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Graphical abstract. Immobilisation of Aspergillus sp. laccase on MOFs and Zeolite MFI supports. 

 

Abstract 

In these last decades, tremendous efforts in using enzymes as catalysts for a wide range of reactions 

have been made. Although biocatalysis shows many advantages, the use of enzymes to catalyse 

reactions requires restrictive environmental conditions that are often not compatible with industrial 

processing. However, these issues could be overcome through enzymatic immobilisation. 

Immobilisation can improve biocatalytic stability and enable enzyme reuse for several times, resulting 

in better performance and commercial viability. Since the rate of the catalytic reaction depends on 

both the enzyme and support chosen, it is worth investigating the best combination between enzyme 

and support to catalyse a target reaction. Here, three trimesic acid-based MOFs: Fe-BTC, Tb-BTC, 

Gd-BTC, an imidazolate-based MOF: ZIF- zni and on functionalised pure-silica hierarchical 

(microporous-macroporous) MFI zeolite (ZMFI) to screen which, among the chosen supports, is more 

suitable for Laccase (LC) immobilisation. Aspergillus sp. Laccase immobilisation within MOFs 

occurred in situ under mild conditions, e.g. aqueous solution, neutral pH, and at room temperature. 
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The immobilisation of the laccase on MFI-Type Zeolite particles with embedded macropores was 

instead carried out post synthesis. All Biocatalysts were characterised through XRD, SEM, FTIR, N2 

adsorption/desorption isotherms and TGA.  

The kinetic parameters (KM and Vmax) and the specific activity of the immobilised biocatalysts were 

determined. The effect of enzyme loading was studied for Fe-BTC and ZIF-zni supports. LC@FeBTC 

had an optimal loading of 45.2 mg g-1, at higher enzyme loadings the specific activity decreased. In 

contrast, the specific activity of LC@ZIF-zni increased linearly over the loading range investigated. 

LC@GdBTC showed the highest specific activity compared with other carriers investigated. 

Nevertheless, a drastic decrease in specific activity was found due to enzyme immobilisation.  

Laccase from Aspergillus sp. (LC) was immobilised on functionalised pure-silica hierarchical 

(microporous-macroporous) MFI zeolite (ZMFI). The optimal pH, kinetic parameters (KM and Vmax), 

specific activity, as well as both storage and operational stability of LC@ZMFI were determined. The 

dependence of specific activity on the pH for free and immobilised LC was investigated in the pH 

range of 2 to 7. Immobilisation of laccase on hierarchical pure-silica MFI zeolite allows to carry out 

the reaction under acidic pH values without affecting the support structure.  

Although enzymatic immobilisation is gaining an increasing attention, especially regarding of enzyme 

encapsulated within MOFs, the enzymatic location and its change in conformation after 

immobilisation within MOFs are still poorly investigated. Commercial enzymes often show a very 

low grade of purity, and their enzymatic structure is still unknown, these aspects make tricky the 

investigation of their location and conformation. In this regards Bovine serum albumin (BSA) with 

high purity (> 98%?) with a known secondary and tertiary structure was used as a model protein.   

BSA was immobilised within two different zeolitic imidazolate frameworks (ZIF-zni and ZIF-8) 

through a one-pot synthesis carried out under mild conditions (room temperature and aqueous 

solution). The ZIF-zni, ZIF-8 and the BSA@ZIF-zni, BSA@ZIF-8 samples were characterised by X-

ray diffraction, scanning electron microscopy, confocal laser scanning microscopy, thermogravimetric 
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analysis, micro-FTIR and confocal Raman spectroscopy to characterize the MOF structures and 

evaluate the protein location in the materials. Moreover, the secondary structure and conformation 

changes of BSA due to its immobilisation. on both ZIF-zni and ZIF-8 were studied. Results showed 

that BSA seems to concentrate in domains of 5-40 µm, which form an extended network across the 

MOF. Additional information on changes in the BSA structure upon immobilisation was extracted by 

the deconvolution of the amide I band in the reflectance spectra. Data showed that the crystalline 

content of BSA increases significantly when the protein is immobilised on the MOFs in BSA@ZIF-

zni and ZIF-8. Before interaction with the MOF, amide I deconvolution indicates that BSA has a 

strong content in β -turns (89%), with limited contribution from β-sheets (4%). Whilst the crystalline 

content of BSA increases significantly when the protein is immobilised on both ZIF-zni and ZIF -8 

resulting in increased up to 25% (β -sheets + -helices), and 40 % (β -sheets + -helices) 

respectively with a consequent drastic reduction of β -turns.  
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1. Catalysis and biocatalysis 

The process in which a substance, called “catalyst”, increases the rate of a reaction without modifying 

the overall standard Gibbs energy change in the reaction; is called catalysis (Figure 1).1 This 

phenomenon was observed for the first time by G.S.C. Kirchhoff in 1811-1814, but the name 

‘catalysis’ was proposed by Berzelius in 1838.2 Depending on the reagent and catalyst phases involved 

in the reaction, catalysis can be classified as homogeneous (reagent and biocatalyst are in the same 

phase) or heterogeneous (reagent and biocatalyst are in different phases ).1 Catalysts act by lowering 

the energetic barrier (activation energy) which must be overcome to turn reactants into products 

without affecting the thermodynamics and hence the equilibrium constant of the reaction.  

 

Figure 1: Potential energy plot showing the effect of a catalyst on a reaction. 

The catalysts of biological reactions are called enzymes.3,4 The chemical process through which 

enzymes or microorganisms catalyse organic reactions is called biocatalysis.5 Since ancient times 

mankind unwittingly took advantage of microorganisms to perform chemical transformations such as 

beer fermentation, baking bread, and milk curdling. The alcoholic fermentation process catalysed by 

cell-free extracts was described for the first time by Buchner in 1897.6 Whilst the first enantioselective 

organic synthesis  catalysed by an enzyme was described by Rosenthaler in 1909.7 Since then, 

revolutionary advances have been made in biocatalysis.8 Due to their many advantages such as:  
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• The high efficiency: a low amount of enzyme (10-3 – 10-4 % w/w) can accelerate chemical 

reactions with tremendously high efficiency and selectivity. Typically enzymatic reactions are  

1010 – 1015 times faster than uncatalyzed chemical reactions.9,10 

• High chemo- regio- and stereoselectivity.11 These aspects make the processes more atom and 

step economic generating less waste and consuming less energy than conventional processes.12 

• The substrate conversion is performed under mild conditions (aqueous solution, physiological 

pH, and room temperature) affording high rates and selectivity.13 

The use of enzymes to catalyse chemical reactions is considered a crucial strategy that perfectly fits 

most of the 12 principles of ‘’Green chemistry’’. In particular, they allow to eliminate the use or 

generation of hazardous substances in the design, manufacture, and application of chemical 

products.14–16  For these reasons biocatalysis has become a mainstream technology for the synthesis 

of chemicals production such as polymers, biofuels,16–18 and for the production of chiral intermediates 

of drugs such as: antianxiety, antidiabetic, antiviral, HIV protease inhibitor, anti-cancer, anti-

cholesterol, anti-Alzheimer, anti-infective, and anti-hypertensive.19,20 Recently, Slagman et al. 

published a review about the  study of biocatalytic routes to anti-viral agents and their synthetic 

intermediates of potential antiviral agents including antivirals against SARS-CoV-2.21  

 

1.1 Enzymes 

The term enzyme was used for the first time by German physiologist Wilhelm Künhe.2 Its etymology 

derives from the Greek words “en” (meaning ‘within’) and “zume” (meaning ‘yeast’). Enzymes are 

globular proteins constituted by a maximum of four layers of structural complexity. Their primary 

structure consists in a linear sequence of amino acids: polypeptides with various side chains. 

Secondary structure is the local structure of the peptide backbone of the protein. There are two 

common types of secondary structure: the α-helices, which are feature a clockwise spiral structure, 

and β-sheets, which have a pleated structure. Tertiary structure is the three-dimensional structure of 
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the entire polypeptide subunit, including side chains. Finally, the quaternary structure is how different 

subunits fit together to form the entire protein (Figure 2).22  

 

Figure 2: The four protein structural levels in order of increasing complexity 

Enzymes are biocatalysts that accelerate the biochemical reactions in living organisms by lowering 

the activation energy barrier between reactants and products. Compared to conventional catalysts, 

such as transition metals, enzymes are generally more selective, non-toxic, and biodegradable.16,18 

Moreover, they are known to catalyse more than 5.000 biochemical reaction types and they can be 

produced by microorganisms for several industrial applications.23–25 Due to the rising demand for 

sustainable biocatalysts,26 the global market of enzymes has grown fast in the last few years 

considering that the global enzyme market value reached 8.2 billion USD in 2015 and is expected to 

reach 18.5 billion USD by 2024.27,28 

1.2 Classification of enzymes 

In 1961 the need for a unique enzymatic classification has led the International Union of Biochemistry 

(IUB) to publish the first enzyme classification.29 Enzymes are classified into seven categories 

according to the type of reaction they catalyse: oxidoreductases, transferases, hydrolases, lyases, 

ligases, isomerases and translocases (table 1).30 The enzyme names are composed by a four-number 

code which is prefixed by EC. It defines the type of reaction catalyzed, the subclass, the sub-subclass 

and the serial number of the enzyme in its sub-subclass.30  
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1.3 Laccases 

Laccases, LCs (EC 1.10.3.2, benzenediol:oxygen oxidoreductase), are extracellular N-glycosylated 

multicopper oxidases able to oxidize various phenolic and nonphenolic compounds by one electron 

transfer with the concomitant reduction of dioxygen to water.31 LCs are monomer or homodimers of 

glycosylated proteins; bacterial laccases contain 10–25% of sugar residues compared to plants 

laccases that have higher contents of saccharides.  They are widespread among higher plants, bacteria, 

insects and fungi.32 Laccases were first discovered by Yoshida in 188333 who extracted them from the 

exudates of the Japanese lacquer tree Rhus vernicifera. Laccases were firstly isolated from fungi in 

1896 by Bertrand.34 Their physicochemical proprieties, such as isoelectric point, molecular size, 

stability, activity, etc. depend on the source.35 Fungal laccases exhibit a higher redox potential 

compared to bacterial or plant laccases. Indeed, due to their higher redox potential and their low 

substrate specificity, LCs are widely used in biorefineries and bioremediation such as for biomass 

delignification, pulp bleaching, removal of phenolics from wines, organic synthesis, biosensors, 

Table 1: Main classes of enzymes in EC system. 

First EC digit Enzyme class Reaction type 

1. 
 

Oxidoreductases 

 

Transfer of electrons 

2.               Transferases Atom/group transfer 

3. Hydrolases Hydrolysis 

4. Lyases Group removal 

5. Isomerases Isomerization 

6. Ligases Joining of molecules linked to the breakage 
of a pyrophosphate bond 

7. Translocases Catalysing the movement of ions or 
molecules across membranes or their 
separation within membranes 



~ 17 ~ 
 

synthesis of complex medical compounds to dye transfer blocking functions in detergents and washing 

powders.17  

 

1.4 Structure and properties of laccases 

LCs are constituted of a polypeptide chain containing about 500 amino acids residues and linked to 

saccharide molecules. The amino acids residues are arranged in three domains 31,36 One mononuclear 

copper site containing a type I Cu is located at the T1 site, where the reducing substrate binds, and it 

is responsible for the characteristic colour of the enzyme in the oxidized state Cu2+. The trinuclear 

copper site contains one type II Cu and two type III Cu. Substrate oxidation at the mononuclear site 

generates electrons that are transferred to the trinuclear site where O2 is reduced to H2O.37 Due to the 

use of O2 as co-substrate rather than H2O2 like oxidoreductases (lignin peroxidase and manganese 

peroxidase) LCs are considered ‘Green Catalysts’ for biotechnologal applications.38 Copper species 

can be classified according to their spectroscopic behaviour. 

 

Figure 3: Catalytic site of Pycnoporus cinnabarinus laccase (PDB 2XYB) showing the Cu sites for 

oxidation of the reducing substrate (T1), and for reduction of O2 (T2/T3) and proposed electron 

transfer pathway between both sites. Catalytic coppers are shown as spheres and coordinating residues 

are shown as sticks. Figure adapted from ref.39 

The T1 copper has a strong absorption around 600 nm, while the T2 copper shows a weak absorption 

in the visible region but is EPR-active. The two coppers of the T3 site display an absorption band at 
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about 330 nm. They are EPR silent due to an antiferromagnetic coupling mediated by a bridging 

ligand.36 Their molecular mass commonly ranges between 50 and 140 kDa, but it has been reported 

to be from 34 to 383 kDa for laccases from Pleurotus eryngii and Podospora anserina.17 The LC’s 

isoelectric point is usually around 4.0, even if  there are some laccases with basic isoelectric points.40 

According to their T1Cu (E0 T1) redox potential, LCs are classified as low-, medium- or high-redox 

potential. Generally, laccases bacterial and plant show a low redox potential (E0 T1 <+460 mV versus 

Normal Hydrogen Electrode). Fungal laccases show both medium- and high-redox potential 

depending on their nature. For example, laccases from ascomycetes and basidiomycetes have an E0 

T1 ranging from +460 to +710 mV versus hydrogen electrode whilst high-redox potential laccases are 

produced by basidiomycete white-rot fungi, with an E0 T1 between +730 mV and +790 mV versus 

Normal Hydrogen Electrode.41 Thanks to their low substrate specificity they are able to oxidise a wide 

range of substrates like aromatic amines, polyphenols, methoxy phenols, and various other inorganic 

substances.42 LCs are widely used as biocatalysts however, due to their relatively low redox potential 

(500 mV – 800 mV), they cannot oxidise substances with a high redox potential. These issues can be 

overcome using mediators (small, soluble molecules able to transfer electrons from the to-be-oxidized 

molecules to the LC active site), laccase mediator systems (LMSs) have a higher redox potential (E0 

T1 > 1100 mV) in comparison to LC in the Cu T1 site. 

 

Figure 4: Redox potentials of the oxidation reactions of ABTS and HBT by laccase and (B) LMS 

mechanism. Figure adapted from ref.17 
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1.5 Laccases in industrial processes 

1.5.1Biofuels 

Global Energy demand is projected to grow by more than 50% by 2025.43 Clearly the massive use of 

energy from non-renewable sources involves undergoing their depletion. These drawbacks have led 

to a growing interest in renewable technologies such as the conversion of biomass into biofuels.24 For 

this reason the role of LCs in the production of bioethanol through the pre-treatment of ligninolytic 

residues has been studied. It is known that LMSs degrade almost 80–90% of the lignin  structure.17 

Recently, Deng et al. investigated the alkali lignin pre-treatment acted by LMS. Data show that the 

reducing sugar yield during subsequent enzymatic hydrolysis increased by 26% after LMS 

treatment.44 Bilal et al. reported the use of a ligninolytic enzyme cocktail from Ganoderma lucidum 

IBL-05 immobilised on alginate−chitosan beds to delignify sorghum stover, obtaining a 

delignification of 57.3% after 15 h.45 Gutiérrez et al. investigated the Eucalyptus globulus wood and 

Pennisetum purpureum nonwood by the use of LC from Trametes villosa, with HBT as mediator and 

alkaline extraction, obtaining a lignin removal of 48% and 32%, respectively.46 Nevertheless, the 

conversion of lignocellulose into biofuels is one of the main goals of biorefineries. The whole lignin 

removal from lignocellulosic biomass is still a big challenge for researchers.47 

1.5.2 Bioprocessing of Food Industry By-Products  

It has been common knowledge for a long time that the food industry processes generate by-products 

with high content of phenolic compounds. Due to their complex characteristics, such as long reaction 

times and the acidic pH, as well the high biochemical oxygen demand (BOD) and chemical oxygen 

demand (COD) the enzymatic treatment is recommended rather than microorganisms’ treatment 

which generally requires longer reaction time. In this regard several studies have been carried out to 

remove phenolic compounds by mean of LCs biocatalysis. A good overview about  the use of LCs in 

food industry processes has been recently published by Deloisa et al.48 In a recent work, Zrinski et al. 

reported the use of a biosensor based on immobilised laccase, for the detection of phenolic 
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compounds. The biosensor showed  excellent electro-catalytic activity towards the oxidation of 

hydroquinone.49 

1.5.3 Removal of pollutants 

LCs are widely used to synthesize various functional organic compounds such as polymers with 

specific mechanical/electrical/optical properties, textile dyes, cosmetic pigments, flavour agents, and 

pesticides. Lima et al. described the use of laccase to degraded malachite green (50 mg mL-1) in only 

2 h. moreover the enzyme was tested to degrade other dyes belonging to different classes. Their results 

showed a 85% and 83% decolorization of methylene blue and trypan blue using ABTS as the 

mediator.50 Motamedi et al. used a novel thermostable/halotolerant metagenome-derived laccase to 

remove textile dyes. LC was tested on eight different textile dyes from azo, anthraquinone, and 

triphenylmethane families. It decolorized 500 mg L-1 of Alizarin yellow, Carmine, Congo red and 

Bromothymol blue with 99.74–55.85% efficiency after 15 min, at 50 °C, without using mediators.51 

1.5.4 Organic synthesis 

LCs are considered a potential tool in organic synthesis. Cannatelli et al. reported the use of laccase 

from Trametes villosa for the synthesis of 2,3-ethylenedithio-1,4-quinones carried out in one step 

avoiding multi steps of reactions, harsh conditions and a chemical oxidant (cerium ammonium 

nitrate).52 Granda et al. reported the oxidation of fourteen propargylic alcohols carried out by laccase 

from Trametes versicolor using TEMPO as the mediator. The catalysed reaction lead to  the formation 

of propargylic ketones with high yield (87–>99%), data showed the efficiency of the chemoenzymatic 

methodology in comparison with traditional chemical oxidants ,which usually lead to the formation 

of by-products.53 
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Figure 5: Breakdown of the biotechnological applications of laccases. 

 

In this thesis the laccase from Aspergillus sp. was immobilised on different materials as described in 

chapter 4. 

 

1.5.5 Enzyme activity 

Enzyme activity is the initial rate of reaction catalysed by an enzyme under specified conditions of 

pH and temperature,54  and is measured in activity units (U).1 U is the amount of enzyme that catalyse 

the conversion/formation of 1 micromole (μmol) of substrate/product per minute. According to the 

International System of Units (SI), catalytic activity is measured in katals (kat). 1 kat is the amount of 

enzyme which converts 1 mol of substrate per second (1 kat = 60.000.000 U). Some parameters related 

to enzyme kinetics are summarized in Table 2.  
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Table 2: Enzyme catalysis parameters. 

Name Definition Notation Dimension 

Activity Units 
 
Amount of enzyme for converting 1 μmol 
substrate per min 

 

Unit (U) μmol min-1 

Volumetric Activity Enzyme Units per volume unit U/volume U mL-1 

Specific Activity Enzyme Units per mg protein U/mg (protein) U mg-1 

Maximum Velocity Turnover number per time unit at the saturated 
substrate concentration under standard 
conditions 

Vmax μmol min-1 

Turnover Number Maximum velocity divided by the enzyme 
concentration 

kcat s-1 

Michaelis Constant Substrate concentration at half of the 

maximum velocity 

KM M 

 

The enzyme kinetic parameters can be affected by reaction conditions such as pH, solvent, substrate 

concentration, ionic strength, nature of salts present in the buffer, and temperature.  

 

1.6 Parameters which affect the laccase activity 

1.6.1 Effect of pH on enzyme activity 

The amino acids that constitute the enzymes generally carry a positive or negative charge which 

contributes to the enzyme molecule folding, its shape, and the active site shape. In addition, the 

changes in pH in the reaction mixture can lead to a change in the charge resulting in enzymatic 

deactivation. Extreme values of pH can also result in enzyme denaturation. Since the enzymes are 

active only within a limited range of pH it is necessary to keep the pH value under control during the 

enzyme assay. The activity versus pH curve is typically bell-shaped, with its maximum representing 

the optimal pH work for the enzyme.54,55 According to the substrate involved in the reaction mixture, 
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the LCs show different optimal pH values. For example, in the case of phenolic and arylamine 

substrates involved in the reaction, which entail the release of a proton and an electron, laccases exhibit 

a bell-shaped pH activity profile with an optimal pH dependent on the laccase and the substrate. This 

is due to two opposing effects, i) The redox potential difference between the reducing substrate and 

the T1 Cu (correlating to the electron transfer rate, promoted by higher pH), and ii) The binds of a 

hydroxide anion to the T2/T3 Cu (which inhibits the activity at a higher pH).  

It is important to point out that also that the optimal pH work is related to the nature of LCs. Indeed, 

fungal laccases such as the LC from Trametes versicolor show maximal rates at acidic pH, whilst 

bacterial laccases show a clear preference for the basic pH values.41 The laccase from aspergillus sp. 

investigated in this PhD thesis, showed an optimal activity at acidic pH values.  

 

Figure 6: optimal pH work for laccase from aspergillus sp. using ABTS (2,2′-Azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt) as the substrate. 

 

1.6.2 Solvent 

Generally, the reactions catalysed by enzymes are carried out in water media except for some enzymes 

connected with the membrane, or lipases which are active at the water/oil interface. Lipases are also  

active in apolar organic solvents or even under solvent-free conditions.56 In some cases, the substrate 

used for the enzymatic assay is sparingly soluble in water. Since the use of organic solvents might 
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denature the enzymes resulting in their loss of enzymatic activity, it is suggested to solubilize the 

substrate in a higher concentration in an organic, water-miscible solvent, like ethanol, DMSO, or 

acetone. A small aliquot of solution can be added to the reaction mixture to keep the organic solvent 

concentration in the reaction mixture as small as possible.55  Most of the reported fungal laccases from 

Trametes hirsuta, Trametes versicolor, Myceliophthora thermophile, Pycnoporus cinnabarinus, 

Coriolopsis gallica and Pleurotus ostreatus retained low activity if incubated in organic solvents.57 

To overcome this issue several works have been carried out on LCs able to work under non-

conventional media. Wu et al. investigated the effect of acetone, methanol, DMF and acetonitrile on 

a high efficiency fungal laccase. Data showed that the LC can work under high organic solvent 

concentration maintaining its 3D structure intact.58 Nevertheless the use of organic solvents in the mix 

reactions often results in LCs denaturation. A new class of green solvents composed of a hydrogen 

bond acceptor (HBA, usually a quaternary ammonium salt) and a hydrogen bond donor (HBD) such 

as glycerol, succinic acid etc, known as Deep eutectic solvents (DESs) due to their promising 

compatibility with enzymes and sustainable derivation is becoming an attractive tool for enhancing 

LCs activity. Toledo et al. screened laccase activity in 16 different DES/water mixtures. Data showed 

that most of DESs did not change the enzyme activity, whereas in some cases, such as with 

ChDHC/Xyl (Choline dihydrogen citrate in xylitol) (2:1) at 25 wt %, an increase of relative activity 

up to 200% was observed.59 Recently, Aybike et al. investigated several DESs as templates in the 

laccase-catalyzed polymerization of aniline. Although the laccase enzyme was significantly inhibited 

by DES and aniline. However, by decreasing their concentrations in the medium, a high yield of 

polyaniline was achieved.60 Delorme et al. studied the thermostability of laccase in presence of DESs. 

Data showed that LC from Trametes versicolor is thermally inactivated when it is incubated at 60°C 

in the reference solution. On the other hand, when laccase is incubated in aqueous 25 wt% 1Bet:3Xyl 

at 60 °C the thermal inactivation of laccase is significantly slower than laccase in the reference 
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solution, demonstrating a remarkable enhancement of the thermostability of laccase compared to the 

reference solution.61 

 

1.6.3 Enzyme kinetics  

The Michaelis-Menten model is the simplest and best-known model to describe enzyme kinetics. It 

assumes that an enzyme (E) is bound to a substrate (S) to form a complex enzyme-substrate (ES) by 

the interaction of substrate with the active site of the enzyme which in turn releases a product, P, 

regenerating the original enzyme. This may be represented schematically as:     

  

Where kf, kr and kcat are forward, reverse, and catalytic rate constants, respectively.  

This system can be described by the so called Michaelis-Menten equation: 

 

Through the Michaelis-Menten equation it is possible to predict the reaction rate as a function of 

substrate concentration. The kinetic parameters KM and Vmax indicate the substrate concentration at 

the half of the maximum velocity and the maximum velocity respectively (Figure 7).  

 

Figure 7: Michaelis-Menten plot. 
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2. Overview of enzyme immobilisation 

The excellent properties of enzymes as catalysts in sustainable chemistry are widely reported in 

literature.13,18,62 Nevertheless, the use of native enzymes on large scale still entails several practical 

problems such as the high cost regarding their isolation and purification. Moreover, enzymes act 

generally as homogeneous catalysts in water media. This makes their recovery and reuse very difficult. 

In addition, their application is often prevented both by extreme conditions (temperature and pH) and 

by their low long-term operational stability owing to loss of the tertiary structure (denaturation). 

Furthermore, free enzyme molecules may aggregate close their isoelectric point, resulting in a 

decreased enzyme activity.12 Enzyme engineering together with enzyme immobilisation are 

considered promising tools to overcome these issues enabling their use in industry. Therefore, 

immobilising enzymes into an inert, insoluble material can lead to an increase of their operational 

stability and allow an easier biocatalyst recycling. In 1916, Nelson and Griffin immobilised the 

invertase by physical adsorption on charcoal demonstrating that the immobilised enzyme was able to 

hydrolyse sucrose.63 This is considered as the first enzymatic immobilisation reported in literature. 

However, the first industrial application of an immobilised enzyme dates back to 1953.64 Since then, 

the interest toward enzymatic immobilisation started to gain more attention.  

 

2.1 Enzyme immobilisation. 

In these last decades, the industry is making a tremendous effort to increase the stability and reusability 

of new biocatalysts able to satisfy current market demands. The main goal of immobilisation is to 

increase enzyme performance. Indeed, immobilisation allows the easy recovery of the enzyme and its 

reusability reducing the operational cost. Nevertheless, in order to choose the enzymatic support it 

must be taken into account some important parameters such as the particle size, pore diameter, 

morphology, and functional groups present on the carrier surface. 65 There are various approaches in 

classifying immobilisation techniques. They are widely classified as reversible and irreversible e 
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depending upon the reaction between the enzyme and the  support.66 Further, they are classified 

depending on the physical or chemical method used for the immobilisation (Figure 8).  

 

Figure 8: Enzymatic immobilisation techniques.  

 

The most common immobilisation methods can be listed as:  

 

2.1.1 Physical adsorption 

 It is a simple technique for enzymatic immobilisation. This method is usually carried out by 

suspending the support particles in the protein solution under suitable conditions of pH and 

temperature until equilibrium of the adsorption process is reached. Although in some cases the 

functionalisation of the carrier surface is recommended to maximise the protein adsorbed, according 

to the nature the immobilisation can be carried out directly on the unmodified support. The forces 

involved during the adsorption process are hydrogen bonding, van der Waals forces, hydrophobic, and 

electrostatic interactions.67  Since the interaction energy is usually weak. (around 20 -50 kJ mol -1),68,69 

immobilisation by physical adsorption usually preserves the catalytic activity of the enzyme, on the 
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other hand, if the interaction between the enzyme and the carrier is too weak thus may result in enzyme 

leakage. Among forces involved in the physical adsorption, electrostatic interactions are the strongest 

physical forces, and they are promoted when the enzyme is oppositely charged respect to the material. 

This can occur at pH above or below the isoelectric point (pI) of the enzyme. Noncovalent 

immobilisation or adsorption could be reversed by changing the conditions that influence the strength 

of the interaction such as the pH, ionic strength, temperature, or polarities of the solvent. Every carrier 

could theoretically be used on any enzyme for adsorption, but not every enzyme can be immobilised 

on all carriers. A carrier material can be successfully used on an enzyme molecule when the affinity 

between the carrier and the enzyme molecule is high. It depends on the presence of active groups on 

the carrier, surface area, particle size, and pore structure. Due to their several advantages such as the 

fast reaction immobilisation time, mild condition of reaction (room temperature and atmospheric 

pressure) immobilisation by physical adsorption is considered one of the easiest immobilisation 

methods. Nevertheless, this technique can lead to the leaching of the enzyme. Even if it could be 

prevented by a proper carrier design and the chosen reaction condition.   

 

2.1.2 Covalent attachment 

Covalent binding is another common technique used for enzyme immobilisation. In comparison to the 

physical adsorption, the covalent attachment of the enzyme onto the support has the advantage that 

the enzyme is tightly fixed.70 The coupling reaction between enzyme and the support can be divided 

into two types: activation of the matrix by the addition of a reactive function to a polymer, and 

modification of the polymer backbone to produce an activated group. Although the covalent binding 

occurs usually by means of the side chains of amino acid residues such as lysine (amino group), 

cysteine (thiol group), aspartic and glutamic acids (carboxylic group, imidazole, and phenolic groups) 

which are not essential for catalysis, the enzymatic activity can be influenced due to the distortion of 

the secondary and tertiary structure. 
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2.1.3 Cross-linked enzyme aggregated (CLEA) 

Cross-linked enzymes (CLEs) were first reported in 1960s.71 Since they had several issues such as 

low activity, poor reproducibility and low stability CLEs did not receive attention. In 1990s Altus 

Biologics introduced the use of cross-linked enzyme crystals (CLECs) as industrial biocatalysts. 

Cross-linking is an irreversible enzyme immobilisation. technique.72 Although CLECs exhibit 

excellent proprieties, their synthesis requires enzyme of high purity making the process  laborious and 

expensive. Due to the possibility to replace the crystallisation step by precipitation of the enzyme from 

an aqueous buffer, the synthesis of cross-linked enzyme aggregates (CLEAs) results to be cheaper 

compared to that of CLECs. Indeed, CLEAs can be obtained directly from a crude enzyme solution 

by addition of a precipitant such as (NH4)2SO4 or t-butanol, and then of a cross-linking agent (i.e. 

glutaraldehyde, glutaraldehyde-ethylene diamine polymers, or dextran aldehyde) resulting in a stable 

aggregate. Cross-linking occurs between lysine residues on the surfaces of neighbouring enzyme 

molecules and organic likers through the formation of Schiff’s bases.73 A typical procedure for the 

preparation of CLEAs is shown in Figure 9.     

 

Figure 9: Preparation of CLEA. 

 

CLEAs show many advantages such a possible increase of the space time yields (STY 

=𝐷𝑒𝑠𝑖𝑑𝑒𝑟𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡  𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 

𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 ·  𝑡𝑖𝑚𝑒 
 = mol L-1 h-1),74,75 improved storage and operational stability to 

denaturation by heat, organic solvents and drastic pH condition. Moreover, the three-dimensional 
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structure of the enzyme in CLEAs is preserved resulting in an enzymatic activity retention. However, 

disadvantages as high cost of the biocatalyst and low number of available active sites have to be take 

in consideration when approaching this immobilisation method.76  

 

2.1.4 Enzyme encapsulation 

The encapsulation method allows the enzyme to be entirely embedded in the support without letting 

it interact with the outer environment resulting in its protection against direct contact with drastic 

reaction conditions.77 In this immobilisation method, unlike the entrapment, the enzyme is enclosed 

in a membrane and not in a matrix of a specific material. To avoid the enzyme leaching it is important 

to take to into consideration the size of the enzyme.18 Also, the choice of the support is important, 

indeed porous materials may result in mass transfer limitations for both substrate and product. 

 

2.1.5 Entrapment 

Entrapment immobilisation refers to the physically limitation of the enzyme within matrix made by 

sol-gel processes.78 The most common entrapment method consists in trapping the enzyme through 

the gelation of polyanionic or polycationic polymers by the addition of multivalent counter-ions. A 

gel is constituted by a solid crosslinked matrix and a confined liquid. The liquid within provides an 

environment for the protein which can be engineered to optimize performance. Ideally, this process 

creates a negligible impact on the catalytic properties without significantly affecting their structures 

and functions. Moreover, it is carried out in mild reaction conditions of temperature without carrying 

out harsh chemical reactions.  
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2.2 Supports for enzyme immobilisation 

Immobilised enzymes usually display higher resistance to harsh environmental conditions, allow 

reusability and may result in improved thermal stability if compared to free enzymes.70 The enzymatic 

activity and stability depend on the choice of the support as well as the type (e.g. physical or covalent)  

of enzyme immobilisation.18,79–81 However, the choice of the most appropriate immobilisation method 

and support material depends mainly on the type and conditions of the catalytic process. A wide range 

of materials can be used as supports for enzyme immobilisation.82 According to their chemical 

composition they are classified  in organic, inorganic, and hybrid or composite. The support should 

protect the enzyme structure against harsh reaction conditions and thus help the immobilised enzyme 

to retain high catalytic activity. The main required features of support materials for effective enzyme 

immobilisation. are: chemical and thermal stability under reaction conditions, high affinity to 

enzymes, biocompatibility, presence of reactive functional groups, availability and price, regeneration 

and reusability (Figure 10).83   

 

Figure 10: Main features of support materials used for enzyme immobilisation. Figure adapted from 

Zdarta et. al.83 
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However, it should be considered that the choice of material is related to both the type of enzyme and 

the process in which the biocatalytic system will be used. Scientific research regards laccase 

immobilisation has been reported in the literature since the '80s, as shown in Fig.11. The number of 

articles related to the immobilisation of laccases is greatly increasing year by years. This trend shows 

the increasing interest in the development of new supports for laccases.  

 

Figure 11: Publications data for “laccase” and “immobilisation.” in articles by Scopus, 15th May 

2022. 

Among the several materials investigated for the enzyme immobilisation until now, porous materials 

offer high surface area, tuning of pore dimensions and high enzyme immobilisation efficiency. For 

these reasons, their use as enzyme carriers is promising and widely investigated. Particularly, meso- 

and macro-porous materials are more suitable compared to microporous. Indeed, several studies 

demonstrate that enzyme loading, and activity can be affected by the pore size of the support. 
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Therefore, not all porous materials are suitable for enzyme immobilisation. For example, even if 

zeolites have a large surface area, due to their small pore size, (dp < 1.3 nm) they are not used as 

carriers for adsorption of the large enzyme molecules (molecular size > 3–30 nm). On the other hand, 

if the pore size is much wider than the enzyme molecules size, the latter cannot be retained resulting 

in leaching of enzyme molecules from the pores in case of physical adsorption immobilisation. 70 

 

2.2.1 Ordered mesoporous materials 

According to the IUPAC (International Union of Pure and Applied Chemistry) definition,84 the porous 

materials are classified as:  

• Micropores: pore size < 2 nm are called,  

• Mesopores: 2 nm < pore size < 50 nm ,  

• Macropores:  pore size > 50 nm . 

In nature both microporous and microporous materials can be found. In 1992 the researchers of  Mobil 

Oil. company firstly developed a class of ordered mesoporous materials (OMM) prepared using 

surfactants as templates known with the acronym of MCM (Mobile Composite of Matter) with a pore 

diameter in the mesopores' range.85 A typical MCM material synthesis is generally carried out in a 

basic aqueous solution of a cationic surfactant (i.e. cetyl trimethylammonium bromide, CTAB) to 

which a silica precursor (i.e. tetraethyl orthosilicate, TEOS) is added. In 1998 a new class of OMMs 

called "Santa Barbara Amorphous" (SBA) family was discovered. SBA materials are synthesized 

using non-ionic surfactants, like pluronic triblock copolymers, PEO−PPO−PEO, are one of the 

families of polymeric surfactants, where PEO stands for poly(ethylene oxide) and PPO stands for 

poly(propylene oxide). 86 Generally, MCM materials show average pore diameters of less than 4 nm 

making them not suitable for enzyme immobilisation. On the other hand, SBAs with pore diameters 
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of 7–10 nm are much more suitable for enzyme immobilisation.80 Kresge et al. first proposed a 

mechanism for OMM synthesis called liquid crystal templating (LCT) mechanism, consisting of two 

main steps (Figure 12):87 

• The formation of the ordered structure due to the self-assembly of surfactant molecules. 

• Hydrolysis of the silica precursor (TEOS) followed by the silica condensation around the 

previously formed ordered structure  

Afterwards, Monnier et al. proposed a more complex mechanism for the formation of mesoporous 

materials called cooperative templating mechanism (CTM) consisting of three main steps: 

• Formation of surfactant micelles. 

• Hydrolysis of the silica precursor (TEOS) followed by silica polymerization. 

• Adsorption of the silica polymers on the micelles surface and formation of the ordered 

structure. 

 

Figure 12: Possible mechanisms involved in mesostructure formation. Path 1 is denoted as the true 

liquid-crystal templating mechanism and path 2 is designated as the cooperative templating 

mechanism. Figure adapted from ref.88 
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According to the reaction conditions such as pH, temperature, surfactant nature and concentration, 

ionic strength, counterion charge the OMM synthesis can be modified resulting in modulation of pore 

size, particles size and physico-chemical material properties.89 In 1996 Diaz and Balkus immobilised 

globular enzymes in MCM-41 material. Since then silica materials were widely used for enzyme 

immobilisation.90 

2.2.2 Metal Organic Frameworks (MOFs) 

Metal-Organic Frameworks (MOFs), defined by IUPAC as a coordination network with organic ligands 

containing potential voids,91 are a new emergent class of porous coordination polymers (PCPs) constituted by 

a metal node/cluster and an organic ligand linked through coordination bonds (Figure 13).  

 

Figure 13: Schematic MOF composition. 

The first MOFs publication dates to 1989, but the term MOF was first used by Yaghi  in 1995 for a 

material constituted by a copper 4,4′-bipyridyl complex.92 Since that time the interest in these 

materials is steadily increased and numerous MOFs have been synthetised.93 In general, the term MOF 

is used to indicate the group of compounds, when it is followed by a number it regards an individual 

MOF such as MOF 74, MOF 177 etc.94 In other cases, MOFs are named by the institutes in which 

they have been discovered such as UiO (Universitetet I Oslo) MOFs for example UiO-66 or the MIL 

(Materials of istitut Lavoisier) MOFs for example MIL-100-Fe.95,96  (Figure 14) 
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Figure 14: Example of MOF structures 

 

Name Formula Notation  

MOF-74  
 
Zn2DOT 

 

Metal organic Frameworks        

 

MOF-177 Zn4O(BTB)2 Metal organic Frameworks 

 

 

IRMOF-16 Zn4O(TPDC)3·17DEF· H20 Isoreticular Metal organic Frameworks     

 

UiO-66 Zr6O6(BDC)6 Universitetet i Oslo                                         

  

UiO-67 Zr6O6(BPDC)6 Universitetet i Oslo 

 

MIL-53 Al(OH)(BDC) Material of institute Lavoisier  

 

ZIF- 8 

 

Zn(MIM)2 Zeolite Imidazolate Framework 
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MOFs are generally porous (up to 90% free volume) with high surface area (extending beyond 6000 

m2 g-1).97 Due to their proprieties MOFs are suitable for several applications such as  the removal of  

water pollutants,98 gas adsorption,99 catalysis,100 sensing, drug delivery system101 and other industrial 

applications.17,98 Among them, MOFs have shown great potential for enzymatic immobilisation.102 

103,104 Synthetic strategies of enzyme-MOF are divided in chemical (covalent attachment and cross 

linking) and physical methods (entrapment/encapsulation and adsorption).65  

Since MOFs are generally microporous/mesoporous materials post-synthesis enzymatic 

immobilisation. is limited owing to the large size of enzyme molecules. In this regard, synthesis of 

MOFs with macropores would therefore solve this problem. Zhou et al. immobilised Aspergillus niger 

lipase in macroporous ZIF-8. The biocatalyst showed higher enzymatic activity (6.5-fold) and was 

used to catalyse a biodiesel production reaction.105 Sun et al. synthesized a hierarchically porous ZIF-

8 by polyphenol treatment method to immobilise glucose oxidase. The resultant enzyme@ZIF-8 

composites exhibited significantly increased stability.106 Nevertheless, typical 

solvothermal/hydrothermal methods for MOFs synthesis require long reaction times (1-3 days)107 and 

up to 1 – 2 weeks for diffusion methods.108–110 In addition, the MOF synthesis is often carried out 

under harsh conditions (high temperatures, use of organic solvents) resulting in unsuitable for 

enzymatic immobilisation. Therefore, the most promising alternative is the enzymatic entrapment 

method. This strategy, also known as the de novo approach,111 occurs in situ under mild conditions 

and aqueous solution. According to the presence or absence of co-precipitating de novo approach is 

classified in:  

• Co- precipitation: Auxiliary stabilizers are required to keep the enzyme in active form during 

the preparation such as polyvinyl pyrrolidone (PVP which helps to maintain dispersion and 

protect enzyme in solution during the encapsulation on MOFs. 

• Biomimetic mineralization: The enzyme is directly added during the MOF synthesis in the to 

form enzyme@MOF biocomposite. 
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Figure 15: Schematic A) co-precipitation and B) biomimetic mineralization. Figure adapted from 

ref.104,112  

The encapsulation involves the MOF formation around the enzyme in situ, via a ‘one pot’ approach, 

and thus requires biocompatible synthetic conditions.113 Employing this strategy, enzymes larger than 

the average pore size of the MOF material can be embedded within a three-dimensional network 

framework that prevents leaching of the enzyme, while retaining free substrate diffusion. The 

encapsulation strategy must be carried out in an environment ‘enzymatically friendly’ so that the 

enzyme retains its higher activity.114 Recently, Molina et al. reported the immobilisation. of laccase 

from the fungus Myceliophtora thermophila carried out by in situ and post-synthesis procedure on 

NH2-MIL-53(Al) MOF in order to obtain Lac@NH2-MIL-53(Al) and Lac#NH2-MIL-53(Al) 

respectively. The Lac@NH2-MIL-53(Al) showed an immobilisation. efficiency of 100% in contrast 

only 9.2 % of the enzyme was immobilised in the case of Lac@NH2-MIL-53(Al). Lac@NH2-MIL-

53(Al) was used to remove bisphenol A (BPA) from water. Data shows a complete removal of BPA 

(more than 98%) in only 3 min, that is, it is even able to beat the performance of the free enzyme. Due 

to the low enzyme immobilisation. by the post-synthesis approach on NH2-MIL-53(Al) the Lac#NH2-

MIL-53(Al) was not tested.115 A similar study regards in situ and post-synthesis immobilisation. of 

enzymes on nanocrystalline MOF platforms to yield active biocatalysts was performed by Gascon et 

al. Data showed that the enzyme loadings for biocatalysts prepared in situ became richer in (> 85% 

of the enzyme added to the synthesis media), more catalytically active, and leaked less of the 

immobilised enzymes, whereas the intrinsic catalytic activity per enzyme molecule was higher in the 
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post-synthesis biocatalysts. The in situ approach even led to active biocatalysts in a non-aqueous 

adverse media for enzymes, N,N-dimethylformamide.116 Carucci et al. reported the immobilisation. 

of a hyperhalophilic alcohol dehydrogenase in a Fe-BTC MOF material. Their results showed an 

increase of optimal work temperature (from 50 to 60 °C), a broader range of working pH, a decrease 

in the requirement for high concentrations of salt, good storage stability, and retention of activity in 

organic media (DMSO).117 These works emphasize the in situ immobilisation. potential for enzymes 

on MOFs.  

In recent years, MOFs have shown great advantages in enzyme encapsulation. In situ encapsulation 

has been reported for both microporous MOFs such as ZIF-8,118 ZIF-90,119 HKUST-1@Fe3O4,120 and 

mesoporous MOFs such as mesoporous ZIF-8, Zn-MOF, PCN- 222(Fe), MIL-88B, H-MOF(Zr), 

MIL-101(Cr), Cu-BTC-based MOF. According to the biomimetic mineralization method, the enzyme 

is directly mixed with an organic linker and a metal node in the absence of co-precipitating agents 

leading the enzyme embedding in the MOF. The main method reported in the literature to investigate 

the enzyme location are confocal laser and TGA coupled with SEM.121 All these procedures require 

long time and do not give the exact enzyme ubication.  

 

2.2.3 Zeolitic imidazolate frameworks (ZIFs) 

 A subgroup of MOFs, called zeolitic imidazolate frameworks (ZIFs) have revealed remarkable 

potential applications for enzyme encapsulation. ZIFs are formed by the coordination of Zn2+ or Co 

2+ with imidazole-type links.122 Due to  the metal-imidazole-metal angle being similar to the 145° Si-

O-Si angle in zeolites, ZIFs are topologically isomorphic with zeolites (Fig.16).123 
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Figure 16: The bridging angles in metal IMs (1) and zeolites (2). Adapted to ref. 123 

The strong interaction between the charged imidazolate linkers and the metal ions, together with the 

formation of rigid cages, make ZIFs highly robust porous materials, thus setting them apart from 

classic coordination networks. Both the ratio of imidazole derivatives/metal nodes and the reaction 

time and temperature can significantly influence the formation of the final crystalline product 

(Fig.17).124  
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Figure 17: Examples of ZIFs and their topology. Adapted to ref.125 

 Among the ZIFs, ZIF-8 is one of the most studied materials attributed to its exceptional thermal 

stability (up to 350°C), and the tenable porosity.126 These aspects make it a suitable carrier for enzyme 

immobilisation. ZIF-8 forms crystals with rhombic dodecahedral morphology and sodalite (sod) 

topology. The pore shape  is similar to that of a truncated octahedron with a diameter of 11.6 Å and a 

window size of about 3.4 Å (Fig.18).127  
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Figure 18: Three-dimensional structure of ZIF-8 in cubic unit cell at 111 plane, Zn (polyhedral), N 

(sphere), and C (line)). Figure adapted from ref. 128 

 

The first in situ immobilisation of enzyme, cytochrome c (Cyt c), on ZIF-8 was reported by Lyu et 

al.112 Cyt c was incubated in a methanolic solution for 24 hours. Surprisingly, the authors claimed  

that  the presence of methanol increased the Cyt c activity (up to 311 %).112 However, the presence of 

polar organic solvents in the reaction mixture usually leads to enzyme denaturation resulting in a loss 

of activity. Therefore, an immobilisation procedure carried out under aqueous media is preferred. In 

2015, Shieh et al. reported the first protein encapsulation within ZIF-90 carried out under aqueous 

media.119 Since that moment different enzymatic immobilisation approaches were investigated to 

evaluate the best immobilisation. conditions to retain high enzymatic activity. For example, Wei et al. 

immobilised β-glucosidase, invertase, β-galactosidase, and catalase, enzymes in ZIF-8, UiO-66-NH2, 

or Zn-MOF-74 via a ball milling process.129 This green approach allows to minimize the use of organic 

solvents and strong acids during synthesis, while retaining enzyme activity. Pitzalis et al. described 

the “one-pot” immobilisation  of Pseudomonas fluorescens lipase into a ZIF-8 at different zinc / 2-

methylimidazole molar ratio in aqueous medium.130 Lipases encapsulated in ZIFs have been used for 

biodiesel production refs. For example, Rafiei et al. reported the encapsulation of Candida rugosa 

https://www.sciencedirect.com/topics/engineering/cubic-unit-cell
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lipase into the microporous zeolite imidazolate framework, ZIF-67131 as well as Adnan et al. 

encapsulated a lipase from Rhizomucor miehei within X-Shaped ZIF-8 for biodiesel production.132  

Table 3: Examples of enzyme encapsulation on ZIF-8. 

Enzymes                              Comment Refs 

Lipase B from Candida 
antarctica 

                                                                                             
Synthesis of different biocomposite particle size 
to investigate the changing in rate of 
CALB@ZIF-8 catalysis  

 
133 

 

CgL1 laccase from 
Corynebacterium glutamicum 

Laccase@ZIF-8 composite showed enhanced 
thermal (up to 70°C) and chemical (N,N-dimeth- 
ylformamide) stability, resulting in a stable 
heterogenous catalyst       

134 

Laccase from Trametes hirsuta 
MTCC-1171 

Thermostability of Lac@ZIF-8 was enhanced 
3.6-folds at given temperature (50-70 8C) 
compared to its native form 

135 

Carbonic anhydrase from bovine 
erythrocytes 

The Carbonic anhydrase maintained 93 % of its 
original activity after being immobilised in ZIF-
8. The enzymatic stability and reusability were 
improved after its immobilisation 

136 

Lipase B from Candida 

antarctica  

Biocatalyst was successfully applied in size-
selective transesterification reaction in organic 
solvent 

137 

Lipase from Aspergillus niger The immobilised enzymes showed excellent 
thermo-stability in the temperature range of 50–

70 °C due to shielding effect. Also, storage 
stability (20 days) and reusability (upto six 
cycles) 

                        138 
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Another broadly utilised framework for protein encapsulation in iron-based metal-organic frameworks 

is the Fe-BTC (commercialized as Basolite F300). Fe-BTC is comprised of Fe3+ linked with 1,3,5-

benzenetricarboxylic acid.139,140 

 

Figure 19: Fe-BTC structure. 

Due to its poor crystallinity, Fe-BTC has been described in the literature as being disordered as it is 

not crystalline nor amorphous material.141 Typically, the Fe-BTC synthesis requires solvothermal 

treatment resulting in time-consuming and energy-intensive. In addition, post treatments such as the 

calcinations are required to a large surface area.142,143 Sanchez et al. reported a method to obtain a 

Basolite F300-like MOF (Fe-BTC) in only 10 mins.144 Subsequently, Gascòn et al. used the same 

procedure to synthesise and encapsulate enzymes such as alcohol dehydrogenase (ADH), glucose 

oxidase (GOx), and lipase through a one-pot procedure.96,103,104 The simultaneous synthesis and 

immobilisation of the enzyme within the MOF based on Fe3+ and the tridentate linker trimesic acid, 

occurred in situ in an aqueous medium and mild conditions (room temperature and almost neutral 

pH).104 The ADH@Fe-BTC shows an increase in optimal work temperature (from 50 to 60 °C), a 

broader range of working pH, a good storage stability, and retention of activity in organic media such 

as DMSO and ACN compared to its native form in water media.117 Other works on enzyme 
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encapsulated on MOFs by one pot synthesis carried out under mild temperatures and pressures were 

recently reported.102,104,135,145,146  

Compared to the other immobilisation techniques the encapsulation method is faster and cheaper 

leading to a more suitable biocatalysts for industrial processes. But till now, it is not well understood 

where the enzyme is located on the MOFs during its encapsulation.104,129,147,148 Another crucial point 

to take into account is the MOFs stability in the reaction mixture. Recent studies about MOFs have 

highlighted their poor stability under certain pH or salts concentration conditions.149–151 For example 

ZIFs are not stable to pH < 6  and certain buffer or salt concentration.152,153 Pu et al investigated the 

effects of different concentration of NaCl on (R)-1-phenylethanol dehydrogenase  encapsulated by 

ZIF-8. The results show that the (R)-PEDH@ZIF-8 morphology changes with the increasing of NaCl 

concentration (Figure 11). The maximum activity for (R)-PEDH@ZIF-8 was reached at 0.1 M NaCl 

(2.5 folds higher compared to the NaCl free).154 In another work, Gassensmith et al. demonstrated that 

ZIF-8 is more stable in some buffers and cell media.155 Also the Fe-BTC MOF  is affected by acidic 

pH condition resulting in the iron release,102  thus limiting their potential application.  

 

Figure 20: Schematic illustration of the effects of NaCl on the shape and enzyme activity of 

Enzyme@ZIF-8. Figure adapted from ref.154 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzyme-activity
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2.2.4 Hierarchical Zeolites 

Zeolites are generally microporous, crystalline silicate and aluminosilicate widely used as catalysts 

and sorbents. Their general formula is MxAlxSi1−xO2·yH2O where M is either a metal ion or H+. The 

value of x is between 0 and 1 and y is the number of water molecules in the formula unit. Due to their 

high surface area and well-defined pore systems, zeolites could be suitable carriers for enzyme 

immobilisation. There are several studies regarding enzymes immobilised onto zeolites.156 Recently, 

Miller et al. immobilised laccase from P. ostreatus, from Aspergillus sp. and from A. bisporus onto 

nano-zeolite for TEMPO-mediated glycerol oxidation.157 Their results showed that the biocatalyst  

lead to low yields of conversion (5%), nonetheless, significant selectivity to glyceraldehyde was 

observed (up to 100%). Lim et al. reported the immobilisation of recombinant monooxygenase, 

dioxygenase and flavin reductase on zeolite type X for the 4-chlorophenol degradation.158 Khojaewa 

et al. found that the binase-zeolite complexes can have a potential application in treating colorectal 

cancer or malignant skin neoplasms.159 The distribution of sizes, shapes and volumes of the void 

spaces in porous materials directly relates to their ability to perform the desired function in a particular 

application. Mass transfer and pore size are important key factors need to be considered when selecting 

materials. Although the utilization of zeolites as enzyme carriers is limited by their narrow micropores 

(pore diameter < 20 Å), in the last 15 years a new class of materials called hierarchically ordered 

zeolites, constituted by a hierarchical pore system has received an increasing attention for enzyme 

immobilisation.160 (Table 4) 
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According to the material porosity it is possible to classify hierarchical zeolites into two main 

categories (modular and bimodular).  

I) Bimodular systems: Micro/meso porous systems 

• Micro/macro porous systems 

II) Multimodular (multiple) pore systems: Micro/meso/macro porous systems 

 Table 4: Examples of enzymes immobilised on Zeolite 

Enzymes                      Zeolite                                            Application   Refs 

Lysozyme NaY (FAU) Micrococcus lysodeikticus cells 

disruption                                                                                             

161 

 

Lysozyme Pure-silica (MFI) Coatings for implantable devices 162 

Laccase NaY, DSY, DAY
 (FAU) 

Bisphenol A biodegradation 163 

Glucose 
oxidase, HRP 

TS-1 (MFI) Glucose oxidation + olefin 
epoxidation 

164 

Laccase X (FAU) Dyes decolorization         165 

Lipase TS-1,GIS, LTA, BEA, X 
(MFI, GIS, LTA, *BEA, 

FAU) 

Microalgae oil ethanolysis 
transesterification to FAEEs 

        166 
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• Micro/multiple meso 

• Micro/multiple macro  

• Multiple micro (at least two zeolites) and an additional porous system  

Hierarchical zeolites can be obtained by bottom–up or top–down approaches. In the bottom–up 

approach, the zeolite formation starts from precursors. The hierarchy of the system will be induced by 

multiple self-organization processes forming both the microporous zeolite and the additional pore 

system in one preparation. Three main cases can be differentiated: i) hard templating, ii) soft 

templating, and iii) “non-templating” methods. 160 

 

Figure 21:  Schematic illustration of the three main methods, hard templating, soft templating, and non-

templating, which are classified as “Bottom–Up” approaches. Figure adapted from ref.160  
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On the contrary, top-down approaches consist of introducing an additional pore system into already 

preformed zeolite crystals using strong acids or bases to remove aluminium or silicon atoms, hence 

digging new cavities, into the preformed material. Three main cases can be differentiated: i) 

“extractive” methods ii) delamination/re-arrangement and/or modification treatments of sheets of 

layered zeolites, and iii) dissolution/ recrystallization.  

 

Figure 22: Schematic illustration of the three main methods, demetallation, delamination, and so-called mixed 

techniques which are classified as “Top–Down” approaches. Figure adapted from ref.160 

 The synthesis of hierarchical zeolitic systems with intracrystalline meso- or macropores can 

overcome the pore size issue making zeolites a suitable material to host enzymes or other 

biomacromolecules.160,167–170 In addition, due to the presence of different pores, the mass transfer issue 

could be overcome as well. Recently, Ameri et al. reported the synthesis of both NaY and ZSM-5 
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zeolites and their hierarchical forms (HR-Y and HR-Z) through dealumination and soft templating 

procedure, and the immobilisation. of laccase from Trametes versicolor by physical adsorption onto 

HR-Y and HR-Z. The result showed significant increase in the average pore diameter size for HR-Y 

(2.43 nm) and HR-Z (5.07 nm) compared to those of the parent types (NaY and ZSM-5: 1.85 and 2.01 

nm, respectively). Laccase was subsequently immobilised on NaY and ZSM-5 zeolites, and their 

hierarchical forms by immobilisation. efficiency of 74.4 ± 1.4%, 71.6 ± 1.0%, 98 ± 2.9%, and 94 ± 

1.8% for Lac@NaY, Lac@ZSM-5, Lac@HR-Y, and Lac@HR-Z, respectively. Thermal and pH 

stability of the immobilised laccases were enhanced compared with the free enzyme.171 In another 

work, Taghizadeh et al. immobilised by physical adsorption a laccase from Trametes versicolor on 

NaY (laccase@NaY) and its modified desilicated and dealuminated forms in order to obtain 

hierarchical zeolites, laccase@DSY and laccase@DAY respectively. The enzyme immobilised on 

hierarchical zeolites showed higher bisphenol A biodegradation compared to that in its native form. 

In addition, the hierarchical carrier also improved the pH stability, catalytic stability and reusability 

of the laccase.163 Mitchell and Pérez-Ramírez synthesized by top-down approach a mesoporous ZSM-

5. Subsequently, a lipase was immobilised on zeolite after surface treatment by organosilanes and 

glutaraldehyde. The results show a higher lipase immobilisation. yield for meso/micro porous ZSM-

5 than microporous ZSM-5. The surface modification of mesoporous ZSM-5 resulted in improved 

enzyme immobilisation. efficiency, catalytic activity and reusability of enzyme compared with 

unmodified counterparts.170 Many enzymes with medicinal value can be immobilised on zeolites to 

improve their stability and performances. 172 Hu et al. immobilised a catalase onto hierarchically 

mesoporous zeolite A (a carrier with LTA topology obtained via a one-pot wet chemical method) to 

enhance real-time ultrasound contrast and improving photodynamic therapy of pancreatic cancer in a 

mice model.172 

Among several materials such as polymer nanofibers, mesoporous silica, graphene and graphene 

oxide, carbon nanotubes, natural biopolymers, metal nanoparticles, biochar etc., both hierarchical 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-activity
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zeolites and metal organic framework materials have become ideal supports for enzyme 

immobilisation. owing to their diverse pore structures, adjustable surface properties, relatively low 

cost, and good environmental compatibility. Here it was investigated the enzyme immobilisation by 

encapsulation into MOFs and via covalent attachment into a hierarchical zeolite.  
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In this Ph.D. thesis is the immobilisation of Aspergillus sp. Laccase on different supports was studied. 

This is enzyme was chosen because of its importance in biomass pre-treatment. 

The main aim of the thesis was trying to answer to the following general questions about enzyme 

immobilisation: 

i) What is the best support for enzyme immobilisation? 

Unfortunately, there is no general answer to this question a priori. For this reason, a screening of a 

number of supports for Laccase immobilisation was carried out. Among different possible supports 

for enzyme immobilisation three trimesic acid-based MOFs (Fe-BTC, Tb-BTC, Gd-BTC), an 

imidazolate-based MOF (ZIF-zni) and a functionalised pure-silica hierarchical (microporous-

macroporous) MFI zeolite (ZMFI) were chosen. As reported in paragraph 2.2.2 the enzymatic 

encapsulation on trimesic acid-based MOFs and imidazolate-based MOF is facile, rapid, and results 

in high enzyme loadings. Nevertheless, MOFs are generally poorly stable under acidic conditions. On 

the contrary, the use of the pure silica hierarchical zeolite allows to carry out the reaction under the 

optimal pH of laccase avoiding the dissolution of the support.  The purpose of the screening was to 

find the support which allowed the best performance in terms of activity and stability to the 

immobilised laccase.  

ii) Where is the enzyme located after immobilisation?  

This is an important issue, because the enzymatic performance could be different depending on the 

fact it is either on the external or on the internal surface of the support.   

iii) Does the immobilisation procedure affect the secondary structure of the enzyme? 

After the immobilisation, the enzyme is active only if the secondary structure has not been too 

modified compared with that of the free enzyme. 
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In order to try to answer the questions above, a multi-technique approach has been followed as better 

explained in the following paragraphs. 

 

3.1 Support screening 

Different supports, namely metal organic frameworks and silica zeolite for the immobilisation of 

the laccase from Aspergillus sp. were compared. The investigated materials were three trimesic 

acid-based (Fe-BTC, Tb-BTC, and Gd-BTC) MOFs and a pure silica macroporous (MFI) zeolite. 

The texture and the structure of the synthesized materials were characterised through N2 

adsorption/desorption isotherms and X-ray diffraction analysis (XRD). SEM and Confocal laser 

scanning microscopy (CLSM) analysis were employed to evaluate the morphological properties 

of the material. Chemical composition and the effective immobilisation of the enzymes were 

determined through thermogravimetric analysis (TGA), whilst the spectroscopic characterisation 

was performed by attenuated total reflection Fourier transform infrared (ATR-FTIR), micro-FTIR 

and confocal Raman spectroscopy.  

 

3.2 Enzyme location 

The enzymatic immobilisation within Metal-Organic Frameworks has gained great attention in 

these last years. Nevertheless, the enzymatic location during its encapsulation within MOFs is a 

topic poorly investigated in literature which worth further investigation. Indeed, the precise 

distribution of enzymes during their encapsulation in the MOFs is still unknown. Currently, the 

main procedures used to study the enzyme position on MOFs are the calcination of 

Enzyme@MOFs in the temperature range of protein decomposition to collect SEM images pre- 

and post-enzymatic immobilisation. This technique could give useful information about protein 

location in the support. However, it does not give information about the precise protein location. 

Another widely used technique is the CLSM. However, it requires the labelling of protein by 
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fluorescent molecules i.e. Fluorescein isothiocyanate (FITC) resulting in an expensive and time 

consuming approach. It is very complicated to determinate the protein location on MOFs during 

the encapsulation process using only one technique. Here, besides both the above-mentioned 

techniques a novel approach based on micro-FTIR 2D imaging using a Focal Plane Array (FPA) 

detector was used to evaluate the protein distribution. 

 

3.3 Enzyme secondary structure 

Commercial enzymes often show a very low degree of purity, and their enzymatic structure are likely 

still unknown. These aspects make tricky the investigation of their location and the determination of 

the structure conformation. In this regards a highly pure sample of bovine serum albumin (BSA) with 

a known structure was used as a model protein. BSA was immobilised within two different zeolitic 

imidazolate frameworks (ZIF-zni and ZIF-8) through a one-pot synthesis carried out under mild 

conditions (room temperature and aqueous solution).  

The same technique was also used to investigate the secondary structure and conformation changes of 

free bovine serum albumin (BSA) due to its immobilisation on both ZIF-zni (BSA@ZIF) and ZIF-8 

(BSA@ZIF-8). Protein conformation plays a crucial role in determining the catalytic efficiency of 

enzymes. 
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4.1 Powder X-rays Diffraction (XRD) 

XRD is a non-destructive technique employed to determine the crystal structure of a material. Some 

important information such as the calculation of the material lattice parameters, the orientation of a 

crystal, the stress in crystalline regions, and secondary phases in the sample can be obtained by fitting 

of the XRD patterns. Crystals and polycrystalline materials consist of crystal planes from which 

diffraction can occur. When a crystalline powder undergoes to X-ray beam (10 nm < 𝜆 < 1 pm) a 

portion of the radiation is reflected at the upper surface whilst rays also penetrate the crystal and reflect 

from the plane below. This phenomenon leads to constructive or destructive interference.173 The 

condition to have constructive interferences is described by Bragg’s law:   

2𝑑hkl sin 𝜃 = 𝑛𝜆  

Where 𝑑 is the spacing between diffracting planes, θ is the incident angle, 𝑛 is an integer, and λ is the 

beam wavelength 

 

Figure 23: Representation of the X-rays scattering by the atomic planes of a material. 

Interference maxima occur when the path difference between the recombining rays is an integer 

multiple of the incident wavelength.  

X-ray diffraction (XRD) occurs when X-ray wavelength λ and the distance between atom layers in 

the sample have comparable sizes. According to the Bragg’s law, the explored angular region ranges 

from 5° to 50°. The sum of diffraction patterns of each of the constituent phases gives the diffraction 



~ 59 ~ 
 

pattern of the sample.  Due to the absence of interference maxima, the amorphous phases show broad 

and featureless peaks. In contrast, powdered or polycrystalline samples show peaks in the diffraction 

pattern at each of the orientations. Through the patterns comparison is possible to know peak positions 

and intensities for a given material (qualitative analysis). whilst the Fitting pattern can provide 

additional information (quantitative analysis) such as the lattice parameters.174 In addition, the Full 

Width at Half Maximum (FWHM) of peaks gives information on crystallinity, nonuniform lattice 

strain, crystallite size, and defects. Indeed, it depends in an inversely proportional way on the size of 

the particles (D), in accordance with the Debye-Scherrer law: 

    𝑤𝐹𝑊𝐻𝑀 = 
K λ 

  D cosƟ
  

where K is a dimensionless shape factor (~1) that varies with the actual shape of the crystallite, λ is 

the X-ray wavelength (nm) and Ɵ is the Bragg angle. The intensity of the peaks depends on the atomic 

weight of the atoms of the unit cell and on their position inside the cell.  

The zeolite and Laccase immobilised on zeolite synthetised for this work were characterised by at 

University of Nuremberg. All MOFs materials and enzyme immobilesed on MOFs were characterised 

by X'Pert Pro PANanalytical at University of Cagliari. Figure 24  

  

Figure 24: Picture of A) Bruker D8 Advance B) X'Pert Pro PANanalytical. 
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4.2 N2 physisorption 

Gas adsorption is an important tool for the textural characterisation of porous solids and fine powders. 

The adsorption isotherm is usually constructed by the admission of successive charges of gas to the 

adsorbent with the aid of a dosing technique and application of the appropriate gas laws. The quantity 

of gas adsorbed is measured in any convenient units, but for the presentation of the data, it is 

recommended that the amount adsorbed should be expressed in moles per gram of outgassed 

adsorbent. The adsorption isotherms are usually plotted as the amount adsorbed (generally expressed 

in mol·g−1) against the equilibrium relative pressure (p/p0), where p0 is the saturation pressure of the 

pure adsorptive at the operational temperature, or against p, when the temperature is above the critical 

temperature of the adsorptive. Physisorption isotherms and hysteresis loops are classified in six and 

five types respectively as reported in figure 25. 

 

Figure 25: A) physisorption isotherms; B) hysteresis loops according to the IUPAC classification. 

Reproduced from ref.84 
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Reversible Type I isotherms show a steep rise at low pressures, then plateau. It refers to microporous 

solids having relatively small external surfaces such as some activated carbons, molecular sieve 

zeolites and certain porous oxides.  According to the material pore dimension the Type I isotherms 

are divided in  

• Type I(a) isotherms are characteristic for microporous materials having mainly narrow 

micropores (of width < 1 nm);  

• Type I(b) isotherms are found with materials having pore size distributions over a broader 

range including wider micropores and possibly narrow mesopores (< 2.5 nm). 

Reversible Type II isotherms are first concave, then almost linear, and finally convex to the p axis. 

less steep rise at low pressures, then further increase with change in concavity. They are given by 

the physisorption of most gases on nonporous or macroporous adsorbents. 

Reversible Type III isotherms are always convex to the p axis. They refer to non-porous or 

macroporous adsorbents weakly interacting with the adsorbate. 

Type IV isotherms are given by mesoporous adsorbents such as oxide gels, industrial adsorbents, 

and mesoporous molecular sieves). The adsorption behavior in mesopores is determined by both 

adsorbent adsorptive/interactions and by the interactions between the molecules in the condensed 

state.  

Accordig to the hysteresis type the isotherms IV are classified by Type IVa and IVb isotherms 

• Type IVa isotherm, capillary condensation is accompanied by hysteresis. This occurs when 

the pore width exceeds a certain critical width, which is dependent on the adsorption 

system and temperature (e.g., for nitrogen and argon adsorption in cylindrical pores at 77 

K and 87 K, respectively, hysteresis starts to occur for pores wider than ∼ 4 nm) With 

adsorbents having mesopores of smaller width, completely reversible. the hysteresis loop 



~ 62 ~ 
 

is associated with the filling and emptying of the mesopores by capillary condensation (the 

exact shape of the hysteresis loop varies from one system to another); quite common 

• Type IVb isotherms are observed. In principle, Type IVb isotherms are also given by 

conical and cylindrical mesopores that are closed at the tapered end. Type IVb isotherm: 

the rise is almost vertical (at a characteristic p/p0) and the isotherm is completely 

reversible; given only by a few ordered mesoporous structures (notably MCM-41, 

characterised by uniform near-cylindrical pores of critical size, when N2 is adsorbed at 77 

K) 

Type V isotherms are observed for water adsorption on hydrophobic microporous and mesoporous 

adsorbents. The initial region of the adsorption branch is like a Type III isotherm (convex to the 

(p/p0) axis).  levels off at high relative pressures with a saturation plateau (which may be short 

and reduced to an inflexion point). 

The reversible stepwise Type VI isotherm is representative of layer-by-layer adsorption on a 

highly uniform nonporous surface.  Type VI isotherms are obtained with argon or krypton at low 

temperature on graphitized carbon blacks. 

In 1938, Stephen Brunauer, Paul Hugh Emmett, and Edward Teller developed a theory, called B.E.T, 

to determine the specific surface of a porous material. B.E.T theory is an extension of the Langmuir 

model, which consider the multilayer physical adsorption assuming that gas molecules can interact 

with adjacent layers without influencing the interaction with the deeper layers. The equation is:   

 

Figure 26: BET equation in the linear form. 
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where n is the specific amount adsorbed at the relative pressure p/p° and nm is the specific monolayer 

capacity. The parameter C is exponentially related to the energy of monolayer adsorption. Fitting the 

equation in figure X it is possible to obtain the specific surface area 

                                                

where the σm (molecular cross-sectional area), occupied by the adsorbate molecule in the complete 

monolayer, as (BET) is the BET specific area of the adsorbent (of mass m). 

 

Figure 27: Image of the ASAP 2020. 

 

4.3 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a technique used to measure the material's thermal stability 

through the sample mass variation as a function of temperature. The apparatus consists of a sensitive 
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scale that measures the weight changes and a programmable furnace act to control the heat-up rate of 

the sample. The balance is located above the furnace and is thermally isolated from the heat. A high-

precision wire is suspended from the balance down into the furnace. The sample pan is located at the 

end of the wire. The specimen is usually positioned in a pan made of ceramic or platinum. The 

resulting plot (thermogravigram) is reported as a mass loss % against temperature. Since the obtained 

curves are characteristics for each type of material. It is possible to extract information from the 

thermogravigram such as the thermal stability and composition of a specimen. 

A STA6000 Perkin Elmer TGA (Fig. 28) was used for the thermogravimetric analysis of all samples 

investigated during this Ph.D. work. 

 

Figure 28:  STA6000 Perkin Elmer. 

4.4 Fourier Transform Infrared Spectroscopy (FTIR) Infrared 

During analysis by infrared spectroscopy (IR), a sample interacts with electromagnetic radiation in 

the infrared region of the spectrum. The radiation absorption depends on the nature of the chemical 

groups present in the sample. Absorption over the infrared spectrum is a fingerprint characteristic of 

organic material. Infrared spectra can also be obtained by reflecting the IR beam on the surface of a 

sample. Attenuated total reflectance (ATR), also known as ATIR (attenuated total internal 

reflectance), allows the non-destructive direct analysis of a liquid or solid sample without the necessity 

of the KBr pellet. is based on multiple internal reflectances of the IR beam on the sample surface using 
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a high refractive index crystal (e.g., thallium Bromo-iodide). Therefore, using the property of total 

internal reflection of the crystal results in an evanescent wave that hits the sample in contact with the 

crystal.  

 

Figure 29: Evanescent wave resulting from total internal reflection. From https://wiki.anton-

paar.com/be-fr/reflexion-totale-attenuee-atr/ 

The evanescent wave goes through the crystal surface and penetrates the sample only for some 

microns (0.5 μm - 2 μm), with the exact value determined by the wavelength of light, the angle of 

incidence, and the indices of refraction for the ATR crystal and the medium being probed.  

 

Figure 30:  Calculation of penetration depth: λ: wavelength of incident light in vacuum; n1: refractive 

index of ATR crystal (dense medium); n2: refractive index of sample (rare medium); ϴ: angle of 

incidence. 
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4.5 Electron Microscopy 

 

Electron microscopy is used to obtain high-resolution images of biological and non-biological 

specimens. Every electron microscope works by accelerating a focused stream of electrons in a 

vacuum towards a sample. The Interaction between the electron beam and the sample leads to an 

image of a sample’s surface or internal composition, depending on the type of electron microscope 

that is used. In comparison to light microscopy, electron microscopes can capture higher-resolution 

Tab. 5 vibration modes of typical bonds that can be identified by means of IR spectroscopy. 

Typical vibration modes  Wavenumbers (cm-1) 

C-H stretching  2850-2960  

C-H bending  1340-1465  

C-C stretching  700-1250  

C=C stretching  2100-2260  

stretching C HCH  2100-2260  

O-H stretching  3590-3650  

Hydrogen bonds  3200-3570  

C=O stretching  1654-1780  

N-H stretching  3200-3500  

N-H bending  1546  

Amide I and amide II  1650 and 1550  

Si-O-Si symmetric stretching  800  

Si-O-Si asymmetric stretching  1067-1070  

C=N stretching  1584  

Aromatic rings bending  900-1350  

Zn-N stretching  421  
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images. Indeed, the lateral resolution 𝑑=0,6098 𝝀𝐴𝑁 is inversely proportional to the resolving power, 

however, the lateral resolution is directly proportional to the wavelength of the radiation. Thus, using 

a very small λ, it is possible to observe small objects. Electron microscopes using a beam of electrons 

rather than photons as a radiation source, possess a resolving power that greatly exceeds that of optical 

microscopes, since the wavelength of electrons is significantly smaller than that of light. 

4.6 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 

 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) are the main 

types of electron microscopy. TEM and SEM differ in how they work and what types of images they 

can capture. 

 

Tab. 6: Summary of the differences between SEM and TEM.  

 Scanning Electron Microscopes 

(SEM) 

Transmission Electron Microscopes 

(TEM) 

Electron stream Fine, focused beam Broad beam 

Image taken Topographical/surface Internal structure 

Resolution Lower resolution Higher resolution 

Magnification Up to 2,000,000 times  Up to 50,000,000 times 

Image dimension 3-D 2-D 

Sample thickness Thin and thick samples okay Ultrathin samples only 

Penetrates sample No Yes 

Sample preparation 

Cost 

Speed 

Less preparation required 

Less expensive 

Faster 

More preparation required 

More expensive 

Slower 
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In scanning electron microscopy (SEM), electrons are emitted from a cathode made of W or LaB6. 

The primary beam of electrons is focused on a fine spot, and collides with the sample passing through 

scanning coils, determining the scan of a rectangular area. The sample emits a secondary beam that 

can be revealed resulting in a 3D image of the sample that shows the surface structure. 

Transmission electron microscopy (TEM) is a high-resolution imaging technique in which a beam of 

electrons, generated from a cathode filament of an electron gun, passes through a thin sample (< 150 

nm), creating an image that details a sample’s morphology, composition, and crystal structure. The 

beam is collected to condenser lens and hits the sample determining a scattered diffraction pattern. 

The beam interacts with the sample resulting in an image that can be impressed into a photographic 

layer or revealed by a charge-coupled device camera. If the direct beam is chosen to form the TEM 

image, this produces a bright- field image, while the scattered electrons from the sample produce a 

dark-field image.  

 

Figure 31: Schematic representation of SEM and TEM microscopy  
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4.7 Confocal laser microscopy 

Fluorescence microscopy is a type of light microscope that works on the principle of fluorescence 

widely used in diagnostic microbiology and in microbial ecology. In a conventional widefield optical 

epifluorescence microscope. In an epi-fluorescence laser scanning microscope, the coherent light 

emitted by the laser system crosses a pinhole aperture which is located in a conjugate plane with a 

scanning point on the specimen and a second pinhole aperture positioned in front of the detector. The 

specimen is crossed in a defined focal plane, and secondary fluorescence emitted from points on the 

specimen (in the same focal plane) passes back through the dichromatic mirror and is focused as a 

confocal point at the detector pinhole aperture 

 

 

Figure 32: Schematic diagram of the optical pathway and principal components in a laser scanning 

confocal microscope. Reproduced from ref.175 

A Leica TCS SP8 (Fig. 28) was used for the analysis of all samples investigated during this Ph.D. 

work. 
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CHAPTER 5: 

RESULTS 

 

 

 

 

 

 

 

 



~ 71 ~ 
 

In this chapter a short overview of published and unpublished results is given. The detailed motivation, 

the experimental details and the full set of result, suitably discussed, are given in Appendix. where 

both published and submitted papers, along with the respective Supporting Information Files, are 

reported. 

  As reported in chapter 2 laccases oxidise various phenolic compounds by one electron transfer with 

the concomitant reduction of dioxygen to water. It has been demonstrated that these enzymes are 

involved in the delignification mechanism, and for that reason they are of potential technological 

interest for green chemistry applications, such as bioethanol production. 

  

Figure 33: schematic process of bioethanol production from BML carried out by enzymes. 

The most critical step in the process is the pre-treatment of biomass. Many papers have been published 

about laccase involved in pre-treatment. Due to COVID-19 pandemic and restricted access to research 

laboratories, with a consequential slowdown of experimental activity, I used this time to go through 

the literature and write a review about laccases involved in biomass pre-treatment. The work was 

aimed to give an overview of the importance of laccases, mediators, and the best reaction conditions 

for biomass treatment. (PAPER I).   

As reported/explained in chapter 2 the use of free enzymes is often hampered by several limitations 

such as high costs, low operational stability (extreme conditions of T and pH), and difficulty recovery 

and reuse. This makes enzyme immobilisation. on solid supports a possible solution of those issues. 
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The experimental work of this thesis involved the use of hierarchical zeolites and metal organic 

frameworks (MOFs) as possible supports for enzyme immobilisation. In this regard, three trimesic 

acid-based frameworks such as Fe-BTC (commercially known as Basolite F-300), Tb-BTC ad Gd-

BTC were investigated for the immobilisation of the LC from Aspergillus sp. The Fe-BTC material 

was initially used for a different application, namely, the removal of Malachite Green (MG) and 

Alizarin Red S (ARS) organic dyes from water (PAPER II). Fe-BTC was characterised by means of 

Powder X-rays Scattering (XRD), Scanning Electron Microscopy (SEM), N2 physisorption, 

Thermogravimetric Analysis (TGA) and Fourier-Transform Infrared spectroscopy (FT-IR). The 

thermodynamic and kinetic parameters regarding both adsorption processes were determined by UV-

Vis spectrophotometric analysis. Experimental data were compared with theoretical models. The 

Langmuir model provided the best fit to the adsorption process, with maximum adsorption capacities 

of 80 and 177 mg g-1 for ARS and MG on Fe-BTC MOF, respectively. 

 

Figure 34: A)Adsorption isotherms ofMGand ARS with MOFwhere qe is a function of the 

equilibrium concentration. Adsorption data were fitted using linearized isotherms; (b) Temkin; (c) 

Freundlich; (d) Langmuir. The experiments were carried out in distilled water for 24 h, at T = 298 K. 
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In PAPER III two different MOFs were compared as supports for laccase immobilisation. First, Fe-

BTC MOF was prepared through the method proposed by Sanchez96 then a zeolite imidazolate 

framework (ZIF-zni) MOFs. LC immobilisation. occurred in situ under mild conditions, e.g. aqueous 

solution, neutral pH, and at room temperature for both MOFs. Immobilisation. efficiency was 100% 

for LC@Fe-BTC while was 99%, 70% and 52% and for LC@ZIF-zni, LC@TbBTC and LC@ 

GdBTC samples respectively. Immobilised LCs resulted in a lower specific activity compared with 

that of the free LC (7.7 μmol min-1 mg-1). LC@Fe-BTC showed the lower specific activity (0.17 μmol 

min-1 mg-1) compared with LC@GdBTC (3.3 μmol min-1 mg-1), LC@ZIF-zni (1.3 μmol min-1 mg-1) 

and LC@TbBTC (1.2 μmol min-1 mg-1). The KM value of LC@ZIF-zni is lower (21.6 μM) than those 

of LC@Fe-BTC (35.5 μM), LC@GdBTC (60 μM) and LC@TbBTC (116.5 μM) suggesting more 

efficient substrate binding by laccase in ZIF-zni.  

Table 7: Kinetic parameters obtained with free laccase, LCMOFs samples. 

 

 

The effect of enzyme loading was evaluated in case of Fe-BTC and ZIF-zni MOFs. LC@Fe-BTC had 

an optimal loading of 45.2 mg g-1, at higher enzyme loadings the specific activity decreased. In 
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contrast, the specific activity of LC@ZIF-zni increased linearly over the loading range investigated 

indicating that a higher amount of laccase can be immobilised without observed limitations. 

 

Figure 35: Effect of loading on specific activity of LC@Fe-BTC and LC@ZIF-zni. Inset: 

enlargement of data for LC@Fe-BTC. 

 The storage stability of LC@Fe-BTC was low with a significant decrease in activity after 5 days, 

while LC@ZIF-zni retained up to 50% of its original activity after 30 days storage whilst LC@TbBTC 

and LC@GdBTC retained up to 30% of its original activity after 21 days storage. The difference in 

activity and stability between LC@Fe-BTC and other supports is likely due to release of Fe3+and the 

low stability of Fe-BTC MOF. Together, these results indicate that ZIF-zni and GdBTC are promising 

supports for the immobilisation. of Aspergillus sp. laccase. However, it is necessary to consider that 

all trimesic based MOFs investigated in this work do not have a crystalline structure. On the contrary 

ZIF shows a crystalline structure allowing a good synthesis reproducibility. 

The work related to Tb-BTC, Gd-BTC, Lc@Tb-BTC, and Lc@Gd-BTC is reported here in detail  

since they have not been published yet. The XRD patterns of both free and immobilised laccase 

(LC@GdBTC and LC@Tb-BTC ) showed amorphous structructure. Scanning electron microscopy 

(SEM) images of GdBTC and TbBTC show a regular morphology with a needle shape The LC 
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immobilised into the support led to a change of particles morphology turning the material from needle 

shape to spherical one 

 

Figure 36: SEM immage of A) GdBTC B) LC@GdBTC C) TbBTC D) LC@TbBTC; XRD patterns 

of E) GdBTC, LC@GdBTC F) TbBTC,LC@TbBTC. 

Figure 35 shows FTIR spectra of the synthesised samples. For the Fe-BTC MOF sample, the peak at 

1610 cm−1 can be attributed to the C=O bond of carboxylate groups, while the bands at 1445 and 1362 

cm−1 are due to asymmetric and symmetric stretching of the O-C-O group, respectively. The other two 

sharp peaks at 750 and 703 cm−1 correspond to the bending of aromatic C–H bonds. The two peaks at 

1625 cm-1 and 1362 cm-1 arising from the carboxylate groups of the linker of the MOF likely mask 

the C=O amide stretching bands of the protein. TGA and FTIR characterisations, together with the 

Encapsulation efficiency values (70.2 % and 52.3 % for LC@TbBTC and LC@GdBTC respectively) 

confirm the successful immobilisation of the LC within the two trimesic based MOF. 
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Figure 37: Thermogravimetric analysis (TGA) and  FT-IR spectrum of MOF material the biocatalysts 

LC@MOF. 

The operational and storage stability of LC@TbBTC and LC@GdBTC were then studied. The 

operational stability LC@GdBTC (Fig. 36A) decreased in specific  activity  up to 30 %  after 3 days. 

From the 3rd day it decreased up to 75% of its initial specific activity  and retained a constant activity 

up to 20th day. The storage stability of LC@GdBTC  retained 60 % of its initial activity at the 6th day 

and about 20% of its initial activity at the 32th day. LC@TbBTC operational stability (Fig. 36B) 

decreased up to 50 % and retained a constant activity up to 3 weeks.The same trend was also observed 

for the LC@TbBTC storage stability (Fig36D).  
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Figure 38: Operational stability of A) LC@GdBTC B)  LC@TbBTC; Storage stability of C) 

LC@GdBTC D)  LC@TbBTC. 

In PAPER IV the same laccase was immobilised via post-synthetic treatment on a pure silica 

macroporous (MFI) zeolite with embedded micropores. The biocatalyst was characterised by SEM, 

FTIR, N2 adsorption and TGA. In addition, the support functionalisation was investigated through 

Fourier transform infrared spectroscopy (ATR-FTIR), N2 adsorption/desorption isotherms, solid-state 

NMR spectroscopy and EPR spectroscopy (Fig.34). The FT-IR spectrum of the ZMFI shows a broad 

band at about 1060 cm−1 due to Si-O-Si asymmetric stretching, a band at 960 cm−1 due to Si–OH 

stretching and one at 795 cm−1 due to Si–O–Si symmetric stretching. After surface modification with 

3-aminopropyl-triethoxysilane (APTES), the band at 960 cm−1 disappears and a new band appears at 

690 cm−1 that is ascribed to N–H bending vibrations. Additional evidence for the zeolite modification 

are the stretching vibration of C–H bonds at 2870 cm-1 , 2900  cm-1 and bending vibration of H–C–H 

bond at 1380 cm-1 appear confirming the reaction of free silanols with APTES.176–178 As a result of 

laccase immobilisation , a band at 1647 cm−1 (–C=N– bonds), due to the reaction between the –ZMFI–
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CHO and laccase appears. 13C Cross Polarization (CP) solid-state NMR spectra clearly show the 

grafting of APTES onto the zeolite, by appearance of resonances at 10, 21, 42 and 58 ppm, 

characteristic for C1-C3 and the amine carbon atom of APTES (Figure 3 a).179 After modification with 

glutaraldehyde, additional resonances appear at around 30 ppm, indicative for additional aliphatic 

groups, and at 62 ppm, assigned to the C=N functionality, but possibly overlapping with unreacted C-

NH2 amine groups from APTES. At 200 ppm, a particularly characteristic resonance for the aldehyde 

functionality appears. The successful immobilisation of LC is furthermore confirmed by ESR 

spectroscopy (Fig. 34A), showing that the solid biocatalyst contains LC with no major effect on the 

close environment of the ESR-active Cu centers of the enzyme. 

 

Figure 39: A) ESR spectra of laccase in solution as supplied and immobilised on ZMFI recorded at 

100 K. B) 13C CP MAS NMR spectra of ZMFI-NH2 (yellow) and ZMFI-N=C-R (green). Line 

broadening: 100 Hz. Signals between 110-130 ppm correspond to toluene from synthesis. b) 29Si 

HPDEC MAS NMR spectrum of ZMFI-N=C-R. Line broadening: 50 Hz. C) ATR-FT-IR spectrum 

of parent ZMFI zeolite, the with APTES modified sample and the LC@ZMFI biocatalyst.  
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Zeolite MFI type had a SBET of 534 m2 g-1 that decreased by 45 % in the presence of laccase. The 

optimal pH, kinetic parameters (KM and Vmax), specific activity, as well as both storage and operational 

stability of LC@ZMFI were determined. The LC@ZMFI KM and Vmax values amount to 10.3 µM and 

0.74 µmol ·  mg-1 min-1, respectively. The dependence of specific activity on the pH for free and 

immobilised LC, was investigated in the pH range of 2 to 7, The highest specific activity was obtained 

at pH = 3 for both free LC and LC@ZMFI. LC@ZMFI retained up to 50% and 30% of its original 

activity after storage of 21 and 30 days, respectively. Immobilisation. of laccase on hierarchical pure-

silica MFI zeolite allows to carry out the reaction under acidic pH values without affecting the support 

structure.  

 

Figure 40: A) Specific activity as a function of pH for free laccase and                                                                                                                                                                                                                                                                       

@ZMFI B) Michaelis-Menten  of  Free laccase and LC@ZMFI C) Storage stability of LC@ZMFI, 

activity normalized at 1.12 µmol min-1 mg-1 D) Reuse of LC@ZMFI, activity normalized at 0.9 µmol 

min-1 mg-1. 
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For each LC support screened a decrease of specific activity and an increase of KM (Except for Zeolite 

MFI) were observed. This aspect could be ascribable to the possible enzymatic structure distortion 

due to enzyme immobilisation. 

In PAPER V the location and the secondary structure and conformation changes of the model protein 

serum albumin (BSA) due to its in-situ immobilisation within two different zeolitic imidazolate 

frameworks (ZIF-8 and ZIF-zni) were investigated. TG analyses were performed to evaluate the BSA 

mass loss in the supports. Data showed that BSA mass loss is in the temperature range comprised 

from 200 °C and 430 °C. Therefore BSA@ZIF-8 and BSA@ZIF.zni were calcinated at 380 °C for 2 

hours. SEM images were collected pre and post support calcination to investigate the morphology 

change due to protein combustion. Due to the calcination, a change of the morphology from spherical 

to pitted and uneven was observed for both carriers.  

 

Figure 41:  A) Thermogravimetric analysis (TGA) curve from 25 °C to 800 °C of ZIF-zni. BSA@ZIF-

zni and BSA B) SEM images of BSA@ZIF-zni pre and post calcination at 380 °C. 

mailto:BSA@ZIF.zni
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This result is most likely due to protein decomposition. Moreover, the BSA was labeled by FITC to 

evaluate its position after immobilisation. by Confocal laser Confocal laser scanning microscopy. 

 

 

  

Figure 42: Confocal laser A) BSA-FITC@ZIF-zni and B) BSA-FITC@ZIF-8 samples. 

The results showed that protein was evenly distributed in domains of 5-40 µm. FTIR 2D Imaging 

provided further information on the location of protein in the BSA@ZIF sample. Mapping the 

absorbance intensity (peak area) of the 3450-3200 cm-1 and 1565-1525 cm-1 regions, which 

correspond respectively to the central portion of amide A and to the amide II band of BSA, showed 

that the protein is found all over the MOF in BSA@ZIF. In addition, details of the imaging maps at 

higher magnification highlighted that the protein seems to concentrate in domains of 5-40 µm, which 

form an extended network across the MOF surface, while such domains are not observed in the pure 

BSA sample. Additional information on changes in the BSA structure upon immobilisation was 

extracted by the deconvolution of the amide I band in the reflectance spectra. Data showed that the 

crystalline content of BSA increases significantly when the protein is immobilised on the MOFs in 

BSA@ZIF-zni resulting in increased up to 25% (-sheets + -helices), and a drastic reduction of -

turns. A marked red shift of amide I, indicating protein-MOF interactions, and protein structuration, 

was also observed on BSA@ZIF-8.  
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Figure 43   LOCATION MAPS. (Top and down panel, upper row) Visible (VIS) and FTIR 2D 

Imaging maps of the BSA@ZIF samples. DECONVOLUTION (Top and down right) FTIR 

Reflectance spectra of BSA and BSA@ZIF (after subtraction of a representative ZIF spectrum).  

Work in progress 

The final goal of the biocatalysts obtained during this Ph.D. would have been to test them against 

lignin polymer. Unfortunately, there has not been enough time. Therefore, I tested only the free laccase 

against lignin.  

Aspegillus sp. and Trametes versicolor Laccases were used to oxide lignin. Results showed an increase 

of band at 280 nm (at 25 °C) most likely due to the formation of new carbohydrates because of the 

LCs action. Aspergillus sp. seems to be better than Trametes Versicolor. The experiment was also 

carried out at 40 °C. Surprisingly the peak at 280 nm increased in absorbance 
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Figure 44: Alkali lignin degradation carried out by Laccase from Trametes Versicolor and Aspergillus 

sp. 

 

Figure 45: SEM images of Lignin A) B) pre and C) D) post LC treatment. FTIR spectra regarding of 

lignin pre and post treatment were reported at the bottom of the image  
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The lignin was collected by a centrifuge from the reaction mixture. The lignin powder was analysed 

by SEM and FT-IR pre- and post-reaction. SEM images showed a change in morphology due to the 

reaction acted by the enzyme. IR Spectra showed a new peak at 795 cm-1 whilst the peak at 1434 cm-

1 disappeared after the reaction. These data are part of a preliminary study. Further investigation must 

be carried out. 
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CHAPTER 6: 

CONCLUSIONS 

 

 

 

 

 



~ 86 ~ 
 

This thesis was aimed to give an answer to three questions concerning enzyme immobilisation (see 

Chapter 3). The conclusions of this work can be summarised in the following points:  

1. Aspergillus sp. Laccase immobilisation was successfully carried out within MOFs in situ under 

mild conditions, e.g. aqueous solution, neutral pH, and at room temperature. The immobilisation of 

the laccase on MFI-Type Zeolite crystals with embedded macropores was instead carried out post 

synthesis. The immobilised biocatalysts were fully characterised by mean of several techniques, e.g. 

XRD, SEM, FTIR  and TGA for LC@MOF and also N2 adsorption/desorption isotherms, solid-state 

MAS NMR spectroscopy for LC@ZMFI. LC@GdBTC showed higher catalytic activity (3.28 

µmol · mg-1 min-1) compared with other materials. Whilst the LC@ZIF-zni showed the lower value 

of KM and the better storage stability (it retains  50 % of its initial activity up to 30 days) among 

MOFs materials. The LC@ZMFI showed the lower value of KM compared with other materials. 

However, LC@ZMFI test activity were carried out under pH 3 and therefore not comparable with 

kinetics parameters obtained for LC@MOFs. 

2. The location of the protein into the material was investigated through confocal laser scanning 

microscope (CLSM) and TGA coupled with SEM. The LC immobilised samples reveal a XRD 

patterns like the free enzyme materials demonstrating that laccase immobilisation did not affect their 

structure.  Chemical composition was determined through thermogravimetric analysis (TGA). 

Thermogravigrams confirmed the enzymatic presence in the materials. This was confirmed by 

Bradford assay too. SEM and CLSM analysis were employed to evaluate the morphological properties 

of the material. SEM images of material pre and post calcination at 380 °C showed a noticeable change 

in morphology. This agrees with literature confirming the presence of enzyme inside the materials.121 

Confocal microscope images of FITC-BSA@ZIF-zni and FITC-BSA@ZIF-8 samples show a 

homogeneous distribution of BSA molecules within the MOFs. All these results suggests that BSA 
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could be both encapsulated within ZIFs structure and on the external surface of the material. XRD (X-

ray Diffraction) was used to analyse the crystalline phases of the materials.  

 

3 Finally, the quantification of enzyme structure distortion due to its interaction with MOF support. 

whilst the spectroscopic characterisation of BSA, ZIF-zni, ZIF-8, BSA@ZIF-zni and BSA@ZIF-

8 was performed by attenuated total reflection Fourier transform infrared (ATR-FTIR), micro-

FTIR and confocal Raman spectroscopy. In particular, micro-FTIR 2D imaging using a Focal 

Plane Array (FPA) detector was used to investigate the secondary structure and conformation 

changes of free bovine serum albumin (BSA) due to its immobilisation. on both ZIF-zni 

(BSA@ZIF) and ZIF-8. Before interaction with the MOF, amide I deconvolution indicates that 

BSA has a strong content in β -turns (89%), with limited contribution from β-sheets (4%). 

Whilst the crystalline content of BSA increases significantly when the protein is immobilised on 

both ZIF-zni and ZIF -8 resulting in increased up to 25% (β -sheets + -helices), and 40 % (β 

-sheets + -helices) respectively with a consequent drastic reduction of β -turns. 
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ABSTRACT: Biofuels could be defined as the fuels of the future, although much work is still required
before they will replace fossil fuels. In this review, lignocellulosic biomass based on straw and related
crops and wastes is described concerning its lignin contents, structure, and properties, and an overview
on the means of current and predictable delignification protocols is presented. The discussion is
focused on herbaceous monocot materials and their available pretreatments (physical, chemical, and
enzymatic), with special emphasis on fungal ligninolytic enzymes and the most recent findings and
developments in their current application, issues, and perspectives.

KEYWORDS: Biofuels, Lignocellulosic biomass, Grass lignin, Delignification, Pretreatments, Ligninolytic enzymes

■ INTRODUCTION

Extensive use of fossil fuels is considered the main source of
greenhouse gases and other polluting emissions. These
phenomena have deep consequences on climate change and
public health.1 Conceivably, global energy demand will strongly
rise in the next decade and beyond.2,3 These issues have led to a
growing interest in renewable energies such as biofuels.4 Among
these, bioethanol is used as a renewable substitute for gasoline.
Bioethanol is obtained by fermentation of sugars (sugar cane,
beet) or starch (maize). As it can be mixed in almost any ratio
with gasoline, bioethanol is often used as an additive. It has been
estimated that its use could potentially bring a reduction of 30%
in our current oil consumption.5 “First generation” bioethanol
has been produced from food sources and is not sustainable
because it competes with food crops. Instead, “second
generation” bioethanol is obtained from nonedible materials,
such as cellulose obtained from lignocellulosic biomass
(LBM).6−8 The economic assessment of lignocellulosic ethanol
production has also been extensively studied.9,10 LBM, earth’s
most abundant biopolymer-based material, is mainly composed
of cellulose (40−50 wt %), hemicellulose (25−35 wt %), and
lignin (15−30 wt %) biopolymers and a small percentage of
minerals and extractives.11 Cellulose, the main biopolymer
present in lignocellulosic biomass, is a linear, regular, micro-
crystalline homopolymer H(C6H10O5)nOH, where n (degree of
polymerization) is some thousands. Cellulose consists exclu-
sively of glucose units linked by β-1,4 glycosidic bonds.
Hemicelluloses are irregular, branched, amorphous heteropol-
ymers consisting of different C5 and C6 monosaccharide units,
such as xylose, mannose, galactose, arabinose, rhamnose,

glucuronic acid, and galacturonic acid in various amounts and
chemical linkage types, depending on biomass source.
Cellulose, hemicelluloses, and lignin are connected among

themselves to form LBM (Figure 1). Cellulose is encapsulated in
a cross-linked hemicellulose/pectin matrix through hydrogen
bond linkages and van der Waals forces. Hemicellulose is
presumably linked with lignin mainly via ester covalent bonds
due to hydroxycinnamic acids present in lignin−carbohydrate
complexes in the case of grasses.12−14

Bioethanol is only one amongmany products obtainable from
cellulose processing. Indeed, according to the type of pretreat-
ment, cellulose hydrolysis leads to a mixture of sugars (glucose,
cellobiose, cellotriose, cellodextrins) and lower amounts of other
compounds, such as 5-hydroxymethylfurfural (HMF), lactic
acid, levulinic acid (LA), 1,2-ethylene glycol, sorbitol, 2,5-
bis(hydroxymethyl)furan, formic acid, gluconic acid, and
glycolic acid. Hemicellulose hydrolysis results in a mixture of
xylose and other monosaccharides, such as arabinose, glucose,
mannose, and uronic acids, depending on the particular source
of the LBM. Lower amounts of furfural, LA, and γ-valerolactone
(GVL) are also formed. Very recently, the topic of cellulose and
hemicellulose enzymatic hydrolysis has been extensively
reviewed.15 Except for glucose and xylose, the other “platform
compounds” can be valorized by synthesizing other value-added
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chemicals or fuels. For example, LA is one of the most promising
platform compounds obtainable from lignocellulose (Figure 2).
LA can be used to produce fuel additives as GVL16,17 or ethyl
valerate (EV)18,19 (Figure 2).
Among the various sources of LBM, grasses (in a general

sense, but with particular emphasis on monocots, that is,
essentially Poaceae, formerly Gramineae) occupy a special
position for various reasons: (i) their lignin content is generally
lower in comparison with woody LBM, and conversely their
hydrolyzable and fermentable polysaccharide content is higher;
(ii) herbaceous LBM usually derives as wastes from other crops
or also can be purposely cultivated in marginal areas without
hampering food production for humans and animals such as
sheep or cattle; (iii) the lifecycle of these vegetables is often
annual, and therefore they represent typical renewable

resources. As a consequence, they have been and are nowadays
the subject of many studies20,21 to shed light on the particular
structural and chemical properties of their lignin fraction and to
find the best ways to exploit their high potential to obtain
fermentable sugars, fine chemicals, and renewable biofuels.
The aim of the present review is to encompass the state of the

art in the knowledge of these LBM materials and to critically
examine the main issues and perspectives in their utilization.

■ AN OVERVIEW ON LIGNIN GENERAL FEATURES
AND STRUCTURE

Lignin is completely different from the other biopolymers
forming LBM, being a cross-linked molecular network based on
phenylpropanoid units (monolignols) such as p-coumaryl,
coniferyl, and syringyl alcohols (Figure 3) and minor amounts

Figure 1. Lignocellulose biomass composition: cell wall composition and structure.

Figure 2. LA, EV, and GVL production from LBM.
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of other monomers.22 To a certain extent, lignins show a
different composition depending on the particular class of
vegetables where they are found. Generally speaking, lignin
structure forms a dense 3-D texture, based on p-hydroxyphenyl
(H), guaiacyl (G), and syringyl (S) units, linked by a variety of
C−O and C−C (most commonly, β-O−4, β−5, β−β, 5−5, 4-
O−5, β−1 and α-O−4) bonds (Figure 4).14,22 As noted above,
the lignin content in LBM depends on the source: softwoods
show the highest lignin content (28−32%), followed by
hardwoods (20−25%) and grasses (17−24%).24,25 Also, the
relative amounts of the three main monomers differ
significantly23 among hardwood lignin (H/G/S = trace:50:50,
GS-lignin), softwood lignin (H/G/S = 4:96:trace, G-lignin),
and grass (monocot) lignin (H/G/S = 5:70:25, HGS-lignin).
Important variations in the relative amounts of the three
monolignols are often found within the same lignin group.26,27

Moreover, the large uncertainty in the quantitative determi-
nations of such percentages and ratios should be taken into due
account, as the obtained values deeply depend both on the lignin
isolation procedures and on the chosen analytical methods.28

As noted above, lignins of different botanical origin differ
considerably in the proportions among the three main
monolignols. This has important consequences in the 3-D
structure of the resulting heteropolymers, because S units cannot
participate in interunit linkages involving their 5-positions,
which are occupied by methoxy substituents and indeed
unavailable for participation in other bonds.29 Consequently, S
units cannot participate in 5−5, 4-O−5, and β−5 linkages. As a
result, decidedly more cross-links are present in softwood lignin
(nearly no S units) in comparison with hardwood lignin and, to a
certain extent, in grass lignin (about 25% S units, although with
high variations among different botanical species). Therefore,
although present in substantially lower amounts, grass lignin
forms a denser network with respect to themuchmore abundant
hardwood lignin and is conceivably harder to remove.29

■ GRASS LIGNIN: RECALCITRANT THOUGH SCARCE
For the reasons underlined above, grasses (both crops and
wastes coming from herbaceous crop processing) are of high
interest as inexpensive and rich sources of polysaccharides and
therefore fermentable sugars, as well as other sugar-derived
chemicals. However, such potential is hindered by the
recalcitrance of their lignin fraction,30 which must be removed
in whole or at least in part to fully exploit the polysaccharides.
Accordingly, grass lignin structure has been and is nowadays the
subject of much research to understand its peculiar structural
motifs and to find suitable delignification treatments.

Grasses stricto sensu belong to the Poales,31 and in particular to
the family Poaceae, although also Cyperaceae include a vast
variety of herbaceous species. On the other hand, many
Bambusoideae have woody stems, though their “wood” shows
the anatomical features, and the general chemical composition,
typical of monocots,32 and this is why they are considered in this
description.
Since the pioneering studies, some points have been

established about grass lignin general structure and properties,
although with sometimes contradictory conclusions referring to,
for example, the presence (if any) and abundance of α-O−4
ether linkages connecting the monolignol units.33,34 Another
special feature emphasized by early studies is the high relative
abundance of H units in wheat straw lignin and therefore
presumably also in taxonomically related straws. In the same
study, the highly complex structure of Poaceae lignin in
comparison to both hardwood and softwood lignin was
confirmed.35 This outstanding feature was also underlined in a
general review20 focused on the peculiarity of grass cell wall in
comparison with dicots: in particular, a significant percentage of
H units (∼4−15%) was claimed to be usually present in grass
lignins, together with etherified or esterified ferulic and p-
coumaric acids (Figure 5). However, the use of combined,
different analytical techniques has shown that the relative
abundance of H units is usually overestimated, because p-
coumaryl residues are often and incorrectly ascribed to H
units.36 Also protein residues in cell walls contribute to such an
overestimation.37 Neither H units nor hydroxycinnamic acids
are present in noticeable amounts in the large majority of dicot
lignins. That of lignin acylation by hydroxycinnamic acid is a
crucial feature in lignin of monocot grasses,38 not only for their
differentiation from nongrass lignins but because these
hydroxycinnamoyl residues are the chemical bridges between
lignin and cell wall polysaccharides. In particular, the γ position,
predominantly or also exclusively of S units, is the acylation site,
by acetyl, p-hydroxybenzoyl, and p-coumaroyl moieties. Also
ferulic acid is present, though usually in smaller amounts than p-
coumaric acid, as a constituent of grass lignins. Ferulic acid
should be considered among the monomeric units of grass
lignins, where it most probably acts as a polymerization
initiator.38 However, rather than forming esters at the γ
positions of S units, ferulic acid tends to be linked preferentially
to G units39 as an α-alkyl-aryl ether (by means of its phenolic
hydroxyl at the 4 (or para) position), whereas its carboxy
function is esterified to hemicelluloses, mainly at the 5 positions
of arabinose residues of arabinoxylans. Such ester bonds are
alkali-labile, whereas the α-alkyl-aryl ether bonds are acid-labile.
This observation has important practical consequences and
should be taken into due account when planning delignification
protocols for herbaceous crops (vide inf ra). Another peculiar
feature of feruloyl residues in grass lignins is the definite
tendency of thesemoieties to exist in part as various isomeric C−
C and C−O dimers, arising from peroxidase action. Such dimers
contribute to a close covalent bonding between lignin and cell
wall polysaccharides. The very complicated topic of lignin−
carbohydrate complexes (LCCs) has been recently reviewed40

and has been and is still the objective of several studies, owing to
its implications in delignification procedures (vide inf ra). In
addition to the “indirect”mode of interaction (feruloyl moieties
acting as bridges between lignin and carbohydrates), direct α
ether linkages have been found, binding together lignin and
arabinoxylans. In particular, the ether linkages involve usually
the 5 position of the arabinose units. Moreover, a minor fraction

Figure 3. Three monolignols acting as the main comonomers in lignin
biosynthesis: (a) p-coumaryl alcohol, becoming the p-hydroxyphenyl
unit H in the polymer; (b) coniferyl alcohol, becoming the guaiacyl unit
G in the polymer; (c) sinapyl alcohol, becoming the syringyl unit S in
the polymer.
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of polysaccharides can form ester linkages involving glucuronic
acid or 4-O-methyl-glucuronic acid moieties of the glucurono-
arabinoxylans. The preferentially involved esterification sites are
the γ positions of G units.38,40

The widely accepted structural models for cell walls in
monocot grasses20,41 suggest that the prevailing interbiopolymer
covalent bonds mainly involve hemicelluloses. However, some
indications of direct bonding between lignin and cellulose exist

Figure 4.Most common chemical linkages interconnecting the monomeric units within the lignin 3-D polymer: (a) β−β; (b) 4-O−5; (c) 5−5; (d) β-
O−4; (e) β−5; (f) phenylcoumaran, (α-O−4 and β−5); (g) β−1; (h) spirodienone (α-O−α and β−1); (i) resinol (α-O−γ, β−β, and γ-O−α); (j)
α,β-diarylether (α-O−4 and β-O−4); (k) dibenzodioxocin (α-O−4, β-O−4, and 5−5).
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from a long time ago and were recently confirmed with new
analyses.42 In particular, systematic NMR analysis of 80 species
of the Poaceae has confirmed the wide presence of such bonds,
involving essentially the 6-OH along the cellulose chains and the
phenolic 4-OH of the monolignol units. In spite of the greater
steric hindrance, also the 2- and 3-OH groups along the cellulose
chains could be involved in such linkages, as well as the α- and β-
hydroxyls of the phenylpropanoid moieties.
Another peculiar feature of the grass lignins is the significant

presence of monomers, different from the “classical” mono-
lignols,22 that are sometimes found also in wood lignins, but as
quite marginal components. Among those, the flavone tricin
(Figure 6) occupies an outstanding position as a minor
comonomer in grass lignins, where it participates in the
formation of polymeric chains exclusively through 4′-O-β
linkages. Therefore, it can occupy only the terminal positions
in the lignin chains. A role for this flavonoid as a possible
initiation molecule for lignification in monocots has been
suggested.43

The large variety of monomers, additional compounds, and
possible interunit linkages, together with the variety of grass
LCCs, gives rise to a grass lignin family, where themain common
features are counterbalanced by particular compositional and
structural motifs, such as are briefly encompassed here below.
A comparative study44 among wheat, barley, maize, alfa (Stipa

tenacissima), Miscanthus straws, and oat husks has shown that
the respective lignins are quite similar, with an almost identical
S/G ratio (0.78 and 0.79, respectively) for barley and wheat
straw lignins. Other Poaceae would be slightly different, with S/
G ratios of 0.76 for maize and 0.81 for Miscanthus straws,
respectively. These values have been determined by FT-IR
analysis. In the same study, the condensation indices (CI,
meaning the fraction of monolignol subunits, participating in
additional C−C linkages or diphenyl ether linkages, besides
those usually binding the monolignols) were measured.
However, the claimed strict resemblance among cereal lignins
has been questioned by other studies.38,41 The H/G/S ratio is

4:35:61, 5:49:46, and 15:45:40 for maize stover, wheat straw,
and rice straw, respectively. In particular, rice (Oryza sativa)
straw contains less lignin in comparison with maize and wheat;
wheat straw shows the almost unique property of containing a
significant fraction (≃20%) of its total lignin content that is
readily soluble in alkaline solutions. However, as a general
observation, such data as well as other analytical measurements
have to be considered with the greatest caution, owing to the
significant structural alterations lignins can undergo as a
consequence of even mild extraction and separation proce-
dures.45,46

Bamboo47 and giant bamboo48 lignins have been investigated
in detail with concern to their structural features, owing to the
great importance of many Bambusoideae as potential pulp and
paper sources as well as with reference to their application as
starting raw materials in biorefineries. In brief, Bambusa lignin
shows an unusual abundance of S units that sharply prevail over
both G and H units (S/G ratio > 1.5). The monolignol units are
bound by means of the usual linkages such as β-O−4 and so on,
with the significant presence of α,β-diaryl ether motifs. The
Bambusa lignin is noticeably heterogeneous, as a fraction with a
lower S/G ratio could be separated by means of a milder
extraction, whereas an alkaline extractant allows the dissolution
of the high S/G ratio component. Also, significant amounts of p-
coumaric and ferulic acids have been detected, covalently bound
to the polymer. For Dendrocalamus sinicus (giant bamboo), the
most interesting result is perhaps the high incidence of α-O−
sugar linkages, maintaining covalently bound to both other
lignins and hemicelluloses. The involved C atoms can be either
terminal carbons (C6 or C5 depending on the hexose or pentose
nature of the involved sugar) or secondary (C2 or C3) carbons. A
detailed study on Arundo donax (common reed) lignins49

revealed that, as found for other monocot grasses, some
differences exist between stem and foliage lignins. On the
whole, in spite of the apparent resemblance between reed and
bamboo, the S/G ratio is decidedly lower in the former (<1),
although with significant differences between stem and foliage

Figure 5. p-Coumaric (a) and ferulic (b) acids and their mode of bonding to grass lignin.

Figure 6. Flavone tricin (a) and its mode of bonding to the lignin (b).
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lignins: the latter contains more H units and its S/G ratio is even
lower. The β-O−4 linkages largely prevail in both lignins,
although with higher frequency in stem; conversely, acylation at
the γ positions is more present in the foliage lignin.
Alfa (St. tenacissima) is not to be confused with alfalfa

(Medicago sativa), which belongs to Fabaceae and is therefore a
dicot. Alfa lignin analyzed after a mild organosolv process,26

revealed a “normal” composition of an HGS type polymer,
where the main interunit linkage is, as usual, β-O−4 alkyl-aryl
ether. Moreover, it contains a high amount of acetate,
hydroxybenzoate, and hydroxycinnamate esters, with the acetyl
residues mainly linked to the γ positions of the S units.
Sugar cane (Saccharum spp.) bagasse and straw are produced

in large amounts in tropical countries as byproducts of the sugar
industry. Therefore, they have been deeply studied as a potential
source of fermentable sugars after saccharification. Conse-
quently, their lignins have been the subject of a number of
investigations to determine their structure and chemical
properties.50 In particular, bagasse lignin is a HGS-type polymer
with a high S/G ratio, whereas the opposite is found in the straw,
where G units sharply prevail. This finding is in full agreement
with the consideration that bagasse arise mainly from mature
stems, whereas straw contains also young leaves in addition to
mature foliage. Moreover, the two types of lignin differ also in
the proportions among the interunit linkages. In fact, bagasse
lignin units are largely linked by β-O−4 bridges, whereas straw
lignin contains comparatively higher proportions of other
linking modes, such as phenylcoumaran (benzoxolane)
moieties.
Pennisetum purpureum (elephant grass) is in top position for

LBM productivity and is easily cultivated in tropical areas, and
therefore its lignin is worth investigating in detail.36 This lignin
contains a low content of H units (∼3%) and exhibits a high
degree of γ-acylation by p-coumaric acid.
Switchgrass (Panicum virgatum L.), Poaceae, is a perennial

monocot grass native of North America, forming vast prairies
along the plains, in particular in marginal, arid, and poorly
productive areas, although it has been introduced in Europe,
owing to its high potential as an energy crop for ethanol
production.51 The switchgrass lignin, arising from the use of
polysaccharide hydrolases, is characterized by a high prevalence
of β-O−4 interunit linkage, followed by β−5−α-O−4 (phenyl-
coumaran) and β−β (resinol) linkages.52 Inspection of lignin
content and composition among different varieties of switch-
grass showed very little variations, whereas lignin content and S/
G ratio varied greatly when comparing internodes, nodes, and
leaves: the content increases from internodes to nodes to leaves,
whereas the S/G ratio decreases from about 0.7 for internodes to
0.6 for nodes to 0.46 for leaves.53 A detailed comparative
experimental study about the techno-economic feasibility of
different delignification pretreatment procedures for switchgrass
has been published.54

In conclusion, grass lignins are generally present in lesser
amounts in straw in comparison to wood lignins, but their
particular structure, typical for noticeable presence of etherified
and esterified hydroxycinnamic acids, making close linkages with
cell wall polysaccharides, requires careful (pre)treatments to
fully exploit the fermentable sugar potential of the LBM.

■ DELIGNIFICATION MAIN STRATEGIES AND
PROTOCOLS

As already noted, due to its highly cross-linked, three-
dimensional structure, grass LBM is recalcitrant to degradation,

making the overall lignocellulose conversion a challenge.14 In
order to separate cellulose and hemicelluloses from lignin,
delignification pretreatments are needed.55−57 During pretreat-
ment, lignin is modified or partially separated and also dissolved
and removed from cellulose and hemicelluloses making them
more accessible to hydrolytic enzymes. With respect to the
processes needed to obtain ethanol or the platform compounds
from cellulose and hemicellulose, the delignification step is
undoubtedly the most challenging and critical of the overall
process. Different delignification strategies can be used:

• mechanical (microwave, ultrasound, mechanical extru-
sion);58

• physico-chemical (steam explosion, hot water, CO2
explosion, NH3 fiber explosion);

59,60

• chemical (acid or alkali hydrolysis, organosolv, ionic
liquids, reductive catalytic fractionation, selective oxida-
tion);61−67

• biological (microorganisms, redox enzymes).68

Most of the listed pretreatments involve harsh conditions
(high temperature and pressure, use of solvents, or extreme pH
values) causing partial biomass degradation. As a consequence,
wastes as well as enzyme inhibitors are produced, making such
processes unsuitable from economic and environmental points
of view.6,69 Among pretreatments, the use of redox enzymes is
very attractive for overcoming these drawbacks.70 Moreover,
they prevent the formation of furfural and phenolics, inhibitors
of hydrolytic enzymes needed to obtain monosaccharides from
cellulose and hemicelluloses, which are typically generated
during mechanical, physicochemical, and chemical pretreat-
ments.71 For these reasons, the use of redox enzymes is
becoming of increasing importance in the biorefinery field. In
the last years, the role of enzymes for the production of biofuels
has been widely investigated.72

The aim of the present section is to give an overview of the
most recent developments in the field of industrial delignifica-
tion, with particular focus on the use of redox enzymes.

A Brief Survey on the Nonenzymatic Delignification
Methods for Straw. It is common knowledge that hemi-
celluloses, owing to their branched and irregular structure, are
comparatively easier to remove than the other biopolymers
forming LBM, and therefore relatively mild treatment such as
extraction with hot water allows their removal. Conversely,
lignin stubbornly resists such treatments, as does cellulose. As
underlined in the previous section, grass lignins are engaged in a
wide variety of covalent bonds with hemicelluloses and cellulose,
and therefore any attempt at separation among the three main
biopolymers usually produces raw fractions containing signifi-
cant amounts of the other biopolymers, unless very harsh
operative conditions (such as Kraft protocols) are adopted.73

However, although the Kraft method is very suitable for
preparing cellulose fibers (pulp and paper industries), it shows
the drawback of completely dissolving the hemicelluloses,
essentially (glucurono)arabinoxylans, which constitute a sub-
stantial source of fermentable sugars in straw.74,75 Also for this
reason, the Kraft process is not usually applied to straw
delignification. The same could be said for the other widespread
wood delignification process, which is based on soluble
sulfites.76 Therefore, some other protocols, not so destructive
and above all more ecofriendly, have been developed, and some
are currently used at industrial or semi-industrial scale. In
particular, mild alkaline pretreatments could be resolutive for
preliminary hemicellulose separation from lignin, owing to the
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labile ester bonds joining the two polymers by means of ferulic
acid bridges (vide supra). It is also worth noting that the
fractionation protocols useful for research at laboratory scale are
usually not suitable at all for the purpose of polysaccharide
recovery. In fact, hemicelluloses are readily dissolved by
comparatively smooth treatments, contrary to cellulose and
lignin. Consequently, biorefinery-oriented procedures must
include operative methods devoted to hemicellulose recovery
and exploitation. Finally, the whole biorefinery process must be
inexpensive enough to ensure a substantial profit when selling
the obtained chemicals such as ethanol, xylose or xylitol, and so
on.77,78

Physicochemical Treatments. These include the use of
solvent systems that ideally do not alter significantly the covalent
structures of the main LBM constituents. In practice, the dense
3-D lignin structure requires a partial molecular simplification to
be brought into solution, unless hydrotropic solvents are used.79

Generally speaking, there is growing interest in the field of lignin
removal by organic aqueous solvents.55 These should be
inexpensive, easily recoverable and recyclable, and environ-
mental friendly. Progress in this field has been recently
reviewed.80 Particularly promising appears a recent method
based on lignin solubilization (“organosolv” process) with an
ethanol−water mixture (60:40) under pressure at 160 °C. The
dissolved lignin was then precipitated by proper dilution with
moderately acidified water.81 Ethanol (80% aqueous solution)
was used similarly for solubilization of lignin fromMiscanthus.82

Another organosolv procedure on straw and other byproducts
from cereals has been described, affording a highly efficient
lignin extraction and recovery.83 However, the whole fractiona-
tion process for the studied LBM was somewhat laborious.
Other studies84,85 have shown the efficient solubilizing action of
hot imidazole over lignin, which could be isolated by simple
dilution of the imidazole solution; this latter could be later
recovered.
Ionic liquids (ILs) are organic salts that are nonvolatile liquids

at room temperature (Figure 7). ILs have high solvating power
and excellent chemical and thermal stabilities, and their
solubilizing power toward lignin has been assessed by some
studies.86,87

Steam and Ammonia Explosion and Extrusion.
Although known from about a century, steam explosion is still
current and its use in LBM pretreatments is widespread. Several
studies, even at the pilot or industrial scales, have been described
related to various LBM materials from different plant sources
and have been recently reviewed.88,7 The main advantage of the
technique is the absence of added chemicals, whereas the main
limitation is the partial hydrolysis of the hemicelluloses and the
formation of free acids such acetic and hydroxycinnamic. These
cause dehydration and cyclization of xylose leading to the
undesired 2-furaldehyde.
Ammonia explosion89 is a related technique that among other

effects prevents furaldehyde formation caused by free acidity.
The technique, commonly referred to as AFEX (ammonia fiber
expansion/explosion), requires the use of anhydrous ammo-
nia,90 that can be recovered at the end of the treatment owing to
its high volatility. Excess ammonia could also be recovered by
stripping with hot steam, resulting in a concentrated ammonia
solution. On the whole such a pretreatment does not alter the
LBM chemical composition too deeply, whereas it acts on
ultrastructure,91 making the material more accessible to further
treatments such as those involving polysaccharide hydrolytic
enzymes. This pretreatment has been recently reviewed together
with the use of ammonia aqueous solutions.90

Extrusion92 is to a certain extent similar to steam explosion. In
this case, steam is substituted by a strong shear pressure,
obtained by forcing LBM through a screw system, which also
causes the LBM to heat at the same time.

Chemical Pretreatments. These could be subclassified
into two main groups: (i) hydrolytic methods and (ii) oxidative
methods.
In principle, hydrolysis could take place under either acidic or

alkaline catalysis. Mild acidic hydrolysis is effective toward
hemicelluloses, while lignin and cellulose remain untouched; as
expected, the stronger the acidic conditions, the more efficient is
the hydrolysis. However, excessive acidity could promote,
besides other unwanted side reactions, partial hydrolysis of both
cellulose and lignin. In particular, strong acids promote the
formation of the undesired 2-furaldehyde and 5-hydroxymethyl-
2-furaldehyde, so milder conditions are generally adopted. On
the other hand, alkaline hydrolysis removes a fraction of
hemicellulose without forming 2-furaldehyde, but also a
significant lignin fraction is removed and contaminates the
obtained solubilized hemicellulose. A mild acidic pretreatment
to remove and partly hydrolyze hemicellulose, followed by an
alkaline one to remove a substantial lignin fraction, could be the
optimal solution, although more costly and requiring more
complex biorefineries. All these consideration have been
extensively and recently reviewed.93

Some other pretreatments, in particular oxidative ones, find
application in pulp and paper industry, as they leave a solid
residue mainly formed of cellulose. In other words, hemi-
celluloses are removed (and substantially wasted) together with
lignin. To prevent such waste, the above-mentioned mild acidic
pretreatment94 could allow for hemicellulose hydrolysate
recovery prior to the delignification process.93

Lignin interunit linkages mainly arise from radical-based
addition reactions, and consequently their hydrolysis requires
harsh conditions (in the case of C−O−C diphenyl ethers or
alkyl-aryl ethers) or is quite impossible (C−C bonds).
Therefore, lignin solubilization, apart from the harsh pulping
treatments such as Kraft, sulfite, or soda processes, is achieved by
means of oxidative cleavage. Ozone treatment under suitable

Figure 7. Common ILs used in delignification process: (a) Cholinium
dihydrogen phosphate [Ch][H2PO4]; (b) 1-butyl-3-methylimidazo-
lium hexafluorophosphate [Bmim][PF6]; (c) 1-ethyl-3-methyl-imida-
zolium acetate [EMIM][OAc]; (d) 1-ethyl-3-methyl-imidazolium-
diethyl phosphate [EMIM][DEP]; (e) diethylammonium hydro-
gensulfate ([DEA][HSO4]); (f) cholinium L-lysinate [Ch][Lys].
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operative conditions could be effective,95,96 but its use is limited
by high production costs, impossible storage, and the explosive
and toxic nature of the reagent.
Chlorite pretreatment of LBM is a well-known process,

affording substantial lignin removal without significant for-
mation of highly recalcitrant chlorolignins. A deep study on the
sodium chlorite/acetic acid pretreatment of hybrid Pennisetum
straw, citing also recent developments with reference to biofuel
production, has been recently published.94 It is worth noting
that such a pretreatment is rather selective toward lignin and
increases substantially polysaccharide digestibility. A treatment
of rice straw with chlorine dioxide has shown promising results66

with respect to delignification of such a LBM. Alas, chlorine
dioxide is an expensive, toxic, unstable, and explosive reagent, so
these substantial limitations should be taken into due account.
A huge number of studies have been published concerning the

use of hydrogen peroxide as a delignifying agent for LBM,
usually under moderate alkaline conditions. Effectiveness of the
process ranges from moderate to good, and its main advantages
are economical (hydrogen peroxide is a comparatively
inexpensive reagent and is manageable and safe enough for
industrial applications) and environmental (the only stable end-
products of its action are molecular oxygen and water).
Generally speaking, although hydrogen peroxide is a stronger
oxidant at low pH values, it is often more effective under
moderately alkaline (pH 10−12) conditions, where its mode of
action is at least in part based on the formation of superoxide and
hydroxyl radicals and also the extremely reactive singlet oxygen.
Important changes toward a more substantial, if not exclusively,
radical character of H2O2 action are observed in the presence of
certain redox-active transition metals such as Cu, Mn, and
especially Fe (Fenton or Fenton-like reactions).
These general features of lignin oxidation by hydrogen

peroxide have been recently reviewed.97,98 Some outstanding
examples are cited here, relative to straw LBM pretreatments
involving H2O2. Panicum virgatum and Zea mays derived LBM
were subjected to alkaline hydrogen peroxide pretreatment; in
both materials, a substantial cleavage of alkyl aryl ether linkages
was found, in particular of β-O−4 ones, leading to lignin
solubilization and increase of polysaccharide hydrolysis.99

Barley straw was investigated with relation to its response to
optimized alkaline hydrogen peroxide pretreatment, and a
substantial improvement of glucose yields through enzymatic
hydrolysis of the solid residue was assessed.100 Another
promising study deals with hydrogen peroxide pretreatment
prior to ammonia fiber expansion of corn stover; in detail,
demethylation of G units took place, concomitant with cleavage
of a significant fraction of β-O−4 linkages; conversely, resinol
and phenylcoumaran moieties remained substantially un-
changed. Some γ carbons were oxidized, and the primary
alcohol functions were changed into carbamides. As a result, a
substantial decrease in lignin MWwas observed. Indeed, a sharp
improvement in saccharification was obtained.101

Addition of hydrogen peroxide to acidic pretreating solutions
affords the production of hydrolyzed hemicelluloses, where
undesired furane aldehydes have been oxidized to carboxylic
acids, thus preventing any inhibition phenomena of the
microorganisms used to produce bioethanol. Various studies
have been recently published102−104 employing hydrogen
peroxide in acetic or phosphoric acids; satisfactory extent of
ligninolysis was observed besides a substantial hemicellulose
hydrolytic removal. Performic acid (arising from the direct
reaction between formic acid and H2O2) has a noticeable

tendency toward heterolytic scission affording the virtual
hydroxylium ion, which is a very effective electrophile and
could efficiently break lignin down through a Baeyer−Villiger-
like oxidation reaction cutting the Cα−Cβ linkages within the
phenylpropanoid units.105,106

As noted above, H2O2 could also act as a source of hydroxyl
radicals, under the conditions of the Fenton (and also Haber−
Weiss) reaction, causing a noticeable improvement in straw
LBM digestibility.107−109

Fungal Redox Enzymes for the Delignification of
Straw LBM. In Nature some fungi, like white rot fungi (WRF),
brown rot fungi (BRF), and soft rot fungi (SRF), live and grow
on wood or on LBM, both natural or artificial. WRF and BRF
belong to the group of basidiomycetes, while the SRF group
consists mostly of ascomycetes.110 It has been shown that
basidiomycetous WRF are able to delignify lignocellulosic
feedstock efficiently, unlike the BRF, which delignify biomass
slowly and incompletely; SRF mainly attack polysaccharides, so
their delignification efficiency is irrelevant.111,112

The use of fungi to pretreat biomass is called biological
pretreatment. Due to its many advantages in the delignification
process such as low energy supply, low environmental impact,
and high substrate specificity, biological pretreatment is
considered a cleaner and greener approach compared to
physical and chemical pretreatments.111,113,114 Nevertheless,
this approach shows several drawbacks such as the loss of
polysaccharides, which leads to low sugar and ethanol yields, and
long reaction times (from 13 up to 50 days) to obtain high yields
of delignification. Moreover, the process depends on many
factors such as cultivation time, fungal strains, and culture
conditions.115 Therefore, biological pretreatments on industrial
scale are still limited.116 Fungal degradation of lignin is the result
of the cooperative actions of several enzymes. The use of
ligninolytic enzymes secreted by WRF involved in natural
delignification processes could overcome these drawbacks.117

Enzymatic delignification is attractive because it is faster than
biological pretreatment and can operate in a wide range of pH
(3−8) and temperature (25−80 °C). Moreover, it does not
require supplementation of nutrients.
The most important ligninolytic enzymes (Figure 8) from

WRF extracts25 are laccases (phenol oxidases) and heme-
peroxidases (lignin peroxidase, manganese peroxidase, versatile
peroxidase). The delignification process could be enhanced by
the cooperative action of several accessory enzymes, such as
glyoxal oxidase, aryl alcohol oxidase, and veratryl alcohol oxidase
able to generate hydrogen peroxide essential for peroxidase
mechanism.23,118 Initially somewhat surprisingly, early studies
showed that purified ligninolytic enzymes are often most active
toward oligomeric model compounds, whereas their activity
tends to decrease when facing real lignin preparations.
Moreover, it has been well-known for decades that sometimes
the main effect of ligninolytic enzymes is further polymerization
rather than depolymerization.119,120 This depends mainly on the
radical character of the reactions catalyzed by the ligninolytic
enzymes: the arising radicals could spontaneously undergo
cleavage, reaction with molecular oxygen, or disproportionation
to quinones or can polymerize. In vivo, polymerization is usually
prevented by the intervention of other enzymes, reducing
reactive quinones to catechols,121 which in turn undergo
irreversible cleavage by dioxygenases. Obviously, the use of
such complex mixtures of enzymes along industrial applications
is only seldom feasible, and therefore other shrewdness must be
adopted to overcome the problem.
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Ligninolytic redox enzymes are described in the following
paragraphs. The ligninolytic enzymes will be initially listed and
briefly described, then the most promising strategies to improve
their performance in terms of activity and stability will be
described.110

Laccases. Laccases, LCs (EC 1.10.3.2, benzenediol:oxygen
oxidoreductase), are extracellular N-glycosylated multicopper
oxidases able to oxidize various phenolic and nonphenolic
compounds by one electron transfer with the concomitant
reduction of dioxygen to water.122 They are widespread among
higher plants, bacteria, insects andWRF.123 Their physicochem-
ical proprieties, such as isoelectric point, molecular size, stability,
activity, etc. depend on the source. Indeed, due to their higher
redox potential,124 fungal laccases rather than bacterial laccases
are widely used in biorefineries and bioremediation processes.23

LCs typically comprise three domains and contain four copper
ions arranged in mononuclear and trinuclear clusters. Substrate
oxidation at the mononuclear site generates electrons that are
transferred one by one to the trinuclear site where O2 is reduced
to water.125 Their molecular mass commonly ranges between 50
and 140 kDa, but it has been reported to be from 34 to 383 kDa
for laccases from Pleurotus eryngii and Podospora anseri-
na.116,122,126,127 Due to their low substrate specificity, LCs can
degrade several compounds with a phenolic structure, including
lignins.128 For example, Sondhi et al. obtained a 28% reduction
in kappa number (a measurement of total amount of material
oxidizable by KMnO4) by means of thermophilic LC from
Bacillus tequilensis.129

To date, the number of microorganisms involved in the
delignification process is still unknown;25 however it is certain
that the features of their secreted ligninolytic enzymes depend
on their nature and ecology.130 Due to their ability to produce
ligninolytic enzymes showing different properties compared to
terrestrial enzymes (such as high salt tolerance, pH extremes,
and thermostability), interest in marine-derived fungal species is
growing. Rodriǵuez-Couto investigated the ability of the marine
fungus Phlebia sp. MG-60 to degrade sugar cane bagasse for 30
days. The treatment leads to about 52% decrease of lignin in the
raw material.131 D’Souza-Ticlo et al. extracted from fungus
MTCC 5159 (Cerrena unicolor) a LC stable at pH 9 and able to
retain >60% of its activity up to 180 min at 50 and 60 °C. The
same enzyme was tested in the presence of Pb, Fe, Ni, Li, Co,
and Cd ions at 1 mmol. The results showed no inhibition by
salts.132 Brenelli et al. obtained oxidative enzymes under saline
and nonsaline conditions from the white-rot basidiomycete
Peniophora sp. CBMAI 1063.133 A LC form with thermal
stability ranging from 30 to 50 °C (120 min) was extracted and
characterized from the same fungus.134

The use of enzymes in their native form employed directly on
industrial scales is often hampered by the industrial harsh

reaction conditions (such as extreme values of pH and
temperature), which could lead to a loss of activity.135 Due to
the need for obtaining enzymes able to work under extreme
operative conditions, enzyme engineering is considered an
attractive technology for making them suitable for industrial and
biotechnological applications.136 This technique implies the
modification of the amino acid sequence, the main approaches
reported in literature being rational design and directed
evolution.137 The engineering of ligninolytic enzymes could
play a crucial role in the field of biomass delignification. Several
works about this topic have been reported. The LC from
Pycnoporus cinnabarinus is considered one of the most promising
high-redox-potential enzymes for environmental biocatalysis;
Camarero et al. expressed it in Saccharomyces cerevisiae obtaining
a laccase total activity enhanced 8000-fold.138 Kwiatos et al.
described the engineering of Fusarium oxysporum LC expressed
in Saccharomyces cerevisiae and engineered toward higher
expression levels and higher reactivity toward 2,6-dimethox-
yphenol, which could be used as a mediator for lignin
modification.139 It is known that laccases typically show their
optimum activity below neutral pH values. It is supposed that
the excess of OH− ions inhibits electron transfer from T1 Cu to
the trinuclear copper cluster. However, some important
industrial applications require LCs active at pH ≥ 7, such as
paper pulp bleaching and decolorization of industrial dyes.140

LC engineering is considered a promising tool to overcome this
bottleneck. Fang et al. expressed Lac15D, a bacterial LC
screened from amarinemetagenomic library, in E. coli, obtaining
an enzyme with a high tolerance to halogen ions able to work
under alkaline conditions.141,142 Yin et al. engineered the LC
from the basidiomycete Coprinopsis cinerea, which showed an
optimum pH of 8.5 toward guaiacol and retainedmore than 70%
of its activity at pH range of 7−9.143
However, due to their relatively low redox potential (0.5−0.8

V), LCs are not able to oxidize nonphenolic subunits with a high
redox potential, which comprise more than 80% of lignin.23,144

Moreover, because of their size, LCs are unable to penetrate the
small pores of plant cell walls.117 To overcome these issues, the
use of mediators has been proposed.145,146

Laccase Mediators. Mediators are small, soluble molecules
able to transfer electrons from the to-be-oxidized molecules to
the LC active site.117 In the case of LBM, they can shuttle
between the surface of the solid substrate and the enzyme.
Laccase mediator systems (LMSs) have a higher redox potential
(E° > 1.1 V) in comparison to LC in the Cu T1 site (E° = 0.5−
0.8 V) and are able to oxidize lignin to a good extent
(Figure 9).72,147,148

Among them (Figure 10), 2,2′-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid diammonium salt (ABTS), 1-hydroxybenzo-
triazole (HBT), and 2,2,6,6-tetramethylpiperidine-1-oxyl

Figure 8. Structures of some ligninolytic enzymes: (a) laccase fromTrametes versicolor, 1GYC; (b) lignin peroxidase from Phanerochaete chrysosporium,
1B85; (c) manganese peroxidase from P. chrysosporium, 1MNP, (d) Versatile peroxidase from Pleurotus eryngii, 3FJW.
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(TEMPO) are likely the most used mediators.117 However, a
substantial substitution of 4-hydroxy-TEMPO for TEMPO in
the near future could be reasonably forecast, as the former is
substantially less expensive than the latter and shows
comparable catalytic efficiency.149

It has been common knowledge for a long time that LC is
deeply involved in delignification of LBM by WRF. However,
fungal LCs alone are generally unable to efficiently promote
delignification in vitro, most probably because of the

concomitant presence of other necessary enzymes or natural
redox mediators in vivo. The delignification degree in the
presence of such mediators depends on reaction conditions, as
well as on LBM type and enzyme source. For these reasons, the
attainment of the highest delignification yield requires the
systematic screening of enzymes from different sources, as well
as of mediators and of operating conditions. Gutieŕrez et al.
reported the use of LC from Trametes villosa, with HBT as
mediator and alkaline extraction, to delignify Eucalyptus globulus
wood and Pennisetum purpureum nonwood with lignin removal
of 48% and 32%, respectively.150 Xie et al. achieved 35%
solubilization of the insoluble Kraft lignin through the use of LC
from Trametes versicolor in the presence of HBT.151 The use of
thermophilic enzymatic sources could allow overcoming of low
thermal stabilities of conventional LCs. Navas et al. used a
thermophilic LC from Thermus sp. 2.9 incubated with steam-
exploded biomass (Eucalyptus globulus) at 60 °C for 24 h in the
presence of HBT as mediator obtaining a decrease in the
intensity of the IR bands associated with lignin aromatic
backbone and lignin−hemicellulose linkages.152 A very recent
study sheds light on the intimate mechanism of straw
delignification by a LC/HBT mediator system:153 subtle
analytical methods revealed Cα oxidation and Cα−Cβ and β-
O−4 oxidative cleavage. In the same study, a significant
reduction in phenylcoumaran and resinol linkages was found,
showing that also the poorly reactive β−β and β−5 C−C links
could be targets of the laccase/mediator system. The final result
is a substantial delignification. Another study154 on corn cob
lignin and two fungal LCs (from Cerrena unicolor and Trametes
versicolor) in the presence of some redox mediators has shown
the importance of mediators in the delignification process. In
another study155 on sugar cane bagasse and straw, the LC from
Pycnoporus cinnabarinus in the presence of HBT caused a
noticeable delignification, which correlates with a substantial
improvement of saccharification yields. Recombinant LC from
Pleurotus ostreatus was shown to be able to degrade corn stover
lignin in the presence of suitable mediators.156 Also a bacterial
LC from Bacillus ligniniphilus, alone or in the presence of
mediators such as ABTS, has proven effective157 in lignin
(alkaline lignin and milled wood lignin) oxidative degradation,
as it has been recently shown. In particular, a selective removal of
S units, within the frame of general demethoxylation, was
observed. Different from other fungal and bacterial LCs, this
enzyme promoted only limited repolymerization of the hydroxy-
aromatics it obtained from lignin. Overall, whereas being per se
capable of degrading lignin, the enzyme worked better in the

Figure 9. (A) Redox potentials of the oxidation reactions of ABTS and
HBT by laccase and (B) LMS mechanism.

Figure 10. Most common laccase mediators: (a) 3-hydroxyanthranilic
acid; (b) ABTS; (c) HBT; (d) TEMPO; (e) phenothiazine; (f) N-
hydroxyphthalimide (HPI); (g) 3,5-dimethoxy-4-hydroxybenzalde-
hyde, 4-hydroxy-3,5-dimethoxybenzaldehyde (Syringaldehyde); (h)
10-(3-(dimethylamino)propyl)phenothiazine (Promazine); (i) methyl
ester of 4-hydroxy-3,5-dimethoxy-benzoic acid (syringic acid); (l) 1-
phenyl-3-methyl-5-pyrazolone.

Table 1. A Synopsis of Various LCs, Their Mediators (if Any), and Their Substrates

laccase source mediator solvent lignocellulosic feedstock lignin loss % refs

Tramentes versicor HBT 35 mM phosphate buffer (pH 7) 35% 151
Ascomycete Myceliophthora
thermophila

Methyl
syringate

50 mM sodium dihydrogen
phosphate (pH 6.5)

Eucalyptus globulus up to 50% (after alkaline
peroxide extraction)

72

Trametes villosa HBT 50 mM sodium tartrate buffer
(pH 4)

Eucalyptus globulus up to 48% (after alkaline
peroxide extraction)

150

Thermus sp. 2.9 Eucalyptus globulus 152
Tramentes versicor HBT [C2 mim][OAc] seaweed biomass (a mix of Chaetomorpha

and Cladophora)
up to 27% 162

Aquisalibacillus elongatus [Bmim][PF6] sugar beet pulp 78.4% 163
Trametes sp. HBT [EMIM][DEP] oil palm biomass 35.4% 158
Trametes versicolor IBL-04 50 mM sodium malonate buffer

pH 4.5
sugar cane bagasse 78.3% 165

Trametes versicolor [Bmim][PF6] lignocellosic biomass kappa number 77.3% 166
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presence of ABTS mediator. Table 1 presents some examples of
laccases, alone or in the presence of suitable mediators, acting on
the specified substrates.
Laccases in Ionic Liquids. Recent works have reported the

possibility to obtain a quick conversion of lignocellulosic
biomass to cellulose through the combined use of ionic liquids
(ILs) and redox enzymes.158,159

These features allow such solvents to increase the enzyme
accessible surface area of LBM, leading to a more efficient
enzymatic delignification. Depending on the cation−anion pair,
ILs can either activate or inhibit ligninolytic enzymes.14,160 Galai
et al. screened Trametes versicolor LC (TvL) activity in 56
different ILs and found that 13 of them improved laccase activity
in comparison to buffer solutions. The most notable improve-
ment was seen in 10 mM [Ch][H2PO4] (cholinium dihydrogen
phosphate) in sodium acetate buffer (50 mM; pH 7.0), which
increased TvL activity by 451% compared to the IL-free control
acetate buffer.161 Stevens et al. measured the enzyme activity of
the LC from Trametes versicolor in different ILs. They found that
[DEA][HSO4] (diethylammonium hydrogen sulfate) allowed
TvL to oxidize ABTS, while [EMIM][OAc] (1-ethyl-3-
methylimidazolium acetate) and [Ch][Lys] (cholinium lysi-
nate) inactivated the laccase even at very low concentrations.160

Financie et al. obtained a significantly enhanced rate of
enzymatic delignification of palm oil biomass (OPFB) by LC
from Trametes sp. in [EMIM][DEP] (1-ethyl-3-methylimida-
zolium-diethyl phosphate). They obtained a final lignin content
of about 8.5 wt %, compared to the initial 24.0 wt % of untreated
OPFB.158 Al-Zuhair et al. investigated the enzymatic delignifi-
cation of seaweed biomass (a mix of Chaetomorpha and
Cladophora species), carried out using TvL, HBT, and
[EMIM][OAc] obtaining a delignification degree up to
27%.162 Rezaei et al. reported the use of LC from the halophilic
bacterium Aquisalibacillus elongatus in the presence of [BMIM]-
[PF6] (1-butyl-3-methylimidazolium hexafluorophosphate) to
delignify sugar beet pulp, obtaining a delignification yield of
78.4% after 24 h.163 The same enzyme was also tested in the
same conditions in [BMIM][PF6] to remove lignin from peanut
shell, obtaining a lignin removal of 87% after 24 h.164

Deep Eutectic Solvents. Deep eutectic solvents (DESs) are a
new class of green solvents composed of a hydrogen bond
acceptor (HBA, usually a quaternary ammonium salt) and a
hydrogen bond donor (HBD) such as glycerol, succinic acid, etc.
(Figure 11). DESs are becoming an attractive alternative to
ILs.167

Indeed, DESs show similar physical properties compared to
traditional ILs, with the advantage of being less toxic, cheaper,
and easier to prepare.168 Some applications have been described
where DESs are able to dissolve and remove lignin.169,170

Moreover, DESs could avoid the loss of catalytic activity or
enzyme denaturation that can occur in several organic
solvents.168,171 Toledo et al. screened laccase activity in 16
different DES/water mixtures.172 The activity did not change in
the presence of most DESs, whereas in some cases, such as with
ChDHC/Xyl (Choline dihydrogen citrate in xylitol) (2:1) at 25
wt %, an increase of relative activity up to 200%was observed.172

Khodaverdian et al.174 studied the activity and stability of laccase
from BacillusHR03 in betaine-based natural DESs. These DESs
are obtained from two or more compounds that are generally
plant based primary metabolites, that is, organic acids, sugars,
alcohols, amines, and amino acids.173 The highest activity was
obtained in 20% (v/v) glycerol/betaine (2:1).174 Interest in
DESs used in combination with mechanical175,176 and chemical

pretreatment177,178 is growing. However, the use of DESs for
enzymatic LBM delignification has still not been extensively
studied. To date, very few works regarding laccases and DESs
have been reported.171,172,174 Hence, this topic is worthy of
further investigation.

Peroxidases. Heme peroxidases are hemoproteins catalyz-
ing the oxidation of various organic and inorganic substrates in
the presence of hydrogen peroxide as the electron acceptor.
They are widely distributed in nature: plants, animals, and
microbes. Extracellular fungal peroxidases (lignin modifying
peroxidases), such as lignin peroxidase (LiP), manganese
peroxidase (MnP), and versatile peroxidase (VP), are involved
in lignin degradation.179−181 In spite of looking like the best
candidates for biodelignification, until now the ligninolytic
peroxidases have been rather disappointing, owing to some
important reasons: low productivity, unsuccessful attempts of
heterologous expression and mutagenesis, and facile irreversible
inactivation,182 especially in the presence of even a slight excess
of H2O2.

183 Therefore, the use of ligninolytic peroxidases could
be considered as a blind alley. On the other hand, they are quite
worth being studied, as at least some of the cited drawbacks
could be conceivably removed in the near future. In fact, some
promising studies have been carried out in the field of
ligninolytic peroxidase engineering. For example, Pham et al.
engineered the LiPH8 from Phanerochaete chrysosporium, which
is generally unstable under acidic pH conditions, to make it able
to work under acidic conditions.184 One of the main issues that
occur frequently during biomass pretreatment is the formation
of inhibitory compounds such as 5-hydroxymethyl-2-furalde-
hyde (HMF) and 2-furaldehyde (furfural). Yee et al. reported
that a recombinant manganese peroxidase (rMnP) produced
from the yeast Pichia pastoris was able to degrade furfural and
HMF.185 Peroxidases are generally sensitive to H2O2 concen-
tration. In the literature, several reports concern the engineering
of peroxidases to avoid this issue and make them more suitable
for delignification process.186−188 Gonzalez-Perez et al.
improved versatile peroxidase (VP) resistance to H2O2; an
evolved version of this enzyme was subjected to a range of
directed evolution and hybrid strategies in Saccharomyces
cerevisiae. The result showed an increase of the half-life of the

Figure 11. Some examples of acceptors (HBAs): (a) cholinium
dihydrogen phosphate (ChH2PO4); (b) ethylammonium chloride
(EACl); (c) cholinium acetate (ChAc); (d) Cholinium chloride
(ChCl). Some examples of hydrogen bond donors (HBDs): (e)
erythritol (Ery); (f) glycerol (Gly); (g) xylitol (Xyl); (h) ethylene
glycol (EtG).
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protein from 3 (parental type) to 35 min in the presence of 3000
equiv of H2O2 and with a 6 °C upward shift in thermo-
stability.188

Lignin Peroxidase. Lignin peroxidase (EC 1.11.1.14) with its
various isoforms, was first discovered in the extracellular
medium of white rot fungus Phanerochaete chrysosporium by
Tien and Kirk.189 The crystal structure of P. chrysosporium LiP is
constituted by 343 amino acids. Two glycosylation sites, two
Ca2+ binding sites, and four disulfide bridges stabilize the three-
dimensional structure of the enzyme.190 The molecular mass of
LiPs ranges from 35 to 48 kDa, and pI values range from 3.1 to
4.7 depending on the enzymatic source. Due to their high redox
potential (around 1.2 V at pH 3), LiPs are able to oxidize the
aromatic rings of lignin (irrespective of their methoxylation
degree, but with preference for nonphenolic units), dyes, and a
variety of recalcitrant pollutants.127,191,118 The LiP reaction
cycle is comparable to other peroxidase cycle mechanisms
(Figure 12).23 First, the enzyme is oxidized by H2O2, leading to

the generation of the compound I that exists as a ferryl
(iron(IV)-oxo complex) cation radical intermediate [OFeIV−
P•+]. Then, this undergoes two one-electron reduction steps by
the electron donor substrate, such as lignin, lignin oligomers, or
veratryl alcohol (VA), which acts as a mediator, leading to a
transient formation of compound II [OFeIV−P] and a very
reactive radical cation (VA•+).192 Compound II further oxidizes
the second VA molecule, returning it to its native state before
starting a new catalytic cycle of LiP.23 The eventual excess of
H2O2 at pH 3 in the absence of a substrate converts compound II
to compound III [FeIIIO2

•−], which is rapidly and irreversibly
bleached or returns to its native form by spontaneous
autoxidation or oxidation through VA•+.23,110,190

Manganese Peroxidase. Manganese peroxidase (EC
1.11.1.13) and its isoforms were first detected in P.
chrysosporium (the teleomorph of Sporotrichum pruinosum) by
Glenn, Gold, et al.179 It is an oxidoreductase with its heme group
included between two α-helix domains, 350 amino acids, and a
43% sequence similarity with LiP.190 It contains five disulfide
bridges and two Ca2+ ions, which maintain the structure of the
active enzyme. The MnII-binding site consists of two glutamate
and one aspartate γ-carboxylic groups and is located close to the
porphyrin macrocycle. Their molecular mass ranges from 38 to
62.5 kDa, and their pI values ranges from 2.9 to 7.1. The catalytic
cycles of MnPs and LiPs are very similar, with the exception for
the use of MnII as their reducing substrate, generating MnIII,
which diffuses from enzymes into the lignocellulose structure
(Figure 8). To date, MnP has not been used for biomass
delignification. Nevertheless, it is widely used for dye
decolorization. For example, Zhang et al. reported the dye
decolorization by a manganese peroxidase from Cerrena unicolor
BBP6.193 Siddeeg et al. immobilized MnP enzyme extracted

from Anthracophyllum discolor on iron oxide/chitosan magnetic
nanocomposite for decolorization of textile wastewater.194

Versatile Peroxidase. Versatile peroxidase (EC 1.11.1.16)
was found for the first time in Pleurotus eryngii and Bjerkandera
adusta.195 It shows functional characteristics of both LiP
(oxidation of substrates like VA and aromatic compounds)
and MnP (oxidation of MnII to MnIII) that make it able to
oxidize high and medium redox potential compounds in the
absence of mediators. VP shows a structure constituted by 11−
12 helices, four disulfide bridges, two structural Ca2+ sites, a
heme pocket, and a Mn2+-binding site.127 Its molecular mass
ranges from 40 to 45 kDa with a pI range from 3.4 and 3.9. The
basic catalytic cycle of VPs is similar to those of other
peroxidases with the two intermediary compounds I and II.25

One could expect that VP should be a very effective ligninolytic
catalyst, combining the features of LiP and MnP. On the
contrary, Pleurotus eryngii, a good VP producer, is slow and
poorly efficient in ligninolysis.

Crude EnzymeMixtures.The use of a single peroxidase for
biomass pretreatment is ineffective to obtain a high
delignification degree. Nevertheless, the use of crude enzyme
mixtures (enzymatic cocktails composed mainly of LCs, LiP,
MnP, and VP) constitutes amore effective strategy,196 also when
taking into account that LiP acts preferentially on nonphenolic
units, whereas MnP shows sharp preference for the phenolic
ones. There are several advantages in using crude enzyme
mixtures. As reported by Asgher et al., they could contain
accessory enzymes that enhance the degradation of lignin
compounds. Moreover, some studies show that the extract could
contain cellulases able to hydrolyze the delignified lignocellu-
losic biomass simultaneously. The delignification by means of
crude enzyme mixtures is generally carried out under mild
conditions.115 Nonetheless, the efficiency of the process
depends on several aspects, such as biomass features and
operating conditions (pH, temperature, mediator(s), oxygen,
and use of surfactants).196 Asgher et al. reported the use of a
crude enzyme mixture containing LiP, MnP, and LC extract
from Pleurotus ostreatus IBL-02 to pretreat sugar cane bagasse,
obtaining a 33.6% lignin loss.197 Kong et al. reported the use of
crude enzyme extract (MnP and LC) from white-rot fungus
Echinodontium taxodii 2538 to delignify bamboo biomass. Their
results showed a higher lignin degradation when enzymes were
used simultaneously rather than singularly.198

Immobilized Enzymes. The use of free ligninolytic
enzymes can often result in several limitations such as low
operational stability (under extreme conditions of temperature
and pH) and difficult recovery and reuse.199 Most of these
problems can be overcome through enzyme immobilization on
solid supports such as xerogels, sand, clay, nanofibrous polymers,
or nanoparticles.147 Although immobilization usually worsens
the kinetic parameters of the enzyme and therefore its overall
catalytic efficiency, the facile recovery, in particular when using
magnetic particles, and the improved stability largely counter-
balance the drawback. In the case of LBM, the problem of the
insolubility of lignin could be overcome in two ways: (a) the use
of ILs or DESs at least in part solubilizes the lignin and therefore
it can be efficiently oxidized by the enzyme; (b) the use of
suitable mediators as molecular shuttles allows the effective flux
of the electrons from lignin to LC. The two ways could well
operate together for optimal performance of immobilized LCs.
The choice of the support and the method involved in enzyme
immobilization are important factors that affect the enzyme
activity and stability. To the best of our knowledge, very few

Figure 12. Catalytic cycle of LiP (left) and MnP (right).
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works about the immobilization of crude enzyme mixtures have
been reported. In contrast, LC immobilization has widely been
investigated.200−202 Bilal et al. reported the use of a ligninolytic
enzyme cocktail from Ganoderma lucidum IBL-05 immobilized
on alginate−chitosan beds to delignify sorghum stover,
obtaining a delignification of 57.3% after 15 h. The reaction
was carried out in 50 mM sodium malonate buffer (pH 4.5) and
is relevant as delignification proceeds without the use of
mediators.200 Chang et al. studied the entrapment of laccase
from the lacquer tree Rhus vernicifera in a cellulose ester
membrane, finding that the immobilized LC had much higher
levels of retained activity (20.34% after 2 days) compared with
the free LC.203 Amin et al. immobilized LC from Trametes
versicolor by covalent attachment on modified Fe3O4@SiO2@
Kit-6 magnetite nanoparticles in the presence of IL for enhanced
delignification of olive pomace biowaste.166 They obtained up to
77.3% decrease in kappa number (after 6 h of incubation of the
biomass with immobilized LC and [Bmim][PF6] as ionic liquid
without any mediator. Muthuvelu et al. immobilized LC from
Trametes versicolor on ferrite (MNPs) and copper ferrite
magnetic nanoparticles (CuMNPs).204 They obtained higher
activity recovery for the LC immobilized on CuMNPs (13.2 U/
mL) than for that on MNPs (10.93 U/mL). Moreover, they
investigated the delignification of Ipomoea carnea using both free
and immobilized LC without mediator. After 20 h of incubation,
they obtained lignin removal of 43% for the enzyme
immobilized on CuMNPs, 40% for LC immobilized on
MNPs, and 38% for the free enzyme.204 Asgher et al. reported
the use of LC from Trametes versicolor IBL-04 immobilized on
alginate−chitosan beads.165 A marked reduction in lignin
content of all the studied LBM was obtained after 15 h, with
the highest delignification (78%) for sugar cane bagasse,
followed by wheat bran and maize stover. The experiments
were carried out in 50 mM sodium malonate buffer (pH 4.5)
without any mediator. Sadeghian-Abadi et al.205 immobilized
LC from Lentinus tigrinus by covalent attachment on SBA-15
mesoporous silica. The immobilized enzyme was active toward
the delignification of pistachio shell, achieving an efficiency of
91% after 12 h of incubation without mediator in 50 mM citrate
buffer (pH 4.5). Moreover, they screened a range of mediators
(2,6-dimethoxyphenol, GA, HBT, TEMPO, and vanillin) at
different concentration (1, 5, 10 mM) to test their effect on
enzymatic delignification. Their results show that TEMPO was
the most effective mediator at all concentrations with a
maximum delignification degree of 68.77% after 8 h of reaction.

This work showed that it is possible to obtain a good
delignification degree with purified laccases without using
mediators.205 Muthuvelu et al. developed the coimmobilization
of three enzymes (laccase, cellulase, and β-glucosidase) in
sodium alginate beds for delignification of different biomasses
such as Typha angustifolia, Arundo donax, Saccharum arundina-
ceum, and Ipomoea carnea.206

Table 2 encompasses some outstanding examples of
ligninolytic enzymes (mainly LCs) working on the specified
LBM.

■ CONCLUSIONS

Turning herbaceous LBM into platform chemicals and fuels is an
important opportunity to produce sustainable economies.
Nevertheless, their exploitation is affected by the need for
pretreatments, enzymatic hydrolysis, and fermentation stages.
One of the most critical steps is the pretreatment one. Among
those reported in literature, enzymatic pretreatments are
considered the most ecosustainable. However, due to high
prices, possible low stability, and catalytic activity of the involved
enzymes, this technology is still a challenge. Moreover, the
delignification degree depends on the chosen enzymes, suitable
supports for immobilization, use of redox mediators, reaction
conditions, and solvents. Some of these issues have been
analyzed in this review. In these last years, the interest to
overcome these problems in order to increase the cost-
effectiveness of biofuel production and to make the transition
from the laboratory to the industrial/commercial scale is widely
growing. The future goals to overcome these drawbacks could
enhance the enzymatic stability and activity using new supports
for enzyme immobilization, solvents as DESs, and redox
mediators. To the best of our knowledge, there are not studies
where white-rot fungi (WRF) ligninolytic peroxidases have been
used on their own to delignify LBM, for the reasons depicted
above. So the use of such promising but disappointing enzymes
has not found any significant utilization in delignification
processes, although these peroxidases are useful, for example, in
decolorizing wastewaters from paint and textile factories. In
contrast, fungal LCs fully keep what they promise, and therefore
their use, under the operative conditions and tricks above-
described, is actually booming. And a further expansion of their
use could be easily and reasonably anticipated.

Table 2. Immobilized Ligninolytic Enzymes at Work

enzyme enzyme source carrier solvent
lignocellulosic
feedstock lignin loss % refs

LC Trametes versicolor
IBL-04

alginate−chitosan 50 mM sodium malonate
buffer (pH 4.5)

sugar cane bagasse 78.3% 165

LC Trametes versicolor Fe3O4@SiO2@Kit-6 magnetite
nanoparticles

[Bmim][PF6] olive pomace
biowaste

kappa number
77.3%

166

LC Trametes versicolor ferrite (MNPs) 50 mM sodium citrate buffer
(pH 4.8)

Ipomoea carnea 38.16 204

LC Trametes versicolor copper ferrite magnetic
nanoparticles (CuMNPs)

50 mM sodium citrate buffer
(pH 4.8)

Ipomoea carnea 43.3% 204

LiP, MnP, LC Ganoderma lucidum
IBL-05

alginate−chitosan beads 50 mM sodium malonate
buffer (pH 4.5)

57.3% 200

LC Lentinus tigrinus SBA-15 mesoporous silica 50 mM citrate buffer (pH 4.5) pistachio shell 91% 205
LC, cellulase, and β-
glucosidase

co-immobilization in sodium
alginate beds

100 mM citrate buffer
(pH 4.8)

Ipomoea carnea 35.7 206

LC, cellulase, and β-
glucosidase

co-immobilization in sodium
alginate beds

100 mm citrate buffer
(pH 4.8)

Saccharum
arundinaceum

24.1% 206
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(100) Ibarra-Díaz, N.; Castañón-Rodríguez, J. F.; Gómez-Rodríguez,
J.; Aguilar-Uscanga, M. G. Optimization of Peroxide-Alkaline Pretreat-
ment and Enzymatic Hydrolysis of Barley Straw (Hordeum Vulgare L.)
to Produce Fermentable Sugars Using a Box−Behnken Design. Biomass
Convers. Biorefin. 2020, DOI: 10.1007/s13399-020-00853-4.
(101) Qiao, X.; Zhao, C.; Shao, Q.; Hassan, M. Structural
Characterization of Corn Stover Lignin after Hydrogen Peroxide
Presoaking Prior to Ammonia Fiber Expansion Pretreatment. Energy
Fuels 2018, 32 (5), 6022−6030.
(102) Mota, T. R.; Oliveira, D. M.; Morais, G. R.; Marchiosi, R.;
Buckeridge, M. S.; Ferrarese-Filho, O.; dos Santos, W. D. Hydrogen
Peroxide-Acetic Acid Pretreatment Increases the Saccharification and
Enzyme Adsorption on Lignocellulose. Ind. Crops Prod. 2019, 140,
111657.
(103) Wan, X.; Tian, D.; Shen, F.; Hu, J.; Yang, G.; Zhang, Y.; Deng,
S.; Zhang, J.; Zeng, Y. Fractionating Wheat Straw via Phosphoric Acid
withHydrogen Peroxide Pretreatment and Structural Elucidation of the
Derived Lignin. Energy Fuels 2018, 32 (4), 5218−5225.
(104) Wang, Q.; Tian, D.; Hu, J.; Shen, F.; Yang, G.; Zhang, Y.; Deng,
S.; Zhang, J.; Zeng, Y.; Hu, Y. Fates of Hemicellulose, Lignin and
Cellulose in Concentrated Phosphoric Acid with Hydrogen Peroxide
(PHP) Pretreatment. RSC Adv. 2018, 8 (23), 12714−12723.
(105) Li, X.; Zhang, Y. Metal Catalyst-Free Oxidative C-C Bond
Cleavage of a Lignin Model Compound by H2O2 in Formic Acid.
ChemSusChem 2020, 13 (7), 1740−1745.
(106) Barbash, V.; Trembus, I.; Sokolovska, N. Performic Pulp from
Wheat Straw. Cellul. Chem. Technol. 2018, 52 (7−8), 673−680.
(107)Wu, K.; Ying,W.; Shi, Z.; Yang, H.; Zheng, Z.; Zhang, J.; Yang, J.
Fenton Reaction-Oxidized Bamboo Lignin Surface and Structural
Modification to Reduce Nonproductive Cellulase Binding and Improve
Enzyme Digestion of Cellulose. ACS Sustainable Chem. Eng. 2018, 6
(3), 3853−3861.
(108) Sagues, W. J.; Bao, H.; Nemenyi, J. L.; Tong, Z. Lignin-First
Approach to Biorefining: Utilizing Fenton’s Reagent and Supercritical
Ethanol for the Production of Phenolics and Sugars. ACS Sustainable
Chem. Eng. 2018, 6 (4), 4958−4965.
(109) Zhang, K.; Si, M.; Liu, D.; Zhuo, S.; Liu, M.; Liu, H.; Yan, X.;
Shi, Y. A Bionic System with Fenton Reaction and Bacteria as a Model
for Bioprocessing Lignocellulosic Biomass. Biotechnol. Biofuels 2018, 11
(1), 1−14.
(110) Sigoillot, J.-C.; Berrin, J.-G.; Bey, M.; Lesage-Meessen, L.;
Levasseur, A.; Lomascolo, A.; Record, E.; Uzan-Boukhris, E. Fungal
Strategies for Lignin Degradation. Advances in Botanical Research;
Elsevier Ltd., 2012; Vol. 61, pp 263−308.
(111) Zabed, H. M.; Akter, S.; Yun, J.; Zhang, G.; Awad, F. N.; Qi, X.;
Sahu, J. N. Recent Advances in Biological Pretreatment of Microalgae

and Lignocellulosic Biomass for Biofuel Production. Renewable
Sustainable Energy Rev. 2019, 105, 105−128.
(112)Wan, C.; Li, Y. Fungal Pretreatment of Lignocellulosic Biomass.
Biotechnol. Adv. 2012, 30 (6), 1447−1457.
(113) Rodríguez-Couto, S. Industrial and Environmental Applications
of White-Rot Fungi. Mycosphere 2017, 8 (3), 456−466.
(114) van Erven, G.; Hilgers, R.; Waard, P. de; Gladbeek, E.-J.; van
Berkel, W. J. H.; Kabel, M. A. Elucidation of In Situ Ligninolysis
Mechanisms of the Selective White-Rot Fungus Ceriporiopsis
Subvermispora. ACS Sustainable Chem. Eng. 2019, 7 (19), 16757−
16764.
(115) Asgher, M.; Shahid, M.; Kamal, S.; Iqbal, H. M. N. Recent
Trends and Valorization of Immobilization Strategies and Ligninolytic
Enzymes by Industrial Biotechnology. J. Mol. Catal. B: Enzym. 2014,
101, 56−66.
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Abstract: Synthetic organic dyes are widely used in various industrial sectors but are also among
the most harmful water pollutants. In the last decade, significant efforts have been made to develop
improved materials for the removal of dyes from water, in particular, on nanostructured adsorbent
materials. Metal organic frameworks (MOFs) are an attractive class of hybrid nanostructured
materials with an extremely wide range of applications including adsorption. In the present work,
an iron-based Fe-BTC MOF, prepared according to a rapid, aqueous-based procedure, was used as an
adsorbent for the removal of alizarin red S (ARS) and malachite green (MG) dyes from water. The
synthesized material was characterized in detail, while the adsorption of the dyes was monitored by
UV-Vis spectroscopy. An optimal adsorption pH of 4, likely due to the establishment of favorable
interactions between dyes and Fe-BTC, was found. At this pH and at a temperature of 298 K,
adsorption equilibrium was reached in less than 30 min following a pseudo-second order kinetics,
with k” of 4.29 × 10−3 and 3.98 × 10−2 g·mg−1 min−1 for ARS and MG, respectively. The adsorption
isotherm followed the Langmuir model with maximal adsorption capacities of 80 mg·g−1 (ARS) and
177 mg·g−1 (MG), and KL of 9.30·103 L·mg−1 (ARS) and 51.56·103 L·mg−1 (MG).

Keywords: metal organic frameworks; wastewater remediation; adsorption; malachite green; alizarin red S

1. Introduction

Synthetic organic dyes are among the most harmful polluting agents. It is estimated
that 80,000 tons of dyes are produced and consumed each year [1]. They are cheap, offer
a wide range of colors, and are used for numerous applications in the paper, tanning,
pharmaceutical, photographic, and cosmetic industries [2]. However, synthetic dyes are
mainly earmarked for the textile industry, as they possess reactive groups which have a
strong binding ability for fiber [3]. The colors of dye molecules are due to chromogenic
groups which absorb visible light. Indeed, dye molecules generally have a complex aro-
matic structure which is often characterized by a high chemical stability. Unfortunately,
dyes are highly toxic and can have carcinogenic and mutagenic effects on living organisms,
even at low concentrations [4]. In addition, due to their ability to absorb light, the release
of dyes into surface waters also causes unwanted effects in the aquatic ecosystem. These
effects arise from a reduced level of penetration of the sun’s rays in water, which alters
photosynthetic cycles and reduces the oxygen supply in the water body [5]. Due to their
high chemical stability, the removal of dyes from water is a challenging issue [6]. Numerous
methods have been proposed to remove dyes from wastewaters, such as electrochemi-
cal degradation [7,8], membrane-based separation [9], ultrafiltration [10], extraction [11],
and biological treatment [12]. While these methods have a number of advantages, they cannot
be applied on a large scale due to high costs, secondary pollution, production of waste, etc [3].
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Adsorption is a simple method of dye removal that has significant advantages. Indeed,
it can be applied to almost any type of dye or mixtures of dyes, it does not require any
special equipment or pretreatment, and it can be repeated a number of times until the
adsorbent has reached its maximal adsorbing capacity. Adsorption processes are also
economic as they can be carried out in mild conditions, reducing the actual costs to that
of the adsorbent, which can be selected accordingly [13,14]. The main features of a good
adsorbent are high surface area, high adsorption capacity, short adsorption times, and
economic and environmentally-friendly production process.

Metal organic frameworks (MOFs) are organic-inorganic hybrid porous materials
characterized by a cage-like structure consisting of an array of metal cations held together
by organic linkers [15]. Thanks to their large surface area, tunable structural properties and
thermal stability, MOFs have been studied for a range of applications, including cataly-
sis [16], gas storage [17,18], enzyme carriers [19,20], sensing [21], and adsorption [22–24].
The adsorption capacities of MOFs toward dyes are remarkable [25]. Tian et al. prepared
a water-stable cationic Fe-based metal organic framework (CPM-97-Fe) for the adsorp-
tion of both anionic and cationic dyes, with adsorption capacities ranging from 157 to
831 mg/g [26]. There are many types of MOFs and, depending on the material, they can
range from low to high cost. The lowest cost materials are those whose synthesis is rapid
and requires mild conditions as well as environmentally-friendly solvents and reagents. Re-
cently, Sanchez-Sanchez et al. proposed a facile and rapid method to synthesize a Basolite
F300-like Fe-BTC MOF under environmentally and economically sustainable conditions
(few minutes at room temperature using water as solvent) [27]. This material, was used as
a support for enzyme immobilization [28]. To the best of our knowledge, there are only
a few studies about dyes’ adsorption using Fe-BTC [29–33]. While adsorption properties
of Fe-BTC are significant (e.g., up to 1105 mg/g of methylene blue) [34], the synthetic
procedures used require high temperatures or the use of organic solvents.

The purpose of this work was to examine the adsorption properties of a Fe-BTC MOF,
synthesized according to the method described by Sanchez-Sanchez at al. [27], to remove
the anionic dye alizarin red S (ARS) and the cationic dye malachite green (MG) from water
(Scheme 1). ARS is a synthetic anthraquinonic acid–base indicator [35,36], used in histology
to stain and locate calcium deposits in tissues [37], in geology to identify carbonate minerals,
and widely used in textile dyeing. MG is a toxic and carcinogenic triphenylmethane
dye, and is widely used in the textile and food industries, as well as in aquaculture
as an antifungal, antimicrobial, and antiparasitic agent [38–41]. The synthesized MOF
was characterized by means of XRD (X-ray diffraction), N2-adsorption isotherms, SEM
(Scanning Electro Microscopy), FTIR (Fourier-Transform Infrared Spectroscopy), TGA
(Thermogravimetric Analysis), and ELS (Electrophoretic Light Scattering) techniques. The
adsorption kinetics and isotherms of MG and ARS on Fe-BTC MOF were determined
in water at room temperature (298 K) by means of UV-Vis spectroscopy to examine the
application of Fe-BTC MOF for the removal of toxic dyes from waters.

Scheme 1. Use of Fe-BTC metal organic framework (MOF) for adsorption of alizarin red (S) and
malachite green.
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2. Results
2.1. Physico-Chemical Characterizations

Figure 1a shows the XRD pattern of the synthesized Fe-BTC MOF. The pattern is well
resolved with peaks at 2θ = 11◦, 19◦, 24◦, 28◦ and 34◦, in agreement with the literature re-
ports for Fe-BTC MOF [42,43]. The surface area and pore size distribution were obtained by
N2 adsorption/desorption isotherms (Figure 1b), using the Brunauer–Emmett–Teller (BET)
and Barrett–Joyner–Halenda (BJH) methods. The specific surface area was 443 m2/g and a
multi-modal pore size distribution ranged from 4 to 40 nm (Figure S2). Thermogravimetric
analysis (Figure 1c) showed a typical two-step decomposition pattern. The initial mass
loss at T <100 ◦C is due to the removal of water from the powder. The mass loss in the
range 100–325 ◦C can be attributed to the loss of coordination water [44]. Finally, the mass
loss from 325 to 520 ◦C is ascribed to the decomposition of the organic moiety (trimesic
acid) of the MOF [45,46]. The FTIR spectrum of Fe-BTC MOF is shown in Figure 1d. The
broad band from 3400 to 3600 cm−1 is due to the O-H stretching of adsorbed water. The
bands at 1627 and 1572 cm−1 and at 1450 and 1372 cm−1 are assigned to the asymmetric
and the symmetric stretching of the carboxylate groups of Fe-BTC [29,46,47], respectively.
The peaks between 770 and 450 cm−1 are due to the bending of aromatic C-H bonds.

Figure 1. Characterization of Fe-BTC MOF. (a) XRD pattern; (b) N2 physisorption isotherm; (c)
Thermogravimetric analysis; (d) FT-IR spectrum.
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2.2. Effect of pH on Dyes Adsorption on Fe-BTC MOF

The synthesized Fe-BTC MOF was used to adsorb alizarin red S (ARS) and malachite
green (MG) from water. Some studies have shown that dye adsorption on MOFs was
governed by electrostatic interactions [48]. Thus, it is expected that the pH of the adsorbing
solution affects the amount of adsorbed dye as a consequence of the presence/absence of
electric charges on both the dye molecules and the adsorbent surface. The pKa of ARS and
MG are 5.5 [49] and 6.9 [39], respectively. The former is due to the dissociation of one of
the phenolic groups (Scheme 2) [50], and the latter to the conversion of the cation into a
carbinol base through addition of OH− (Scheme 2) [51,52].

Scheme 2. Acid–base equilibria of (a) Alizarin red S (ARS) (b) Malachite green (MG) and (c)
Fe-BTC MOF.

The zeta potential of Fe-BTC suspension in water was measured over the pH range
3–7 (Figure 2a and Table S1). Fe-BTC is slightly positive at pH 3 (ζ = +8.3 ± 3 mV) and is
negatively charged at pH > 4 (ζ = −10.3 ± 3 mV) with a pHPZC (point of zero charge) value
of about 3.2 [53], in agreement with the literature [32]. Figure 2b shows the effect of pH on
the adsorbed amount at equilibrium (qe, mg/g) of ARS and MG on Fe-BTC. The qe values
of MG are generally higher than those of ARS. Moreover, while the qe of MG is unaffected
by pH, that of ARS linearly decreases in the pH range 3–7.
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Figure 2. (a) Zeta potential of Fe-BTC as a function of pH; (b) Adsorption capacity (qe) of Fe-BTC toward ARS and MG as a
function of pH; (c) Percentage adsorption of dyes as a function of pH.

Since the pHPZC (point of zero charge) of Fe-BTC is ca. 3.2 [53], anionic dyes are
adsorbed to a lower extent than cationic dyes [54]. Hence, as compared with ARS, higher
amounts of MG would be expected to be adsorbed. The two dyes also show different
adsorption efficiency (adsorbed amount %) trends (Figure 2c and Table S1) with Fe-BTC
possessing a maximum MG adsorption value of 98.5% at pH 4, while the highest value
for ARS was 59.1% at pH 3 (Figure 2c). At pH 7, the adsorption capacity was still high
for MG (82.9%), but quite low for ARS (23.3%). These trends can be explained by the fact
that, at pH 7, MG is neutral, and thus adsorption would predominantly occur via van der
Waals forces and would not be affected by electrostatic interactions. Adsorption of ARS on
Fe-BTC is not favored at pH 7 as both the dye and the absorbent are negatively charged.

2.3. Adsorption Kinetics

The adsorption kinetics of MG and ARS on Fe-BTC MOF were examined in aque-
ous solution (pH = 4, 298 K). The adsorption process was rapid for both dyes, reaching
equilibrium values (corresponding to the plateau in Figure 3a) in 30 min for ARS and
15 min for MG. Under these conditions (T = 298 K, pH = 4, initial concentrations of MG
and ARS of 1.5 mM), the qe of MG on Fe-BTC MOF was 177.3 mg/g, while that of ARS
reached qe = 80.4 mg/g. The experimental data were fitted to three different kinetic models,
namely, the pseudo-first order (Figure 3b), the pseudo-second order (Figure 3c), and the
intraparticle diffusion models (Figure 3d). The kinetic parameters obtained by each model
are listed in Table 1. The fitting of the experimental data using the pseudo-first order gave
low correlation coefficients (Table 1), thus, demonstrating the inadequacy of this model
to describe both ARS and MG adsorption on Fe-BTC. On the contrary, the pseudo-second
order model resulted in a very good fitting, as demonstrated by the high correlation co-
efficients (R > 0.99) and a good residuals plot (Figure S3b). Moreover, the values of qe
calculated from pseudo-second order models (177.31 mg/g for MG and 81.09 mg/g for
ARS) are very similar to the experimentally observed values (177.28 mg/g for MG and
80.39 mg/g for ARS, Figure 3a). The values of the kinetic constant (k”) confirmed that the
adsorption process for MG (k” = 3.98 × 10−2 g·mg−1 min−1) was faster than that for ARS
(k” = 4.29 × 10−3 g·mg−1 min−1). The fit of the model to the adsorption data demonstrate
that the adsorption of the dyes on the adsorbent sites is the rate determining step [29,55].
Figure 3d shows the variation of qt versus t0.5 according with the intraparticle diffusion
model. The slopes of the three straight lines in Figure 3d represent the kinetic constants of
the different steps (1, external diffusion; 2, internal diffusion; and 3, adsorption) involved
in the adsorption of ARS and MG dyes on Fe-BTC MOF. However, the fit of this model is
of lower quality than that of the pseudo-second order model (Figure S3c), which gives the
best description of the obtained kinetic data.
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Figure 3. (a) Amount of alizarin red S and malachite green adsorbed, qt, as a function of contact time. The data were fit using
linearized kinetics models; (b) Pseudo-first order; (c) Pseudo-second order; (d) Intraparticle diffusion. The experiments
were carried out in water at pH = 4 and T = 298 K.

Table 1. Comparison among different adsorption kinetic models for MG and ARS on Fe-BTC MOF.

qe exp
(mg g−1)

Pseudo-First Order Pseudo-Second Order Intraparticle Diffusion
k0

(min−1)
qe cal

(mg g−1) R k”
(g mg−1 min−1)

qe cal
(mg g−1) R ki

(g mg−1 min−1/2)
xi

(mg g−1) R

ARS 80.39 5.98 ×
10−3 12.78 0.946 4.29 × 10−3 81.09 0.992

27.77
1.10
0.33

10.44
64.81
72.38

0.885
0.873
0.999

MG 177.28 1.3210−2 1.75 0.707 3.98 × 10−2 177.31 1
11.33
0.58
0.02

149.38
172.51
176.88

1
0.828
0.434

2.4. Adsorption Isotherms

The adsorption isotherms of ARS and MG on Fe-BTC MOF (T = 298 K, pH 4) are shown
in Figure 4a. The MOF adsorbed MG to a greater extent than ARS, reaching the maximal
adsorbed amounts (qe,max), corresponding to the isotherm plateaus, qe,max = 177.3 mg/g and
qe,max = 80.4 mg/g for MG and ARS, respectively. Then, experimental data were tested by
applying a fitting procedure based on different linearized isotherm models, namely, Temkin
(Figure 4b), Freundlich (Figure 4c), and Langmuir (Figure 4d). The constants associated
with each model are reported in Table 2.
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Figure 4. (a) Adsorption isotherms of MG and ARS with MOF where qe is a function of the equilibrium
concentration. Adsorption data were fitted using linearized isotherms; (b) Temkin; (c) Freundlich; (d)
Langmuir. The experiments were carried out in distilled water for 24 h, at T = 298 K.

Table 2. Comparison among different isotherm models for ARS and MG adsorption on Fe-BTC MOF (pH = 4, T = 298 K).

Temkin Freundlich Langmuir

bT
AT

(L mg−1) R KF
(L mg−1) 1/n R KL

(L mg−1)
qe,max

(mg g−1) R ∆G◦

(KJ mol−1)

ARS 157.59 1.28·105 0.982 3.85·103 0.529 0.910 9.30·103 79.88 0.995 −54.21

MG 79.34 9.87·105 0.967 63.77·103 0.624 0.909 51.56·103 187.24 0.967 −58.61

By comparing the correlation coefficients (R) obtained by applying the different lin-
earized isotherms to the experimental data, with the resulting residual plots (Figure S4),
the Langmuir model fits the experimental data better than the other two models. This
indicates that a monolayer of adsorbate (dye molecules) was formed on the adsorbent
surface (Fe-BTC MOF). Generally, the larger the Langmuir constant KL, the more favorable
the adsorption process [56]. This confirms that adsorption of MG (KL = 51.56·103 L/mg)
was favored over that of ARS (KL = 9.30·103 L/mg) [57]. Then, the Langmuir constant,
KL, was used to calculate the thermodynamic equilibrium constant Ke

0 by means of the
equation [58] as:

K0
e =

KL MMAdsorbate[Adsorbate]0

γ
(1)
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where MMAdsorbate is the molecular mass of the adsorbate (MMMG = 364.91 g mol−1 and
MMARS = 342.26 g mol−1), [Adsorbate]◦ is the standard concentration of the adsorbate
(1 mol L−1), and γ is the activity coefficient (dimensionless) that can be considered to have
a value of 1 in dilute solution. The Ke

0 values thus calculated were used to determine the
standard Gibbs free energy (∆G0) for the adsorption process, according to the relationship:

∆G0 = −RTlnK0
e (2)

where R is the universal gas constant (8.314 J K−1 mol−1) and T is the absolute temperature
(298.13 K). As shown in Table 2, ∆G0 values were −54.21 kJ mol−1 and −58.61 kJ mol−1 for
the adsorption of ARS and MG, respectively. This indicates that, in standard conditions,
the desorption adsorption equilibrium lies far to the right for both dyes, in agreement
with experimental observations.

3. Discussion

The adsorption of malachite green on a range of MOFs has been reported [59–62].
Table 3 summarizes the data from studies relevant to the present work. Among the various
types of MOFs tested, the lowest performing in terms of dye adsorption capacity were
Cu-BTC [57] and Mil-53-Al-NH2 [59]. Both the ZIF-67 prepared by Jin et al. [61] and
the UiO-66 prepared by Embaby et al. [55] acted as strong adsorbents with qe values of
2545 and 400 mg/g, respectively, with adsorption times between 30 and 60 min. The
Fe-BTC synthesized by Huo et al. [32] and the mixed-ligand Cu-BDC-BTC compound
prepared by Shi et al. [60] had adsorption capacities comparable to those obtained here,
205 and 185 mg/g, respectively, but the time required for the adsorption process (120 min)
was four times higher than that obtained by us (30 min).

Table 3. Comparison with other systems like that studied in this article.

Synthesis Kinetic Isotherm

Adsorbent T
(◦C) t (h) Solvent Dye qe(exp)

(mg/g)
t

(min) k” (g·mg min) Model K
(L·mg−1) Ref.

Fe-BTC 25 <1 H2O Alizarin red S 80 30 4.29 × 10−3 Langmuir 9.30·103
This workMalachite green 177 30 3.98 × 10−2 Langmuir 51.56·103

Fe-BTC 150 12 H2O Malachite green 205 120 6.67·10−3 Freundlich 6.49 [32]

UiO-66 120 1 DMF Alizarin red S 400 36 2.3·10−4 Langmuir 0.06 [55]

Cu-BTC 100 10 EtOH/DMF Methylene blue 4.68 10 42.39 Langmuir 1.89 [57]

Mil-53(Al) -NH2 150 24 DMF/H20
Malachite green 37.8 200 - Langmuir 0.29

[59]Methylene blue 45.2 200 - Langmuir 0.67

Cu-BTC/BDC 120 12 EtOH Malachite green 185 - - Freundlich - [60]

ZIF-67/PAN 25 <1 H2O Malachite green 2545 60 2.7·10−3 Langmuir 0.05 [61]

NH-ZIF-67 25 <1 MeOH Malachite green 114.1 240 - - - [62]

Li et al. found that the absorption capacity of MIL-53(Al) increased after function-
alization with amino groups [59], an increase that can be attributed to hydrogen bond
interactions [62] between the amino groups of the dye molecules and the amino groups
of MIL-53(Al)-NH2; the adsorption capacity achieved by this system is, however, rather
low (45.2 mg/g in the case of methylene blue and 37.8 mg/g in the case of malachite
green). Jin et al. prepared a ZIF-67 MOF integrated on a polyacrylonitrile membrane to
recover the MOF from water solution at the end of the adsorption process [61]. This system
had an adsorption capacity of 2545 mg/g of MG, and the time required to complete the
process was 60 min. The only study reported to date on the adsorption of alizarin red S by
MOFs (Table 3) was carried out by Embaby et al., who reported an adsorption capacity of
400 mg/g for ARS on zirconium-based MOF UiO-66 [55].

Most studies have confirmed that the Langmuir isotherm is the optimal model to
describe the adsorption of dyes on the MOF materials described in this study, with the
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pseudo-second order model representing the best kinetic model. However, in addition
to fast kinetics and a high adsorbing capacity, the successful use of an adsorbent for
environmental remediation should not be assessed only based on its performance, but also
in terms of factors such as cost and ease of preparation. The majority of reports on the use
of MOFs utilize synthetic methods that use organic solvents and/or high temperatures.
For example, among the adsorbents with higher qe, the synthesis of UiO-66 was carried out
in 1 h in dimethylformamide at 120 ◦C [55], while Cu-BDC-BTC was prepared in ethanol
by heating to 120 ◦C, for 12 h [60]. The Fe-BTC synthesized by Huo et al., despite being
prepared in water, required long synthetic times (12 h) and high temperatures (150 ◦C
in an autoclave) [32]. The most interesting material, both from the point of view of the
high adsorbing capacity and of synthesis conditions (25 ◦C in H2O), was the ZIF-67/PAN
fibrous membrane proposed by Jin et al. [61]. However, one of the starting reagents of this
MOF is the 2-methylimidazole, which is a carcinogenic compound [63,64]. The Fe-BTC
used here is significantly easier (and lower cost) to prepare, in an environmentally-friendly
manner, with synthesis in less than 1 h at room temperature, using distilled water as the
solvent and the reagents, FeCl3 and trimesic acid.

4. Material and Methods
4.1. Chemicals

Tris(hydroxymethyl)-aminomethane (TRIS, ≥99.8%) was purchased from Bio-Rad Lab-
oratories. Iron(III) chloride (97%), sodium hydroxide, trimesic acid, and
4-{[4-(dimethylamino)phenyl](phenyl)methylidene}-N,N-dimethylcyclohexa-2,5-dien-1-iminium
chloride (malachite green) were purchased from Sigma-Aldrich. 3,4-Dihydroxy-9,10-dioxo-
2-anthracenesulfonic acid (alizarin red S) was purchased as the sodium salt from Fluka Chemie.

4.2. Synthesis and Characterization of Fe-BTC MOF

The Fe-BTC type MOF was prepared following the procedure reported by Sanchez-
Sanchez et al. [27,65]. Briefly, 0.3048 g of FeCl3 was dissolved in 10.203 mL of distilled
water. Then, a solution containing 0.263 g of trimesic acid, 3.685 mL of NaOH 1.06 M, and
6.388 mL of H2O was added dropwise under stirring. The solid was collected by filtration
under vacuum, washed with distilled water, and dried in air.

X-ray diffraction (XRD) analysis was carried out using an X’PERT Pro PANalytical
diffractometer using a Cu Kα radiation source. The data were collected from 5 to 40◦

with a 2θ step size of 0.013, for 99.19 s. The N2 adsorption/desorption isotherms at 77 K
were carried out on a ASAP 2020 (Micromeritics) instrument to obtain the surface area
(Brunauer–Emmett–Teller, BET) [66] and pore size distribution (Barrett–Joyner–Halenda,
BJH) [67]. The FTIR analysis was performed using a Bruker Tensor 27 spectrophotometer
equipped with a diamond-ATR accessory and a DTGS detector. A number of 128 scans at a
resolution of 2 cm−1 were averaged in the spectral range 4000–400 cm−1. Thermal analysis
data were collected with a STA6000 (Perkin Elmer) thermal analyzer in the 25–850 ◦C range,
under oxygen flow (heating rate = 10 ◦C/min, flow rate = 40 mL min−1). The Zeta potential
of Fe-BTC was measured using a Zetasizer Nano ZSP (Malvern Instruments) in backscatter
configuration (θ = 173◦), at a laser wavelength of λ = 633 nm, using Zetasizer software
(version 7.03) to analyze the data. Zeta potential values were calculated by means of the
Henry equation using water as the dispersant medium (εr = 78.5 and η = 0.89 cP at 25 ◦C)
and f(κa) = 1.5 (Smoluchowski approximation). The sample was prepared by suspending
Fe-BTC (2 mg/mL) in distilled water adding HCl and NaOH to vary the pH from 3 to 7.
Before the measurements the samples were sonicated for 30 min and left stirring overnight.
The scattering cell temperature was fixed at 25 ◦C.

4.3. Adsorption Studies

A mass of 100 mg of the synthesized MOF was dispersed in 1 mL of distilled water
using a vortex mixer (Figure S1a). To evaluate the optimal pH for the adsorption process, a
series of Eppendorf tubes were filled with 1 mL of dye solution and 35 µL of solid dispersion
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(Figure S1a) at different pH in the range 3–7. The pH was measured using a Metrohm pH-
meter and adjusted adding small volumes of HCl and NaOH solutions. All the mixtures
were put in a rotating mixer overnight, and then collected by centrifugation (1000 rpm for
1 min). The concentration of dye in the solutions before and after adsorption experiments
was determined using a Cary 60 UV-Vis spectrophotometer (Agilent) (λ = 516 nm for ARS
and 620 nm for MG). The solutions were diluted in Tris-HCl buffer (pH 7, 10 mM) to ensure
a constant pH during the measurements, since the absorbance peaks of the dyes, especially
in the case of ARS, are influenced by pH [68,69].

Adsorption kinetic studies were carried out analyzing samples withdrawn at different
times (from 1 min to 8 h) at a fixed pH of 4 and at a constant concentration of the dyes
(1.5 mM). Adsorption isotherms at T = 298 K were obtained at constant adsorption time
(24 h) and pH (4) at varying initial dye concentrations (from 0.01 to 2 mM).

4.3.1. Adsorption Kinetic Models

The adsorption kinetics were studied by measuring the decrease in concentration of
the dyes in solution at given times (qt) through the following equation,

qt =
(Ci − Ct)V

m
(3)

where Ci and Ct are the dye concentrations at time = 0 and time = t, while V and m are the
volumes of the solution and the mass of the solid, respectively.

The experimental data were fitted using the linearized equations of three different
kinetic models. A pseudo-first order model as follows:

ln(qe − qt) = lnqe − k0 · t (4)

A pseudo-second order model [70,71] as follows:

t
qt

=
1

q2
e · k00

+
t
qe

(5)

and an intraparticle diffusion model [72] as follows:

qe = ki · t1/2 + xi (6)

where qe is the amount of adsorbed dye at the equilibrium, k0, k” and ki are the pseudo-first
order constant, pseudo-second order constant, and intraparticle diffusion constant, respectively.

4.3.2. Adsorption Isotherm Models

The adsorption isotherms were obtained by plotting the experimentally adsorbed
amounts of dyes, qe, versus the equilibrium concentration, Ce. The experimental data were
fitted through three different isotherm models’, i.e., Temkin (Equation (7)), Freundlich
(Equation (8)), and Langmuir (Equation (9)), in their linearized forms [73]:

qe =
RT
bT

lnAT +
RT
bT

lnCe (7)

where qe is the amount of adsorbed dye at the equilibrium, qe,max is the maximum monolayer
coverage capacity, bT is the Temkin constant, and AT is the Temkin equilibrium binding
constant.

lnqe = lnKF +
1
n

lnCe (8)
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where 1/n (dimensionless) and KF are the Freundlich constants, the heterogeneity factor,
and support capacity (characteristic of each adsorbate-adsorbent pair), respectively.

Ce

qe
=

1
qm · KL

+
1

qm
Ce (9)

where KL is the Langmuir constant [5,74].

5. Conclusions

An Fe-BTC MOF was synthesized following the procedure proposed by Sanchez-
Sanchez et al. The structure of the material was characterized by XRD, while its pore
diameter distribution (4–40 nm) and surface area (443 m2/g) were determined from N2
adsorption/desorption isotherms. The zeta potential of aqueous dispersions of Fe-BTC
was determined by ELS and a point of zero charge (pHpzc) of 3.2 was obtained. Further
qualitative characterizations were carried out using FTIR and TGA techniques. The data
obtained were comparable with those reported in the literature. Then, the Fe-BTC was
used as an adsorbent for the removal of two toxic dyes from water, alizarin red S (ARS) and
malachite green (MG). The adsorption capacity was measured as a function of time and of
the concentration of dye required to obtain the kinetic profiles and the adsorption isotherms
of the process, respectively. The adsorption of both dyes was rapid (<30 min) as compared
with other reports, which reached equilibrium generally in 60–200 min. The Langmuir
model provided the best fit to the adsorption process, with maximum adsorption capacities
of 80 and 177 mg/g for ARS and MG on Fe-BTC MOF, respectively. The data obtained for
adsorption on to Fe-BTC MOF compare favorably with literature reports. However, what
distinguishes this work is the green method used to synthesize the adsorbing material.
Indeed, the synthesis of the Fe-BTC MOF was performed in an aqueous solution at room
temperature in less than 1 h, unlike the generally used syntheses which require organic
solvents or high temperatures and longer times. Furthermore, the adsorption rate of the
dyes was higher than most of the other reported MOFs. Future work could be devoted to
test the adsorption performance of other toxic dyes or even other classes of toxic substances
and to verify the feasibility of continuous processes or on a larger scale. Further work
is needed to find the optimal conditions for dye desorption and MOF reuse for multiple
adsorption cycles.
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Abbreviations

MOF Metal organic frameworks
MG Malachite green
ARS Alizarin red S
XRD X-ray diffraction
FTIR Fourier transform infrared spectroscopy
TGA Thermogravimetric analysis
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Figure S1 - Images of a) the synthesized MOF before and after dispersion in distilled water; b) Solutions of ARS and MG 

prior to and after (20 h) adsorption . 

 

 

Figure S2 – Pore size distribution (BJH method). 

 



Table S1. Zeta potential of Fe-BTC dispersed in H2O and the percentage of dyes adsorbed at different pH values (initial 

concentration of dyes of 1.5 mM). 

pH Fe-BTC Zeta potential (mV) ARS adsorption% MG adsorption% 

3 + 6 59.1 89.3 

4 - 7 49.2 98.5 

5 - 20 31.3 94.7 

6 - 28 34.1 93.1 

7 -16 23.3 82.9 

 

 

 

Figure S3 – Residuals graph relative to a) Pseudo-First order, b) Pseudo-Second order and c) Intraparticle diffusion 

kinetic models. 

 

 

Figure S4 – Residuals graph relative to a) Temkin, b) Freundlich and c) Langmuir isotherms models. 
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e Unità Operativa University of Cagliari, Italy 
f Cittadella Universitaria, SS 554 bivio Sestu, 09042 Monserrato (CA), Italy   

A R T I C L E  I N F O   

Keywords: 
Laccase 
Enzyme 
Metal organic frameworks 
Biocatalysis: Enzyme Immobilization 

A B S T R A C T   

Laccase from Aspergillus sp. (LC) was immobilized within Fe-BTC and ZIF-zni metal organic frameworks through 
a one-pot synthesis carried out under mild conditions (room temperature and aqueous solution). The Fe-BTC, 
ZIF-zni MOFs, and the LC@Fe-BTC, LC@ZIF-zni immobilized LC samples were characterized by X-ray diffrac
tion, scanning electron microscopy, Fourier transform infrared spectroscopy, and thermogravimetric analysis. 
The kinetic parameters (KM and Vmax) and the specific activity of the free and immobilized laccase were 
determined. Immobilized LCs resulted in a lower specific activity compared with that of the free LC (7.7 µmol 
min-1 mg-1). However, LC@ZIF-zni was almost 10 times more active than LC@Fe-BTC (1.32 µmol min-1 mg-1 vs 
0.17 µmol min-1 mg-1) and only 5.8 times less active than free LC. The effect of enzyme loading showed that 
LC@Fe-BTC had an optimal loading of 45.2 mg g-1, at higher enzyme loadings the specific activity decreased. In 
contrast, the specific activity of LC@ZIF-zni increased linearly over the loading range investigated. The storage 
stability of LC@Fe-BTC was low with a significant decrease in activity after 5 days, while LC@ZIF retained up to 
50% of its original activity after 30 days storage. The difference in activity and stability between LC@Fe-BTC and 
LC@ZIF-zni is likely due to release of Fe3+ and the low stability of Fe-BTC MOF. Together, these results indicate 
that ZIF-zni is a superior support for the immobilization of laccase.   

1. Introduction 

Enzyme immobilization on solid supports has been widely explored 
[1–3]. Immobilized enzymes usually display high resistance to harsh 
environmental conditions and may exhibit improved thermal stability 
when compared to free enzymes. The enzymatic activity and stability 
depend on the choice of the support as well as on the method of 
immobilization [1,4,5]. A wide range of materials, e.g. mesoporous 
silica [6–8], xerogels [9], magnetic nanomaterials [10], agarose [11], 
liquid crystals [12], nanofibrous polymers [13] and metal organic 
frameworks (MOFs) have been utilized for the immobilization of 

enzymes [14–17]. MOFs are composed of metal ions and organic linkers 
connected through coordination bonds to form a three-dimensional 
network [18]. They have been used for a range of applications, 
including storage of gases [19], catalysis [20], removal of pollutants 
[21], biomedicine and sensing applications [22,23], and, more recently, 
as enzyme supports [24–26]. In comparison with other supports, en
zymes immobilized on MOFs can exhibit high catalytic activities, 
improved stability, and reusability [27–29]. Enzymes can be readily 
immobilized in situ in MOFs. Such in situ immobilization is facile, rapid 
and results in high enzyme loadings [30]. In this approach, enzyme 
molecules are entrapped in the three-dimensional network formed by 
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Universitaria, SS 554 bivio Sestu, 09042, Monserrato (CA), Italy. 
** Corresponding author. 

E-mail addresses: cristina.carucci@unica.it (C. Carucci), Edmond.Magner@ul.ie (E. Magner), asalis@unica.it (A. Salis).  

Contents lists available at ScienceDirect 

Colloids and Surfaces B: Biointerfaces 

journal homepage: www.elsevier.com/locate/colsurfb 

https://doi.org/10.1016/j.colsurfb.2021.112147 
Received 21 May 2021; Received in revised form 24 September 2021; Accepted 28 September 2021   

mailto:cristina.carucci@unica.it
mailto:Edmond.Magner@ul.ie
mailto:asalis@unica.it
www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2021.112147
https://doi.org/10.1016/j.colsurfb.2021.112147
https://doi.org/10.1016/j.colsurfb.2021.112147
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2021.112147&domain=pdf


Colloids and Surfaces B: Biointerfaces 208 (2021) 112147

2

the metal ions and the organic linkers. While a number of reports have 
focused on the catalytic activity of the immobilized enzymes, the spatial 
distribution has not been described in detail [31,32]. For example Liang 
et al [33]. tagged catalase (CAT) with fluorescein isothiocyanate (FITC) 
and used confocal laser scanning microscopy to show that the distri
bution and localization of the enzyme depended on the type of MOF 
used. A more homogeneous distribution was observed on MAF-7 and 
ZIF-90 in comparison to ZIF-8. Li et al [34]. immobilized cyt c and 
demonstrated that the protein was embedded in the Cu-BTC framework 
rather than within the pores. Finally, a number of enzymes can be 
co-immobilized within the same support [35]. However, the synthesis of 
MOF usually requires long reaction times (several days for solvothermal 
and hydrothermal techniques and weeks for diffusion methods) and are 
often carried out under harsh conditions (high temperatures, use of 
organic solvents) [36]. Such conditions are generally not appropriate for 
enzymes and result in denaturation and loss of catalytic activity. 
Recently, Gascón et al. immobilized different enzymes, e.g. alcohol de
hydrogenase (ADH), glucose oxidase (GOx), and lipase in a basolite 
F300-like MOF using an in situ mild synthetic method [37,38]. This 
method involves entrapment of the enzyme within a MOF based on Fe3+

and the tridentate linker trimesic acid, in a process that is rapid and 
facile (room temperature and close to neutral pH). The synthesis occurs 
under mild conditions with the material displaying micro and 
meso-porous structure [37]. Similarly, Kida et al. developed a method to 
synthesize zeolite imidazole frameworks (ZIF-8) in aqueous solution 
[39] while Falcaro and co-workers immobilized several enzymes within 
a ZIF-8 material [17]. ZIF-zni is a robust, dense, non-porous material 
[40,41]. ZIF-zni, one of the most stable MOF materials, is usually syn
thetized at very high temperatures and in organic solvents [40]. 
Nevertheless, it can be also be prepared at room temperature, using 
water as the solvent [42]. 

Laccases (LCs, E.C. 1.10.3.2, p-diphenol: dioxygen oxidoreductase), 
are multicopper oxidases that catalyze the oxidation of various phenolic 
and non-phenolic compounds [43] via reduction of molecular oxygen to 
water [44]. In addition to p-diphenols (quinols), o-diphenols (cate
chols), alkoxyphenols and their derivatives, aromatic amines and ami
nophenols can also act as substrates for laccase. Due to their strong 
electron-rich character, nonphenolic substrates such as poly
methoxybenzenes [45] can act as substrates for laccases. The radical 
products produced in the catalytic reaction are particularly favored 
when the lone electron can be efficiently delocalized in the aromatic 
systems, forming semiquinones, with further reaction depending on the 
properties of the products, pH and the concentration of oxygen. In na
ture, laccases (LCs) are present in plants, bacteria, insects and white rot 
fungi [46,47]. Due to their low substrate specificity, LCs are used for a 
wide range of applications, such as bleaching of denim and paper [48], 
removal of toxicants released during combustion processes [49], 
decolorisation [50], elimination of phenolics [6], and biomass deligni
fication [51–53]. Recently Naseri et al. immobilized laccase from Tra
metes versicolor on ZIF-zni and ZIF-8, two different zeolite imidazolate 
frameworks, to study enzymatic activity and stability to storage and 
recycling [54]. Li et al. encapsulated laccase (Ganoderma lucidum) in 
ZIF-8 to form an enzymatic biofuel cell based self-powered biosensor 
[22]. Gascon et al. compared the immobilization of laccase (Aspergillus 
oryzae) on Fe-BTC MOF obtained through a one-pot and a post-synthesis 
method, and also investigated the catalytic activity and enzyme leaching 
[55]. Although laccases are very useful enzymes for a wide range of 
applications [44,56], they possess low stability in their soluble form, 
being easily perishable at neutral and basic pH [57]. Moreover, when 
immobilized on solid supports, the catalytic activity and stability of 
laccases is strongly affected by the amount of water present in the 
preparation, indeed the activity and stability rapidly decrease upon 
drying [58]. 

The majority of reports on the immobilization of enzymes on MOFs 
focus on single MOF materials, describing the immobilization of 
different enzymes in the MOF [38,59,60] to demonstrate the potential 

use of a specific MOF support. This study compares two different MOF 
materials as supports for the in situ immobilization of Aspergillus sp. 
laccase. More specifically, laccase (LC) was entrapped within Fe-BTC 
MOF and ZIF-zni, to obtain LC@Fe-BTC and LC@ZIF-zni biocatalysts 
[38,54] (Scheme 1). The properties of the immobilized biocatalysts were 
extensively characterized, and the kinetic parameters, KM and Vmax 
compared with those of the free laccase. Specific activities for different 
laccase loadings were measured, together with the storage stability. This 
study enabled a detailed comparison of in situ enzyme immobilization 
on the two MOF supports, Fe-BTC and ZIF-zni. 

2. Results and discussion 

2.1. Characterisation of Fe-BTC, LC@Fe-BTC, ZIF-zni and LC@ZIF-zni 
samples 

Fe-BTC and ZIF-zni and laccase modified MOFs (LC@Fe-BTC and 
LC@ZIF-zni) were characterised using X-ray diffraction. The XRD pat
terns (Fig. 1A) show sharp peaks at 11◦, 19◦, 24◦, 28◦, and 34◦ con
firming the formation of the Fe-BTC structure [37,61,62]. Fig. 1B 
confirms the formation of the ZIF-zni materials, with characteristic 
peaks at 15◦, 17◦, 18◦, 21◦ in agreement with previous literature reports 
[14,63]. The XRD patterns obtained for both LC@Fe-BTC and 
LC@ZIF-zni samples do not differ significantly from those of Fe-BTC and 
ZIF-zni demonstrating that laccase does not significantly alter the 
structure of the MOFs. Thermogravimetric analysis (TGA) demonstrated 
that Fe-BTC MOF had a loss of mass of 12% over the range 0–115 ◦C, 
while LC@Fe-BTC showed a much higher loss of up to 35% over the 
same temperature range. These losses can be attributed to different 
amounts of adsorbed water in the samples [55]. Fe-BTC MOF showed a 
loss of 14.5% over the range 115–330 ◦C and of 43% over the range 
330–500 ◦C, with the latter likely due to the decomposition of the 
Fe-BTC structure. In contrast to Fe-BTC, the LC@Fe-BTC sample did not 
show a clear loss in mass at 330 ◦C, as confirmed by the derivative plot 
(dm/dT vs T, Fig. S1). Enzyme immobilization thus shifted the thermal 
decomposition of the MOF to higher temperatures. For LC@Fe-BTC 
samples, the mass loss over the temperature range 115–430 ◦C is 
likely due to the decomposition of BTC and of LC encapsulated in the 
support. However, the exact mass loss due to the enzyme decomposition 
cannot be quantified as it overlaps that of trimesic acid (Fig. 1C) [64]. 
Finally, the mass loss measured above 430 ◦C for LC@Fe-BTC is assigned 

Scheme 1. Synthesis and immobilization of LC in ZIF-zni and Fe-BTC supports.  
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to the decomposition of the MOF structure [65]. Thermogravimetric 
analysis of ZIF-zni and LC@ZIF-zni (Fig. 1D) shows that the materials 
exhibited good thermal stability in air, up to 433 ◦C, in agreement with 
literature reports [66]. ZIF-zni had mass losses of 10% and 25% over the 
ranges, 433–566 ◦C and 566–700 ◦C. The first mass loss can be attrib
uted to the partial loss of ZIF crystallinity which is favoured in oxidizing 
environments [67] while the latter can be ascribed to the complete 
decomposition and collapse of the ZIF-zni structure [68]. Thermogra
vimetric analysis of LC@ZIF-zni was comparable with ZIF-zni except for 
the mass loss of 13% over the temperature range, 245–400 ◦C. ZIF-zni 
displayed a loss in mass of 2.8% over this range, indicating that loss in 
mass of LC@ZIF-zni could be ascribed to the thermal decomposition of 
immobilized laccase (Table S1). 

Scanning electron microscopy (SEM) images (Fig. 2 A-B) of Fe-BTC 
show agglomerates of irregular particles and are similar to literature 
reports [69]. SEM images (Fig. 2 C-D) of ZIF-zni show a more regular 
crystalline morphology. LC@Fe-BTC samples have a more irregular 
particle shape, likely due to enzyme immobilization (Fig. 2 B). Similar to 
immobilization in ZIFs, encapsulation of laccase in Fe-BTC led to 
changes in particle morphology, in which the particles lose their regular 
shape in favor of more disordered agglomerates, in agreement with 
other reports on the immobilization of enzymes such as lipase, glucose 
oxidase and alcohol dehydrogenase [30,38]. 

The FTIR spectrum of Fe-BTC (Fig. 3A) showed a band above 
3300 cm 1 assigned to OH stretching, indicative of the presence of 

adsorbed water. The peak at 1625 cm 1 can be attributed to the C––O 
stretching of carboxylate groups [65]. The peaks, arising from the 
carboxylate groups of trimesic acid, likely mask the NH-C––O amide 
bands of the protein. The bands at 1447 cm 1 and 1375 cm 1 are due to 
asymmetric and symmetric stretching of the O-C-O group, respectively 
[70]. The other two sharp peaks at 750 and 703 cm 1 correspond to the 
bending of aromatic C–H bonds [61,71]. FTIR spectra of ZIF-zni and 
LC@ZIF-zni samples are shown in Figs. 3C and 3D. The bands in the 
range of 600–1500 cm 1 are ascribed to the stretching and bending 
modes of the imidazole ring [72]. The presence of imidazole bands ob
scures the amide band expected for the enzyme. 

In particular, the sharp peaks in the range 1100–1400 cm 1 region 
are attributed to the C––N stretching [73]. The peak at 668 cm 1 is due 
to the stretching of the Zn–N coordination bond between Zn and the 
imidazole ring [74]. The presence of laccase was confirmed by EDX 
measurements with 0.14% and 0.20% (m/m) of copper for LC@Fe-BTC 
and LC@ZIF-zni (Fig. S8), respectively, in agreement with the ratio of 
laccase loadings for both materials. 

A wide range of studies have been described on the use of iron based 
MOFs [75], but their long term stability, especially of Fe-BTC, has not 
been studied in detail. Oveisi et al. reported leaching of 0.3 ppm of Fe2+

(0.01% of the initial amount) in the synthesis of Fe-BTC MOF [76]. 
Sanchez et al. reported similar negligible amounts of iron leaching 
(0.3 ppm) [37]. Aguilar et al. studied the hydroxylation of phenol using 
Fe-BTC. Fe leaching was absent or negligible at room temperature but 

Fig. 1. XRD patterns of a) Fe-BTC and LC@Fe-BTC and b) ZIF-zni and LC@ZIF-zni. Thermogravimetric analysis (TGA) curve from 25 ◦C to 800 ◦C of c) Fe-BTC MOF 
and LC@Fe-BTC 45.2 mg g-1 and d) ZIF-zni and LC@ZIF-zni 84 mg g-1. 
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increased with temperature up to 26 ppm at 50 ◦C [77]. A study 
demonstrated how nanoparticles of MIL-100 progressively lose their 
crystallinity when incubated in PBS (phosphate buffer saline) solution 
from 6 h to 3 days due to the interaction between phosphate and iron 
ions [78]. Similarly to MIL-100, Fe-BTC is unstable in aqueous buffer 
solutions. Determination of iron release from Fe-BTC was analyzed 
following a SCN- based colorimetric assay (Fig. S6). Iron release was 
assayed by suspending Fe-BTC in citrate, phosphate and Tris-HCl buffers 
(10 and 100 mM) at pH 5, 7 and 9, respectively under static and shaking 
conditions for 24 and 48 h (Fig. S7). Samples suspended in 10 mM buffer 
in shaking conditions demonstrated a higher concentration of iron 
release (up to 35 µM at pH 5 and 9 after 48 h) than samples stored in 
static conditions (up to 25 µM at pH 5 after 24 and 48 h). In 100 mM 
buffer solutions, samples at pH 5 showed comparable leaching levels of 
iron (25 µM) with no significant differences between static and shaking 
conditions and between 24 and 48 h of storage. Samples stored at pH 7 
and 9 demonstrated an increase in iron release up to 40 µM after 48 h. 
The increased amounts of iron released in 100 mM buffer indicates that 
the buffer concentration is a factor in the stability of the material. 
Overall, the data demonstrate that Fe-BTC is unstable upon exposure to 
aqueous buffer, limiting its use as a support for enzymes. A comparable 
systematic study of ZIF-8 stability in PBS demonstrated that ZIF-8 is 
unstable and releases metal ions in the presence of specific buffer so
lutions [79]. In that work Falcaro et al. demonstrated that ZIF-8 particles 
can rapidly lose crystallinity when incubated in PBS for 1 to 24 h, 
leading to the formation of zinc phosphate particles with the rate of 
degradation depending on the size of the ZIF-8 particles. In another 
work, Gassensmith et al. demonstrated that ZIF-8 is more stable in some 
buffers and cell media [80]. The stability of ZIF-8 stability is dependent 
on the stability of the bond between Zn2+ and 2-methylimidazole linker. 
Both phosphate and bicarbonate can bind to Zn2+ competing with the 
linker and reducing the stability of the material. The stability of ZIF-8 
was assessed by examining the surface morphology, degree of crystal
linity of the material and leaching of the protein. No significant leaching 
of protein or changes in crystallinity were observed indicating that ZIF-8 
is stable in the buffers used. 

SEM and XRD were used to evaluate the structural stability of 
LC@Fe-BTC and LC@ZIF-zni after use (Fig. S10-S11). While the XRD 
pattern of LC@ZIF-zni displayed more noise and was more irregular, the 
main peaks (2θ peak position: 10, 15, 18, 20) were retained indicative of 
a partial loss of the MOF structure. SEM images confirmed that the 
surface morphology was not significantly changed (Fig. S11). The XRD 
pattern of Fe-BTC is not well defined due to the semi-amorphous nature 
of the material. The XRD patterns before and after use were similar 
(Fig. S10) As with LC@ZIF-zni, SEM images confirmed that there were 
no substantial changes in the morphology of LC@Fe-BTC after use 
(Fig. S11). 

2.2. The effect of immobilization on kinetic properties 

Fig. 4 shows the kinetic data obtained for the free and immobilized 
laccases, while the associated kinetic parameters are listed in Table 1. 
The laccase from Aspergillus sp. used in this work showed a 45-fold loss in 
specific activity once immobilized within Fe-BTC (from 7.7 to 
0.17 µmol min-1 mg-1). Gascón et al [55]. reported the immobilization of 
a laccase from Aspergillus oryzae within Fe-BTC. Their results showed a 
95-fold decrease in catalytic activity (from 378 to 4 µmol min-1 mg-1) 
when the laccase was entrapped in Fe-BTC. With LC@ZIF-zni, a much 
lower decrease in activity, by a factor of 5.8, was observed (Vmax 
decreased from 7.7 to 1.32 µmol min-1 mg-1). 

The decrease in Vmax observed with both supports may be due to 
diffusional limitations or, alternatively to enzyme inactivation. LC@Fe- 
BTC showed an increase in KM (2.7 times higher than free laccase) 
suggesting that the substrate had a lower affinity for the enzyme when 
immobilized on Fe-BTC. LC@ZIF-zni sample showed an increase in KM (x 
1.6) compared with the free enzyme. Differences in the kinetic param
eters frequently arise upon immobilization of an enzyme [81]. Differ
ences in kinetic parameters between free and immobilized enzymes can 
arise from a range of factors that include changes in conformation, in the 
structure or degree of accessibility of the enzyme’s active site, in the rate 
of diffusion and/or in partitioning of the substrate to the active site [82]. 
Similar to the results described here, Patil et al., immobilized laccase 

Fig. 2. SEM images of A-B) Fe-BTC and LC@Fe-BTC C-D) ZIF-zni and LC@ZIF-zni samples.  
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from Trametes hirsuta in ZIF-8 and reported a 1.5 fold increase in KM, and 
a 1.2 fold decrease in Vmax suggesting that the ZIF materials may be 
suitable supports for the immobilization of laccase [83]. Some enzymes 
such as catalase showed a decrease in catalytic activity upon immobi
lization on ZIF-8 [33]. This was ascribed to the hydrophobic nature of 

ZIF-8 that may interact with hydrophobic residues of the enzyme. In 
another work, lipase (Candida antarctica B) was immobilized on Fe-BTC 
with no significant loss of enzymatic activity [55]. On the other hand, 
when laccase (Aspergillus oryzae) was immobilized on the same material, 
the activity decreased (up to 0.2 µmol min-1 mg-1), thus suggesting that 
Fe-BTC was not a good host for the enzyme [55]. 

2.3. Effect of enzyme loading on specific activity 

Different LC@Fe-BTC and LC@ZIF-zni samples with increasing pro
tein loading were prepared using enzyme concentrations in the range 
6–10 mg mL-1 (LC@Fe-BTC) and 5–12.5 mg mL-1 (LC@ZIF-zni) during 
the in situ immobilization process. LC@Fe-BTC loadings, quantified by 
means of the Bradford assay, varied from 29.8 mg g-1 to 52.7 mg g-1 

(Fig. 5A; Table S1) while LC@ZIF-zni loadings ranged from 17.8 mg g-1 

to 59.5 mg g-1 (Fig. 5C; Table S2). The immobilization efficiency (IE%), 
defined as the ratio (%) between the amount of immobilized protein and 
the total protein in solution, was 100% for all LC@Fe-BTC samples, 
demonstrating that all of the laccase was immobilized within Fe-BTC 

Fig. 3. FT-IR spectrum of a) Fe-BTC wavenumber range from 450 to 4000 cm-1 b) LC@Fe-BTC wavenumber range from 1000 to 1800 cm-1 and c) ZIF-zni wave
number range from 500 to 4000 cm-1 d) LC@ZIF-zni wavenumber range from 400 to 1800 cm-1. 

Fig. 4. Michaelis-Menten plots of the activity of free laccase, LC@Fe-BTC 
(9 mg mL-1) and LC@ZIF-zni (9 mg mL-1). 

Table 1 
Kinetic parameters obtained with free laccase, LC@MOF and LC@ZIF-zni 
samples.  

Samples Km (µM) Vmax (µmol min-1 mg-1) 

Free laccase  13 ± 3  7.7 ± 0.4 
LC@Fe-BTC  35 ± 7  0.17 ± 0.01 
LC@ZIF-zni  22 ± 6  1.32 ± 0.08  
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material. When LC@ZIF-zni was analyzed, IE% varied between 97% and 
99% for all samples showing, also in this case, a very high immobili
zation efficiency. For LC@Fe-BTC samples, the increase in enzyme 
loading shown in Fig. 5A is supported by TGA analysis (Fig. 5B). TGA 
analysis of LC@Fe-BTC samples (6 and 7 mg mL 1) displayed a loss in 
mass of 70% over the range 0 and 115 ◦C due to the loss of water. At 
higher enzyme concentrations (9 and 10 mg mL 1). LC@Fe-BTC sam
ples had losses in mass of 25%, likely due to a lower water content. The 
% mass loss in the range 115–430 ◦C increased with increasing enzyme 
loading from 9.5% to 22%, with the exception of LC@Fe-BTC with a 
loading of 45.2 mg g-1 that showed a mass loss of 27%. TGA curve for Fe- 
BTC did not show any mass losses in the range between 200 and 300 ◦C. 
On the other hand, in the same temperature range LC@Fe-BTC samples 
showed a low mass loss (more visible in the derivative curve, Fig. S1) 
that increased with increasing enzyme loading. Gascón et al. investi
gated the mass loss of enzymes immobilized within Fe-BTC MOF 
through thermogravimetric analysis coupled to mass spectrometry [55]. 
In that work, they attributed the mass loss over the temperature range 
200–300 ◦C to water retained by the enzyme [55]. LC@ZIF-zni samples 
showed a linear increase in mass loss in the temperature range 
245–400 ◦C except for the loading at 19.8 mg g-1 that showed a mass 
loss of 9.5% (Table S2). 

2.4. Specific activity of LC@Fe-BTC and LC@ZIF-zni 

The specific activities of the samples at different enzyme loadings 
were examined. In the absence of diffusional limitations, the activity 
should increase as the loading is increased. Fig. 6 shows an initial linear 

increase in activity with enzyme loading on LC@Fe-BTC up to an activity 
of 0.08 units to at a loading of 45.2 mg g-1. Above this loading the 
specific activity decreased, likely arising from limitations in substrate 
diffusion within the pores [6,84] For the loadings examined, the specific 

Fig. 5. a) Protein loading of Fe-BTC MOF, b) thermogravimetric analysis (TGA) of LC@Fe-BTC with different enzyme loadings c) Protein loading of ZIF-zni samples 
d) thermogravimetric analysis (TGA) of LC@ZIF-zni with different enzyme loadings. 

Fig. 6. Effect of loading on specific activity of LC@Fe-BTC and LC@ZIF-zni. 
Inset: enlargement of data for LC@Fe-BTC. 
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activity is an order of magnitude higher for ZIF-zni samples than Fe-BTC 
biocatalysts. In contrast, with LC@ZIF-zni an increase in activity over 
the range investigated (Fig. 6), was observed, indicating diffusional 
limitations were not observed. Naseri et al [54]. obtained a high 
retention of activity of a laccase from T. versicolor in ZIF-zni demon
strating a very high adaptability of laccases for ZIF-zni support. The 
laccase from Aspergillus sp. is a glycoprotein containing about 10% sugar 
content [44,85]. The presence of asparagine-N-linked sugar residues on 
the enzyme confer polar, hydrophilic properties on the enzyme. 

As studied recently by Liang et al., the enzyme polarity is likely 
related to high activity retention in ZIF materials [33]. Likely, ZIF-zni 
materials offer a more favorable environment for laccase activity in 
comparison with Fe-BTC supports. When Knedel et al [16]. immobilized 
laccase from Corynebacterium glutamicum in ZIF-8, no activity was 
observed when ABTS was used as the substrate. The lack of activity was 
explained on the basis that the small ZIF-8 pore windows (3.4 Å) which 
did not allow ABTS to enter the pores and reach the enzyme active site. 
Liang et al. demonstrated how, even in porous ZIFs, ca. 40% of the 
enzyme was on the surface rather than entrapped in the material [42]. 

Knedel et al. also reported how laccase immobilization in ZIF ma
terials using 2,6-dimethoxyphenol and syringaldazine substrates 
enhanced stability in ethanol and N,N-dimethlyformamide (DMF) [16] 
meaning that, upon immobilization in ZIF-8, laccase works also in the 
absence of water. When laccase is immobilized in chitosan the laccase 
water requirement decreased up to 7% in water content [86]. In our 
work, the relative amount of water present in the Fe-BTC and ZIF-zni 
samples can be seen by the differential scanning calorimetry (DSC) 
plot. A small endothermic (positive) peak between 100 and 200 ◦C can 
be attributed to water retained in ZIF-zni samples (Fig. S3). Over the 
temperature range 80–130 ◦C, a much bigger endothermic peak was 
seen for Fe-BTC samples (Fig. S4) indicative of a higher water content. 
As shown in Fig. 5B-D, from TGA data, LC@ZIF-zni resulted in dryer 
samples for all the assayed loadings in comparison with LC@Fe-BTC 
samples. In principle, drying of the immobilized biocatalyst should 
result in a significant decrease in laccase activity [6]. In fact, LC@ZIF-zni 
retained higher activities at various enzymatic loadings even if samples 
with reduced moisture content (1% vs 35% in water content for bio
catalyst with 59.4 and 52.7 mg g 1 of enzymatic loading for ZIF-zni and 
Fe-BTC respectively) than Fe-BTC were used (Fig. 5D). It is worth 
noticing that also at the optimal Fe-BTC loadings, LC@ZIF-zni displayed 
a 10-fold higher activity than LC@Fe-BTC (1.32 µmol min-1 mg-1 vs 
0.17 µmol min-1 mg-1) indicative of a superior immobilization environ
ment in ZIF-zni when compared to Fe-BTC. 

2.5. Storage stability of LC@Fe-BTC and LC@ZIF-zni 

Samples of LC@Fe-BTC and LC@ZIF-zni were stored at 4 ◦C and the 
residual activity was checked every 3–5 days. The storage stability of 
LC@Fe-BTC showed a rapid linear decrease, retaining only 16% of 
initial activity (0.59 ± 0.11 µmol min-1 g-1) after eight days, while 
LC@ZIF-zni retained 82% of its initial activity (8.18 ± 0.14 µmol min-1 

g-1). On comparison of the two supports there was over 60% difference 
in retention of activity, confirming that ZIF-zni is a superior support. 
Furthermore, LC@ZIF-zni retained about 50% of its initial activity at the 
30th day. The rapid decrease in LC activity may be due to enzyme 
denaturation in the Fe-BTC material, but the lower stability of the Fe- 
BTC material is likely a significant factor. Good retention of catalytic 
activity in ZIF materials was reported by Ulu who described the 
immobilization of asparaginase in ZIF-8 [87] with the immobilized 
enzyme retaining 40% of initial activity after four weeks, similar to the 
data described here. The stability of laccase (Trametes hirsute) immobi
lized on ZIF-8 was described by Patil et al [83]. with only 20% loss of 
activity after storage for 20 days at 30 ◦C. The good storage stability of 
laccase in ZIF-zni highlights its possible use as a support for laccase 
immobilization. (Fig. 7). 

Reuse is an important aspect in evaluating immobilized enzymes. 

Samples of LC@Fe-BTC and LC@ZIF-zni were evaluated for reuse. 
(Fig. S9). ZIF-zni samples showed a rapid decrease after use, with a re
sidual activity of 6.2% after three cycles. On the contrary, Fe-BTC dis
played a significantly better performance retaining 18.2% activity after 
the 10th cycle. The rapid decrease in activity of the ZIF-zni samples is 
likely due to practical difficulties in recovering the samples as the crystal 
size of the ZIF biocatalysts dissolve when in contact with some buffers 
making its recover and reuse very challenging. A similar phenomenon 
was recently observed by Maddigan et al [88]. 

3. Conclusions 

The comparison between two MOF materials used for the in situ 
immobilization of Asperigillus sp. laccase was described. The structures 
of both supports were characterized using XRD, SEM, TGA and FTIR 
techniques. Immobilization efficiency was 100% for all LC@Fe-BTC 
loadings while for ZIF samples it was slightly lower (from 97% to 
99%). Surprisingly, LC@ZIF-zni showed a much higher Vmax when 
compared with LC@Fe-BTC samples. The KM value of LC@ZIF-zni is 
lower (21.6 µM) than that of LC@Fe-BTC (35.5 µM) suggesting more 
efficient substrate binding by laccase in ZIF-zni. The enzymatic activities 
were studied in a wide range of loadings. In the case of Fe-BTC samples, 
a maximal specific activity was observed at an optimal loading of 
42.5 mg g-1 whereas higher loadings resulted in a specific activity 
decrease. Differently, LC@ZIF-zni samples did not show any decrease in 
activity up to 59.4 mg g-1 indicating that a higher amount of laccase can 
be immobilized without observed limitations. Lastly, the storage sta
bility of both immobilized biocatalysts was studied indicating a much 
higher activity retention for LC@ZIF-zni samples (50% loss of initial 
activity after 30 days) than LC@Fe-BTC (84% loss of initial activity after 
8 days). ZIF-zni material is a promising material for the in situ immo
bilization of laccase with good retention of activity while Fe-BTC ma
terials do not possess long term stability. 
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A. Mura, G. Bongiovanni, V. Mameli, C. Cannas, N. Avarvari, F. Quochi, M. 
L. Mercuri, Heteroleptic NIR-emitting Yb III /anilate-based neutral coordination 
polymer nanosheets for solvent sensing, ACS Appl. Nano Mater. 3 (1) (2020) 
94–104, https://doi.org/10.1021/acsanm.9b01740. 

[24] J. Mehta, N. Bhardwaj, S.K. Bhardwaj, K.H. Kim, A. Deep, Recent advances in 
enzyme immobilization techniques: metal-organic frameworks as novel substrates, 
Coord. Chem. Rev. 322 (2016) 30–40, https://doi.org/10.1016/j.ccr.2016.05.007. 

[25] F. Lyu, Y. Zhang, R.N. Zare, J. Ge, Z. Liu, One-pot synthesis of protein-embedded 
metal-organic frameworks with enhanced biological activities, Nano Lett. 14 (10) 
(2014) 5761–5765, https://doi.org/10.1021/nl5026419. 

[26] V. Lykourinou, Y. Chen, X. Wang, Sen, L. Meng, T. Hoang, L.J. Ming, R. 
L. Musselman, S. Ma, Immobilization of MP-11 into a mesoporous metal-organic 
framework, MP-11@mesoMOF: a new platform for enzymatic catalysis, J. Am. 
Chem. Soc. 133 (27) (2011) 10382–10385, https://doi.org/10.1021/ja2038003. 

[27] A.J. Howarth, Y. Liu, P. Li, Z. Li, T.C. Wang, J.T. Hupp, O.K. Farha, Chemical, 
thermal and mechanical stabilities of metal–organic frameworks, Nat. Rev. Mater 1 
(2016) 15018. 

[28] M. Safaei, M.M. Foroughi, N. Ebrahimpoor, S. Jahani, A. Omidi, M. Khatami, 
A review on metal-organic frameworks: synthesis and applications, TrAC Trends 
Anal. Chem. 118 (2019) 401–425, https://doi.org/10.1016/j.trac.2019.06.007. 

[29] R.J. Drout, L. Robison, O.K. Farha, Catalytic applications of enzymes encapsulated 
in metal–organic frameworks, Coord. Chem. Rev. 381 (2019) 151–160, https:// 
doi.org/10.1016/j.ccr.2018.11.009. 

[30] C. Carucci, L. Bruen, V. Gascón, F. Paradisi, E. Magner, Significant enhancement of 
structural stability of the hyperhalophilic ADH from haloferax volcanii via 
entrapment on metal organic framework support, Langmuir 34 (28) (2018) 
8274–8280, https://doi.org/10.1021/acs.langmuir.8b01037. 

[31] M.B. Majewski, A.J. Howarth, P. Li, M.R. Wasielewski, J.T. Hupp, O.K. Farha, 
Enzyme encapsulation in metal-organic frameworks for applications in catalysis, 
CrystEngComm 19 (29) (2017) 4082–4091, https://doi.org/10.1039/c7ce00022g. 

[32] H. Xia, N. Li, X. Zhong, Y. Jiang, Metal-organic frameworks: a potential platform 
for enzyme immobilization and related applications, Front. Bioeng. Biotechnol. 8 
(June) (2020) 1–16, https://doi.org/10.3389/fbioe.2020.00695. 

[33] W. Liang, H. Xu, F. Carraro, N.K. Maddigan, Q. Li, S.G. Bell, D.M. Huang, A. Tarzia, 
M.B. Solomon, H. Amenitsch, L. Vaccari, C.J. Sumby, P. Falcaro, C.J. Doonan, 
Enhanced activity of enzymes encapsulated in hydrophilic metal-organic 
frameworks, J. Am. Chem. Soc. 141 (2019) 2348–2355, https://doi.org/10.1021/ 
jacs.8b10302. 

[34] Z. Li, H. Xia, S. Li, J. Pang, W. Zhu, Y. Jiang, In situ hybridization of enzymes and 
their metal-organic framework analogues with enhanced activity and stability by 
biomimetic mineralisation, Nanoscale 9 (40) (2017) 15298–15302, https://doi. 
org/10.1039/c7nr06315f. 

[35] M. Zhao, Y. Li, X. Ma, M. Xia, Y. Zhang, Adsorption of cholesterol oxidase and 
entrapment of horseradish peroxidase in metal-organic frameworks for the 
colorimetric biosensing of cholesterol, Talanta 200 (December 2018) (2019) 
293–299, https://doi.org/10.1016/j.talanta.2019.03.060. 

[36] Y.-R. Lee, J. Kim, W.-S. Ahn, Synthesis of metal-organicframeworks: a mini review, 
Korean J. Chem. Eng. 30 (9) (2013) 1667–1680, https://doi.org/10.1007/s11814- 
013-0140-6. 

D. Tocco et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.colsurfb.2021.112147
https://doi.org/10.1039/c2cs35450k
https://doi.org/10.1016/j.mcat.2019.110607
https://doi.org/10.1016/j.mcat.2019.110607
https://doi.org/10.1016/0731-7085(95)01615-5
https://doi.org/10.1039/B711564B
https://doi.org/10.1039/c3cs60075k
https://doi.org/10.1039/c3cs60075k
https://doi.org/10.1016/j.molcatb.2008.12.008
https://doi.org/10.1016/j.micromeso.2016.12.023
https://doi.org/10.1016/j.micromeso.2016.12.023
https://doi.org/10.1039/c1cc11840d
https://doi.org/10.1007/s10971-019-05136-7
https://doi.org/10.1007/s10971-019-05136-7
https://doi.org/10.3390/molecules21111577
https://doi.org/10.3390/molecules21111577
https://doi.org/10.1016/j.cocis.2019.09.007
https://doi.org/10.1007/s00289-017-2129-5
https://doi.org/10.1002/cctc.201701984
https://doi.org/10.1016/j.ijbiomac.2020.02.258
https://doi.org/10.1016/j.ijbiomac.2020.02.258
https://doi.org/10.1002/open.201900146
https://doi.org/10.1002/open.201900146
https://doi.org/10.1038/ncomms8240
https://doi.org/10.1039/C5CY01181G
https://doi.org/10.1515/psr-2017-0196
https://doi.org/10.1016/j.mcat.2019.110478
https://doi.org/10.1016/j.mcat.2019.110478
https://doi.org/10.1039/C9RA07473B
https://doi.org/10.1039/C9RA07473B
https://doi.org/10.1016/j.nanoen.2019.104308
https://doi.org/10.1016/j.nanoen.2019.104308
https://doi.org/10.1021/acsanm.9b01740
https://doi.org/10.1016/j.ccr.2016.05.007
https://doi.org/10.1021/nl5026419
https://doi.org/10.1021/ja2038003
http://refhub.elsevier.com/S0927-7765(21)00591-9/sbref26
http://refhub.elsevier.com/S0927-7765(21)00591-9/sbref26
http://refhub.elsevier.com/S0927-7765(21)00591-9/sbref26
https://doi.org/10.1016/j.trac.2019.06.007
https://doi.org/10.1016/j.ccr.2018.11.009
https://doi.org/10.1016/j.ccr.2018.11.009
https://doi.org/10.1021/acs.langmuir.8b01037
https://doi.org/10.1039/c7ce00022g
https://doi.org/10.3389/fbioe.2020.00695
https://doi.org/10.1021/jacs.8b10302
https://doi.org/10.1021/jacs.8b10302
https://doi.org/10.1039/c7nr06315f
https://doi.org/10.1039/c7nr06315f
https://doi.org/10.1016/j.talanta.2019.03.060
https://doi.org/10.1007/s11814-013-0140-6
https://doi.org/10.1007/s11814-013-0140-6


Colloids and Surfaces B: Biointerfaces 208 (2021) 112147

9

[37] M. Sanchez-Sanchez, I. de Asua, D. Ruano, K. Diaz, Direct synthesis, structural 
features, and enhanced catalytic activity of the basolite F300-like semiamorphous 
Fe-BTC framework, Cryst. Growth Des. 15 (9) (2015) 4498–4506, https://doi.org/ 
10.1021/acs.cgd.5b00755. 
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Enzyme Immobilization on Metal Organic Frameworks: Laccase from 
Aspergillus sp is better adapted to ZIF-zni rather than Fe-BTC. 

 

 

 

Figure S1. Derivative dm/dT vs T of Fe-BTC MOF samples  
 

 

 

Figure S2. Derivative dm/dT vs T of ZIF-zni samples  



 

Figure S3. Heat flow vs T of ZIF-zni samples  

 

 

Figure S4. Heat flow vs T of FeBTC samples  



 

 

Figure S5. Standard curve of Fe3+concentration by complexing with SCN-. Standard 
deviation error bars are hidden by the symbols. 

 

Figure S6. Detection of iron in solution following Fe-BTC MOF storage in aqueous buffer 
a) 10 mM buffer, b) 100 mM buffer. 



 

Figure S7. SEM images of A-B) ZIF-zni and LC@ZIF-zni samples C-D) Fe-BTC and 
LC@Fe-BTC 
 

 

 

Figure S8 SEM analysis of LC@Fe-BTC A) with respective EDX B). SEM analysis of 
LC@ZIF-zni C) with respective EDX D) 



 

Figure S9 Reuse measurements of LC@Fe-BTC A) and LC@ZIF-zni B). Enzymatic 
Activity was normalized at 1.9 ± 0.6 µmol min-1 and 5.4 ± 0.7 µmol min-1 respectively. 
 

 

 

 

Figure S10 XRD measurements of LC@Fe-BTC A) and LC@ZIF-zni before and after use  
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Figure S11 SEM images of LC@Fe-BTC respectively before and after use A-B) and 
LC@ZIF-zni respectively before and after use C-D) 

Table S1. Mass loss (%) of Fe-BTC MOF and LC@Fe-BTC samples 

Samples Mass loss 

(%) 

T < 115 

°C 

Mass loss (%) 

115°C < T 

< 430 °C 

Mass loss 

(%) 

T > 

430 °C 

Loading 

(mg g-1) 

IE (%) 

LC@Fe-BTC (6 mg/mL) 70.5 9.5 5.5 29.8 100 

LC@Fe-BTC (7 mg/mL) 63 13 9 34.8 100 

LC@Fe-BTC (8 mg/mL) - - - 41.7 100 

LC@Fe-BTC (9 mg/mL) 32 27 13.5 45.2 100 

LC@Fe-BTC (10 mg/mL) 35 22 14 52.7 100 



 

 

Mass loss 

(%) 

T < 115 °C 

Mass loss (%) 

115°C < T < 

430 °C 

Mass loss 

(%) 

330 °C 

< T < 

500°C 

  

Fe-BTC MOF 28 14.5 43 - - 

 

 

 

Table S2 Mass loss (%) of ZIF and LC@ZIF samples 

Samples Mass loss (%) 

245 °C < T < 

400 °C 

Mass loss (%) 

400°C < T < 

433 °C 

Mass loss (%) 

433°C < T < 

566°C 

Loading 

(mg g-1) 

IE (%) 

LC@ZIF-zni (5 

mg/mL) 

9.5 3.8 23.9 19.8 97.3 

LC@ZIF-zni (6 

mg/mL) 

6.5 3 29.9 30.5 98.6 

LC@ZIF-zni (8 

mg/mL) 

- - - 35.6 97.2 

LC@ZIF-zni (9 

mg/mL) 

11.6 4.7 26.1 41.6 97.3 

LC@ZIF-zni 

(12.5 mg/mL) 

 

13.5 5.3 26.8 59.4 97.2 

 

ZIF-zni 

2.8 1.9 33.6 - - 

 

 

 

 

 

  



Experimental Section 

Chemicals 

Laccase from Aspergillus sp (activity of ≥ 1000 LAMU g -1); 2,2’-azinobis-(3-ethylbenzothiazoline-

6-sulfonate) diammonium salt (≥ 98%); ferric chloride, FeCl3∙6H2O (> 97%); zinc nitrate 

hexahydrate (98%), imidazole (≥ 99%), sodium hydroxide, NaOH; trimesic acid, H3BTC 

(95%);sodium phosphate, monobasic NaH2PO4 (99%); sodium phosphate dibasic, Na2HPO4 (99%); 

Bradford reagent; HCl (37%); acetic acid (99%); sodium acetate (anhydrous) (≥ 99.0%); were 

purchased from Sigma-Aldrich (Milan Italy). Sodium thiocyanate; citric acid; trisodium citrate; 

potassium phosphate monobasic; potassium phosphate dibasic; were all purchased from Sigma 

Aldrich (Ireland). All reagents were used as received without further purification. Milli-Q water 

(18.2 MΩ cm) was used to prepare all aqueous solutions.  

Quantification of iron by Uv-vis analysis 

A standard curve of Fe3+ was constructed using concentrations of FeCl3 from 20-125 µM. 500 µL 

of 1 M NaSCN was added to an equal amount of each iron chloride standard and left to incubate for 

15 min at room temperature for the appearance of a red color. The absorbance was then analyzed at 

490 nm. 

Synthesis of Fe-BTC MOF  

Fe-BTC MOF was synthetized according to a published procedure by Sanchez-Sanchez et al.[28] 

Briefly, the synthesis involves the preparation of two different solutions. Solution 1 contains the 

organic linker and was obtained by dissolving 0.263 g of trimesic acid (H3BTC) in 3.685 mL of 

NaOH 1.06 M, once H3BTC was totally solubilized 6.388 mL of deionized water were added. 

Solution 2 contains the metal source and was prepared by dissolving 0.508 g of FeCl3∙ 6H2O in 10 g 

of H2O. Solution 2 was then added dropwise to the solution 1 under magnetic stirring. The resulted 

reddish-brown suspension was maintained under stirring at 25 °C for 10 minutes. The obtained 

solid (Fe-BTC MOF) was collected by filtration, washed several times with Mill-Q water and dried 

at room temperature. 

Synthesis of LC@Fe-BTC biocatalysts 

LC@Fe-BTC was synthetized according to a published procedure by Gascon et al.1 Briefly, three 

solutions were prepared. Solution 1 was obtained by dissolving 0.263 g of trimesic acid (H3BTC) in 

3.685 mL of NaOH 1.06 M (pH 8). Solution 2 was prepared by mixing an appropriate aliquot of LC 

with Milli Q water to obtain a standard solution of LC (6-7-8-9-10 mg mL-1). Solution 3 was 



prepared by dissolving 0.508 g of FeCl3∙ 6H2O in 10 g of H2O (pH 1.8). To maintain the enzyme 

around neutral pH, 6.388 mL of solution 2 was added to solution 1, while checking the pH of the 

mixture. Solution 3 was then added dropwise to the resulting mixture under magnetic stirring. The 

obtained reddish-brown suspension was maintained under stirring at 25 °C for 10 minutes. The 

obtained solid (LC@Fe-BTC) was recovered by filtration, washed several times with Milli-Q water 

and dried at room temperature. 

Preparation of ZIF-zni and LC@ZIF-zni biocatalysts 

LC@ZIF-zni was synthetized according to a published procedure by Naseri et al.2 Briefly, a volume 

of 2 mL of an enzymatic solution in acetate buffer (0.1 M, pH 5) was added to 10 mL of an 

imidazole (0.851g) solution in Milli-Q water, and 1 mL of a Zn(NO3)2 solution (3.1 M). The 

obtained mixture was stirred at room temperature for 45 min, and then a solid was collected by 

filtration and washed three times with Milli-Q water. Finally, the obtained sample was filtered dried 

at room temperature for 2-3 minutes and stored at 4°C. The pure ZIF-zni synthesis was carried out 

in the same way except for the fact that no enzyme was added. 

Characterization of Fe-BTC, ZIF-zni, LC@Fe-BTC and LC@ZIF-zni samples 

Thermogravimetric analysis (TGA) was carried out by means of a TGA 4000 Perkin Elmer in a 

temperature range from 25 °C to 800°C and a ramp rate of 10 °C min-1, under an oxygen flow (flow 

rate = 40 mL min-1). Scanning electron microscopy (SEM) analysis was performed by using a 

HITACHI SU-70 at 5 kV. Samples were covered with gold by sputter coating for 40 s and then 

analyzed by SEM. Attenuated total reflectance Fourier transform infrared (ATR-lo FTIR) spectra 

were recorded with a single reflection platinum ATR accessory from Perkin Elmer 100 FTIR over 

the wavelength range, 4000 to 600 cm-1. N2 adsorption/desorption isotherms were recorded at 77 K 

using an ASAP 2020 (Micromeritics). Samples were firstly degassed under vacuum for 12 h at 25 

°C. The Brunauer–Emmett–Teller (BET)3 and the Barret–Joyner–Halenda (BJH)4 methods were 

used to calculate the specific surface area, the pore volume, and the pore size distribution. A 

X’PERT Pro PANalytical diffractometer was used for X-ray diffraction (XRD) experiments with 

Cu Kα radiation. The data were collected with a 2θ step size of 0.013 from 5 to 40° and an 

accumulation time of 99.19 s. An Agilent Cary 60 UV-Vis spectrophotometer equipped with probe 

was used for enzymatic activity tests. 

Determination of immobilization efficiency and enzyme loading  

Protein loading and encapsulation efficiency of the immobilised biocatalysts, LC@Fe-BTC, were 

obtained by means of Bradford assay. 5 Briefly, the protein content was determined using the 



Bradford reagent (Bio-Rad) and BSA (bovine serum albumin) as the protein standard (20 mg/L). 

The calibration curve was built by preparing a set of BSA solutions in acetate buffer pH 5 100 mM 

at different concentrations (0.5-15 mg/L) from dilution of the standard solution. Then, a 0.5 mL 

aliquot of each solutions were mixed to 0.5 mL of Bradford reagent in a glass cuvette. After exactly 

10 min the absorbance of the solutions was measured at the wavelength of 595 nm.  

The protein concentration in the supernatant was evaluated by measuring the absorbance (λ = 595 

nm) of a mixture containing 0.5 mL of supernatant and 0.5 mL of Bradford reagent after 10 min of 

incubation. It is worth noticing that imidazole strongly interfere with Bradford reagent at 

concentration higher than 200 mM.6 However, the supernatant of raw ZIF was analyzed and the 

corresponding Bradford assay did not show any interference suggesting that the imidazole quantity 

in the supernatant post ZIF synthesis is negligible. The amount of immobilized protein is calculated 

from the difference between the amount used for immobilization and the amount that is in the 

supernatant. The enzymatic loading (LLC@ZIF=mgLAC gLC@ZIF-1) was determined by the equation:  

Protein loading =
([P]f−[P]i)V

m
                                          

Where, [P]f and [P]i are the final and initial protein concentrations (mg mL-1), respectively; V is the 

volume of the enzyme solution (mL) and m is the mass of biocatalyst (g). 

Encapsulation efficiency (EE%) is the percent ratio between the amount of immobilised protein and 

the amount of protein in the immobilizing solution: 

IE% = (1- [P]f / [P]i) ·100% 

where [P]i and [P]f are the initial and the final protein concentrations in the immobilizing solution.2  

Determination of LC@Fe-BTC and ZIF-zni activity 

Before each measurement LC@Fe-BTC were dried in a desiccator for 20 mins (25 °C). The 

catalytic activities of LC@Fe-BTC were quantified by Agilent Cary 60 UV-Vis spectrophotometry, 

at λ = 420 nm (25 °C). The activity measurement of LC@Fe-BTC was carried out adding 10 mg of 

LC@Fe-BTC in 4.8 mL of acetate buffer pH 5 100 mM. The reaction started by adding to the 

mixture a volume of 0.25 mL ABTS 250 µM in a cell kept under stirring and at T = 25°C. Blank 

was measured by mixing 4.8 mL of acetate buffer pH 5 100 mM. Test activity of Fe-BTC material 

was carried out as control experiment to evaluate possible interferences between material and 

enzymatic activity. No activity was detected for LC-free Fe-BTC MOF and LC-free ZIF-zni. All 

activity measurements were carried out at least in triplicate. Specific activity (U/mg) was calculated 

through the following formula:  



Specific activity = 𝑠𝑙𝑜𝑝𝑒 ·Vcuvette·1000·𝑑𝑖𝑙𝑢𝑖𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑉𝑒𝑛𝑧𝑦𝑚𝑒 ·𝜀ABTS+.  ·𝑐 (𝑒𝑛𝑧𝑦𝑚𝑒)
 = [ µmol

𝑚𝑔 ·𝑚𝑖𝑛
] = [ 𝑈

𝑚𝑔
] 

One unit (U) of laccase activity is defined as the amount of enzyme required to convert 1.0 μmol of 

ABTS to ABTS+. per minute at 25 °C. 

Reuse of LC@Fe-BTC and LC@ZIF-Zni MOFs 

A 10 mg sample of immobilized enzyme was suspended in 4.8 mL of 50 mM phosphate buffer (pH 

6). The reaction was initiated by addition of a 0.25 mL aliquots of ABTS (250 µM in 50 mM 

phosphate buffer (pH 6) in a measuring cell for UV-Vis probe kept under stirring at 25°C. The 

reaction mixture was centrifuged at 3500 rpm, washed with buffer and ABTS again added to begin 

the next cycle. 

Storage stability in buffers  

The Fe-BTC MOFs stability was analyzed at pH 5 (citrate buffer), 7 (potassium phosphate buffer) 

and 9 (Tris-HCl) under different exposure conditions 1) static incubation at RT for 24 and 48 h and 

2) agitated incubation at 250 rpm, RT, for 24 and 48 h. Storage stability solutions were prepared by 

making a 10 mg/mL MOF-buffer in either 10 or 100 mM buffer. For determination of the Fe3+ 

content leached during storage, a 1 mL sample of MOF suspension was centrifuged for 2 min, 

10,000 rpm. The supernatant was then removed and analyzed by complexing with NaSCN with 

detection at 490 nm. 
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Abstract: Laccase from Aspergillus sp. (LC) was immobilized on 
functionalized pure-silica hierarchical (microporous-macroporous) 
MFI zeolite (ZMFI). The obtained immobilized biocatalyst (LC@ZMFI) 
was characterized by X-ray diffraction (XRD), scanning electron 
microscopy (SEM), Fourier transform infrared spectroscopy (ATR-
FTIR), N2 adsorption/desorption isotherms, solid-state NMR 
spectroscopy and thermogravimetric analysis (TGA). The optimal pH, 
kinetic parameters (KM and Vmax), specific activity, as well as both 
storage and operational stability of LC@ZMFI were determined. The 
LC@ZMFI KM and Vmax values amount to 10.3 µM and 0.74 µmol · mg-

1 min-1, respectively. The dependence of specific activity on the pH for 
free and immobilized LC was investigated in the pH range of 2 to 7, 
The highest specific activity was obtained at pH = 3 for both free LC 
and LC@ZMFI. LC@ZMFI retained up to 50% and 30% of its original 
activity after storage of 21 and 30 days, respectively. Immobilization 
of laccase on hierarchical pure-silica MFI zeolite allows to carry out 
the reaction under acidic pH values without affecting the support 
structure.  
 
Introduction 
 
The demand of enzymes involved in industrial processes, such as 
food processing,[1] leather treatment,[2] textile,[3] wastewater 
treatment,[4] pharmaceutical chemistry,[5] biofuels production,[6,7] 
bioremediation,[8] is continuously growing. The current global 
enzyme market is valued at $5.5 billion and by 2023 it is predicted 
to reach $7.0 billion.[9] Laccases (E.C. 1.10.3.2, p-diphenol: 
dioxygen oxidoreductase) are active toward a wide range of 
substrates. To date, laccases (LCs) have been investigated for 
several applications, such as bleaching of denim and paper,[10] 
removal of toxicants released during combustion processes,[11] 
decolorization,[12] removal of phenols from wastewaters,[13] and 
biomass delignification.[14] LCs typically comprise three domains 
and contain four copper ions arranged in mononuclear and 
trinuclear clusters.[15] Substrate oxidation at the mononuclear site 
generates electrons that are transferred to the trinuclear site 
where O2 is reduced to water.[15] Although enzymes present 
several advantages compared with synthetic catalysts, their use 
in native form for industrial processes is often hampered by harsh 
reaction conditions (such as extreme pH values and 
temperatures), which could result in loss of catalytic activity.[16] 
Immobilization on solid supports is considered an attractive 
technology for making enzymes suitable for biotechnological 

applications.[17] Indeed, immobilized enzymes usually display 
higher resistance to harsh environmental conditions, allow 
reusability and may result in improved thermal stability if 
compared to free enzymes.[18] The enzymatic activity and stability 
depend on the choice of the support as well as the type (e.g. 
physical or covalent)  of enzyme immobilization.[17,19–21] 
Nowadays, a wide range of supports, e.g. mesoporous 
silica,[13,17,22,23], xerogels,[24] magnetic nanomaterials,[25] 
agarose,[26] nanofibrous polymers[27] and metal organic 
frameworks[28–32] have been explored as enzyme carriers. Among 
the several materials reported in the literature, due to their high 
surface area,[33] and their well-defined pore systems, zeolites 
could in principle be suitable carriers for enzyme 
immobilization.[34] However, most zeolites are microporous 
materials (pore size < 2 nm) and, thus, not suitable for enzyme 
immobilization. In the last 15 years, a new class of materials 
called hierarchically-ordered zeolites, constituted by a 
hierarchical pore system (bimodular or multimodular) has 
received increasing attention. Although the utilization of zeolites 
as enzyme carriers is limited by their narrow micropores, the 
synthesis of zeolitic systems with intracrystalline meso- or 
macropores can overcome this issue allowing to use zeolites as 
hosts for enzymes or other biomacromolecules.[35–39]. From the 
synthetic point of view, the introduction of macropores in zeolites 
is often hampered by several limitations such as the low 
wettability of the hard templates with zeolite precursors, poor 
thermal stability of the template under zeolite synthesis 
conditions, difficulties in controlling the thickness of the zeolitic 
walls, and the template removal after hydrothermal synthesis. 
Nevertheless, most of these drawbacks could be avoided using 
mesoporous silica particles (MSPs) as templates for macropores 
formation.[35,40] Recently, a three step procedure to obtain a 
zeolite type MFI (the MFI topology consisting of intersecting 
straight and sinusoidal channels[41]) with embedded macropores 
(with a diameter in the range 250 - 500 nm) has been reported by 
Machoke et al.[35]   
In this work, laccase from Aspergillus sp. was immobilized on a 
hierarchical micro/macroporous MFI zeolite to obtain LC@ZMFI 
biocatalyst with an immobilization efficiency of 79.4 %. The 
immobilization of the laccase was carried out post-synthetically as 
depicted in Scheme 1. The immobilized biocatalyst was 
characterized employing XRD, SEM, TGA FTIR, N2 
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adsorption/desorption isotherms, solid-state Magic Angle 
Spinning (MAS) NMR spectroscopy and electron spin resonance 
(ESR) spectroscopy. The free LC, and LC@ZMFI biocatalysts 
were also characterized in terms of specific activity, kinetics (KM 
and Vmax) and (both storage and operational) stability. A Vmax of 
64.7 µmol · mg-1 min-1 and 0.74 µmol · mg-1 min-1 and a KM of 11.2 
μM and 10.3 μM were obtained at pH 3 for both free LC and 
LC@ZMFI, respectively. LC@ZMFI retained up to 50% and 30% 
of its original activity after storage of 21 and 30 days, respectively.  

Scheme 1. Schematic representation of the synthesis of the LC@ZMFI 

biocatalyst.  

2. Results and Discussion 

2.1 Samples characterization 
 
 The XRD patterns (Figure 1a) exhibit sharp reflections at 2θ = 8°, 
9°,14°,15°,16°, 24° and 24.5° characteristic for zeolite MFI.[35,42] 
The LC@ZMFI sample reveals a XRD pattern similar to the ZMFI 
parent material demonstrating that laccase immobilization did not 
affect the zeolite structure. The N2 adsorption/desorption 
isotherms of ZMFI and LC@ZMFI samples are shown in Figure 
1b. Both samples display a type I isotherm, which is characteristic 
for microporous materials.[43] The ZMFI sample has a specific 
surface area (SBET) of 534 m2 g-1 that decreases to 297 m2 g-1 for 
LC@ZMFI (Table 1). Similarly, the pore volume decreases from 
0.27 (ZMFI) to 0.13 cm3 g-1 (LC@ZMFI) suggesting the successful 
post-synthesis immobilization of the laccase on pure silica MFI 
zeolite. 
 

 
Thermogravimetric analysis (Figure 1c) confirm the high stability 
of MFI zeolite in the temperature range between 100 °C and 500 
°C, where a negligible mass loss of 2 % was observed. Similarly, 
no appreciable mass loss at T > 500°C is observed (data not 
shown). LC@ZMFI shows a mass loss of 4.3% and 4.5% in the 
ranges 100°C – 220°C and 220°C – 445°C, respectively. At these 

temperatures, the observed mass loss is likely due to the 
decomposition of organic molecules and of the immobilized 
enzyme. Although two clear distinct mass loss steps in those 
temperature ranges are observed, it is difficult to discriminate 
which one is ascribable to enzyme mass loss with absolute 
certainty. Finally, above 445°C, no mass loss for both ZMFI and 
LC@ZMFI samples is observed. Protein loading (L) of LC@ZMFI 
sample, quantified by means of the Bradford assay, is 9.72 mg g-

1 (Table 1) while the immobilization efficiency (IE%, defined as the 
amount of immobilized protein relative to the total protein amount 
in the solution) is 79.4 %. 
 

    

 

 
Figure 1. a) XRD patterns b) N2 adsorption/desorption isotherms and c) 
thermogravimetric analysis (TGA) of ZMFI and LC@ZMFI in air.  

Table 1. Textural properties of ZMFI and LC@ZMFI and laccase 
loading 

 Samples aSBET 
(m2 g-1) 

    bVp 
(cm3 g-1) 

 

IE 
(%) 
 

     L 
(mg g-1) 

ZMFI                       534    0.27 // // 
LC@ZMFI 297     0.13 79.4 9.72 
a Surface area (SBET) obtained from N2 adsorption/desorption isotherms; 
b Pore volume (Vp) 
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The modification of zeolite MFI (ZMFI) was also monitored 
employing FT-IR and solid-state NMR spectroscopy. The FT-IR 
spectrum of the ZMFI (Figure 2) shows a broad band at about 
1060 cm−1 due to Si-O-Si asymmetric stretching, a band at 960 
cm−1 due to Si–OH stretching and one at 795 cm−1 due to Si–O–

Si symmetric stretching. After surface modification with 3-
aminopropyl-triethoxysilane (APTES), the band at 960 cm−1 

disappears and a new band appears at 690 cm−1 that is ascribed 
to N–H bending vibrations. Additional evidence for the zeolite 
modification are the stretching vibration of C–H bonds at 2870 cm-

1 , 2900  cm-1 and bending vibration of H–C–H bond at 1380 cm-1 

appear confirming the reaction of free silanols with APTES.[44–46] 
As a result of laccase immobilization, a band at 1647 cm−1 (–
C=N– bonds), due to the reaction between the –ZMFI–CHO and 
laccase appears.  

 
 
Figure 2. ATR-FT-IR spectrum of parent ZMFI zeolite, the with APTES 
modified sample and the LC@ZMFI biocatalyst. 
 

13C Cross Polarization (CP) solid-state NMR spectra clearly show 
the grafting of APTES onto the zeolite, by appearance of 
resonances at 10, 21, 42 and 58 ppm, characteristic for C1-C3 and 
the amine carbon atom of APTES (Figure 3 a).[47] After 
modification with glutaraldehyde, additional resonances appear at 
around 30 ppm, indicative for additional aliphatic groups, and at 
62 ppm, assigned to the C=N functionality, but possibly 
overlapping with unreacted C-NH2 amine groups from APTES. At 
200 ppm, a particularly characteristic resonance for the aldehyde 
functionality appears. Note that we have not carried out 13C CP 
MAS NMR on the laccase functionalized ZMFI, as the expected 
multitude of carbon signals of the enzyme would prohibit further 
detailed structural analysis. The degree of functionalization was 
evaluated quantitatively by 29Si direct excitation, high power 
decoupling (HPDEC) MAS NMR spectra (Figure  3 b). T2 and T3 
sites corresponding to the surface-grafted species at approx. -50 
and -68 ppm are visible, as well as a small amount of hydroxylated 
silicon sites (Q3) and non-hydroxylated Si(0Al) sites of the ZMFI 
framework.[35] Integration of all resonances yields a degree of 
functionalization of ca. 6 %. Note that this is overall a high degree 
of functionalization, as most silicon sites are buried inside the 
zeolite and are not accessible for APTES. 
 

 
 
Figure 3: a) 13C CP MAS NMR spectra of ZMFI-NH2 (yellow) and ZMFI-N=C-R 
(green). Line broadening: 100 Hz. Signals between 110-130 ppm correspond to 
toluene from synthesis. b) 29Si HPDEC MAS NMR spectrum of ZMFI-N=C-R. 
Line broadening: 50 Hz.  
 
The sucessful immobilization of LC is furthermore confirmed by 
ESR spectroscopy (Figure 4), showing that the solid biocatalyst 
contains LC with no major effect on the close environment of the 
ESR-active Cu centers of the enzyme. 
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Figure 4. ESR spectra of laccase in solution as supplied and immobilized on 
ZMFI recorded at 100 K. 
 
Scanning electron microscopy (SEM) images (Figure 5) of ZMFI 
show particles with the characteristic MFI morphology possesing 
additional macropores.[48] After laccase immobilization the 
obtained LC@ZMFI sample retains its morphology in comparison 
to the parent ZMFI material (Figure 3b).  

 

 
 
Figure 5. SEM images of a) ZMFI b)LC@ZMFI 
 
2.2 Determination of the optimal pH for free LC and LC@ZMFI 
 

The effect of pH on laccase activity was investigated in the pH 
range of 2 to 7 using 2,2’-azinobis-(3-ethylbenzothiazoline-6-
sulfonate) diammonium salt (ABTS) as substrate. The different 
pH values were obtained by using different buffers, e.g. 100 mM 
citrate buffer (pH 2 - 4), 100 mM acetate buffer (pH range 5-6) and 
100 mM phosphate buffer (pH 7). Both free LC and LC@ZMFI 
have a similar activity trend, i.e. exhibiting a maximum of catalytic 
activity at pH = 3 (Figure 7). The activity of LC@ZMFI decreased 
to almost 50 % at pH 5 and to 90% at pH 7 in comparison with the 
activity at pH 3. This trend is in agreement with what reported by 
Milleret et al. for Aspergillus sp. laccase immobilized by covalent 
bonding on nanozeolites.[49] According to these results, the kinetic 
parameters KM and Vmax were determined at pH 3. This is in 
agreement with e.g. Wang et al.[32,50,51].  

   
Figure 7.  Specific activity as a function of pH for free laccase and                                                                                                                                                                                                                                                                       
@ZMFI 

2.2 Determination of laccase kinetics.  

The kinetics of the free and immobilized Aspergilus sp. laccase 
was studied in 0.1 M citrate buffer at pH=3 using 2,2’-azinobis-(3-
ethylbenzothiazoline-6-sulfonate) diammonium salt (ABTS) as 
substrate (Figure 5). The Michaelis-Menten constant KM slightly 
decreases upon immobilization, being 11.2 and 10.3 μM for free 
LC and LC@ZMFI, respectively (Table 2), suggesting that the 
immobilization results in a slight increase of enzyme-substrate 
affinity.  

The Vmax instead, is strongly affected by immobilization, 
decreasing from 64.7 (free LC) to 0.74 µmol · mg-1 min-1 

(LC@ZFMI). Such activity decrease has been previously 
observed for  laccases immobilized on other supports.[32] For 
example, the Vmax of Aspergillus sp. laccase immobilized on Fe-
BTC and ZIF-zni metal organic frameworks was 1.32 μmol min-1 
mg-1  and 0.17 μmol min-1 mg-1  for LC@ZIF-zni and LC@Fe-BTC, 
respectively.[52] However, a strict comparison of kinetic 
parameters with the present  work cannot be done because the 
assays were carried out at different pH values. Indeed, Fe-BTC 
MOF is unstable under acidic conditions, so that LC@Fe-BTC 
was assayed at pH 5 although the optimal pH for Aspergillus sp. 
laccase is 3. Ameri et al. reported the immobilization by physical 
adsorption of laccase from Trametes versicolor onto two 
hierarchical zeolites called HR-Y and HR-Z. They obtained a Vmax 
of 1.11 and 1.02 μmol min-1 and a KM of 0.26 and 0.31 mM for HR-
Y and HR-Z, respectively.[53] These results demonstrate that the 
kinetic parameters are affected by the nature of the support and 
the type (physical, covalent, entrapment, etc.) of immobilization. 
However, an accurate comparison of our results with those 

Table 2. Kinetic parameters of ZMFI and LC@ZMFI 

Samples 
 
 
Free LC                   
LC@ZMFI 

KM  
(μM)  
 
11.2 
10.3  

    Vmax  
(µmol ·  mg-1 min-1)  
    
   64.7 
   0.74 
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reported in literature is difficult because the specific conditions of 
the activity assays (e.g. pH) are often different. 
 

    
Figure 8. Michaelis-Menten plot of a) Free laccase and b) LC@ZMFI 
 
 
2.4 Storage stability and reuse of LC@ZMFI 
 
Immobilized enzymes are generally subject to a partial or even 
full inactivation after long storage times.[54] The LC@ZMFI was 
stored at 4 °C and the residual activity was checked for 30 days. 
The storage stability of LC@ZMFI retained 52% of its initial 
activity at the 21st day and about 20% of its initial activity at the 
30th day (Figure 7a). Similarly, Zheng et al. reported a laccase 
from Trametes pubescens immobilized on chitosan beads 
showed an activity retention of about 50% after 30 days.[55] A 
better retention of activity (70% of initial activity after four weeks) 
in Aspergillus sp. laccase immobilized on magnetic silica 
nanoparticles was reported by Hu et al. after 30 days.[53]  

    
 
Figure 7. a) Storage stability of LC@ZMFI, activity normalized at 1.12 µmol min-

1 mg-1. b) Reuse of LC@ZMFI, activity normalized at 0.9 µmol min-1 mg-1. 
 
Biocatalyst reuse plays a crucial role for reducing the overall costs 
in industrial applications.[52] Data in Figure 7b show the reuse 
studies of LC@ZMFI. LC@ZMFI retained 50.5% of its initial 
activity after the 1st reuse. Thereafter, it retained 30% and 15% of 
the initial activity at the 2nd and 3rd cycle respectively, which further 
decreases in the next cycles.  
 
Conclusion 
 Aspergillus sp. laccase was immobilized onto a hierarchical 
(microporous-macroporous) MFI zeolite. The structure of MFI 
zeolite, characterized through XRD, SEM, TGA, and FTIR, was 

not affected by LC immobilization. The values of immobilization 
efficiency and loading were 79.4% and 9.72 mg g-1, respectively. 
pH strongly affected the activity of both the free LC and LC@ZMFI 
resulting in a maximum of specific activity at pH 3. The KM of 
LC@ZMFI was a bit smaller than that of the free laccase, assayed 
at pH 3, suggesting a slight increase in enzyme-substrate affinity. 
Vmax, instead, was much lower for LC@ZMFI compared with free 
laccase as a result of a partial inactivation likely due to the 
immobilization process. The immobilized biocatalyst retained 
around 70 % of its activity for 11 days, and 50 % after 21 days. It 
is well known that the enzymatic activity is highly influenced by 
pH. LCs generally display their optimum activity in the pH range 
of 3.0–5.5. [56,57] Therefore, the choice of a stable material able to 
work at the enzymatic optimal pH is crucial. Although the use of 
MOFs as the enzymatic carriers is widely described in the 
literature, recent studies have shown that MOFs are not stable at 
low pH, [58][32] where LCs exhibit maximum activity. The use of the 
pure silica hierarchical zeolite allows to carry out the reaction 
under the optimal pH of laccase avoiding the dissolution of the 
support.  
Previous works reported the enzymatic immobilization on different 
zeolites. [52,59] However, those systems are often affected by mass 
transfer limitations. To date only few works regard enzymes 
immobilized on hierarchical zeolites have been reported in 
literature.[7,15] Further investigation in terms of mass transfer and 
enzymatic activity at different temperatures will be carried out 
using this support.  

Experimental Section 

Chemicals 
Laccase from Aspergillus sp (activity of ≥ 1000 LAMU g -1); 2,2’-
azinobis-(3-ethylbenzothiazoline-6-sulfonate) diammonium salt 
(≥ 98%) (ABTS); sodium hydroxide, NaOH; sodium phosphate, 
monobasic NaH2PO4 (99%); sodium phosphate dibasic, Na2HPO4 
(99%); Bradford reagent; HCl (37%); acetic acid (99%); sodium 
acetate (anhydrous) (≥ 99.0%); citric acid (≥ 99.5%);(3-
Aminopropyl) triethoxysilane (APTES) (99.0%); glutaraldehyde 
(50% solution in water); cetyltrimethylammonium bromide (CTAB) 
(98 %); ethanol (96% technical grade) were purchased from 
Sigma-Aldrich (Germany).TPAOH solution (40 wt% technical 
grade, from Clariant (Germany). Tetraethyl orthosilicate (TEOS, 
98 %) from Alfa Aesar. All reagents were used as received without 
further purification. Deionized water was used to prepare all 
aqueous solutions. 

Synthesis of MFI-Type zeolite  

The synthesis MFI-Type zeolite was carried out following the 
procedure reported by Machoke et al.[13] Briefly, in each crucible 
250 mg of mesoporous silica particles (MSPs) and 340 mg of 
TPAOH solution (40 wt% technical grade) were mixed and dried 
at RT (20 °C) for 20h. First, the MSPs have been weighted and 
then TPAOH has been added dropwise. Afterwards, the mix of 
reaction was gently mixed with a spatula and transferred into a 
Teflon-lined stainless-steel autoclave (45 mL) filled with 24 mL of 
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deionized water. Thereafter, the autoclave was closed and kept 
in an oven at 383 K for 72h. The white powder was recovered by 
filtration, washed with deionized water, and dried overnight at 348 
K. Finally, the TPA+ was removed at 823 K for 4 h under air flow.  

Immobilisation of laccase on zeolite Type MFI  

The immobilization of LC on ZMFI occurred via post-synthetic 
treatment according to Salis et al.[60] Briefly, 125 mg of zeolite type 
MFI (ZMFI) was added to 3.75 mL of dry toluene,  then 125 μL of 
3-aminopropyltrimethoxysilane (APTS) was added to the 
suspension. The mixture was heated under reflux for 15 h. The 
zeolite-APTS was collected by filtration, washed with acetone, 
and dried overnight at room temperature under vacuum. 
Glutaraldehyde-activated (ZMFI-NH=CH) was prepared by 
soaking 125 mg ZMFI-NH2 in a mixture of 100 μL 50% aqueous 
glutaraldehyde and 2.75mL 0.1M phosphate buffer solution (pH = 
7.5) for 1 h. The carrier was washed twice with 5 mL of the same 
buffer for 30 min under stirring, centrifuged and the washing 
liquors removed. The wet solid was immediately used for laccase 
immobilisation. Finally, the LC immobilization was carried out 
mixing a in sodium phosphate buffer (100 mM and pH 8.0) with 
the modified zeolite. the result suspension was stirred for 2 h. The 
obtained solid (LC@ZMFI) was recovered by centrifugation at 
4000 rpm for 4 min, washed 3 times with deionised water and 
dried at room temperature.  

Characterization of ZMFI and LC@ZMFI samples 

Thermogravimetric analysis (TGA) was carried out by means of a 
TA instruments TGA 2950 in a temperature range from 25 °C to 
700°C and a heating ramp of 5 °C min-1, under synthetic air flow 
(flow rate = 40 mL min-1). Scanning electron microscopy (SEM) 
analysis was performed by using a Carl-Zeiss Gemini Ultra 55 
microscope with an acceleration voltage of 1 kV. Attenuated total 
reflectance Fourier transform infrared (ATR-FTIR) spectra were 
recorded using a Jasco FT/IR 4100 equipped with a PIKE 
GladiATR accessory with a single reflection diamond prism over 
the wavelength range, 4000 to 500 cm-1. N2 adsorption/desorption 
isotherms were recorded at 77 K using an ASAP 2010 
(Micromeritics). Samples were firstly degassed under vacuum for 
24 h at 80°C. The Brunauer–Emmett–Teller (BET)[61] and the 
Barret–Joyner–Halenda (BJH)[62] methods were used to calculate 
the specific surface area, the pore volume, and the pore size 
distribution. A Panalytical X’Pert PRO diffractometer with an 
X’Celerator line detector was used for X-ray diffraction (XRD) 
experiments with Cu Kα radiation. The data were collected with a 

2θ step size of 0.013 ° from 2 ° to 80 ° and an accumulation time 
of 10.16 s. A Jasco V-650 UV-Vis spectrophotometer was used 
for enzymatic activity tests. 

Solid-state NMR spectra were recorded on a 500 MHz (11.7 T) 
wide-bore Agilent DD2 spectrometer in a 3.2 mm zirconia rotor. 
29Si HPDEC spectra were acquired at 10 kHz MAS rate, by 
applying a /2 pulse of 3.5 s, followed by 86 kHz spinal-64 1H 
decoupling. 1200 scans were recorded with a recycle delay of 150 
s. 13C CP MAS NMR spectra were acquired at 15 kHz MAS rate. 

1H 2.5 s pulse on 1H was followed by a linear ramp from 41 to 54 
kHz, while keeping the 13C RF at 53 kHz. 86 kHz spinal-64 1H 
decoupling were applied during acquisition. 25000-33000 scans 
were averaged with a recycle delay of 2.5 s. 

EPR spectra were measured at 100 K on a Bruker EMXmicro at 
a MW frequency of 9.44 GHz. 5 scans were accumulated at a MW 
power of 2.02 mW with an attenuation of 20 dB. Modulation 
amplitude was set to 9 G at a modulation frequency of 100 kHz. 

Determination of encapsulation efficiency 

Protein loading and Immobilisation efficiency of the immobilised 
biocatalysts, LC@ZFMI, were obtained by means of the Bradford 
assay.[29,63] Briefly, the protein content was determined using the 
Bradford reagent (Bio-Rad) and BSA (bovine serum albumin) as 
the protein standard (20 mg L-1). The calibration curve was built 
by preparing a set of BSA solutions in acetate buffer pH 5 100 mM 
at different concentrations (0.5-20 mg L-1) from dilution of the 
standard solution. Then, a 0.5 mL aliquot of each solution was 
mixed to 0.5 mL of Bradford reagent in a glass cuvette. After 
exactly 10 min the absorbance of the solutions was measured at 
the wavelength of 595 nm.  

The protein concentration in the supernatant was evaluated by 
measuring the absorbance (λ = 595 nm) of a mixture containing 
0.5 mL of supernatant and 0.5 mL of Bradford reagent after 10 
min of incubation. The amount of immobilised protein is calculated 
from the difference between the amount used for immobilisation 
and the amount that is in the supernatant. The immobilisation 
efficiency (IE%) is the percent ratio between the amount of 
immobilised protein and the amount of protein in the immobilizing 
solution: 

IE% = (1- [P]f / [P]0) ·100% 

where [P]0 and [P]f are the initial and the final protein 
concentrations in the immobilising solution. [29,63] 

Determination of biocatalytic activity 

The catalytic activities of LC@ZMFI were quantified by Jasco 650 
UV-Vis spectrophotometry, at λ = 420 nm (25 °C). The activity 
measurement of LC@ZMFI was carried out adding 5 mg of 
LC@ZMFI in 2.845 mL of 100 mM citrate buffer at pH 3. The 
reaction started by adding to the mixture a volume of 0.150 mL 
ABTS 5 mM in a cuvette kept under stirring and at T = 25°C. The 
blank was measured by mixing 2.845 mL of citrate buffer pH 3 
100 mM with 5 mg of LC@ZMFI. The activity test of the ZMFI 
material was carried out as control experiment to evaluate 
possible interferences between the material and the enzymatic 
activity. No activity was detected for LC-free ZMFI. All activity 
measurements were carried out at least in triplicate. Specific 
activity (U mg-1) was calculated through the following formula:  

Specific activity = 𝑠𝑙𝑜𝑝𝑒 ·Vcuvette·1000·𝑑𝑖𝑙𝑢𝑖𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑉𝑒𝑛𝑧𝑦𝑚𝑒 ·𝜀ABTS+.  ·𝑐 (𝑒𝑛𝑧𝑦𝑚𝑒)
 = [ µmol

𝑚𝑔 ·𝑚𝑖𝑛
] = [ 𝑈

𝑚𝑔
] 
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One unit (U) of laccase activity is defined as the amount of 
enzyme required to convert 1.0 μmol of 2,2’-azinobis-(3-
ethylbenzothiazoline-6-sulfonate) diammonium salt (ABTS) to 
ABTS+. per minute at 25 °C. 
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Abstract: The enzymatic immobilization within Metal-Organic 
Frameworks has gained great attention in these last years. 
Nevertheless, the enzymatic location and its change in conformation 
after immobilization within MOFs are still poorly investigated. 
Commercial enzymes often show a very low grade of purity, and their 
enzymatic structure is still unknown, these aspects make tricky the 
investigation of their location conformation. In this regards a pure 
protein and well known was used as a model protein.  Bovine serum 
albumin (BSA) was immobilized within two different zeolitic 
imidazolate frameworks (ZIF-zni and ZIF-8) through a one-pot 
synthesis carried out under mild conditions (room temperature and 
aqueous solution). The ZIF-zni, ZIF-8 and the BSA@ZIF-zni, 
BSA@ZIF-8 samples were characterized by X-ray diffraction, 
scanning electron microscopy, confocal laser scanning microscopy, 
thermogravimetric analysis, micro-FTIR and confocal Raman 
spectroscopy to characterize the MOF structures and evaluate the 
protein location in the materials. Moreover, the secondary structure 
and conformation changes of BSA due to its immobilization on both 
ZIF-zni and ZIF-8 were studied. Results showed that BSA seems to 
concentrate in domains of 5-40 µm, which form an extended network 
across the MOF. Additional information on changes in the BSA 
structure upon immobilization was extracted by the deconvolution of 
the amide I band in the reflectance spectra. Data showed that the 
crystalline content of BSA increases significantly when the protein is 
immobilized on the MOFs in BSA@ZIF-zni resulting in increased up 
to  25% (β-sheets +  -helices), and a drastic reduction of β -turns.  

Introduction 
Metal-Organic Frameworks (MOFs) are porous coordination 
polymers constituted by a metal node and an organic ligand linked 
through coordination bonds.[1] The first MOFs’ publication dates 

back to 1989, but the term MOF was first used by Yaghi in 1995.[2] 
Since then, the interest in these materials is steadily increased 
and numerous MOFs have been synthesized.[3][4] [5,6] Due to their 
proprieties, such as high porosity (up to 90% free volume) and 
surface area (extending beyond 6000 m2 g-1),[7] MOFs have been 
explored for several applications, like removal of  water 

pollutants,[8] gas adsorption,[9] catalysis,[10] sensing, drug 
delivery,[11] etc.[8,12] Recently, MOFs have shown great potential 
as enzyme  immobilization supports.[13] The main advantages of 
immobilized versus free enzymes involve their higher stability to 
environmental changes (pH, temperature, etc.), the possibility to 
be easily separated from the reaction mixture and reused, and 
also their possible use in continuous processes.[14,15] Compared 
to the other immobilization methods, enzyme immobilization on 
MOFs, obtained through either chemical (covalent attachment 
and cross linking) or physical methods (entrapment and 
adsorption),[16] is especially advantageous as it allows the rapid 
and facile preparation of heterogeneous biocatalysts under mild 
conditions (in aqueous solution, moderate pH, atmospheric 
pressure and at room temperature) using low cost and 
commercially available starting materials.[13,15,17–20] [15] Recent 
research on enzyme immobilization on MOFs has focused on 
zeolitic imidazolate frameworks (ZIFs), which are crystalline 
solids consisting of inorganic metal ions (e.g. Zn2+, Co2+) and 
organic imidazolate ligands with topologies based on those of 
tetrahedral zeolites.[21] Lyu et al. (2014) firstly immobilized an 
enzyme (cytochrome c)in situ  on a ZIF  obtaining a 10-fold higher 
activity for the immobilized cytochrome c  respect to the free 
enzyme.[22] Since then, different approaches were used to find the 
best immobilization method to retain high enzymatic activity and 
stability.[16] Among them, the encapsulation method has proved to 
be faster and cheaper than other methodologies, leading to 
suitable biocatalysts for industrial processes,[23] with  both high 
catalytic activity and thermal stability.[24] For instance, Falcaro et 
al. encapsulated urease in ZIF-8 finding an increase of thermal 
stability compared to the free enzyme.[25] In the context of 
biodiesel production, Rafiei et al. reported the synthesis of a 
heterogeneous biocatalyst by encapsulating Candida rugosa 
lipase into ZIF-67,[26] while Adnan et al. encapsulated the lipase 
from Rhizomucor miehei within X-Shaped ZIF-8.[27] Knedel et al. 
investigated the stability and selectivity at various temperatures 
and different organic solvents (ethanol and DMF) of the CgL1 
laccase from Corynebacterium glutamicum encapsulated in ZIF-
8.[28] Enzymatic co-immobilization in MOFs was demonstrated by 

mailto:baglioni@csgi.unifi.it


RESEARCH ARTICLE    

2 
 

Wu et al., who synthesized a multiple enzyme-embedded ZIF-8, 
utilized as a colorimetric sensor for glucose detection.[29]  
Despite these advances, two crucial open issues involve i. the 
location of the enzyme encapsulated within the MOF,[15,30–32] and 
ii. the quantification of enzyme structure distortion due to its 
interaction with MOF support. The former has been so far mainly 
addressed by labelling enzymes with a marker such as the 
fluorescein isothiocyanate (FITC, able to react with the amino 
groups of most proteins yielding the fluorescein thiocarbamoyl)[33] 
allowing for enzyme detection by confocal laser scanning 
microscopy (CLSM).[34] Other techniques have also been 
reported,[35] including the analysis of the enzyme@MOF 
morphology pre- and post-calcination by scanning electron 
microscopy (SEM).[36] The latter  aimed to address these two open 
and challenging topics, we investigated here for the first time the 
location of the model protein bovine serum albumin (BSA) during 
its immobilization on two zeolitic imidazolate frameworks: ZIF-zni 
and ZIF-8 (zinc metal ions connected through imidazole-based 
organic linker molecules). To this purpose, the samples were 
characterized using an extensive analytical setup able to achieve 
complementary tasks. XRD (X-ray Diffraction) was used to 
analyze the crystalline phases of the materials. SEM and CLSM 
analysis were employed to evaluate the morphological properties 
of the material. Chemical composition was determined through 
thermogravimetric analysis (TGA), whilst the spectroscopic 
characterization of BSA, ZIF-zni ZIF-8, BSA@ZIF-zni and 
BSA@ZIF-8 was performed by attenuated total reflection Fourier 
transform infrared (ATR-FTIR), micro-FTIR and confocal Raman 
spectroscopy. In particular, micro-FTIR 2D imaging using a Focal 
Plane Array (FPA) detector was used to investigate the secondary 
structure and conformation changes of bovine serum albumin 
(BSA) due to its immobilization on both ZIF-zni (BSA@ZIF) and 
ZIF-8 (BSA@ZIF-8). 
 
Results and Discussion 
 
ZIF-zni and BSA modified MOFs (BSA@ ZIF-zni) were 
characterized through X-ray diffraction (XRD). The XRD patterns 
(Fig.1A) confirm the formation of the ZIF-zni material, with 
characteristic peaks at 15°, 17°, 18°, 21.[37] Fig. 1B confirms the 
formation of the ZIF-8 material, with characteristic peaks at 7.4°, 
10.5°, 12.8°, 14.8° in agreement with previous reports.[20] The 
XRD patterns obtained for BSA@ZIF-zni and BSA@ZIF-8 
samples do not differ significantly from those of pure materials 
demonstrating that BSA does not meaningfully alter the structure 
of the MOFs. The ZIF-Zni and ZIF-8 textural properties like 
surface area and pore volume were characterized through 
nitrogen adsorption−desorption isotherms. Zni network topology 

is the densest of all known ZIF structures and is essentially 
nonporous.[38,39] Results regarding ZIF-Zni show a non-porous 
material agreeing with what was reported in the literature.[40] The 
network topology of ZIF-8 (SOD topology) is less dense compared 
with that of Zni. Data results confirm the isotherm typical type-I 
behavior for microporous materials for ZIF-8 (Table 1 SI). ZIF-8 
had an SDR of 1760 m2 g-1 that decreased by 7% in the presence 
of BSA (BSA@ZIF-8). Similarly, pore volume Vp decreased from 
0.625 cm3 g-1 (ZIF-8) to 0.582 cm3 g-1 for BSA@ZIF-8. The 
encapsulation efficiencies (EE) of BSA into the MOFs were 
quantified through the Bradford assay (see ESI file). EE values for 
both BSA@ZIF-zni and BSA@ZIF-8 were 98% and 82%, 
respectively. 

 
Figure 1. XRD patterns of A) ZIF-zni and BSA@ZIF-zni; B) ZIF-8 and 
BSA@ZIF-8 
 
ZIF-zni and BSA@ZIF-zni were characterized by 
thermogravimetric analysis (Fig.2A). Both ZIF-zni and BSA@ZIF-
zni samples show a low mass loss (~2.7%) over the range 
between 25°C - 215 °C due to humidity loss. ZIF-zni exhibited 
good thermal stability in air, up to 433 ◦C, in agreement with 
literature reports.[13] ZIF-zni had mass losses of 37.7 % and 26 % 
over the ranges, 433 – 566 °C and 566 – 800 °C. The first mass 
loss can be attributed to the partial loss of ZIF crystallinity which 
is favored in oxidizing environments while the latter can be 
ascribed to the complete decomposition and collapse of the ZIF-
zni structure. Thermogravimetric analysis of BSA@ZIF-zni was 
comparable with ZIF-zni except for the mass loss of 13.5 % over 
the temperature range, 215 – 344 °C assigned to the 
encapsulated protein molecules. (Table 1). 
Figure 2.  A) Thermogravimetric analysis (TGA) curve from 25 °C to 800 °C of 
ZIF-zni. BSA@ZIF-zni and BSA B) SEM images of BSA@ZIF-zni pre and post 

calcination at 380 °C  
 
Scanning electron microscopy (SEM) images (Figure 3) of ZIF-zni 
show a regular morphology with a rod shape similar to that of ZIF-
7 reported in literature.[41] The BSA immobilized into the support 
led to a change of particles morphology turn the material from rod 
shape to spherical one, in agreement with other works regarding 
immobilized enzymes as lipase and laccase on the same 
support.[13,42] SEM characterization was carried out on ZIF-8 and 
BSA@ZIF-8. The results clearly show the expected rhombic 
dodecahedron geometry typical of ZIF-8 in sod phase. The same 
morphology was obtained for BSA@ZIF-8. These agree with 
other works reported in the literature. For example, Ricco et al. 
immobilized BSA on ZIF-8 obtaining the same material 
morphology.[43] Liang et al. immobilized in situ different kinds of 
enzymes into ZIF-8. They demonstrated that the crystal 
morphology of Enzyme@ZIF-8 depends on the 
biomacromolecules. Indeed, typical rhombic ZIF-8 dodecahedron 
crystal morphology was observed in the case of ribonuclease A, 
lipase, urease, and lysozyme immobilization. Instead, the 
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immobilization of ovalbumin, horseradish peroxidase, and trypsin 
resulted in leaves, flowers, and stars morphology respectively.[44] 
Moreover, to investigate the location of the protein, SEM images 
were acquired after the material calcination at 360 °C for 2 hours 
(the temperature was chosen based on the thermal gravimetric 
analysis, Fig…). Due to the calcination the BSA@ZIF-zni 

morphology turns form spherical to pitted rods with holes (Figure 
2B). 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. SEM images of A) BSA, B) ZIF-zni C) BSA@ZIF-zni D) BSA@ ZIF-8 
and E) ZIF-8 
 
Confocal microscope images of FITC-BSA@ZIF-zni and FITC-
BSA@ZIF-8 samples (Fig. 4) show ahomogeneous distribution of 
BSA molecules within the MOFs. This result suggests that BSA 
could be both encapsulated within ZIFs structure and on the 
external surface of the material, in agreement with previous works 
of tagged enzymes by FITC immobilized on MOFs.[24] The BSA 
immobilization post synthesis on ZIF-zni was carried out and the 
resulting material was analyzed by Confocal microscope. Data 
reported in Figure 4B show a more homogeneous protein 
distribution compared with encapsulation method.  

Figure 4. Confocal laser A) BSA-FITC@ZIF-zni and B) BSA-FITC@ZIF-8 
samples. 
 
Raman spectra of ZIF-zni, BSA@ZIF-zni, ZIF-8 and BSA@ZIF-8 
samples are shown in Figure 5. [45–47] The Raman spectrum of ZIF 
8 showed intense bands at 176 cm−1, 685 cm−1, 1146 cm−1, and 
1458 cm−1 ascribable to Zn−N stretching, imidazole ring 

puckering, C5−N stretching and methyl bending, respectively. 
The ZIF-zni spectrum showed a shift of  Zn-N toward lower cm-1 
compared to ZIF-8. The Raman spectra obtained for BSA@ZIF-
zni and BSA@ZIF-8 samples do not differ from those of pure 
materials demonstrating that BSA does not alter the structure of 
the MOFs. 

Figure 5. Raman spectrum of A) ZIF-zni, BSA@ZIF-zni and B) ZIF-8, BSA@ 
ZIF-8. Wavenumber range from 150 to 2000 cm-1. 
 
FTIR 2D Imaging provided further information on the location of 
protein in the BSA@ZIF sample. Mapping the absorbance 
intensity (peak area) of the 3450-3200 cm-1 and 1565-1525 cm-1 
regions, which correspond respectively to the central portion of 
amide A and to the amide II band of BSA, showed that the protein 
is found all over the MOF in BSA@ZIF (Figure S1 and LOCATION 
S2). In addition, details of the imaging maps at higher 
magnification highlighted that the protein seems to concentrate in 
domains of 5-40 µm, which form an extended network across the 
MOF surface, while such domains are not observed in the pure 
BSA sample (Figure S3). Imaging of amide A and amide II was 
preferred to amide I in order to avoid interferences from 
absorptions of ZIF in the 1720-1600 cm-1 region, ascribed to 
overtone and combination bands of imidazole.[48] Distribution was 
observed for concentration of the protein in micro-domains still 
observable in BSA@ZIF-8, even though not as evident as in 
BSA@ZIF-zni (Figure S4). Simply looking at the IR reflectance 
spectra, it is also possible to observe that the amide II band in 
BSA@ZIF has a clear redshift of ca. 25 cm-1 compared to pure 
BSA (Figure S5). A similar red shift seems to occur also to amide 
I, even though its determination is less clear owing to 
modifications of the band in BSA@ZIF and its overlap with ZIF 
absorptions in the same region. Amide I derives mainly from C=O 
and C-N stretching vibrations, while amide II from N-H bending 
with some C-N and C-C stretching contribution; a redshift 
indicates bond elongation of these functional groups, which points 
to the formation of interactions between the protein and the MOF 
structure. 
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Figure 6. LOCATION MAPS. (Top panel, upper row) Visible (VIS) and FTIR 2D 
Imaging maps of the BSA@ZIF sample.  
 
The IR maps were obtained imaging the absorbance intensity 
(peak area) of the amide II band of BSA in the 1565-1525 cm-1 
region. (Top panel, lower row) Overlay of the VIS and IR maps, 
and detail of the IR map highlighting the micrometric domains 
where the amide II band is more intense (red pixels). (Lower 
panel) Reflectance spectra of ZIF, BSA and BSA@ZIF samples. 
The BSA and ZIF spectra were obtained on the pure BSA and ZIF 
samples, respectively, and are showed as references. The 
spectra of BSA@ZIF relate each to one pixel (5.5 x 5.5 µm2) of 
the IR maps of the top panel; two spectra are showed 
representative of, respectively, red and green pixels in the maps. 
The “*” and brackets highlight the amide II band and the spectral 

region that was imaged in the maps. 

Figure 7.  DECONVOLUTION REFL. (Top left) FTIR Reflectance spectra of 
BSA and BSA@ZIF (after subtraction of a representative ZIF spectrum) in the 

1720-1600 cm-1 region (amide I). The 25 cm-1 redshift in the BSA@ZIF spectrum 
was evaluated comparing the regions of amide I and II (see also Figure S5) with 
those of BSA. (Top center, bottom left) Spectral deconvolution of the BSA and 
BSA@ZIF amide I bands. The bands’ components are numbered as in Section 

2.9, without taking into account the redshift for BSA@ZIF; the y-axis reports the 
absorbance of the components (red bands), the experimental spectrum (thick 
black line), the fitting curve (thin white line inside the experimental curve), and 
the fitting residuals (black line on top of the spectra). (Top right, bottom right and 
center) The average secondary structure for BSA and BSA@ZIF is reported in 
the pie charts, grouping the main structure types (relative error is ca. 0.05). For 
BSA@ZIF, the structure composition was also recalculated taking into account 
the 25 cm-1 redshift of the amide I components, considering the original 
component 12 as a baseline band. 

Additional information on changes in the BSA structure upon 
immobilization was extracted by the deconvolution of the amide I 
band in the reflectance spectra. Figure 7 shows a comparison 
between the amide I band of BSA and that of BSA@ZIF after 
subtraction of the ZIF absorptions. Besides the aforementioned 
redshift, the band of the immobilized protein has a completely 
different shape with two maxima, a clear hint that structural 
modification has occurred. Before interaction with the MOF, 
amide I deconvolution indicates that BSA has a strong content in 
-turns (89%), with limited contribution from -sheets (4%). 
This is in contrast with studies in the literature where BSA 
structure, obtained from circular dichroism and calculations on the 
mean residual ellipticity, was found to be strongly based on -
helices (67%) with contributions from -turns and extended chains 
(10% and 23% respectively).[49] However, Lu et al. found, using 
ATR FTIR and spectral deconvolution, a significantly lower -
helices content and larger contributions from -turns and random 
coils;[50] considering also that contact pressure in ATR 
experiments can cause orientation of protein domains and an 
overestimation of crystalline phases,[51,52] these findings are in 
less sharp contrast with the results reported here. Indeed, we 
found much closer values to Lu et al. when we analysed BSA in 
ATR, rather than reflectance mode (Figure S7). Another possible 
explanation is that, in principle, a partially derivative shape of the 
amide I band in the reflectance spectra might result in some 
overestimation of -turns over -helices, even though in our case 
amide I band distortion in the reflectance spectra of BSA did not 
seem to occur to a large extent (see Figure S1 and Figure S2). 
Most importantly to the purposes of this study, the crystalline 
content of BSA increases significantly when the protein is 
immobilized on the MOF in BSA@ZIF-zni (Figure 7). This is true 
even before correcting the wavenumbers of the amide I 
components to the 25 cm-1 redshift, and becomes more evident 
after correction, with a crystalline content increase up to 25% (-
sheets + -helices), and a drastic reduction of -turns. Some 
increase in random coils occurred too, which accounts also for the 
formation of extended chains. Finally, the increase of oxidation 
bands can be ascribed to treatment with zinc nitrate (an oxidant) 
during the protein immobilization steps. A significant increase in 
the crystalline content of BSA@ZIF-zni and BSA@ZIF-8 was 
observed also when the samples were analyzed with ATR (Figure 
S7 and Figure S8), which overall corroborates our conclusion that 
BSA structure is ordered through immobilization on the MOF.] In 
the case of BSA@ZIF-8, the amide I band in the ATR spectra 
shows a marked redshift (ca. 50 cm-1) from the protein’s band 

before immobilization, i.e. even larger than in the Reflectance 
spectra of the same sample. A marked red shift of amide I, 
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indicating protein-MOF interactions, and protein structuration, 
was also observed on BSA@ZIF-8 (see Figure 8 and Figure S6). 
Interestingly, a more pronounced ordering of the protein by the 
MOF is observed than in BSA@ZIF-zni. In addition, oxidation 
bands were in this case almost absent. 
 

Figure 8.  DECONVOLUTION REFL ZIF8. (Top left) FTIR Reflectance 
spectra of BSA and BSA@ZIF-8 (after subtraction of a representative ZIF-8 
spectrum) in the 1720-1600 cm-1 region (amide I). The 23 cm-1 redshift in the 
BSA@ZIF-8 amide I is also evident before subtraction of the ZIF-8 absorptions 
(see Figure ZIF8 REDSHIFT). (Top center, bottom left) Spectral deconvolution 
of the BSA and BSA@ZIF-8 amide I bands. The bands’ components are 
numbered as in Section 2.9, without taking into account the redshift for 
BSA@ZIF8; the y-axis reports the absorbance of the components (red bands), 
the experimental spectrum (thick black line), the fitting curve (thin white line 
inside the experimental curve), and the fitting residuals (black line on top of the 
spectra). (Top right, bottom right and center) The average secondary structure 
for BSA and BSA@ZIF-8 is reported in the pie charts, grouping the main 
structure types (relative error is ca. 0.05). For BSA@ZIF-8, the structure 
composition was also recalculated taking into account the 23 cm-1 redshift of the 
amide I components, considering the original component 12 as a baseline band. 
 

Conclusion. 

Among the enzyme immobilization methods reported in the 
literature, due to its rapid and mild condition immobilization 
procedure enzymatic encapsulation received immense attention 
in these last years.  Although the location of the enzyme 
(within/onto) in the material has already been investigated 
through confocal laser scanning microscope (CLSM) and TGA 
coupled with SEM, these techniques do not precisely determine 
enzyme location. Moreover, the quantification of enzyme 
structure distortion due to its interaction with MOF support is 
poorly investigated. Here, it has been investigated for the first time 
the location of the model protein bovine serum albumin (BSA) 
during its in-situ immobilization within two different zeolitic 
imidazolate frameworks (ZIF-8 and ZIF-zni). Data showed that the 
crystalline content of BSA increases significantly when the protein 
is immobilized on the MOFs in BSA@ZIF-zni resulting in 
increased up to 25% (-sheets + -helices), and a drastic 
reduction of -turns. A marked red shift of amide I, indicating 
protein-MOF interactions, and protein structuration, was also 
observed on BSA@ZIF-8 
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Experimental Section 

 

Reagents 

Bovine Serum Albumin lyophilized powder, zinc nitrate hexahydrate (98%), imidazole (≥ 99%), 2-

Methylimidazole (99%), sodium hydroxide; Bradford reagent; Fluorescein isothiocyanate ( ≥97.5% 

HPLC) were purchased from Sigma-Aldrich (Milan Italy). All reagents were used as received without 

further purification. Milli-Q water (18.2 MΩ cm) was used to prepare all aqueous solutions. 

Preparation of ZIF-zni and LC@ZIF-zni biocatalysts 

BSA@ZIF-zni was synthetized according to a published procedure by Naseri et al.[1] Briefly, a 

volume of 2 mL of an enzymatic solution (12.5 mg mL-1) in distilled water was added to 10 mL of 

an imidazole (0.851g) solution in Milli-Q water, and 1 mL of a Zn(NO3)2 solution (3.1 M). The 

obtained mixture was stirred at room temperature for 45 min, and then a solid was collected by 

filtration and washed three times with Milli-Q water. Finally, the obtained sample was filtered dried 

at room temperature for 2-3 minutes and stored at 4°C. The pure ZIF-zni synthesis was carried out in 

the same way except for the fact that no ptrotein was added. 

Preparation of ZIF-8 and BSA@ZIF-zni biocatalysts 

BSA@ZIF-8 was synthetized according to a published procedure by Wu et al.[2] Briefly, a volume of 

1 mL of BSA solution (25 mg mL-1) in distilled water was added to 40 mL of a 2-methylimidazole 

(1.25 M), and 4 mL of a Zn(NO3)2 solution (0,31 M). The obtained mixture was stirred at room 

temperature for 45 min, and then a solid was collected by filtration and washed three times with Milli-

Q water. Finally, the obtained sample was filtered dried at room temperature for 2-3 minutes and 

stored at 4°C. The pure ZIF-8 synthesis was carried out in the same way except for the fact that no 

protein was added. 

 

Determination of encapsulation efficiency 



Protein loading and encapsulation efficiency of the immobilised biocatalysts, BSA@MOF, were 

obtained by mean of Bradford assay.[3] Briefly, the protein content was determined using the Bradford 

reagent (Bio-Rad) and BSA (bovine serum albumin) as the protein standard (20 mg/L). The 

calibration curve was built by preparing a set of BSA solutions in acetate buffer pH 5 100 mM at 

different concentrations (0.5-15 mg/L) from dilution of the standard solution. Then, a 0.5 mL aliquot 

of each solutions were mixed to 0.5 mL of Bradford reagent in a glass cuvette. After exactly 10 min 

the absorbance of the solutions was measured at the wavelength of 595 nm.  

The protein concentration in the supernatant was evaluated by measuring the absorbance (λ = 595 

nm) of a mixture containing 0.5 mL of supernatant and 0.5 mL of Bradford reagent after 10 min of 

incubation. The amount of immobilised protein is calculated from the difference between the amount 

used for immobilisation and the amount that is in the supernatant. Encapsulation efficiency (EE%) is 

the percent ratio between the amount of immobilised protein and the amount of protein in the 

immobilizing solution: 

EE% = (1- [P]f / [P]0) ·100% 

where [P]0 and [P]f are the initial and the final protein concentrations in the immobilising solution.  

 

Protein labelling by FITC 

20 mg of BSA were dissolved in 10 mL of sodium carbonate buffer 0.1M pH 9. Afterwards the 

solution was stored for 6 hours at 4°C. Later, 50 μL of FITC solution (1 mg/mL in DMSO) were 

added dropwise (aliquote of 5uL). The reaction was carried out at 4°C for 6 hours. The FITC excess 

was removed by dialysis against phosphate buffer 0.01M pH 7.4 (48h of dialysis changing the buffer 

every 24h).[4] 

XRD characterisation  

A X’PERT Pro PANalytical diffractometer was used for X-ray diffraction (XRD) experiments with 

Cu Kα radiation. The data were collected with a 2θ step size of 0.026 from 5 to 50° and an 

accumulation time of 20 s. 



Scanning electron microscopy (SEM) 

Analysis was performed by using. Samples were covered with by sputter coating for  s and then 

analysed by SEM 

FTIR analysis  

BSA, MOFs (ZIF-zni, ZIF8), and BSA@MOFs (ZIF-zni, ZIF8) powders were analyzed (without any 

pre-treatment) with a Cary 670 FTIR spectrophotometer coupled to a Cary 620 FTIR microscope 

(Agilent Technologies), using a 15x Cassegrain objective. Measurements were carried out in 

reflectance mode over the powders, while background spectra were collected on a gold-plated 

surface. The experimental conditions were: spectral range of 3900–900 cm−1, 512 scans for each 

acquisition, spectral resolution of 2 cm−1, open windows. A 128 × 128 pixels Focal Plane Array (FPA) 

detector was used for the 2D µ-FTIR Imaging; the pixel size is 5.5 µm x 5.5 µm2, and each pixel 

provides an independent spectrum from the sample’s surface. Each analysis delivers the spectra of a 

700 × 700 µm2 ‘‘tile” with 16384 independent spectra.  

ATR-FTIR was carried out with the same IR microscope, using a single-element MCT detector and 

a Ge crystal slide inserted in the 15x Cassegrain objective. The experimental conditions were spectral 

range of 3900–450 cm−1, 512 scans for each acquisition, spectral resolution of 2 cm−1, open windows. 

The deconvolution of the powders’ spectra was carried out using the multipeak fitting package of the 

Igor Pro software, version 7 (WaveMetrics, Inc), following a procedure reported elsewhere.[5]The 

deconvoluted bands of amide I were assigned to the different protein secondary structures reported 

in the literature, [6,7] : 1) (Tyr) side chains/aggregated strands, 1605–1615 cm−1; 2) aggregate β-

strand/intermolecular β-sheets (weak), 1616–1621  cm−1; 3) intermolecular β-sheets (strong), 1622–

1627  cm−1; 4) intramolecular β-sheets (strong), 1628–1637  cm−1; 5) random coils/extended chains, 

1638–1646  cm−1; 6) random coils, 1647–1655  cm−1; 7) α-helices, 1656–1662  cm−1; 8) β-turns, 

1663–1670 cm−1; 9) β-turns, 1671–1685 cm−1; 10) β-turns, 1686–1696  cm−1; 11) intermolecular β-

sheets (weak), 1697–1703  cm−1; 12) oxidation bands, 1704–1720  cm−1.  

 



 

 
Figure S1. LOCATION SI. (Top panel) Visible (VIS) and FTIR 2D Imaging maps of the BSA, ZIF 
and BSA@ZIF samples. The IR maps (700 x 700 µm2 each) were obtained imaging the absorbance 
intensity (peak area) of the samples’ spectra in the 3450-3200 and 1565-1525 cm-1 regions, which in 
BSA correspond to the amide A and amide II bands, respectively. (Bottom panel) Reflectance spectra 
of BSA, ZIF and BSA@ZIF samples. The spectra relate each to one pixel (5.5 x 5.5 µm2) of the IR 
maps of the top panel; for BSA@ZIF, the spectrum is representative of pixels with high absorbance 
in the maps (green pixels for the 3450-3200 region, and red pixels for the 1565-1525 cm-1 region).  



 

 
Figure S2 LOCATION MAPS ZIF8. (Top panel) Visible (VIS) and FTIR 2D Imaging maps of the 
BSA, ZIF-8 and BSA@ZIF-8 samples. The IR maps (700 x 700 µm2 each) were obtained imaging 
the absorbance intensity (peak area) of the samples’ spectra in the 3450-3200 and 1720-1620 cm-1 
regions, which in BSA correspond to the amide A and amide I bands, respectively. (Bottom panel) 
Reflectance spectra of BSA, ZIF-8 and BSA@ZIF-8 samples. The spectra relate each to one pixel 
(5.5 x 5.5 µm2) of the IR maps of the top panel; for BSA@ZIF-8, the spectrum is representative of 
pixels with high absorbance in the maps (green pixels for the 3450-3200 region, and red pixels for 
the 1720-1620 cm-1 region).  
 
 



 
Figure S3 DECONVOLUTION ATR DETAIL. Details at higher magnification of the FTIR 2D 
Imaging maps of the BSA, ZIF-zni and BSA@ZIF-zni samples. The IR maps were obtained imaging 
the absorbance intensity (peak area) of the samples’ spectra in the 3450-3200 and 1565-1525 cm-1 
regions, which in BSA correspond to the amide A and amide II bands, respectively. The detail 
highlights the presence of concentrated protein domains of 5-40 µm in the BSA@ZIF-zni sample. 
 
 
 



 
Figure S4 LOCATION SI. Details at higher magnification of the FTIR 2D Imaging maps of the BSA, 
ZIF-8 and BSA@ZIF-8 samples. The IR maps were obtained imaging the absorbance intensity (peak 
area) of the samples’ spectra in the 3450-3200 and 1720-1620 cm-1 regions, which in BSA correspond 
to the amide A and amide II bands, respectively.  
 
 
 



 
LOCATION SI DETAIL ZIF8 AMIDE II REDSHIFT. Detail of the FTIR reflectance spectra of ZIF, BSA 
and BSA@ZIF-zni samples. Each spectrum relates to one pixel (5.5 x 5.5 µm2) of the FTIR 2D Imaging maps 
showed in Figure LOCATION MAPS and Figure LOCATION SI. In particular, the BSA@ZIF-zni spectrum 
is representative of regions of the sample where the presence of BSA was more intense. The detail highlights 
the 25 cm-1 redshift of the BSA@ZIF-zni Amide II band as compared to the spectrum of the protein before 
immobilization on the MOF. 
 
 
 
 

 
Figure S6. AMIDE II REDSHIFT. Detail of the FTIR reflectance spectra of ZIF8, BSA and BSA@ZIF8 
samples. Each spectrum relates to one pixel (5.5 x 5.5 µm2) of the FTIR 2D Imaging maps showed in Figure 
LOCATION MAPS ZIF8 and Figure LOCATION SI ZIF8. In particular, the BSA@ZIF8 spectrum is 
representative of regions of the sample where the presence of BSA was more intense. The detail highlights the 



23 cm-1 redshift of the BSA@ZIF8 Amide I band as compared to the spectrum of the protein before 
immobilization on the MOF. 
 
 

 

Figure S7 DECONVOLUTION ATR. (Top left, bottom left) Spectral deconvolution of the FTIR ATR Amide 

I band of BSA and BSA@ZIF-zni (after subtraction of a representative ZIF-zni spectrum). The bands’ 

components are numbered as in Section 2.9; the y-axis reports the absorbance of the components (red bands), 

the experimental spectrum (thick black line), the fitting curve (thin white line inside the experimental curve), 

and the fitting residuals (black line on top of the spectra). (Top right, bottom right) The average secondary 

structure for BSA and BSA@ZIF-zni is reported in the pie charts, grouping the main structure types (relative 

error is ca. 0.05).  

 

 



 
Figure S8 DECONVOLUTION ATR ZIF8. (Top left, bottom left) Spectral deconvolution of the FTIR ATR 

Amide I band of BSA and BSA@ZIF-8 (after subtraction of a representative ZIF-8 spectrum). The bands’ 

components are numbered as in SI, and considering a redshift of ca. 50 cm-1 from the amide I of BSA (before 

immobilization on the MOF); the y-axis reports the absorbance of the components (red bands), the 

experimental spectrum (thick black line), the fitting curve (thin white line inside the experimental curve), and 

the fitting residuals (black line on top of the spectra). (Top right, bottom right) The average secondary structure 

for BSA and BSA@ZIF-8 is reported in the pie charts, grouping the main structure types (relative error is ca. 

0.05), and considering a redshift of ca. 50 cm-1 from the amide I of BSA (before immobilization on the MOF).  

 

 

 

 



Thermogravimetric analysis  

Thermogravimetric analysis (TGA) was carried out by means of a TGA 4000 Perkin Elmer in a 

temperature range from 25 °C to 850 °C and a ramp rate of 10 °C min-1, under an oxygen flow (flow 

rate = 40 mL min-1). 

 

 

N2 adsorption/desorption measurements  

N2 adsorption/desorption isotherms were recorded at 77 K using an ASAP 2020 (Micromeritics). 

Samples were firstly degassed under vacuum for 12 h at 25 °C. The Brunauer–Emmett–Teller 

(BET)[8] and the Barret–Joyner–Halenda (BJH)[9] methods were used to calculate the specific surface 

area, the pore volume, and the pore size distribution. 

 

Table 1. Physico-chemical parameters of ZIF-8 and BSA@ZIF-8 

 

 

 

 
 
 
 
 

 
 

samples aSD.R 
(m2 g-1) 

bVp 
(cm3 g-1)  

      cSize 
distribution 
    (mm) 

        dζ 
potetential  
    (mV) 

ZIF-zni 8        0.003 15.6 n.d 

BSA@ZIF-zni n.d n.d n.d n.d 

ZIF-8                  1760 0.625 0.458 5.30 

BSA@ZIF-8 1640 0.582 n.d n.d 

a Surface area (S Dubinin and Radushkevich) obtained by N2 

adsorption/desorption isotherms; b Pore volume (Vp) 

 

 
 



Figure S9: N2 adsorption/desorption isotherms and pore width plot of ZIF-8 and BSA@ZIF-8. 
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