK) equation to the adsorption branches of the N2 isotherms. Specific 

Surface Area (SSA) was determined from adsorption data by applying Dubinin-Radushkevich 

(DR) method. 
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3.1.4. Catalytic activity of GOx@Fe-BTC  
 

Biocatalytic activity of GOx@Fe-BTC hybrid biocomposite was evaluated. Experiments were 

performed by adding GOx@Fe-BTC (500 μg/mL), TMB (0.4 mM) and glucose (0.5 mM) in 

acetate buffer (pH 4, 10 mM). The solution mixtures were incubated at 35 °C under magnetic 

stirring (150 rpm) for 1 hour. Then, the test samples were centrifugated at 5000 rpm for 10 

minutes and supernatants were collected. Absorbance of the supernatants was then recorded at 

652 nm on a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies). All 

measurements were performed in triplicate and the average value reported. The relative activity 

was calculated using the following formula:[1] 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝐴

𝐴𝑚𝑎𝑥
× 100% 

Where Amax is the maximum absorbance recorded, and A is the absorbance measured at same 

conditions. 

 

3.1.5. Leaching test 
 

Enzyme leaching-out from the support was investigated. In order to ascertain the degree of 

leaching after immobilisation process, catalytic activity of wastewater collected after the 

synthesis of GOx@Fe-BTC was measured. Wastewater was incubated at 35 °C under magnetic 

stirring (150 rpm) for 1 hour with TMB (0.4 mM), HRP (0.1 μg/mL), and glucose (0.5 mM) in 

acetate buffer (pH 4, 10 mM). Then, the test sample was centrifugated at 5000 rpm for 10 

minutes and supernatants were collected. Absorbance of the supernatant was then recorded at 

652 nm on a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies). GOx leakage 

from the support was also evaluated by incubating GOx@Fe-BTC in acetate buffer (pH 4.0, 10 

mM) for 24 hours. After centrifugation (5000 rpm for 10 minutes), enzymatic activity of 

supernatant was tested as described above. All measurements were performed in triplicate and 

the average value reported. 
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3.1.6. Temperature, storage conditions, and biocatalyst concentration 

dependence on GOx@Fe-BTC catalytic activity 
 

The influence of temperature on the catalytic activity of GOx@Fe-BTC was investigated in the 

temperature range between 25 and 55 °C. Experiments were carried out by adding GOx@Fe-

BTC (500 μg/mL) (or free GOx (0.2 μg/mL) and free HRP (0.1 μg/mL)), TMB (0.4 mM) and 

glucose (0.5 mM) in acetate buffer (10 mM, pH = 4). The solution mixtures were incubated at 

the appropriate temperature under magnetic stirring (150 rpm) for 1 hour. The effect of 

GOx@Fe-BTC concentration on its catalytic activity was examined. Experiments were carried 

out by adding different concentration of GOx@Fe-BTC (250, 500 or 1000 μg/mL), TMB (0.4 

mM) and glucose (0.5 mM) in acetate buffer (10 mM, pH = 4). The solution mixtures were 

incubated at 35 °C under magnetic stirring (150 rpm) for 1 hour. The influence of storage 

conditions on the catalytic activity of GOx@Fe-BTC was investigated by measuring catalytic 

activity of samples (under conditions as described in Section 3.1.4) after storage at room 

temperature, 4 °C or – 20 °C for 24 hours.  

After the appropriate incubation time, the test samples of all above-mentioned experiments 

were centrifugated at 5000 rpm for 10 minutes and supernatants were collected. Absorbance of 

the supernatants was then recorded at 652 nm on a Cary 5000 UV-Vis-NIR spectrophotometer 

(Agilent Technologies). All measurements were performed in triplicate and the average value 

reported. 

 

3.1.7. Catalytic stability 
 

Stability tests were performed by testing the catalytic activity of GOx@Fe-BTC hybrid 

biocomposite after storage at 4 °C for 1, 2, 3, 4 and 5 weeks. Experiments were carried out by 

adding GOx@Fe-BTC (500 μg/mL), TMB (0.4 mM) and glucose (0.5 mM) in acetate buffer 

(10 mM, pH = 4). The solution mixtures were incubated at 35 °C under magnetic stirring (150 

rpm) for 1 hour. Then, the test samples were centrifugated at 5000 rpm for 10 minutes and 

supernatants were collected. Absorbance of the supernatants was then recorded at 652 nm 

Absorbance of the supernatants was then recorded at 652 nm on a Cary 5000 UV-Vis-NIR 

spectrophotometer (Agilent Technologies). All measurements were performed in triplicate and 

the average value reported. 
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3.2. Results and Discussion 
 

GOx@Fe-BTC hybrid composite materials have been synthesised via mechanochemical 

approach adding different enzyme amounts and/or using various grinding times, as resumed in 

Table 3.1.  

Sample 
Grinding time 

(min) 
pH GOx added (mg) 

Fe-BTC_6minM 6 4 0 

GOx@Fe-BTC_6minM_10mg 6 4 10 

GOx@Fe-BTC_6minM_25mg 6 4 25 

GOx@Fe-BTC_6minM_50mg 6 4 50 

Fe-BTC_30minM 30 4 0 

GOx@Fe-BTC_30minM_10mg 30 4 10 

GOx@Fe-BTC_30minM_25mg 30 4 25 

GOx@Fe-BTC_30minM_50mg 30 4 50 

 

Table 3.1. Samples prepared through mechanochemical approach and corresponding synthesis conditions. 

 

3.2.1. Physicochemical characterisation 
 

All Fe-BTC and GOx@Fe-BTC samples were characterised by X-ray powder diffraction. 

Fourier-Transform infrared spectroscopy, thermal analysis, and nitrogen physisorption. 

 

X-ray Powder Diffraction 

  

Samples’ microstructure has been investigated by XRPD and FT-IR. Figure 3.2 shows XRPD 

patterns obtained for Fe-BTC and GOx@Fe-BTC samples. Despite the different grinding time 

and the different amount of enzyme, all samples showed a similar pattern in terms of position 

of diffraction peaks (ca. 10.65, 18.76, 23.83, 28.09, 33.36, and 42.49° 2-theta), proving the 

obtainment of a Fe-BTC material. Indeed, diffraction patterns obtained for both GOx@Fe-

BTC_6minM_10,25,50mg and GOx@Fe-BTC_30minM_10,25,50mg samples do not differ 
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significantly from those of Fe-BTC_6minM and Fe-BTC_30minM, respectively. Such results 

demonstrated that the immobilisation of GOx did not significantly affect MOF’s 

microstructure.  
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Figure 3.2. XRPD patterns of Fe-BTC and GOx@Fe-BTC samples recorded from 7 to 50° 2-theta. 

 

 

Fourier-Transform Infrared Spectroscopy 

 

Microstructure of samples was also investigated by FT-IR. The related spectra of Fe-BTC and 

GOx@Fe-BTC samples are shown in Figure 3.3. The spectra of all samples are similar as well 

as to the ones obtained for Fe-BTC material (see Chapter 2), and results reported in the literature 

for this MOF.[2] The broad band in the 3600-3100 cm-1 region can be attributed to the stretching 

vibrations of hydroxyl groups and water molecules coordinated to iron octahedra and adsorbed 

water molecules.[3] The band at 1625 cm-1 arising from the C=O stretching of carboxylate 

groups and the band at 1564 cm-1, assigned to the asymmetric stretching of O–C–O groups, 

likely mask the bands characteristic of enzyme molecules (i.e., C=O stretching vibrations of 

peptide bonds, and a combination of C–N stretching and N–H in-plane bending vibrations of 

the peptide groups, respectively).[4] The band at 1371 cm-1 is ascribable to the symmetric 

stretching vibration of the O–C–O group. The bands at 759 and 706 cm-1 are attributed to the 

C–H bending vibrations of aromatic rings, while the band at 463 cm-1 is assigned to stretching 

of Fe-O bonds.[5–7] 
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Despite the different grinding time and/or the different amount of enzyme added, all samples 

showed no significant differences when comparing microstructure by FT-IR and XRPD. 

Therefore, enzyme immobilisation did not affect the MOF structure. 
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Figure 3.3. FT-IR spectra of Fe-BTC and GOx@Fe-BTC samples from 400 to 4000 cm-1. 

 
 

Thermal Analysis 

 

Thermal behaviour of samples was examined under oxygen flow. Figure 3.4 and 3.5 showed 

TG, dTG and DCS curves of samples obtained grinding for 6 and 30 minutes, respectively. All 

samples showed three weight losses characteristic of Fe-BTC material: a first weight loss up to 

150 °C arising from the departure of adsorbed water molecules; a second weight loss between 

150 and 260 °C due to the loss of water molecules coordinated to iron trimers; a third and last 

weight loss over the range between 260 and 450 °C attributed to the decomposition of the 

framework by combustion, denoted by an exothermic peak at ca. 350 °C in the DSC curve, 

Figure 3.4 c and 3.5 c.  
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Figure 3.4.  TG (a), dTG (b) and DSC (c) curves of Fe-BTC and GOx@Fe-BTC samples obtained in 6 min 

grinding (inset: GOx TG curve), in the temperature range between 25 and 600 °C (10 °C/min) under O2 flow (40 

ml/min).  
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Figure 3.5. TG (a), dTG (b) and DSC (c) curves of Fe-BTC and GOx@Fe-BTC samples obtained in 30 min 

grinding (inset: GOx TG curve), in the temperature range between 25 and 600 °C (10 °C/min) under O2 flow (40 

ml/min).  
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The weight losses of Fe-BTC_6minM and Fe-BTC_30minM in the 25-150 °C range are higher 

than those observed for GOx@Fe-BTC_6minM and GOx@Fe-BTC_30minM samples, 

respectively. This could be attributed to the immobilisation of the enzyme into the pores of Fe-

BTC. Indeed, due to the presence of GOx, a lower amount of water molecules could be adsorbed 

within the pores. Moreover, the weight loss in the 150-260 °C range increased by increasing 

the amount of enzyme added (Table 3.2), due to the degradation of GOx. GOx@Fe-

BTC_6minM_50mg was the only exception, showing a weight loss between 150 and 260 °C 

lower than GOx@Fe-BTC_6minM_25mg, probably due to an ineffective immobilisation of 

GOx in this sample. 

 

Sample 
1st weight loss 

(25-150 °C) 

2nd weight loss 

(150-260 °C) 

3rd weight loss 

(260-450 °C) 

Fe-BTC_6minM 24.0 % 3.4 % 43.4 % 

GOx@Fe-BTC_6minM_10mg 20.8 % 5.2 % 46.1 % 

GOx@Fe-BTC_6minM_25mg 15.4 % 10.4 % 47.9 % 

GOx@Fe-BTC_6minM_50mg 17.5 % 5.4 % 44.8 % 

Fe-BTC_30minM 30.1 % 1.6 % 38.5 % 

GOx@Fe-BTC_30minM_10mg 21.3 % 4.3 % 43.9 % 

GOx@Fe-BTC_30minM_25mg 19.7 % 8.8 % 46.1 % 

GOx@Fe-BTC_30minM_50mg 16.6 % 13.1 % 45.7 % 

 
Table 3.2. Weight losses extracted from the TG curves of all Fe-BTC and GOx@Fe-BTC samples. 

 

Nitrogen physisorption 

 

N2 adsorption/desorption isotherms and pore size distributions for Fe-BTC and GOx@Fe-BTC 

samples are reported in Figure 3.6. Such samples present a I-type isotherm, which is typical of 

microporous material (Figure 3.6 a, c).[8] Data obtained for GOx@Fe-BTC_6minM_25mg and 

GOx@Fe-BTC_6minM_50mg are not shown since such samples did not significatively adsorb. 

We hypothesised that all pores of such samples result filled by the enzyme. Compared to Fe-

BTC samples, GOx@Fe-BTC composites showed a reduced SSA and micropore volume (Table 
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3.3). A decrease in SSA and micropore volume of the material is attributed to the 

immobilisation of GOx which blocks a portion of the pores. Moreover, the decrease of both 

micropore volume and SSA was significatively higher by increasing the amount of GOx. As 

shown in Figure 3.6 b, d, a decrease of the intensity of the first peak and a shift to higher pore 

dimensions in the pore size distribution curves was also observed with increasing GOx amounts. 

These results indicated that GOx has been embedded into Fe-BTC.  
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Figure 3.6. N2 adsorption/desorption isotherms obtained at -196 °C (a, c) and pore size distributions (b, d) of Fe-

BTC and GOx@Fe-BTC samples. 
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Sample 
SSA 

m2/g 

Micropore 

volume 

(cm3/g) 

Mesopore 

volume 

(cm3/g) 

Macropore 

volume 

(cm3/g) 

Fe-BTC_6minM 204 0.069 0.062 0.030 

GOx@Fe-BTC_6minM_10mg 73 0.026 0.048 0.019 

GOx@Fe-BTC_6minM_25mg n.a. n.a. n.a. n.a. 

GOx@Fe-BTC_6minM_50mg n.a. n.a. n.a. n.a. 

Fe-BTC_30minM 194 0.071 0.078 0.040 

GOx@Fe-BTC_30minM_10mg 73 0.025 0.042 0.022 

GOx@Fe-BTC_30minM_25mg 63 0.022 0.044 0.032 

GOx@Fe-BTC_30minM_50mg 4 0.012 0.040 0.027 

 
Table 3.3. Specific Surface Area (SSA) and macro-, meso- and micropore volume of Fe-BTC and GOx@Fe-BTC 

samples. %RSD SSA = 2; %RSD pore volume = 1. n.a.: not available (i.e., the sample did not adsorb). 

 
 

3.2.2. Catalytic activity and stability 
 

Catalytic activity of all GOx@Fe-BTC samples was evaluated. On the one hand, as shown in 

Figure 3.7, relative activity of GOx@Fe-BTC_6minM samples reached its maximum for 

GOx@Fe-BTC_6minM_25mg. On the other hand, relative activity of GOx@Fe-BTC_30minM 

samples increased with increasing GOx amounts, even though the highest relative activity result 

has been recorded for GOx@Fe-BTC_6minM_25mg. 
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Figure 3.7. Relative activity of GOx@Fe-BTC hybrid composite materials. Activity normalised at Abs652nm = 

0.508. Error bars represent the standard deviations of three independent experiments. 

 

Regarding leaching out from the support, none of the samples showed enzyme leaching when 

washing the material after the synthesis. Conversely, GOx@Fe-BTC_6minM_25mg (Figure 

3.8 b) and GOx@Fe-BTC_6minM_50mg (Figure 3.8 c) showed a significative leaching after 

incubation in acetate buffer (10 mM; pH 4) for 24 hours. 
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Figure 3.8. Leaching tests performed on GOx@Fe-BTC samples. Error bars represent the standard deviations of 

three independent experiments. 
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Figure 3.9. Catalytic stability of GOx@Fe-BTC samples. Error bars represent the standard deviations of three 

independent experiments. 

 

Figure 3.9. showed catalytic stability monitored for GOx@Fe-BTC_6minM_10mg, GOx@Fe-

BTC_30minM_25mg and GOx@Fe-BTC_30minM_50mg. Catalytic stability of GOx@Fe-

BTC_6minM_25mg, GOx@Fe-BTC_6minM_50mg were not investigated due to the 

remarkable leaching out from the Fe-BTC support. Furthermore, catalytic stability of 

GOx@Fe-BTC_30minM_10mg was not monitored because of the low relative activity shown 

by this sample. The best result in terms of catalytic stability was obtained for GOx@Fe-

BTC_6minM_10mg, which retained up to 60 % of its activity for 5 weeks, unlike GOx@Fe-

BTC_30minM_50mg and GOx@Fe-BTC_30minM_25mg, whose activity significatively 

decreased after 1 and 2 weeks, respectively. Compared to results reported in the literature where 

the catalytic activity of the hybrid material dramatically decreased after one week,[9,10] 

GOx@Fe-BTC_6minM_10mg sample has proven to possess an exceptional catalytic stability 

performance, becoming appealing for long-term storage and utilisation . Further investigations 

have been performed on this sample. 
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3.2.3. Temperature, storage conditions, and biocatalyst concentration 

dependence on GOx@Fe-BTC catalytic activity 
 

Similar to free GOx, the catalytic activity of GOx@Fe-BTC biocatalyst is closely dependent 

on experimental conditions. The effect of temperature, storage conditions, and biocatalyst 

concentrations on the relative activity of GOx@Fe-BTC (6 min grinding time, 10 mg GOx) 

was investigated. 

As shown in Figure 3.10, immobilised (Figure 3.10 a) and free GOx (Figure 3.10 b) showed a 

similar temperature profile with the maximal relative activity at 35 °C and a significant activity 

loss above 45 °C. Therefore, enzyme immobilisation did not alter the temperature dependence 

of catalytic activity of GOx. 
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Figure 3.10. Effect of temperature (a), storage conditions (c), and biocatalyst concentration (d) on GOx@Fe-BTC 

catalytic activity. Temperature profile of GOx (b). Error bars represent the standard deviations of three independent 

experiments. 

 

The effect of different storage conditions was also investigated. As depicted in Figure 3.10 c, 

catalytic activity of GOx@Fe-BTC hybrid composite is almost fully retained storing the sample 

at 4 °C, unlike storage at room temperature or -20 °C which have been observed to cause a 
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significant activity loss within only 24 hours. The activity dependence of the concentration of 

the biocatalyst in the test samples was also evaluated.  As shown in Figure 3.10 d, relative 

activity reached the maximum when GOx@Fe-BTC concentration is 500 μg/mL. A decrease 

of relative activity was observed while increasing the catalyst concentration. As already 

discussed in Section 2.2, the higher the catalyst concentration, the higher is the surface of 

biocatalyst available to adsorb oxTMB and remove it from solution. Therefore, a lower 

concentration of oxTMB in solution is detected. According to the experimental results above, 

storage at 4 °C represented the optimal conditions to retain biocatalyst activity. Moreover, 

optimum reaction temperature, and GOx@Fe-BTC concentration, were 35 °C, and 500 μg/mL, 

respectively. 

 

Therefore, an exceptional GOx@Fe-BTC biocatalyst has been synthesised via 

mechanochemical approach without using any solvents, at room temperature, in just 6 minutes, 

using little amount of enzyme. These results represent an unprecedented breaking point 

compared to conventional synthesis methods in solution. The use of any solvents has been 

demonstrated to be completely unnecessary for the synthesis of this material. Such a solvent-

free method could further emerge the potential of Fe-BTC MOFs as immobilisation supports. 

Indeed, the long-term catalytic stability of the material, together with the rapid, facile, eco- and 

bio-compatible synthesis route are desirable for industrial scale-up, owing to minimizing the 

environmental footprint of the process while providing the same efficiency of conventional 

routes. The absence of solvents, which could gain access into the active sites affecting the local 

environment of biomolecules, ensures an outstanding protection from chemical, and biological 

degradation while retaining bioactivity. This solvent-free approach can afford maintaining 

biomolecules’ functionality while protectively coating them by robust and porous supports. 

This represents one of the main goals in the field of ex vivo applications of biomolecules, which 

are often hindered by an intrinsic activity loss during the immobilisation process. Stability of 

biomolecules depends on biological, chemical, and physical factors. Indeed, a careful 

evaluation of the immobilisation conditions (concentrations, temperature, pH) has been carried 

out prior to one-pot synthesis of GOx@Fe-BTC composites.[11] In this regard, the encapsulation 

of GOx molecules have been achieved in just one-step by simply adding the enzyme together 

with the support’s precursors in the solid state. This approach can be potentially adapted to an 

infinite variety of guest molecules and MOFs, making the fabrication of biomolecule@MOF 

composites a remarkably easy, green, and cost-efficient procedure.  
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4. Sonochemical synthesis, characterisation, 

and intrinsic peroxidase-like activity          

of Fe-BTC  
 

4.1. Experimental section 
 

4.1.1. Reagents and materials 
 

Iron(III) nitrate nonahydrate (Fe(NO3)3∙9H2O, 98%), tetramethyl ammonium hydroxide 

pentahydrate (TMAOH∙5H2O, 97%), 1,3,5-benzenetricarboxylic acid (H3BTC, 95%), 3,3′,5,5′-

tetramethylbenzidine (TMB, ≥99%), hydrogen peroxide solution (H2O2, 30% (w/w) in H2O), 

Ethanol (EtOH, ≥99.8%), glacial acetic acid (AcOH, ≥ 99%), and sodium acetate trihydrate 

(NaAc·3H2O) were purchased by Sigma-Aldrich and used as received without further 

purification.  

 

4.1.2. Synthesis 
 

In a typical synthesis two solutions are prepared. Solution 1 was prepared by dissolving 0.3225 

g of Fe(NO3)3∙9H2O in 15 mL of deionised water. Solution 2 was obtained by dissolving 0.1178 

g of H3BTC and proper amounts of TMAOH∙5H2O in 15 mL of deionised Then, solutions 1 

and 2 were mixed, instantaneously yielding an orange-coloured sol. The quantities of 

TMAOH∙5H2O were calculated in order to give a different pH in the resulting mixed solution: 

0.4078, 0.4531 or 0.4984 g to obtain pH 3, 4 or 5, respectively. Concentrations in the resulting 

solution were: H3BTC (3.9 mg/mL), Fe(NO3)3∙9H2O, (10.8 mg/mL), and TMAOH∙5H2O (13.6, 

15.1 or 16.6 mg/mL). The suspension was kept in a cooling bath and immediately processed by 

20 cycles of 10 s ultrasound irradiation and 60 s rest at room temperature (ultrasound frequency: 

23 kHz; amplitude: 15 μm). Synthesis was carried out on a Soniprep 150 sonicator (Figure 4.1) 

using a titanium probe (tip diameter: 9.5 mm).  
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The gel product was recovered by centrifugation (2500 rpm, 10 min), and washed twice with 

deionised water. The sample was finally air-dried at RT under ambient pressure.  

To identify the optimal reaction conditions, synthesis was also carried out using an ethanolic 

solution (50% v/v) for the preparation of solutions 1 and 2. Higher concentrations of reactants 

have been also evaluated: H3BTC (7.8 mg/mL), Fe(NO3)3∙9H2O, (21.6 mg/mL), and 

TMAOH∙5H2O (30.2 mg/mL).  

A schematic representation of a sonochemical synthesis of Fe-BTC in aqueous solution is given 

in Figure 4.2. 

Figure 4.1. (a) Soniprep 150 Sonicator. 

(b) Sonicator interior. (c) Titanium probes 

with different shapes and dimensions. 

 

a) b) 

c) 
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Figure 4.2. Schematic illustration of a sonochemical synthesis of Fe-BTC. 

 

4.1.3. Characterisation  
 

Fourier-transform infrared (FT-IR) spectra were recorded using a Bruker Tensor 27 

spectrophotometer within the 400-4000 cm-1 scanning range. X-ray powder diffraction (XRPD) 

patterns were collected on a Bruker D8 Advance Diffractometer using Cu-Kα radiation (λ = 

1.54056 Å, I = 30 mA, V = 40 kV) in a scanning range between 7° and 80° 2-theta (step size = 

0.05° 2-theta). Due to the high iron fluorescence radiation emission stimulated by the Kα copper 

radiation, to obtain a satisfactory signal-to-noise ratio in the XRPD pattern an appropriate 

acquisition time was selected. Differential scanning calorimetry analysis (DSC) and 

thermogravimetric analysis (TGA) were carried out on a Perkin-Elmer STA 6000 simultaneous 

thermal analyser in a temperature range between 25 and 850 °C (heating rate = 10 °C/min) 

under O2 flow (40 mL/min). N2 physisorption was performed on a Sorptomatic 1990 CE 

apparatus (Fisons Instruments) at -196 °C. Prior to measurement, all the samples were 

outgassed at 150 °C under vacuum for 17 h. Pore size distribution was estimated by using 

Horvath-Kavazoe (HK) equation to the adsorption branches of the N2 isotherms. Specific 

Surface Area (SSA) was determined from adsorption data by applying Dubinin-Radushkevich 

(DR) method. 

 

4.1.4. Evaluation of the peroxidase-mimic activity of Fe-BTC 
 

To evaluate the intrinsic peroxidase-like activity of Fe-BTC, four test samples were examined, 

containing: (1) Fe-BTC (250 μg/mL), TMB (0.4 mM) and H2O2 (0.5 mM) in acetate buffer (10 
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mM, pH = 4); (2) TMB (0.4 mM) and H2O2 (0.5 mM) in acetate buffer (10 mM, pH = 4); (3) 

Fe-BTC (250 μg/mL), and TMB (0.4 mM) in acetate buffer (10 mM, pH = 4); (4) TMB (0.4 

mM) in acetate buffer (10 mM, pH = 4). The solution mixtures were incubated at 35 °C under 

magnetic stirring (150 rpm) for 1 hour. Then, the test samples were centrifugated at 5000 rpm 

for 10 minutes and supernatants were collected. Absorbance of supernatants was then recorded 

at 652 nm on a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies).  

 

4.2. Results and Discussion 
 

4.2.1. Formation of a xerogel 
 

Unlike mechanochemical synthesis (discussed in Chapter 2), sonochemical synthesis of Fe-

BTC led to the formation of a gel material, rather than a powder. After air-drying, the gel 

underwent a progressive shrinking process, cracking into small fractions of a transparent solid 

xerogel (Figure 4.3). Gel formation is ascribable to the fast nucleation kinetics prompted by 

ultrasounds. US hinders a further grow of nanocrystals that could aggregate through non-

covalent interactions forming a gel.[1] Gel state hold great promise for MOFs applications, since 

it provides lower mass transfer resistance and higher gas adsorption capability compared to 

powders.[2] 

 

  
 

a) b

) 
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Figure 4.3. Direct photography throughout the air-drying process of a Fe-BTC material obtained via 

ultrasonication: freshly synthesised wet gel obtained after US irradiation (a), and after air-drying for 24 (b), 27 (c), 

28 (d) and 30 hours (e); dried xerogel after 48 hour-drying (f). Light microscope image of a section of the xerogel 

(g). 

 

c) d) 

e) f) 

g) 
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4.2.2. Effect of pH 
 

All samples were characterised by N2 physisorption, TGA, DSC, XRPD, and FT-IR in order to 

investigate the effect of pH on textural properties, thermal stability, and microstructure of the 

material. To distinguish among the different working pH conditions, Fe-BTC samples were 

labelled as US_pH3, US_pH4 and US_pH5 (US stands for ultrasonicated).  

 

X-ray Powder Diffraction 

 

Figure 4.4 shows XRPD patterns of the samples US_pH3, US_pH4 and US_pH5 synthesised 

via sonochemical approach. All samples show a similar diffraction pattern in terms of position 

of diffraction peaks, consistently with the XRPD patterns obtained for the mechanochemically-

prepared Fe-BTC (see Chapter 2), and results reported in the literature for Fe-BTC materials 

prepared via conventional methods.[3] An intense diffraction peak centred at 10.65° 2-theta with 

a visible shoulder at ca. 14.30° 2-theta was observed for all samples. The following peaks at ca. 

18.76, 23.83, 28.09, 33.36, 42.49° 2-theta are less intense and broader than the first one. The 

presence of broad diffraction peaks is in agreement with the disordered structure of Fe-BTC 

material in comparison with crystalline MIL-100(Fe).[4] Despite the different working pH 

conditions, samples microstructure did not show relevant differences by XRPD. 
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Figure. 4.4 XRPD patterns of US_pH3, US_pH4 and US_pH5 recorded from 7 to 80° 2-theta. 
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Fourier-Transform Infrared Spectroscopy 

 

FT-IR spectra obtained for US_pH3, US_pH4 and US_pH5 in the 4000-400 cm-1 range are 

reported in Figure 4.5. The broad band in the 3600-3100 cm-1 region is attributed to the 

stretching vibrations of hydroxyl groups and water molecules coordinated to iron octahedra and 

adsorbed water molecules.[5] The weak band at 3080 cm-1 is ascribable to the aromatic C–H 

stretching vibrations. A weak carbonyl band at 1703 cm-1 is visible in all samples. The band at 

1625 cm-1 is due to the C=O stretching of carboxylate groups, while the bands at ca. 1564 and 

1371 cm-1 are ascribable to the asymmetric and symmetric stretching of the O–C–O group, 

respectively. The bands at 759 and 706 cm-1 are attributed to the C–H bending vibrations of 

aromatic rings, whereas the band at 463 cm-1 is ascribable to the stretching of Fe-O bonds.[6,7] 

It is noteworthy that the spectra of the samples synthesised via sonochemical approach at 

different pH are similar as well as to the FT-IR spectra obtained for the samples prepared via 

mechanochemical method (see Chapter 2), and results reported in the literature for Fe-BTC 

MOFs.[8] Therefore, even though the different working pH conditions, all samples showed no 

significative microstructural differences by FT-IR. 
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Figure 4.5. FT-IR spectra of US_pH3, US_pH4 and US_pH5 from 400 to 4000 cm-1. 
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Thermal Analysis  

 

Thermal behaviour of the ultrasonicated samples was investigated under oxygen flow. 

Thermogravimetric (TG) curves, the corresponding derivative curves (dTG) and the DSC 

curves obtained for US_pH3, US_pH4 and US_pH5 are shown in Figure 4.6. Similar to 

mechanochemically-prepared Fe-BTC (see Chapter 2), TG curves of samples (Figure 4.6a) 

showed three weight losses in the 25 – 850 °C range. The first weight loss occurred up to 150 

°C and derived from the loss of adsorbed water molecules. The second weight loss took place 

between 150 and 260 °C and it was attributed to the departure of water molecules coordinated 

to the iron trimers. The third and last weight loss in the 260 – 450 °C range was attributed to 

the decomposition of the framework into hematite by combustion, as also confirmed by the 

presence of an intense exothermic peak at ca. 350 °C in the DSC curves of the samples (Figure 

4.6c). 
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Figure 4.6. TG (a), dTG (b) and DSC (c) curves of US_pH3, US_pH4 and US_pH5 samples, obtained between 

25 and 850 °C (10 °C/min) under O2 flow (40 ml/min). 
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Nitrogen physisorption 

  

N2 adsorption/desorption isotherms and pore size distributions for US_pH3, US_pH4 and 

US_pH5 are shown in Figure 4.7. All samples present a I-type isotherm, which is typical of 

microporous material,[9] and a plateau at ca. p/p0 = 0.12. The presence of a peak centred at 

around 6 Å in pore size distribution curves (Figure 4.7b) of both US_pH3 and US_pH4 testifies 

that the average dimension of a large fraction of pores is around 6 Å for these two samples. A 

small population of pores of higher dimensions (around 12 Å) is also observable, in accordance 

with the presence of two types of cages in MIL-100(Fe). 6Å-diameter pores are absent in 

US_pH5 which only shows a broad and less intense peak in the 10-15 Å region.  
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Figure 4.7. N2 adsorption/desorption isotherms obtained at -196 °C (a) and pore size distributions (b) of US_pH3, 

US_pH4 and US_pH5. 

 

The US_pH3 sample showed the best results in terms of micropore volume (0.263 cm3/g) and 

SSA (742 m2/g). As well as previously discussed for samples obtained via mechanochemical 

approach (see Chapter 2), a decrease of textural properties with increasing pH was observed 

(Table 4.1), consistently with the framework formation mechanism proposed by Seo et al.[10] 

(previously reported in section 1.2.6.3). Therefore, textural properties of this material are 

noticeably affected by pH, and they can be tuned by simply varying the amount of base used in 

the synthesis, whether via mechanochemical or sonochemical approach. 
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Sample SSA (m2/g) 
Micropore 

volume (cm3/g) 

Mesopore volume 

(cm3/g) 

Macropore volume 

(cm3/g) 

US_pH3 742 0.263 0.005 0.000 

US_pH4 589 0.210 0.017 0.001 

US_pH5 181 0.063 0.006 0.000 

 

Table 4.1. Specific Surface Area (SSA) and macro-, meso- and micropore volume of US_pH3, US_pH4 and 

US_pH5. %RSD SSA = 2; %RSD pore volume = 1. 

 

Even though the best results in terms of micropore volume and SSA have been attained at pH 

3, further investigation has been conducted on synthesis at pH 4 in sight of in situ 

immobilisation of GOx. Indeed, GOx shows a broad activity range (pH 4-7)[11] and iron(III) 

trimesate materials have proven to possess intrinsic peroxidase-like activity in a pH range 

between 2.5 and 5.[12] Therefore, pH 4 synthesis conditions are likely to represent the optimal 

balance between retention of GOx and Fe-BTC enzymatic and enzymatic-mimic activity, 

respectively, and satisfactory textural properties, physicochemical integrity of Fe-BTC. 

 

4.2.3. Effect of concentration 
 

Different concentrations of reactants were examined to establish the best synthesis conditions, 

and the influence on the properties of the material was investigated. Synthesis were performed 

at pH 4 and corresponding samples were labelled as US_low.conc and US_high.conc to 

distinguish among the different synthesis conditions (listed in Table 4.2.) 

Sample H3BTC (mg/mL) Fe(NO3)3∙9H2O (mg/mL) TMAOH∙5H2O (mg/mL) 

US_low.conc 3.9 10.8 15.1 

US_high.conc 7.8 21.6 30.2 
 

Table 4.2. Reactant concentrations examined for the sonochemical synthesis of Fe-BTC.  
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As reported in Figure 4.8, samples show a similar XRPD pattern in terms of relative intensity 

and position of diffraction peaks. Therefore, reactant concentrations did not affect the sample’s 

microstructure. 
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Figure. 4.8. XRPD patterns of US_low.conc and US_high.conc recorded from 7 to 80° 2-theta. 

 

Regarding textural properties, US_high.conc showed lower SSA and micropore volume 

compared to the sample obtained using lower concentrations of reactants (Table 4.3).  

 

Sample SSA (m2/g) 
Micropore 

volume (cm3/g) 

Mesopore 

volume (cm3/g) 

Macropore 

volume (cm3/g) 

US_low.conc 589 0.210 0.017 0.001 

US_high.conc 126 0.041 0.008 0.002 

 
Table 4.3. Specific Surface Area (SSA) and macro-, meso- and micropore volume of US_low.conc, and 

US_high.conc. %RSD SSA = 2; %RSD pore volume = 1. 
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Furthermore, pore size distribution curves obtained for both samples differ in terms of intensity 

and peak positions (Figure 4.9 b). US_low.conc exhibits an intense peak at around 6 Å, and a 

less intense peak between 10.5 and 15 Å. Conversely, the first peak in the pore size distribution 

curves of US_high.conc is less intense and centred at higher diameter values (ca. 8.8 Å) 

compared to the samples obtained using lower concentrations of reactants.  
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Figure 4.9. N2 adsorption/desorption isotherms obtained at -196 °C (a) and pore size distributions (b) of 

US_low.conc, and US_high.conc. 

 

Therefore, concentrations of reactants employed for the synthesis of US_high.conc led to lower 

textural properties. Indeed, after mixing the solutions of reactants the precipitation of a dense 

brownish orange solid was observed only for US_high.conc. This could hinder proper 

formation, growth, and collapse of bubbles in the liquid and, thus, the formation of a 

considerable permanent porosity of the sample. 
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4.2.4. Effect of solvents 
 

Effect of the solvent used for sonochemical synthesis of Fe-BTC MOF on the properties of the 

material was also evaluated. In particular, synthesis was performed using deionised water or 

ethanol 50% v/v as solvents, and corresponding samples were labelled US_H2O and 

US_EtOH50%v/v, respectively. 
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Figure. 4.10. XRPD patterns of US_H2O and US_EtOH50%v/v recorded from 7 to 80° 2-theta. 

 

Figure 4.10 reports diffraction patterns obtained for US_H2O and US_EtOH50%v/v, revealing no 

significant differences among samples in terms of relative intensity and position of diffraction 

peaks. Therefore, samples showed similar microstructure regardless of the use of water or 

ethanol 50% v/v as solvents. 

However, SSA and micropore volume remarkably decreased when using ethanol 50% v/v rather 

than H2O, as reported in Table 4.4.  
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Sample 
SSA 

(m2/g) 

Micropore 

volume (cm3/g) 

Mesopore 

volume (cm3/g) 

Macropore 

volume (cm3/g) 

US_H2O 589 0.210 0.017 0.001 

US_EtOH50%v/v 173 0.052 0.004 0.002 

 
Table 4.4. Specific Surface Area (SSA) and macro-, meso- and micropore volume of US_H2O and US_EtOH50%v/v. 

%RSD SSA = 2; %RSD pore volume = 1. 

 

Moreover, a shift of the first peak in the pore size distribution curves from 6 to 7.6 Å was 

observed (Figure 4.11 b).  
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Figure 4.11. N2 adsorption/desorption isotherms obtained at -196 °C (a) and pore size distributions (b) of US_H2O 

and US_EtOH50%v/v. 

 

The decrease of textural properties when using ethanol 50% v/v as solvent for the sonochemical 

synthesis of Fe-BTC can be explained considering the increasing solubility of trimesic acid in 

ethanol−water binary solvents.[13] The higher solubility of trimesic acid in ethanol 50% v/v gave 

rise to accelerated deprotonation rate of H3BTC. Consequently, higher condensation rate was 

reached during the synthesis of US_EtOH50%v/v compared to US_H2O, hindering the obtainment 

of a significant permanent porosity of the sample, according to the framework formation 

mechanism (see section 1.2.6.3).[10,14] 
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4.2.5. Intrinsic peroxidase-mimic activity 
 

The intrinsic peroxidase-mimic activity of the Fe-BTC material synthesised by ultrasonication 

was evaluated by investigating the catalytic oxidation capacity of the material over a 

chromogenic peroxidase substrate (TMB) in the presence of H2O2. In the absence of both Fe-

BTC and H2O2, the characteristic absorbance peak of oxidised TMB at 652 nm was not 

detected. Conversely, a weak absorbance peak at 652 nm was visible for the reaction system 

consisting of TMB in the presence of Fe-BTC but in the absence of H2O2. This result confirmed 

a weak capability of the MOF to oxidise TMB in the absence of H2O2. A slightly higher 

absorbance at 652 nm was observed for TMB in the only presence of H2O2. A considerable 

increase in the absorbance at 652 nm was observed for the reaction system containing TMB in 

the presence of both Fe-BTC and H2O2. This attested the significant intrinsic peroxidase-like 

activity of Fe-BTC, being able to catalyse the oxidation of peroxidase substrate in the presence 

of hydrogen peroxide. 
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Figure 4.12. Absorption spectra of different reaction systems: TMB+H2O2+Fe-BTC (1, red), TMB+H2O2 (2, 

black), TMB+Fe-BTC (3, green), TMB (4, blue) in acetate buffer (10 mM, pH 4), at 35 °C after 1 hour incubation. 

The concentrations were 250 μg/mL for Fe-BTC, 0.4 mM for TMB and 0.5 mM for H2O2. 
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5. Sonochemical synthesis, characterisation, 

and catalytic activity of GOx@Fe-BTC 

hybrid composite 
 

5.1. Experimental section 
 

5.1.1. Reagents and materials 
 

Iron(III) nitrate nonahydrate (Fe(NO3)3∙9H2O, 98%), tetramethyl ammonium hydroxide 

pentahydrate (TMAOH∙5H2O, 97%), 1,3,5-benzenetricarboxylic acid (H3BTC, 95%), 3,3′,5,5′-

tetramethylbenzidine (TMB, ≥99%), hydrogen peroxide solution (H2O2, 30% (w/w) in H2O), 

Ethanol (EtOH, ≥99.8%), glacial acetic acid (AcOH, ≥ 99%), and sodium acetate trihydrate 

(NaAc·3H2O) were purchased by Sigma-Aldrich and used as received without further 

purification.  

 

5.1.2. Synthesis 
 

In a typical synthesis two solutions are prepared. Solution 1 was prepared by dissolving 0.3225 

g of Fe(NO3)3∙9H2O in 15 mL of deionised water. Solution 2 was obtained by dissolving 0.1178 

g of H3BTC and 0.4531 g of TMAOH∙5H2O in 15 mL of deionised water. Solutions 1 and 2 

were mixed, instantaneously yielding an orange-coloured sol. Then, an appropriate amount of 

glucose oxidase (2.5, 6.3 and 12.5 mg) was added. pH of the resulting reaction mixture was ca. 

4.0, and reactants concentrations were: H3BTC (3.9 mg/mL), Fe(NO3)3∙9H2O, (10.8 mg/mL), 

TMAOH∙5H2O (15.1 mg/mL), and GOx (0.08, 0.2 or 0.4 mg/mL). This reaction mixture was 

kept in a cooling bath and immediately processed by 20 cycles of 10 s ultrasound irradiation 

and 60 s rest at room temperature (ultrasound frequency: 23 kHz; amplitude: 15 μm). Synthesis 

was carried out on a Soniprep 150 sonicator using a titanium probe (tip diameter: 9.5 mm). The 

gel product was recovered by centrifugation (2500 rpm, 10 min), and washed twice with 

deionised water. Sample was finally collected and stored at 4°C. A schematic representation of 

a sonochemical synthesis of GOx@Fe-BTC in aqueous solution is given in Figure 5.1. 
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Figure 5.1. Schematic representation of a sonochemical synthesis of GOx-iron(III)trimesate hybrid composite. 

 

 

5.1.3. Characterisation  
 

Fourier-transform infrared (FT-IR) spectra were recorded using a Bruker Tensor 27 

spectrophotometer within the 400-4000 cm-1 scanning range. X-ray powder diffraction (XRPD) 

patterns were collected on a Bruker D8 Advance Diffractometer using Cu-Kα radiation (λ = 

1.54056 Å, I = 30 mA, V = 40 kV) in a scanning range between 7° and 80° 2-theta (step size = 

0.05° 2-theta). Due to the high iron fluorescence radiation emission stimulated by the Kα copper 

radiation, to obtain a satisfactory signal-to-noise ratio in the XRPD pattern an appropriate 

acquisition time was selected. Thermogravimetric analysis (TGA) was carried out on a Perkin-

Elmer STA 6000 simultaneous thermal analyser in a temperature range between 25 and 850 °C 

(heating rate = 10 °C/min) under O2 flow (40 mL/min). N2 physisorption was performed on a 

Sorptomatic 1990 CE apparatus (Fisons Instruments) at -196 °C. Prior to measurement, all the 

samples were outgassed at room temperature under vacuum for 24 hours. Pore size distribution 

was estimated by using Horvath-Kavazoe (HK) equation to the adsorption branches of the N2 

isotherms. Specific Surface Area (SSA) was determined from adsorption data by applying 

Dubinin-Radushkevich (DR) method. 
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5.1.4. Catalytic activity of GOx@Fe-BTC  
 

Biocatalytic activity of GOx@Fe-BTC hybrid biocomposite was evaluated. Experiments were 

performed by adding GOx@Fe-BTC (500 μg/mL), TMB (0.4 mM) and glucose (0.5 mM) in 

acetate buffer (pH 4, 10 mM). The solution mixtures were incubated at 35°C under magnetic 

stirring (150 rpm) for 1 hour. Then, the test samples were centrifugated at 5000 rpm for 10 

minutes and supernatants were collected. Absorbance of the supernatants was then recorded at 

652 nm on a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies). All 

measurements were performed in triplicate and the average value reported. The relative activity 

was calculated using the following formula:[1] 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝐴

𝐴𝑚𝑎𝑥
× 100% 

Where Amax is the maximum absorbance recorded, and A is the absorbance measured at same 

conditions. 

 

5.1.5. Leaching test 
 

Enzyme leaching-out from the support was investigated. In order to ascertain the degree of 

leaching after the immobilisation process, catalytic activity of wastewater collected after the 

synthesis of GOx@Fe-BTC was measured. Wastewater was incubated at 35°C under magnetic 

stirring (150 rpm) for 1 hour with TMB (0.4 mM), HRP (0.1 μg/mL), and glucose (0.5 mM) in 

acetate buffer (pH 4, 10 mM). Then, the test sample was centrifugated at 5000 rpm for 10 

minutes and supernatants were collected. Absorbance of the supernatant was then recorded at 

652 nm on a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies). GOx leakage 

from the support was also evaluated by incubating GOx@Fe-BTC in acetate buffer (pH 4.0, 10 

mM) for 24 hours. After centrifugation (5000 rpm for 10 minutes), enzymatic activity of 

supernatant was tested as described above. All measurements were performed in triplicate and 

the average value reported. 
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5.1.6. pH dependence on GOx@Fe-BTC catalytic activity 
 

pH profile of Fe-BTC peroxidase-mimic activity was examined over the pH range 3 – 5 (acetate 

buffer, 10 mM). Experiments were performed by adding Fe-BTC (500 μg/mL) or GOx and 

HRP (0.2 and 0.1 μg/mL, respectively), TMB (0.4 mM) and glucose (0.5 mM) in the appropriate 

buffer. The solution mixtures were incubated at 35°C under magnetic stirring (150 rpm) for 1 

hour. Then, the test samples were centrifugated at 5000 rpm for 10 minutes and supernatants 

were collected. Absorbance of the supernatants was then recorded at 652 nm on a Cary 5000 

UV-Vis-NIR spectrophotometer (Agilent Technologies). All measurements were performed in 

triplicate and the average value reported. 

 

5.1.7. Catalytic stability 
 

Stability tests were performed by testing the catalytic activity of GOx@Fe-BTC hybrid 

biocomposite after storage at 4°C for 1, 2, 3, 4 and 5 weeks. Experiments were carried out by 

adding GOx@Fe-BTC (500 μg/mL), TMB (0.4 mM) and glucose (0.5 mM) in acetate buffer 

(10 mM, pH = 4). The solution mixtures were incubated at 35°C under magnetic stirring (150 

rpm) for 1 hour. Then, the test samples were centrifugated at 5000 rpm for 10 minutes and 

supernatants were collected. Absorbance of the supernatants was then recorded at 652 nm 

Absorbance of the supernatants was then recorded at 652 nm on a Cary 5000 UV-Vis-NIR 

spectrophotometer (Agilent Technologies). All measurements were performed in triplicate and 

the average value reported. 

 

5.1.8. Colorimetric biosensing of glucose  

 

A dose-response curve for glucose detection (A652nm vs glucose conc.) using GOx@Fe-BTC 

under the optimum conditions was obtained. Experiments were carried out by adding GOx@Fe-

BTC (500 μg/mL), TMB (0.4 mM) and different concentrations of glucose (0 – 4000 μM) in 

acetate buffer (10 mM, pH = 4). The solution mixtures were incubated at 35°C under magnetic 

stirring (150 rpm) for 1 hour. Then, the test samples were centrifugated at 5000 rpm for 10 

minutes and supernatants were collected. Absorbance of supernatants was recorded at 652 nm 

on a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies).  

 



 

160 

 

5.1.9. Steady-state kinetic assay  
 

Kinetic parameters of GOx@Fe-BTC and free glucose oxidase were evaluated by varying the 

concentration of glucose. Experiments were carried out at room temperature in acetate buffer 

(10 mM; pH = 4) using GOx@Fe-BTC (1000 μg/mL) or GOx and HRP (0.5 and 0.25 μg/mL, 

respectively), TMB (0.4 mM for GOx@Fe-BTC or 0.2 mM for GOx) and varying 

concentrations of glucose (0.25 – 30 mM). The change in absorbance at 652 nm was monitored 

on a Cary 5000 UV-Vis-NIR spectrophotometer (Agilent Technologies) for 180 sec. According 

to Michaelis−Menten equation:[2] 

𝑉0 =
𝑉𝑚𝑎𝑥 ⋅ [𝑆]

𝐾𝑚 + [𝑆]
 

Where [S] is the substrate (glucose) concentration and V0 is the initial velocity. Moreover,  

𝑉0 =
𝛥𝐴

𝛥𝑡 ⋅ 𝜖
 

Where ΔA is the change in absorbance, Δt is the time variation and ε is the molar extinction 

coefficient (oxTMB molar extinction coefficient, ε652nm = 3.9 × 104 M−1 cm−1).[3] 

The Michaelis–Menten constant (Km) and the maximum reaction rate (Vmax) can be calculated 

by using the double reciprocal of Michaelis−Menten equation:  

1

𝑉0
=

𝐾𝑚

𝑉𝑚𝑎𝑥

1

[𝑆]
+

1

𝑉𝑚𝑎𝑥
 

The plot 1/V0 vs. 1/[S] (known as Lineweaver–Burk or double reciprocal plot) is linear. Vmax is 

obtained from the intercept and Km is calculated from the slope.[2]  
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5.2. Results and Discussion 
 

GOx@Fe-BTC hybrid composite materials have been synthesised via sonochemical approach 

adding different enzyme amounts, as resumed in Table 5.1. 

Sample pH US irradiation time (sec) GOx added (mg) 

Fe-BTC_US 4 200 0 

GOx@Fe-BTC_US_2.5mg 4 200 2.5 

GOx@Fe-BTC_US_6.3mg 4 200 6.3 

GOx@Fe-BTC_US_12.5mg 4 200 12.5 

 

Table 5.1. Samples prepared via sonochemical approach and corresponding synthesis conditions. 

 
 

5.2.1. Physicochemical characterisation 
 
 

All Fe-BTC and GOx@Fe-BTC samples were characterised by X-ray powder diffraction. 

Fourier-Transform infrared spectroscopy, thermal analysis, and nitrogen physisorption. 

 

X-ray Powder Diffraction 

 

Microstructure of samples has been investigated by XRPD and FT-IR. XRPD patterns obtained 

for Fe-BTC and GOx@Fe-BTC samples are shown in Figure 5.2. Despite the different amount 

of enzyme, diffraction patterns of GOx@Fe-BTC_US_2.5mg, GOx@Fe-BTC_US_6.3mg, and 

GOx@Fe-BTC_US_12.5mg samples do not differ significantly from the one obtained for Fe-

BTC_US. All patterns are similar in terms of position of diffraction peaks (ca. 10.65, 18.76, 

23.83, 28.09, 33.36, and 42.49° 2-theta), proving the obtainment of a Fe-BTC material. 

Therefore, similar to the mechanochemically-prepared samples (see Chapter 3), immobilisation 

of GOx during sonochemical synthesis did not affect MOF’s microstructure. 
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Figure 5.2. XRPD patterns of Fe-BTC and GOx@Fe-BTC samples from 7 to 80° 2-theta. 

 

Fourier-Transform Infrared Spectroscopy 

 

Microstructure of sonochemical-prepared Fe-BTC and GOx@Fe-BTC samples was also 

investigated by FT-IR. FT-IR spectra of all samples (Figure 5.3) are similar as well as to the 

FT-IR spectra obtained for mechanochemical-prepared samples (see Chapter 3), and results 

reported in the literature for Fe-BTC material.[4] The broad band in 3600-3100 cm-1 region can 

be attributed to the stretching vibrations of hydroxyl groups and water molecules coordinated 

to iron octahedra and adsorbed water molecules.[5] The relative intensity of this band is higher 

for Fe-BTC_US compared to  GOx@Fe-BTC samples. The presence of a lower extent of 

adsorbed water on GOx@Fe-BTC samples could be attributed to the presence of GOx into Fe-

BTC, since the pores of the MOF resulted filled by the enzymes. The band at 1625 cm-1 is 

assigned to the C=O stretching of carboxylate groups and the band at 1564 cm-1, arising from 

the asymmetric stretching of O–C–O groups, likely mask the bands characteristic of enzyme 

molecules (i.e., C=O stretching vibrations of peptide bonds, and a combination of C–N 

stretching and N–H in-plane bending vibrations of the peptide groups, respectively).[6] The band 

at 1371 cm-1 is attributed to the symmetric stretching vibration of the O–C–O group. The bands 
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at 759 and 706 cm-1 are attributes to the C–H bending vibrations of aromatic rings, while the 

band at 463 cm-1 is ascribable to the stretching of Fe-O bonds.[7–9] 

5001000150020002500300035004000

Fe-BTC_US

GOx@Fe-BTC_US_2.5mg

GOx@Fe-BTC_US_6.3mg

GOx@Fe-BTC_US_12.5mg

Wavenumber (cm
-1

)

T
ra

n
s
m

it
ta

n
c
e

 (
a

.u
.)

 

Figure 5.3. FT-IR spectra of Fe-BTC and GOx@Fe-BTC samples from 400 to 4000 cm-1. 

 

Despite the different amount of enzyme added, all samples showed no relevant microstructural 

differences by FT-IR and XRPD. Therefore, enzyme immobilisation did not affect the 

obtainment of the MOF structure. 

 

Thermal Analysis 

 

Thermal behaviour of the samples was examined under oxygen flow. Figure 5.4 showed TG, 

and dTG curves of Fe-BTC and GOx@Fe-BTC samples prepared via sonochemical approach. 

All samples showed three weight losses characteristic of Fe-BTC material: a first weight loss 

up to 150 °C due to the departure of adsorbed water molecules; a second weight loss between 

150 and 260 °C arising from the loss of water molecules coordinated to iron trimers; a third and 

last weight loss over the 260 – 450 °C range attributed to the decomposition of the framework. 

The weight loss of Fe-BTC_US at 25 – 150 °C is significantly higher than that observed for 
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GOx@Fe-BTC_US samples. This could be attributed to the immobilisation of the enzyme into 

the pores of Fe-BTC. Indeed, due to the presence of GOx, a lower amount of water molecules 

is adsorbed within the pores. This is in agreement with the higher extent of adsorbed water 

observed also by FT-IR spectroscopy. Moreover, the weight loss in between 150 and 260 °C 

increased by increasing the amount of enzyme added (Table 5.2). This is because of the 

degradation of GOx (Figure 5.4 c), further confirming its immobilisation into the MOF.  
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Figure 5.4. TG (a), and dTG (b) of Fe-BTC and GOx@Fe-BTC samples obtained via sonochemical approach, and 

TG curve of GOx, between 25 and 600°C (10°C min-1) under O2 flow (40 ml min-1). 
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Sample 
1st weight loss 

(25-150 °C) 

2nd weight loss 

(150-260 °C) 

3rd weight loss 

(260-450 °C) 

Fe-BTC_US 35.6 % 2.2 % 39.1 % 

GOx@Fe-BTC_US_2.5mg 22.2 % 5.5 % 44.8 % 

GOx@Fe-BTC_US_6.25mg 23.9 % 6.4 % 44.4 % 

GOx@Fe-BTC_US_12.5mg 22.8 % 7.8 % 43.3 % 

 
Table 5.2. Weight losses extracted from the TG curves of all Fe-BTC and GOx@Fe-BTC samples. 

 

Nitrogen physisorption 

  

N2 adsorption/desorption isotherms and pore size distributions for Fe-BTC_US are reported in 

Figure 5.5. This sample presents a I-type isotherm, which is typical of microporous material 

(Figure 5.5 a).[10] Data obtained for GOx@Fe-BTC_US_2.5mg, GOx@Fe-BTC_US_6.3mg, 

and GOx@Fe-BTC_US_12.5mg samples are not shown since such samples did not 

significatively adsorb. We hypnotised that all porosity of such samples resulted to be 

filled/blocked by the enzyme, indicating that GOx has been immobilised into Fe-BTC MOF.  
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Figure 5.5. N2 adsorption/desorption isotherms obtained at -196°C (a) and pore size distributions (b) of Fe-BTC 

and GOx@Fe-BTC samples. 
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Sample 
SSA 

(m2/g) 

Micropore 

volume 

(cm3/g) 

Mesopore 

volume 

(cm3/g) 

Macropore 

volume 

(cm3/g) 

Fe-BTC_US 565 0.201 0.023 0.004 

GOx@Fe-BTC_US_2.5mg n.a. n.a. n.a. n.a. 

GOx@Fe-BTC_US_6.3mg n.a. n.a. n.a. n.a. 

GOx@Fe-BTC_US_12.5mg n.a. n.a. n.a. n.a. 

 

Table 5.2. Specific Surface Area (SSA) and macro-, meso- and micropore volume of Fe-BTC and GOx@Fe-BTC 

samples. %RSD SSA = 2; %RSD pore volume = 1. n.a.: not available (i.e., the sample did not adsorb). 

 

5.2.2. Catalytic activity and stability 
 

Catalytic activity of all GOx@Fe-BTC samples was evaluated. As shown in Figure 5.6, relative 

activity of GOx@Fe-BTC_US samples increased with increasing GOx amounts. 
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Figure 5.6. Relative activity of GOx@Fe-BTC hybrid composite materials. Activity normalised at Abs652nm = 

0.888. Error bars represent the standard deviations of three independent experiments. 

 

As shown in Figure 5.7. a, c, e, none of the samples showed enzyme leaching out from the 

support neither when washing the material after the synthesis, nor after incubation in acetate 

buffer (10 mM; pH 4) for 24 hours. 
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Figure 5.7. b, d, f showed catalytic stability monitored for GOx@Fe-BTC_US_2.5mg, 

GOx@Fe-BTC_US_6.3mg, and GOx@Fe-BTC_US_12.5mg samples. The best result in terms 

of catalytic stability was obtained for GOx@Fe-BTC_US_12.5mg, which retained up to 70 % 

of its activity for 4 weeks. Conversely, GOx@Fe-BTC_US_2.5mg lost almost 30 % of its 

activity after 4 weeks, and GOx@Fe-BTC_US_6.3mg 40 % of activity after only 1 week. 

Compared to results reported in the literature, where the catalytic activity of the hybrid material 

dramatically decrease after one week,[11,12] GOx@Fe-BTC_US_12.5mg sample has proven to 

possess an exceptional catalytic stability performance, becoming appealing for long-term 

storage and utilisation. Further investigations have been performed on this sample. 
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Figure 5.7. Leaching tests (a, c, e) performed on GOx@Fe-BTC samples. Catalytic stability (b, d, f) of GOx@Fe-

BTC samples. Error bars represent the standard deviations of three independent experiments. 



 

168 

 

5.2.3. pH dependence on GOx@Fe-BTC catalytic activity 
 

Similar to free GOx, the catalytic activity of GOx@Fe-BTC biocatalyst is closely dependent 

on experimental conditions. The effect of pH on the relative activity of GOx@Fe-

BTC_US_12.5mg was investigated. 
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Figure 5.8. Effect of pH (a) on GOx@Fe-BTC catalytic activity. pH profile of GOx (b). Error bars represent the 

standard deviations of three independent experiments. 

 

As shown in Figure 5.8 a, the activity of GOx@Fe-BTC gradually decreased from pH 3.5 to 

5.5. pH profile of immobilised GOx (Figure 5.8 a) differed from that observed for GOx, whose 

relative activity increased from pH 3.5 to 4, and slightly decreased from 4.0 to 5.5 (Figure 5.8 

b). 

 

5.2.4. Steady-state kinetic assay 

  

To further investigate the catalytic activity of the GOx@Fe-BTC_US_12.5mg sample, steady-

state kinetic experiments were performed. Typical Michaelis-Menten curves were obtained for 

both GOx@Fe-BTC (Figure 5.9 a) and GOx (Figure 5.9 c). Kinetic parameters Km and Vmax, 

summarised in Table 5.3, were obtained from Lineweaver–Burk double-reciprocal plots (Figure 

5.9 b, d). As shown in Table 5.3, the Km value calculated for GOx@Fe-BTC is ca. 17 times 

lower than the value obtained for GOx, revealing a much better affinity for immobilised GOx 

to glucose compared to free GOx. The Vmax value for GOx@Fe-BTC is lower compared to 

GOx, suggesting a relatively slower reaction rate for immobilised GOx than free GOx. 
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Figure 5.9. Steady-state kinetic analysis using the Michaelis–Menten model for GOx@Fe-BTC (a) and GOx (c) 

and the Lineweaver–Burk double-reciprocal plots for GOx@Fe-BTC (b) and GOx (d). 

 

Catalyst Substrate E (M) Km (mM) Vmax (M/s) 

GOx@Fe-BTC Glucose 1.14 · 10-3 1.28 1.09· 10-8 

GOx Glucose 3.13 · 10-9 21.88 3.42· 10-7 

 

Table 5.3. Comparison of the kinetic parameters of GOx@Fe-BTC and GOx. [E] is the biocatalyst concentration, 

Km is the Michaelis constant, Vmax is the maximum reaction rate. 

 

Given such a remarkable affinity towards glucose, sonochemically-prepared GOx@Fe-BTC 

hybrid composite could be efficiently used as a colorimetric assay platform to detect glucose 

concentrations.  
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5.2.5. Colorimetric biosensing of glucose  

 

A colorimetric biosensing of glucose was performed using GOx@Fe-BTC_US_12.5mg as 

biocatalyst. Figure 5.10 showed the dose-response curve obtained in a [Glucose] range between 

0 and 4000 μM. The absorbance at 652 nm progressively increased with the increase of glucose 

concentration. A good linear response of the absorbance at 652 nm was found in the 0 – 500 

μM [Glucose] range with a correlation coefficient of 0.99847.  
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Figure 5.10. Dose–response curve for glucose detection in the 0 – 4000 μM range. Inset: linear calibration plot 

between the absorbance at 652 nm and glucose concentration. Experiments were carried out using GOx@Fe-BTC 

(500 μg/mL), TMB (0.4 mM) and different concentration of glucose (0 – 4000 μM) in acetate buffer (10 mM, pH 

= 4). The solution mixtures were incubated at 35°C under magnetic stirring (150 rpm) for 1 hour.  

 

Table 5.4 shows a comparison of different hybrid composite materials used as a colorimetric 

platform for glucose detection. Compared to several other reported biocatalysts, GOx@Fe-BTC 
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material prepared via sonochemical approach showed a wider linear range MIL-100(Fe), 

especially when comparing with a GOx@Fe-BTC material prepared via conventional method 

by Zhao and collaborators.[13] Despite a slightly wider linear range obtained by Chang et al.,[14] 

it has been revealed a good sensitivity of the colorimetric detection assay developed in the 

present thesis work. 

Catalyst Substrate 
Linear range (μM) 

Glucose 
Ref. 

GOx@hemin@ZIF-8 Glucose 0 – 250 [15] 

GOx/NiPd@ZIF-8 Glucose 10 – 300  [16] 

GOx/Fe3O4@ZIF-8 Glucose 5 – 250  [17] 

GOx/Fe3O4/graphene oxide 

nanocomposite 
Glucose 0.5 – 600 [14] 

GOx@Fe-BTC Glucose 5 – 100  [13] 

GOx@Fe-BTC Glucose 0 – 500  This work 

 

Table 5.4. Comparison of various hybrid composite-based colorimetric assays used for glucose detection. 

 

Therefore, an exceptional GOx@Fe-BTC biocatalyst has been synthesised via sonochemical 

approach, under green, rapid, and biocompatible conditions Synthesis is performed at room 

temperature, in just 200 seconds, and working in aqueous solution under mild pH. Small 

amounts of enzyme are needed and simply added during the synthesis in order to favour an in 

situ immobilisation of the biomolecule within the MOF. Embedding of enzymes into MOF is 

revealed by the absence of leaching out from the support and by the lack of absorption of the 

samples during nitrogen physisorption experiments. Moreover, it has been demonstrated that 

GOx immobilisation does not alter the microstructure of the MOF. Therefore, immobilisation 

has been achieved in just one step simply adding GOx together with the precursors of the 

support in the solid state. Additional post-synthetical immobilisation steps are avoided. Indeed, 

the rapid, facile, eco- and bio-compatible synthesis through alternative sonochemical method, 

together with the long-term catalytic stability of the material, the remarkable affinity towards 

glucose and the good sensitivity showed by the colorimetric detection assay, make GOx@Fe-

BTC hybrid composite material suitable for industrial scale-up, showing a relatively low 

environmental footprint compared to traditional pathways. 
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6. Conclusions 
 

Innovative, rapid, and facile one-pot synthesis of GOx@Fe-BTC under green, biocompatible 

conditions has been successfully achieved via alternative mechanochemical and sonochemical 

routes. On the one hand, mechanochemical synthesis was conducted without using any solvents, 

in just 6 minutes grinding, under room temperature and mild pH conditions. This innovative 

solvent-free synthesis protocol demonstrated that the obtainment of the framework could be 

achieved in the absence of any solvents but only using the mechanical energy imparted into the 

system through ball milling. This represents an unprecedented breaking point compared to 

conventional batch-based methods and could help further emerging the unexpressed potential 

of iron(III) trimesate MOFs as immobilisation supports, especially on the industrial level.  

Indeed, a solventless pathway is appealing to industrial scale-up, reducing the environmental 

footprint of the process. Moving towards new strategies that involve less steps and reduce, or 

completely avoid, the use of solvents, is demanding but still essential for sustainability. On the 

other hand, sonochemical synthesis was carried out in just 200 seconds, using only deionised 

water as solvents, under mild pH and room temperature conditions. Besides the extremely rapid 

synthesis reactions, the fast nucleation kinetics prompted by ultrasounds also favoured the 

obtainment of a gel product. Gel state provides good gas adsorption capabilities and reduced 

mass transfer resistance compared to powders, paving the way for a variety of applications of 

this MOF. Both mechanochemical and sonochemical synthesis have proven to be easily tunable 

to bio-friendly conditions. In particular, they have been ad hoc tailored to the optimal 

stability/activity conditions reported for GOx, looking towards a full retainment of enzyme 

molecules’ functionality while protectively coating them by porous and robust supports. The 

encapsulation of GOx has been achieved in one-step by simply adding the guest together with 

the support’s precursors. This represents a benchmark for ex vivo applications of biomolecules, 

whose use is often limited by an intrinsic loss of activity due to the immobilisation process. 

Indeed, biomolecule stability is affected by physical, biological, and chemical factors, requiring 

careful evaluation of the immobilisation conditions (pH, temperature, concentrations). 

Microstructure and thermal stability of the material have proven not to be affected by pH. 

Conversely, textural properties can be modulated by simply varying the amount of base. Such 

a pH-dependent fine tuning of MOF porosity allows setting the accessibility and diffusion of 

the substrates to the active sites by changing synthetic parameters. This has been demonstrated 

to be crucial to develop highly performing biosensors, biocatalysts and drug delivery systems 
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with enhanced activity and selectivity. Indeed, GOx@Fe-BTC hybrid composites have been 

exploited as a platform for the colorimetric sensing of glucose, combining the catalytic activity 

of immobilised GOx, with the intrinsic peroxidase-like activity shown by the Fe-BTC support. 

This detection assay showed wide linear range and good sensitivity. Moreover, GOx@Fe-BTC 

biocatalyst showed higher affinity towards glucose compared to free GOx. The enzyme-mimic 

behaviour of Fe-BTC MOF has been also successfully applied for the detection of hydrogen 

peroxide in solution, showing a great performance in terms of linear range and better affinity 

towards the substrate compared to HRP. Preliminary studies also demonstrated interesting 

potentialities of Fe-BTC material as valsartan carrier for drug-delivery purposes. Therefore, 

this Ph.D. research demonstrated that the preparation of enzyme-MOFs hybrid composites can 

be easily achieved in rapid reaction times, under green and biocompatible conditions using 

alternative mechanochemical and sonochemical methods. This is of main interest, especially in 

recent years, in which finding alternative and greener options urges to be addressed in every 

field of human life. The possibility to ad hoc modulate the mildness of the reaction mixture, 

according to the stability of the guest and the desirable porosity of the support, provides an 

outstanding protection from biological, and chemical degradation with maintenance of 

bioactivity. Both approaches can be potentially adapted to an infinite variety of MOFs and guest 

molecules, making the in situ fabrication of biomolecule-MOF-based composites a remarkably 

easier, cheaper, and greener procedure compared to batch-based methods. 
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List of Abbreviations 
 

Ac 

 

Acetate 

AcOH Acetic acid 

 

FT-IR 

 

Fourier transform infrared spectroscopy 

BET 

 

Brunauer–Emmett–Teller 

BTC  

 

1,3,5-benzenetricarboxylate, trimesate 

CP 

 

Coordination polymer 

CUS 

 

Coordinatively unsaturated site 

DSC 

 

Differential scanning calorimetry 

EtOH 

 

Ethanol 

FAD  

 

Flavin adenine dinucleotide 

Fe-BTC 

 

Disordered iron(III) trimesate 

GOx 

 

Glucose oxidase 

H3BTC 

 

Benzene-1,3,5-tricarboxylic acid, trimesic acid 

HRP  

 

Horseradish peroxidase 

IUPAC 

 

International Union of Pure and Applied Chemistry 

LAG 

 

Liquid-assisted grinding 

MC 

 

Mechanochemistry 

MIL 

 

Material Institute of Lavoisier 

MOF 

 

Metal-organic framework 

MTN 

 

Mobil – thirty-nine 

NG 

 

Neat grinding 

oxTMB 

 

Oxidised TMB 

PBS Phosphate buffered saline 
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RSD Relative standard deviation 

 

RT 

 

Room temperature 

SBU 

 

Secondary building unit 

SEM 

 

Scanning electron microscopy 

SSA 

 

Specific surface area 

TGA  

 

Thermogravimetric analysis 

TMAOH 

 

Tetramethylammonium hydroxide 

TMB 

 

3,3’,5,5’-tetramethylbenzidine 

US 

 

Ultrasounds 

UV-vis Ultraviolet-visible 

 

XRPD 

 

X-ray powder diffraction 

ZIF 

 

Zeolitic imidazolate framework 
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