Universita degli Studi di Cagliari

DOTTORATO DI RICERCA

In Scienze e Tecnologie Chimiche

Ciclo XXX

TITOLO TESI

Immobilization of enzymes on SBA-15 and ZIF-8

for biocatalytic applications

Settore scientifico disciplinari di afferenza

CHIM/02
Presentata da: Federica Pitzalis
Coordinatore Dottorato Prof. Stefano Enzo
Tutor Prof. Andrea Salis

Esame finale anno accademico 2016 — 2017

Tesi discussa nella sessione d’esame Marzo 2018



II

Dedicated to Riccardo, my husband

and to Vitalia and Raimondo, my parents



Acknowledgements

Thanks are due to Agenzia delle Dogane e dei Monopoli for financing this PhD work.
| thank the Senior Manager and all the collegues of Laboratori e Servizi Chimici of
Genova, and special thanks are due to Mr Savino Disanti and Dr. Luca Mogavero.

Foremost | am grateful to Prof. Andrea Salis and Prof. Maura Monduzzi for having
included me in their research group and for their valuable and irreplaceable advice and
precious encouragement.

Furthermore | am grateful to Prof. Davide Carboni, Prof. Luca Malfatti and Dr. Barbara
Lasio for the support received during the collaboration with the "Laboratorio di Scienza
dei Materiali e Nanotecnologie", Universita degli Studi di Sassari.

Moreover, a special thanks is due to senior researchers Dr. Martina Pilloni and Dr.
Francesco Secci for their precious advice.

Special acknowledgments are dedicated to my colleague and officemate Valentina Nairi
for all the good and bad moments we shared, to senior researchers Dr. Francesca Cugia
and Dr. Luca Medda, and Dr. Valentina Cabras for their kindness, their friendship and
help, and the colleagues Cristina Carucci and Maryam Naseri and are thanked for their
fundamental contribution to this work.

Also, 1 would like to thank all my relatives and friends who helped and supported me,
each one in different ways.

Special thanks are due to my parents for their love, their kindness, their patience, and
their help in home management, and for their example of solidity.

Lastly, my dearest thanks goes to my husband, who gave to me strength, support, help
and comfort whenever | needed, and shared with me all the difficulties of this hard work.

III



List of abbreviations

ABTS = 2,2'-azino-bhis 3-ethylbenzthiazoline-6-sulphonic acid
AKL = Lipase AK from Pseudomonas fluorescens

APTES = 3-aminopropyltrimethoxysilane

Asp = Aspartate

Bes= N,N-bis-(2-hydroxyethyl)-2-aminoethanesulfonic acid
CMC =critical micellar concentration

CTAB = cetyltrimethylammonium bromide
EE%=Encapsulation efficiency percent

GA = glutaraldehyde

GOx = Glucose Oxidase

GPTMS = Glycidoxypropyltrimethoxysilane

HRP = Horseradish peroxidase

His = Histidine

L = loading, mg of protein per g of catalyst

LE% = Loading efficiency percent

LYZ = lysozyme

MCF/MSF = Mesocellular foam/ Mesoporous Silica Foam
MCM-41 = Mobile Composition of Matter n. 41

MOF = Metal Organic Framework

OMS =ordered mesoporous silica
PEO-PPO-PEO /Pluronic = polymer of polyethylene oxide polypropylene
oxide

pl= isoelectric point

PNPB = paranitro phenyl butyrate

PNPh = paranitro phenol

PO = Peroxidase

PZC =potential of zero charge

RML = Lipase from Rhizomucor miehei
SAXS = Small Angle X-Rays Scattering
SBA-15 = Santa Barbara Amorphous n.15
SEM = Scanning Electron Microscopy
Ser = serine

TEM = Transmission Electron Microscopy
TEQOS = Tetraethylorthosilicate

TGA = Thermo Gravimetric Analysis
TMB = 1,3, 5, trimethyl benzene

TMOS = Tetramethylorthosilicate

Tris = Tris(hydroxymethyl) aminomethane
U = enzymatic unit

XRD = X-Rays diffraction
ZIF = Zeolite Imidazolate Framework
Zn:L = Zinc: Ligand molar ratio

1A%



List of publications

Published papers

Cugia, F., Sedda,S., Pitzalis, F., Parsons, D.F. , Monduzzi M., Salis A. “Are
specific buffer effects the new frontier of Hofmeister phenomena? Insights from

lysozyme adsorption on ordered mesoporous silica” RSC Advances, 6 (2016)
94617-94621. DOI: 10.1039/C6RA17356J

Pitzalis,F., Monduzzi,M., Salis, A. “A bienzymatic biocatalyst constituted by
glucose oxidase and Horseradish peroxidase immobilized on ordered mesoporous
silica” Microporous and Mesoporous Materials 241 (2017) 145-154, DOI:
10.1016/].micromeso.2016.12.023

Pitzalis, F.; Carucci,C., Naseri, M., Magner,E., Fotohui, L., Salis A. “Lipases
encapsulation onto ZIF-8. A comparison of biocatalysts obtained at low and high
zinc:2methyl-imidazole mole ratio in aqueous medium” ChemCatChem (2018) In
Press DOI: 10.1002/cctc.201701984

Poster presentation at international conferences

First European Conference on Physical and Theoretical Chemistry”, Catania 14-
18 Sept. 2015 “An Enzymatic Tandem System constituted by Glucose oxidase and
Horseradish Peroxidase immobilized on mesoporous silica films and particles”

ECIS 2016 Roma 4-9 Sept. 2016, ”Simultaneous immobilization of Glucose Oxidase
and Horseradish Peroxidase on SBA-15 mesoporous silica”


http://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra17356j#!divAbstract
http://dx.doi.org/10.1016/j.micromeso.2016.12.023
http://onlinelibrary.wiley.com/doi/10.1002/cctc.201701984/full

Abstract

This study deals with the immobilization of enzymes on two different class of supports,
namely: SBA-15 mesoporous silica and the metal organic framework named ZIF-8. The
synthesis of the supports, their functionalization and characterization were studied.
After the choice of the proper enzymes (lysozyme, glucose oxidase, horseradish
peroxidase, and two lipases), the biocatalysts were designed and prepared through three
different immobilization strategies (physical adsorption, covalent binding and
encapsulation) as outlined by the following three tasks:

1.  Physical adsorption of lysozyme (LYZ) on mesoporous silica SBA-15 and
amino functionalized SBA-15-NHo.

2.  Covalent binding of glucose oxidase (GOx) and horseradish peroxidase (HRP)
on SBA-15-NH, (amino-functionalized mesoporous silica) to obtain a
bienzymatic system.

3. Encapsulation of lipase AK from Pseudomonas fluorescens (AKL) and lipase
from Rhizomucor miehei (RML) on ZIF-8 by means of a biomimetic
mineralization approach.

Task 1. Specific buffer effects on the physical adsorption of LYZ on SBA-15 and
SBA-15-NH;

The synthesis of mesoporous silica SBA-15 and the amino-functionalization to obtain
SBA-15-NH,, were carried out according to standard protocols. Lysozyme (LYZ) from
hen egg white was physically adsorbed onto both supports at a fixed pH (7.15), and the
loading was quantified. It is usually considered that pH affects the loading of the
physisorbed enzyme, but no attention is paid on the chemical nature of the buffer used
to fix pH. To this purpose LYZ immobilization was carried out in different buffers,
namely Tris [tris(hydroxymethyl) amino methane], Bes [N,N-bis-(2-hydroxyethyl)-2-
aminoethanesulfonic acid], phosphate and citrate. A specific buffer effect on LYZ
loading was observed on SBA-15, while this effect was negligible for SBA-15-NH..
Moreover, for Tris and citrate buffers, the presence of strong electrolytes was found to
significantly affect the loading according to the Hofmeister series. The effect of buffer
and salts (weak and strong electrolytes) was also investigated towards electrophoretic
mobility of the free LYZ, SBA-15 and SBA-15-NH,. Also for this property, specific
buffer effects and the synergistic action of salts were observed, suggesting that
Hofmeister phenomena occur for both strong and weak electrolytes.

Task 2. Covalent binding of GOx and HRP on SBA-15NH,

The tandem cascade reaction catalyzed by GOx and HRP consists of two reactions.
Firstly the oxidation of glucose to gluconolactone and the reduction of oxygen to
hydrogen peroxide is carried out by GOx. Then, HRP uses the hydrogen peroxide
produced in the first step, to oxidize different kind of substrates, such as phenolic
compounds. The “in situ” generation of H,O,, provided by GOx, is useful to avoid a
possible irreversible deactivation of HRP. Herein, the covalent immobilization of GOx

VI



and HRP on amino-functionalized mesoporous silica SBA-15 was investigated. The
silica support was first synthesized and then functionalized and characterized. The
binding of the enzymes on the surface was performed using the bifunctional linker
glutaraldehyde (GA). The two enzymes were immobilized simultaneously and
separately, and the loading kinetics were followed. The kinetic models of pseudo-
second order, and intraparticle diffusion were applied to estimate the loading. The
activities were significantly influenced by the drying process. Storage stability and
recycling tests were performed. In order to test the possible effectiveness of the
biocatalysts on the degradation of phenolic pollutants, the oxidation of the model
molecules ferulic acid and caffeic acid was investigated.

Task 3. Encapsulation of AKL and RML on ZIF-8.

Lipases AKL and RML were encapsulated in the Zeolite Imidazolate Framework ZIF-8,
via a biomimetic mineralization approach, in a “one pot” synthesis. The synthesis was
carried out by using two Zinc: 2-methylimidazol molar ratios (Zn:L ratiol:4 vs 1:40).
The structural and textural parameters were investigated by means of X-rays diffraction
and N physisorption. The obtained biocatalysts were significantly different in terms of
crystal structure and surface area. In particular, a sodalite-like crystal structure of ZIF-8
was obtained for the Zn:L ratio 1:40, while a different phase was obtained at Zn:L ratio
1:4. Moreover, adsorption-desorption isotherms of the Zn:L=1:40 ratios were associated
with the type I isotherms, typical of microporous materials with high surface areas (600-
900 m?/g). Whereas isotherms obtained from low Zn:L ratio =1:4 resulted in low values
of surface areas (30-80 m?/g). The activity of the encapsulated enzymes was tested by
means of the p-nitro phenyl butyrate assay. The biocatalysts obtained by means of the
Zn:L ratio 1:4 displayed a higher specific activity than those obtained by Zn:L ratio
1:40. Thus, in order to improve the activity of the biocatalysts obtained by Zn:L ratio
1:40, a series of synthesis with a control of pH was carried out. It was observed that the
decrease of pH ligand solution before the addition of the lipase, led to the reduction of
surface areas of the lipase@ZIF-8 biocatalysts. The most active biocatalyst was that
obtained by means of Zn:L ratio 1:4. The storage stability at 15 days was tested and A
high retention of activity was detected for both AK@ZIF-8;.4 (99%) and RM@ZIF-8;.4
(88%) Moreover the AK@ZIF-8;.4 was recycled 5 times, while RM@ZIF-8;., was
recycled twice.

This topic was object of an accepted manuscript on ChemCatChem journal (2018).
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Chapter 1: Introduction



1.1 Biocatalysis

Biocatalysis is the catalysis performed in biological systems, and according to the
IUPAC, Compendium of Chemical Terminology, a biocatalyst is an enzyme, or a
complex of enzymes that “catalyses metabolic reactions in living organisms and/or
substrate conversions in various chemical reactions”.! Nowadays, the development of
new technological and industrial processes requires a particular attention towards
energetic and environmental issues. Solutions that involve the use of increasingly
innovative catalysts, with high attention to safer processes and waste reduction are
desirable. Green Chemistry - developed in 1990 by Anastas and co-workerst??! - is
defined as ‘‘the design of chemical products and processes to reduce or eliminate the
use and generation of hazardous substances"® by EPA (Environmental Protection
Agency of United States). In agreement with the 9"of the 12 principles of green
chemistry,'?! biocatalysis can provide an increase of greenness to industrial processes.
For these reasons the employment of enzymes in many chemical processes is becoming
more and more important.”! Indeed, biocatalysis offers a valid alternative to chemical
catalysis, due to the high substrate specificity, that generally allows the formation of
products, minimizing the formation of undesired byproducts. Moreover, enzymes
require the use of mild reaction conditions, i.e. ambient temperature, atmospheric
pressure and neutral pH, which are ideal for the design of eco-friendly industrial
processes.> !

Currently, biocatalysts are mainly used in the pharmaceutical industry.%! This because
most drugs are chiral molecules that can be produced in few enzymatic steps in
comparison to the long routes used by traditional organic chemistry.*”! Biocatalysis is

also used in the food industry, biosensing and wastewater treatment. l.e. lactose-free



products are prepared by the treatment of specific lactases (B-galactosidase). Lysozyme
is commonly used as food preservative for its antibacterial activity.**! Commercial
glucometers are biosensors for glycemia measurement that work with strips based on
glucose oxidase for the detection of glucose. The treatment of wastewaters from food or
textile industry, particularly for the removal of recalcitrant pollutants,*> ¥ involves the
degradation of dyes by means of algae of fungi, often used combined with chemical
degradation.*” In addition to these applications already in use, others are subject to
intense research, i.e. enzymatic biocatalysts are being investigated for the production of
biofuels,™ that is fuels obtained from renewable feedstock, by means of new
environmentally friendly processes.

The main drawback of biocatalysts compared to traditional chemical catalysts is due to
the high costs of enzyme production. Although many enzymes are being produced
through the fermentation of solid waste as cheap culture media,™ their cost is still
higher than that of chemical catalysts. Many research efforts are being paid for the
development of new, specific, and cheap biocatalysts that can provide high product
yields. One strategy involves what is known as "enzyme engineering", that is the
modification of the primary structure of enzymes based on the introduction of plasmids
(DNA fragments) in the genome of bacteria or fungi. This procedure manipulates the
sequence of genes resulting in a modification of the polypeptide chain to obtain more
active or more stable enzymes.'! Alternatively biocatalysts performance can be
enhanced by means of enzyme immobilization. Immobilization is the “confinement of a
biocatalyst inside a bio-reaction system with retention of its biocatalytic activity over
several reaction cycles”.[s] The use of immobilized enzymes can provide significant

advantages in all the processes that require the use of a biocatalyst.*>*! This topic will



be discussed in chapter 2.

1.2 Enzymes

From the chemical point of view enzymes are essentially globular proteins, except for
ribozymes, that are RNA molecules with catalytic properties.l!”V The linear peptide
sequence of amino acids constitutes the primary structure. The secondary structure, a-
helix, B-sheet or random coil, is due to intra-chain hydrogen bonds. The tertiary
structure is the final spatial conformation taken by proteins. Weak hydrophobic
interactions, such as van der Waals forces, dipole-dipole interactions, London forces,
and polar hydrogen bonds promote the arrangement of hydrophobic residues in the
inner part (core) of the protein, and of hydrophilic residues on the external surface, in
contact with aqueous media.l*® Also strong bonds such as disulfide bridges between
cysteine amino acids are involved in tertiary structure. Finally, the quaternary structure
consists in the assembly of two or more individual protein subunits. The catalytic
function of enzymes is carried out by a so called "active site". The active site generally
includes two main regions: i. a binding site and ii. a catalytic site.l'* In the binding site
a reagent molecule, named substrate, is bound with a correct orientation for the
successive action of the catalytic site. The catalytic site is the region where the substrate
is converted into the products. The reaction is allowed by specific amino acid residues
that decrease the activation energy of the reaction. Additionally, there might be
allosteric sites that allow either enzyme activation or deactivation depending on the
substrate or product concentrations.™® Cofactors are often required for the enzymatic
function. Cofactors can be metal ions (i.e. Zn** in alcohol dehydrogenases, Mg in
kinases, Cu?* in laccases), or organic/metal-organic compounds (i.e. heme groups,

nicotinamide adenine dinucleotide, NAD, flavin adenine dinucleotide, FAD, bound to



the enzyme. Cofactors include prosthetic groups and coenzymes. The former are
strongly bound to the enzyme (low dissociation constant, FAD is a typical prosthetic
group), the latter are weakly bound to the enzyme (high dissociation constant, NAD is a
typical coenzyme).’?”!

According with the "Nomenclature Committee of the International Union of
Biochemistry and Molecular Biology" (NC-IUBMB), enzymes are classified in

function of the reactions they catalyze./?!

Tab.1.1 classification of enzymes

Class Name Reaction Effect
EC number
1 Oxidoreductase AH,+ B >A + BH, Oxidation or reduction

AH+ B">A+BH + H” of functional groups
2 Transferase AX+B>A+BX Transfer of functional groups
3 Hydrolase AB + H,0->AH+BOH Hydrolysis
4 Lyase A-BAX-Y> X-A-B-Y Addition or removal

of functional groups

5 Isomerase A->B Formation of isomers
6 Ligase X+Y+ATP > XY-+ADP+Pi Formation of new bonds

C-C; C-N; C-O; C-S

1.2.1 Enzyme activity
The enzymatic activity and the protein content are important parameters that need to be
specified in biocatalysis. The activity of an enzyme can be detected by monitoring the
rate of its typical reaction. According to the International Union of Biochemistry the
standard unit (U) of enzyme activity is the amount that catalyses the transformation of 1
micromole of the substrate per minute, under standard conditions and through a
specified standard assay.?? In terms of International System of Units (SI), the
enzymatic activity should be expressed in Katal (kat), namely moles per second (mol/s).

However in the practical use, the activity is expressed in micromoles of



substrate/product per minute. The International Union of Biochemistry defines the
relation between standard Units and kat as follows:?*

“1U corresponds to a rate of 1 pmol/min = 1/60 umol/s = 16.67 nmol/s; 16.67 nkat
catalyse a rate of 16.67 nmol/s. Therefore 1 U corresponds to 16.67 nkat.”

Two derived quantities are the specific catalytic activity of an enzyme, expressed in kat
/kg and the molar catalytic activity, kat/mol.”? In this work enzymatic activity is
expressed as U = umol/min of substrate/product, and specific activity is expressed in
micromoles per minute per milligram of protein (umol min™ mg™, or U/mg). Specific
activity is an important parameter that allows the comparison among different enzymes
because it is referred to the unitary amount of enzyme (mg), while the activity do not
take in to account the amount of enzyme involved in the reaction. The reaction rate is
measured by the appearance of product or the disappearance of substrate at the start of
the reaction. An example scheme is given below (Fig.1.1) where the appearance of the

product is reported as a function of time.

tangent line —
steady state

Concentration of product [P]

slope
Time (min)

Fig. 1.1 the slope of the tangent line passing through the zero is the value of enzymatic
activity.



The concentration of the enzymatic product increases quickly at the start of the reaction,
then slowly decreases until it reaches a steady state, when the maximum speed is
achieved. The activity is the measurement of initial velocity, obtained by calculating the
slope of the tangent line passing through the zero. All activity tests need specified
conditions such as concentration of substrate, pH, and temperature.

The turnover number, indicated as kg IS another important parameter used in
biocatalysis. kca: are the moles of product/substrate converted per mole of the enzyme
per second at the steady state. In these conditions the enzyme is saturated by the
substrate, and acts at its maximum speed, so that the velocity of conversion does not
depend on concentration of substrate. ke is measured in s .17

The reaction between an enzyme E and its substrate S to give the product P, depends on
the initial concentrations of the enzyme [E]o and the substrate [S]o. At low substrate
concentrations the formation rate of P is proportional to [S]o. At high substrate
concentrations enzyme-substrate complex [ES] reaches its maximum concentration, and
the product formation rate is independent by [S]o. Supposing that the formation of the

ES complex is reversible and the formation of the product is irreversible, the reactions

involved can be written as:

Where Kk is the constant rate of the reaction E +S - ES
k_; is the constant rate of the reaction ES> E+ S

kp is the constant rate of the reaction ES-> E+ P



At the equilibrium, the enzyme is saturated by the substrate, and works at its maximum
speed and the product formation rate is not negligible. Namely the rate of formation of
the complex ES, the disappearance of S and the formation of P reach their maximum
with no further concentration changes during a time At. This condition is named steady-
state.

The kinetics of the reaction rate variation as a function of the substrate concentration is
expressed by the Micaelis-Menten equation, which relates the reaction rate of product

appearance v to the substrate concentration [S]o

d[P] _ Vmax [Slo
dt Kp+[Slo

V= (1.1)

where Viax is the maximum rate of the enzymatic reaction. Ky is the Micaelis-Menten
constant, corresponding to the substrate concentration that allows the achievement of a

half of the Va2 Ky can be written as

1.3 An overview of the chosen enzymes

In this work the immobilization of enzymes belonging to the class of hydrolases and
oxidoreductases was investigated. Among hydrolases two lipases - from Pseudomonas
fluorescens (Lipase AK), and from Rhizomucor miehei (lipase RM) - and lysozyme
from hen egg white (LYZ) were used. Among oxidoreductases glucose oxidase from
Aspergillus niger (GOx), horseradish peroxidase from Armoracia rusticana (HRP),

were used.



The choice of these enzymes was related to some aspects of the immobilization
procedures studied. Firstly, lysozyme from hen egg white was chosen for its high purity
as a model enzyme, to study a still unexplored buffer specific effect on its physical
adsorption on a mesoporous silica matrix. No activity measurements were carried out as
the main goal was to investigate how weak and strong electrolytes modulate the
phenomena occurring at the bio-nanointerface.

Another task of the work was to investigate the immobilization of a bienzymatic
sequential system on silica amino-functionalized support. Therefore, glucose oxidase
and horseradish peroxidase were chosen as their combined use is widely studied for
cascade reactions. A study on the covalent immobilization procedure was the main goal
in this part of the work.

Finally, the work focused on the immobilization of enzymes on new promising host
materials, the Zeolite Imidazolate Frameworks, particularly the ZIF-8. For this purpose,
the chosen enzymes were the two lipases, while the immobilization procedure was the
encapsulation. This method was chosen as the pore dimensions of the supports are
incompatible with enzyme dimensions, and thus a post-synthesis immobilization was
not allowed.

Moreover, the choice of all these enzymes was due to their important applications in
many (industrial, food, pharmaceuticals, bioanalytical, etc.) fields. Their main structural
features are reported in detail in the following paragraphs, while an overview of this

enzymes immobilized on ZIFs and Silica are reported in the following chapters.

1.3.1 Lipase
According to the Nomenclature Committee of International Union of Biochemistry and

Molecular  Biology (NC-IUBMB)®?Y  classification, lipases  (triacylglycerol



acylhydrolases, E.C. 3.1.1.3.) are the enzymes the allow the hydrolysis of
triacylglycerols in living organisms. Lipases are a subclass of esterases that hydrolyze
the ester bond of lipids or phospholipids (phospholipases), according to the general
reaction.
RCOOR’ + H,O - RCOOH + R’OH

Almost every living organism or microorganism produces lipases. Their wide diffusion,
the water solubility, but also the capability to work in non aqueous media, are quite
interesting properties that make them useful enzymes for industrial purposes.”
Hundreds of lipases, especially those obtained from microorganisms like fungi, that
generally are more stable than lipases from plants or animals, are being investigated and
used in the industry. Among different uses, lipases find application in biofuels
production,”®! in food processing (modification of flavors, milk fats hydrolysis, cheese
production),®? in pharmaceutical industry (hydrolysis of 3-phenylglycidic acid ester,
an intermediate used in synthesis of diltiazem hydrochloride,' racemic production of
ibuprofenel®) and detergent industry.®®?® For these reasons lipases have nowadays a

significant commercial importance.!”’

U K serias
. . . . '-/”" : '.V ) .
T °Asp203’) -}~ His257.

B
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Fig. 1.2 3D representation of lipase from Rhizomucor miehei. A) The overall structure
and B) a detail of the catalytic triad. The picture is adapted from the ref.”®! from a
deposited PDB file 1TGL, using the NGL viewer from http://www.rcsb.org/pdb 27-*

Structural parameters of lipases

Several lipases from different microorganisms have been purified and characterized.'*
%21 Their molecular mass usually ranges from 30 to 50 kDa. Most lipases have an
activity optimum in the pH range 7.5-9,) and an optimal temperature from 35 to
50°C.1" For lipases from thermophilic microorganisms the optimal temperature can be
around 60-80°C and even higher. Although lipases from different sources can
significantly differ in many physical (i.e. size, isoelectric point) and structural aspects,
there are some common features for all these enzymes. In most lipases the catalytic site
is placed in the inner part of the enzyme and its accessibility is allowed by a mobile lid,
constituted by a-helix loops.”¥ In its closed conformation, the active site of a lipase is
not accessible and no activity can be detected whereas, in the open conformation, the
substrates can freely reach the active site. The change of between the closed and the
open conformation occurs when a lipase is adsorbed at an oil interface. This mechanism

is called “interfacial activation"** !

. In the active site of lipases the catalytic triad,
constituted by the amino acids serine-histidine-aspartate/glutamate, is involved in the
catalytic mechanism as described below. The scheme 1.1E7 shows the hydrolysis
mechanism of lipases, also defined as a chymotrypsine-like mechanism.®? From the

chemical point of view, the mechanism of hydrolysis proceeds in two steps. Firstly, the

-OH residue of serine makes a nucleofilic attack to the carbonyl group of the ester.
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Active lipase
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HOX ?44 %« JoA 9
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Hi His Acyl lipase

Tetrahedral
intermediate

Scheme 1.1 The mechanism of hydroly3|s of lipase and the catalytic triad Ser, His, Asp.
Adapted with permission from ref.*”! Copyright 2015 American Chemical Society."

The acyl-enzyme intermediate formed is stabilized by the residues of histidine of the
catalytic triad, which accepts a proton from the serine residue. The aspartic/glutamic
acid contributes to the stability of the activated complex by delocalizing the charge.
This breaks the ester bond and allows the release of the alcohol. Secondly, the release of
the acyl-group from the active site is catalyzed by a new nucleofilic attack by a water
molecule, that promote the hydrolysis of the acyl group from the enzyme thus
permitting its regeneration and the release of the acid.*®**! This mechanism depicted in
the scheme 1.1 is named ping-pong Bi-Bi mechanism.2% The overall structure of
lipase from Rhizomucor miehei, with the amino acid residues of the active site, is shown
in Fig.1.2. The position of the catalytic triad in the lipase PM from Pseudomonas sp.

MIS381 is shown in Fig. 1.3.

12



Ser207 g

\o J
His313

Fig. 1.3 Liﬁ)ase PM from Pseudomonas sp. MIS38, the Ser, His, Asp triad. Reproduced
from ref.®* Open access content.

The biological reaction catalyzed by lipases is the hydrolysis of triacylglycerols (TAGS)
to fatty acids and glycerol, according to the mechanism shown in scheme 1.1 However,
it has been found that lipases can also catalyze other unnatural reactions.! Indeed,
under proper reaction conditions, namely in non aqueous media with a controlled water
activity,?**°* [ipases catalyze esterification and transesterification reactions (see

schemes 1.2b and 1.2c).
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CH,-COR CH,-OH

lipase
a CH-COR + 3H,0 —> 3 RCOOH + CH-OH
hydrolysis
CH,-COR CH,-OH
triacylglicerol fatty acid glycerol
lipase

R'0O-COR + H,0

v

b RCOOH + R'OH

esterification

fatty acid alcohol alkylester
(biodiesel)
CH,-COR CH,-OH
lipase
¢ CH-COR + 3R'OH ——> 3R'O-COR + CH-OH
transesterification
CH,-COR alkylester CH,-OH
triacylglicerol alcohol (biodiesel) glycerol
Scheme 1.2

All reaction catalyzed by lipases: a) hydrolysis; b) esterification; c) transesterification
reaction, the transfer of an alcohol from an ester to another ester.

In this work, lipases from Rhizomucor miehei (RML) and lipase from Pseudomonas
species. (i.e. lipase AK from P. fluorescens) (AKL) were immobilized via encapsulation
on the Metal organic Framework ZIF-8, as discussed in the section dedicated to the
accepted manuscript.

These two lipases are well characterized.*3**¢42 | RM is an enzyme of 32kDa, with
isoelectric point (pl) at pH 3.8, LAK is an enzyme of 33kDa with pl at pH 4,14 it is
specific for cleavage in 1,3 position of triacyl glycerols. Ser 144, Asp 203 and His 257
are the amino acids that constitute the catalytic triad.?5*>*¢! These two enzymes are
widely investigated for biodiesel production. For this application, they were

immobilized by many authors in other supports, i.e. silica supportsi**”*°! put for the
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best of our knowledge, in the literature, no data were available for these two lipases

immobilized on ZIF-8.

1.3.2 Lysozyme
Hen egg white lysozyme (LY Z) or N-acetylmuramide glycanhydrolase (E.C. 3.2.1.17)
is an hydrolytic enzyme constituted by 129 amino acids. LYZ has a molecular mass of
14.4 kDa, a size of 3 x 3 x 4.5 nm,"™ and an isoelectric point (pl) of 11.4. LYZ is a
monomeric protein with two sub-domains, with the active site located in an inner
cleft,®% LYZ catalyzes the hydrolysis of the B-1,4 glycosidic bonds of
oligosaccharides, including the polysaccharide N-acetyl glucosamine-N-acetyl muramic
acid, that is a component of bacteria and fungi cell wall, hence with hydrolytic activity
against numerous microorganisms.’? LYZ is also able to catalyse transglycosylation
reactions. Figure 1.4 shows the general structure®® and catalytic cleavage of the B-1,4
bond of the polymer formed by 2-acetamido-2-deoxy-D-muramic acid (NAM) and 2-
acetamido-2-deoxy-D-glucose (NAG), by means of two possible pathways. The path A
(Phillips mechanism) proceeds via a oxocarbenium ion intermediate.l®***! According to
this mechanism the cleavage of the B-1,4 bond is allowed by a distortion of the NAM,
that in the active site of lysozyme is forced to a half-chair conformation.**® The path
B, (Koshland mechanism) the cleavage of the proceeds via a covalent binding of
aspartate residue. The residue of Glu35 gives a proton to the oxygen of the B-1,4 bond,

while Asp52 provides a nucleophilic attack that completes the cleavage.**
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Fig. 1.4 Lysozyme from hen egg white. The structure is reproduced from a deposited
PDB file 1DPX from http://www.rcsb.org/pdb. The mechanism shows the two catalytic
pathways of lysozyme. Adapted with permission from ref.*® Copyright 2008 Royal
Society of Chemistry.

Plants and animals, and the hen egg white are common sources of lysozyme. Due to its
antimicrobial activity, lysozyme is an important enzyme for pharmaceutical
applications,* for the food industry™” as food preservative,®*°! and very promising
for biomedical™® purposes. Due to its easy availability in pure form and well known
structure and function, lysozyme is often used as a model enzyme/protein for many
fundamental studies.'®” For this reason lysozyme has been immobilized in numerous
supports such as polymers (cellulose acetate, nylon, chitosan and alginates),®® and also

in mesoporous silica,'®*®* ordered mesoporous carbon,®® and MOFs.[”]
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1.3.3 Glucose oxidase
Glucose oxidase (p-D-glucose-oxygen l-oxidoreductase; E.C. 1.1.2.3.4) (GOx) is an
ubiquitous enzyme of high biotechnological interest, for its large-scale applications.[®
The main source of GOx are fungi from genus Aspergillus and Penicillium.[°® Its three-
dimensional structure, resolved by Hetch et al.,* consists of two identical monomers
of ellipsoidal shape, with 28% of a-helix and 18% of -sheets, that are covalently linked
by disulfide bonds (Fig.1.5). The size of the unglycosilated dimer is 7.0x5.5x8.0 nm,!"”
and its molecular mass can vary from 130 to 175 kDa depending on different amino
acids and carbohydrates content.®! Each monomer contains FAD (flavin-adenine
dinucleotide) as a cofactor.™ GOx has an isoelectric point (pl) of 4.2 ' and an

optimal activity pH at pH 5.5.

Fig. 1.5 Glucose Oxidase from Aspergillus niger. A) The monomer is reported, with a-
helix loops (red) and B-sheets (yellow). B) A detail, where the FAD cofactor is
represented as a “ball and sticks” molecule. This picture is adapted from ref.*¥ (PDB
file 1GAL), using the NGL viewer from http://www.rcsb.org/pdb.?7>*]

Glucose oxidase catalyzes the oxidation of the f-anomer of D-glucose to

gluconolactone according to the scheme 1.3. Due to its high specificity toward this
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reaction, the most important application of GOXx is the realization of biosensors for

glucose detection.l®®"37 Nonetheless, other applications as a food and beverage

additive, toothpaste additive and in the textile industry have been investigated.®®™ |ts

combined use with peroxidases to form a bienzymatic sequential (tandem) system{’87"]
. . . [78] : . . .. . - [79-81]

or in multienzymatic systems'™ is a promising application for biosensing and

bioremediation.®

Q

S I
|

H3CHP|J/\N)§O FADH,

B-D-glucose B-D-gluconolactone ﬂ "

m |o|

GOX'FADHZ GOx-FAD H3c:©EN\ NH

H,C s T PAD

Scheme 1.3 Oxidation of glucose to gluconolactone by GOX is associated to reduction
of FAD to FADH; , the return to the oxidized form of the coenzyme occurs through the
reduction of oxygen to hydrogen peroxide.

1.3.4 Horseradish Peroxidase
Peroxidases (E.C. 1.11.1.X) are a wide subclass of enzymes belonging to the
oxidoreductase class. They are ubiquitous, either intracellular or extracellular enzymes.
Peroxidases can be constituted by a number of amino acids in the range 153-753. This
results in a variability of molecular mass from 17 to 84 kDa. Generally, their structure
includes 10-11 a-helices, with a rare presence of [-sheets. Two main different domains

can be distinguished, which host the prosthetic group Heme, ferriprotoporphyrin IX, at
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their interface, in a hydrophobic pocket.’® A typical reaction catalyzed by peroxidases
is:
ROOR’ + AH, > A +ROH+R’0OH

where AH; is an electron donor which is oxidized by the peroxidase, while hydrogen
peroxide is the electron acceptor substrate which is reduced to water. The electron
donors can be very specific for certain peroxidases, such as catalase or glutathione
peroxidase, while other peroxidases, such as horseradish peroxidase, are able to oxidize
a wide variety of organic compounds. The importance of peroxidases for living cells is
related to their numerous protective functions. They are indeed involved in the removal
of xenobiotics or in the protection from oxidative stress.!®*!

Horseradish (Armoracia rusticana) is a vegetal whose roots are an important source of
peroxidases. Numerous isoenzymes are known to be provided by this plant, and the
most abundant and investigated is the isoenzyme C.1%* Horseradish peroxidase (HRP,
E.C. number 1.11.1.7) type C is a single polypeptide chain of 308 amino acid, a
molecular mass of 44 KDa, an isoelectric point pl = 9, and an optimal activity around
pH 6-8. Commonly, at least 8-9 potential glycosylated sites have been identified for this
enzyme which are all linked to asparagine residues (Asnl3, 57, 158, 186, 198, 214, 255,
and 268). The total content of glycosides is generally between 18% and 22% along with
different types of carbohydrates on the external surface.’®”! Protoporphyrin IX is the
prosthetic group, non-covalently bound to the apoenzyme, coordinating Fe (111) as metal
ion in the center of the Heme ring.*¥ HRP C binds two calcium ions in distal and
proximal position with respect to the Heme plane, which are important for the
stabilization and the integrity of the enzyme.!® The overall structure and the catalytic

site of HRP C are shown in Fig. 1.6.%°!
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Fig. 1.6 HRP overall structure. A)The whole enzyme, B) a detail showing the Heme
prosthetic group and the amino acids involved in the catalytic site. Reproduced with
permission from ref.!®® Copyright 2004 Elsevier.

Mechanism of the active site of HRP

HRP catalyzes hydrogen peroxide reduction through a radical mechanism:®!

H,0, + 2AH,~> 2H,0 + 2 AH®

where AH, and AH® represent a reducing substrate and its radical product, respectively.
Aromatic phenols, phenolic acids, indoles, amines and sulfonates are typical HRP
substrates. The oxidation of organic compounds is a complex multistep cycle that
consists of various oxidative states of the Heme group. In the first step of the catalytic
mechanism, HRP removes two electrons, one from the ferriprotoporphyrin IX and
another from the iron atom. these two electrons are provided by the hydrogen peroxide.
In this step the enzymatic cation radical intermediate, known as compound I, is formed.
In the second step the reduction of the Heme proceeds with the transfer of one electron

to one substrate molecule, with the formation of the intermediate compound II.
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Successively, a second substrate molecule, provides another electron to reduce Fe'"
back to Fe*", concluding the cycle and taking back the Heme to its initial state.’#*36871 A
complete description of the mechanism of peroxidases is reported in refs.®8% The

Scheme 1.4 describes the multistep process of oxidation of ferulic acid showing the

changes of the oxidation states of the Fe ion in the heme group.
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Scheme 1.4 catalytic mechanism of HRP.

HRP is an important commercial enzyme which is used in diagnostic components of
ELISA (enzyme-linked immunosorbent assay) kits. Moreover, HRP is a very important
enzyme for research purposes, such as for biosensing,"**? the development of
chemiluminescence-based immunoassays,’® or for bioremediation of wastewaters.!*
Among the numerous substrates oxidized by HRP some chromogenic compounds,
important for biosensing applications, are 2,2'-azino-bis-3-ethylbenzthiazoline-6-

sulphonic acid (ABTS);*? 3,3'5,5-tetramethylbenzidine (TMB);**land 10-Acetyl-3,7-

21



dihydroxyphenoxazine (Amplex red).’? Also the luminescent compound 5-Amino-2,3-

dihydro-1,4-phthalazinedione (Luminol) is often used as a HRP substrate.*®

1.3.5 Multienzymatic systems
In nature, cascade reactions are always performed in living cells, as occurs for Krebs
cycle or in the chlorophyllian photosynthesis. The desire to reproduce the perfection of
nature led scientists to try to reproduce natural mechanisms by pairing two or more
enzymes, in order to mimic their natural multienzymatic cascade reactions for
biotechnological applications.’®*"! Some advantages can be achieved by coupling
enzymes, that catalyze different incompatible reactions,'®® or performing an in situ
controlled production of reactants to avoid possible inactivations.l’¥) Among the infinite
combinations of possible enzymatic couplings, a largely investigated couple of enzymes
is constituted by oxidoreductases such as GOx, and peroxidases such as chloro
peroxidases (CPO) or HRP. Their combined use has become a model system for the test
of new supports,®***? mainly for biosensing.’**® Moreover, since high amounts of
H.O, can damage peroxidases, the combined use of GOx/CPO was also suggested for

the in situ production of a controlled amount of substrate.l’®

Moreover, also
multienzymatic cascade reactions with more than two enzymes have been reported.
Mallardi et al. realized a multi-enzyme immobilized system constituted by trehalase
(TREH), GOx and HRP encapsulated in calcium alginate hydrogel beads.[”® The
covalent immobilization of a bienzymatic system realized with the enzymatic couple
GOx/HRP on SBA-15 mesoporous silica was investigated in this work. The combined
reaction of this tandem system is summarized in the scheme 1.5 where the oxidation of

a phenolic compound, ferulic acid, in the tandem reaction catalyzed by the two

enzymes, is reported.
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Scheme 1.5 oxidation of ferulic acid by means of the bienzymatic (tandem) reactions of
GOx and HRP.
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Chapter 2: Immobilization of

enzymes
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2.1 Enzyme immobilization: advantages and disadvantages

The main drawback in the use of free enzymes in industrial processes is due to their

solubility in the aqueous reaction media which makes difficult their recovery at the end

of the process. In addition, free enzymes are generally unstable and quite expensive,

hence their high cost is a big limitation in the design of eco-friendly biocatalytic

processes. With the immobilization of enzymes on solid supports heterogeneous

biocatalysts are obtained. Immobilized enzymes are not soluble in the reaction mixture,

can easily be separated, recovered and reused. Biocatalyst recycling makes a process

less expensive than that using a free enzyme and it can provide purer products.l'® The

immobilization of enzymes allows the following general advantages:®

Retention of activity in the bioreactor, recovery and reuse of the biocatalyst, and
possibility to run continuous processes.

Improvement of enzyme stability, with protection from harsh denaturation
conditions.

High purity of products, due to less undesired reactions, and less contaminations
with the reaction products that can be better separated from bulk reaction.

High concentration of biocatalyst, with improvements in product yield.

Control of reactions, allowing the design of multiple cascade enzymatic

reactions (i.e. tandem systems).

Enzyme immobilization presents also the following disadvantages:®

Support and immobilization costs. The use of enzyme supports as well as the
immobilization process result in additional costs respect to the use of free

enzymes.
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e Loss of activity due to the immobilization. Immobilized enzymes can be
affected by a strong loss of activity, that occurs since catalytic sites may be
buried, damaged and inactivated by the immobilization procedure. For these
reasons immobilization procedures need to be carefully designed.

e Diffusion of enzyme molecules in porous supports. If high surface area porous
materials are used as enzyme supports, the pore size should be large enough to
permit an easy enzyme diffusion. Macromolecules cannot easily diffuse in small
pores or interstices.

¢ Instability of supports. High temperature, pH, microbial attack, can damage the
support causing the loss of activity.®

The choice of a suitable support for immobilization of enzymes is a key issue for the

development of an active biocatalyst.

2.1.1 Loading and loading efficiency

Regarding the immobilization, it is important to define some parameters such as loading
(L) and Loading efficiency percent (LE%) that are widely used for the quantification of
protein amount onto the support and the estimate of the effectiveness of the
immobilization procedure.

Loading (L) is the amount (mg) of protein per mass unit (g) of support.

L= Mprotein/Msupport [MY protein/Gsupport] ~ (2.1)
The loading can be calculated, subtracting from the initial amount of enzyme the

remaining amount at the end of immobilization procedure:®
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Where [P]o, [P]s, and [P]w are the protein concentrations of the initial final and washing
solutions, respectively. V and V,, are the volume of reaction solution and of washing
solution. Alternatively, L can be obtained by using different kinetic models, such as the
pseudo-second order, and the intra-particle diffusion models (Table 2.1).[5%!

During an adsorption process, the fraction of an adsorbate adsorbed in a porous support,
can be described as a three steps process. In the first step a quick diffusion of the
adsorbate molecules in the exterior surface of the support occurs. In the second step, a
slow diffusion inside the pores occurs. In the third step the adsorption of the adsorbate
into the pores of the support is generally a slow process since the initial concentration in
the bulk solution has decreased. Several kinetic models have been proposed and used to
describe the process and estimate the loading. Among these there are the pseudo-second
order, the intraparticle diffusion and Langmuir-type equations*®!!. The Langmuir- type
equation and the pseudo-second order, written in its linear form, can be used to quantify
the amount of protein adsorbed at the equilibrium. The intra-particle diffusion model is
characterized by a plot of q; versus t°°. A multi-linear plot is obtained, where each
segment has a different slope, corresponding to a different rate of the steps involved in
the process.l*%1%! Although these models are most frequently adopted for physical
adsorption,#1931% jn this PhD work, more precisely in the second paper, these models
were used to predict the loading also in a covalent binding, resulting in a good
agreement with the direct calculation. A detailed description of these kinetic models can

be found in refs,[103-105.107]
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Tab. 2.1 Most used adsorption kinetic models for loading estimation.

Models Equations Parameters Ref.
Direct  loading ([P1o — [P1;)V — [P],VY,, G = protein loading at time t (o]
calculation qc = m
support
Pseudo-second t 1 1 k- pseudo-second order rate [1%31%
order —=——+—t constant
G kO G, (hgmg™)
Intraparticle q, = X + k.tY2 Xi= intercept [103,105]
diffusion t I I ki=intraparticle diffusion constant
(mg g-l hl/Z)
Other fitting q.t g = protein loading at time t [65.104]
equations used Q =—- ge= protein loading at equilibrium
a+t 104]

a= constant [

Loading Efficiency % (LE%)!%! is the amount of immobilized protein relative to the
total protein amount in the immobilizing solution, and it is calculated by means of the
following equation:

LE% = (1 —[Ps]/[Po]) x 100% (2.3)
where [Po] is the initial protein concentration in the immobilizing solution and [P¢] is the
residual protein concentration at the end of the immobilization process.™ ! Commonly,
this parameter is used for the immobilization procedure via encapsulation, and reported

as Encapsulation Efficiency % (EE%)."!

2.2 Strategies for enzyme immobilization.

The first important aspect to consider in the design of an immobilized enzyme is the
choice of the support. A first difference among the different supports which can be used
for enzyme immobilization is between porous or non porous materials. Another
important feature is the use of nano-structured architectures, where at least one
dimension of the particles is in the 'nano’ range.™™ ™! Current literature presents

numerous examples of nanomaterials for enzyme immobilization. Among them non
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porous nanoparticles, magnetic nanoparticles, nanofibers, nanocomposites, nanorods,
and mesoporous particles (nanosized pores) are found.”® Porous materials offer high
surface area, tuning of pore dimensions and high effectiveness in loading. For these
reasons, their use as enzyme carriers is promising and widely investigated.[*365114-117]
Among porous materials, ordered mesoporous silica (OMSs) are one of the most
investigated support for immobilization of enzymes.®®''8l Their high surface area,
tunable porosity and the chemical stability, are suitable features for the immobilization
procedure. Most recent trends deal with the immobilization on metal organic
frameworks (MOFs).[1021191201 O\MS and MOF supports are described in the chapter 3.
The strategies adopted for enzyme immobilization depend on the support. In general, it
is possible to group immobilization methods in the following categories:

e physical adsorption

e covalent binding

e entrapment and encapsulation

e cross-linking
The choice of the best strategy of immobilization depends on the characteristics of both
the support and the enzyme. The support should be characterized by determining its
textural parameters - such as surface area, pore volume, pore size and shape of channels
- presence of functional groups, surface charge, stability to temperature, pH, etc.
Similarly, the enzyme should be characterized in terms of size, isoelectric point (pl),
activity and stability. Magner and coworkers have proposed a general operational

protocol for enzyme immobilization which is schematized in scheme 2.1.1*%
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Scheme 2.1 operational diagram of immobilization procedure. Adapted with permission
from ref.[*?Y! Copyright 2005 American Chemical Society
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2.3 Physical adsorption

Physical adsorption is the easiest, cheapest, and hence widely investigated
immobilization technique. It can be suitable for the recovery of expensive supports that
do not undergo chemical modifications. The adsorption of the enzyme onto the support
is generally driven by van der Waals forces, hydrophobic interactions, dipole-dipole
interactions, hydrogen bonds, and electrostatic interactions. The first three interactions
are often too weak to keep the enzyme anchored to the support, while hydrogen bonds
as well as electrostatic interactions are generally stronger.!**8!

For ion- ion interactions, the Coulomb potential energy V is

V=——— 5% oy

ATTEGE, T

+q; and -q, are the charged ions, r is the distance between the two ions, g, is the
permittivity of the medium.!?
For lon- dipole interaction

V=——a 1k g

ATLEGEy T2

Where q is the charge of the ion and p is the permanent dipole. The negative sign of the
potential energy indicates attraction.!*?

The van der Waals force includes the effects of all non electrostatic intermolecular
forces that depend on r®. They are: Keesom, Debye, and London forces.*?® Dipole-
dipole interactions (Keesom forces) result by the electric field of a permanent dipole
acting in the nearby of another permanent dipole and depends on the orientation of the
two dipoles. For parallel dipoles that can freely rotate, the energy of this interaction,

function of the distance r®, can be written as:
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Where p; and i, are the two permanent dipoles, k is the Boltzmann constant (1.38 x 10
28 JIK) and T is the absolute temperature (Kelvin).[t?212
The interaction between a polar molecule and a polarizable molecule (permanent dipole

w1 -induced dipole u, or Debye forces) can be written as:

1 20, +usa
Vv, = — HiQz THZ X1 2.7
(4megEy )? 6

Where a is the polarizability of the induced dipole (namely the proportionality constant
between an external electric field and an induced dipole uzaE).[122’123]

The interactions between induced dipoles in non polar molecules, are caused by
fluctuating electron cloud that move around nuclei, and are known as dispersion forces
(London forces)

1 3hv4v;y a,a;
(4megeyr )? 2kT (V1+vy) 16

VL=_

(2.8)

Where h is the Plank constant (6.63x10* J/Hz); vy and v, are the frequencies.!!**!
The overall effects of Keesom Debye and London are known as van der Waals forces

_ _ 1 2u3u? 3hviva, @
VVDW(r) - VK+VD+V|_— — (4n£0£r )21,-6 [ 3]1(7"2 + ('u%az + ‘Ll%al) + Wj"‘lvzz)] (29)

The van der Waals interactions among molecules decay quickly as they depend on the
inverse sixth power of the distance. However, for big molecules total dispersion
interactions can become quite strong.[?21%!

Between the weak van der Waals forces (~1 kJ/mol) and the strong covalent or

electrostatic interactions (~500 kJ/mol), there are the hydrogen bonds. These kind of

interactions occur between hydrogen atoms and oxygen nitrogen or fluorine, that is
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strong electronegative atoms, where hydrogen forms a bridge. The strength of this bond

is around 10-40 kJ/mol. The potential energy of hydrogen bonds has has a r?

dependence from the distance**!

1 qH+ u
ATEGE, T2

Vy+ = — (2.10)

Adsorption is often due to a combination of two or more of these forces. Suitable
supports for physical adsorption must have high surface area and available pores with a
diameter large enough to allow the easy diffusion of enzymes during the adsorption, and
an easy diffusion of the reagents/products during the reaction. The main advantage of
this method is the retention of a high level of enzymatic activity compared to that of the
free enzyme. This because the physical interactions responsible of the adsorption do not
distort the three-dimensional structure of the enzyme.™! On the other hand weak
physical interactions may give enzyme leaching. Leaching is the undesired release of
the enzyme in the reaction medium and constitutes the main drawback of this
immobilization method.!*Y) The physical adsorption of biomolecules on solid supports is
a complex mechanism, clearly influenced by the physico-chemical features of the two
interacting species (the biomolecule and the support). Moreover, the composition of the
aqueous medium where the enzyme is dissolved plays a central role. The physical
adsorption of enzymes on mesoporous silica involves two charged surfaces. At pH
values different from the isoelectric point, enzymes carry a net (positive or negative)
surface charge. Silica surface is generally negatively charged due to the dissociation of
silanol groups at pH > 2.2 As always occurs when electrostatics is involved beside pH
also ionic strength affects enzyme adsorption. What is generally not considered is,
instead the specific effect of salts (Hofmeister series) used to fix ionic strength and that

of the buffer used to set pH.
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2.3.1 Effect of pH
The pH of the medium where the immobilization is carried out, generally is chosen and
set to foster maximum interaction. Many authors observed that the maximum
interaction between protein and support occurs at pH close to the isoelectric point of the
enzyme, ™ as the electrostatic repulsion among proteins is minimal, and van der Waals
forces prevail over electrostatic lateral repulsions of the molecules having the same
charge.!**! Salis et al. investigated different immobilization conditions of M. javanicus
lipase (IEP in the range between 5.9-6.5) onto mesoporous silica supports, finding a
maximum loading at pH 6.2 Furthermore, silica surface is described by two values of
pK, of the silanol groups (pK, < 2 for 1/5 of silanol group and pK; = 8 for the remaining
4/5).271281 Consequently, the pH of the microenvironment inside the pores can be
different from the pH measured in the bulk solution, influencing the loading process.
Indeed, a method to measure the pH inside the pores was reported by Yamaguchi et al.
who found that pH measured on mesopores of trimethylaminopropyl silica remained
weakly acid or neutral despite the different pH tested in the bulk solution."**! However,
the improvement of loading through pH changes is effective only when the pore size of

the support is bigger than the diameter of the enzyme.

2.3.2 Effect of ionic strength
lonic strength of the medium is another important parameter that influences the
attractive or repulsive forces of the species involved in adsorption. Commonly, buffers
(weak electrolytes) are used to set pH around their pK, value (pH set at values around
pKj £1), and the presence of strong electrolytes causes significant changes on measured

pH in comparison to the theoretical expected value, according to the Hofmeister
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series.l**¥ The surface charge of mesoporous silica at a fixed pH, is influenced by the
presence of strong electrolytes,™! in particular for high salt concentrations, the surface
charge of mesoporous silica SBA-15 becomes more negative. Also the surface charge of
enzymes is influenced by the presence of electrolytes, in particular strong electrolytes
adsorb around the charged surface of an enzyme, and the Debye screening length
decreases with increasing concentration of salts.***! The high salt concentration
depresses the effect of electrostatics, amplifying the effect of non-electrostatic
interactions.** For instance, it was observed that strong electrolytes are able to shift
the pl of BSA protein towards lower values. It was suggested that this effect is related to
the adsorption of more anions than cations on the enzyme surface, due to their higher
polarizability.”**® Similarly, the loading of lysozyme, was reported to be influenced by
the ionic strength, becoming maximum at high concentration of salts.®®**2 The
remarkable conclusion of these works was that at higher salt concentrations, the
electrostatic interactions are reduced and van der Waals interactions become
preponderant, thus easing the loading,***! while at low concentration of salts, and low
ionic strength electrostatic interactions predominate in the adsorption process.™* Steri
et al. immobilized lysozyme on SBA-15 mesoporous silica observing that the loading
and the release of the enzyme were both influenced by ionic strength. Particularly, high
ionic strength (NaCl 1M) increased the loading while low ionic strength (NaCl 0.1M)

promoted the release of lysozyme more than either high or no ionic strength.!®

2.3.3 Specific ion effects
The addition of electrolytes influences the solubility of proteins. This phenomenon is

known since 1888, when Franz Hofmeister observed the effect of anions on
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precipitating proteins.*¥ Keeping fixed the cation, he ordered the anions in a series
according to the increasing concentrations required to salt out the proteins:
S0,>HPO,*>F> CH3CO0>CI>Br>N03>I>Cl04 >SCN’
Analogously, keeping fixed the anion, an ordered series of cations was observed
(CH3),N*>Rb*>K*">Na">Li*>Mg**>Ca®*
Moreover, at a fixed concentration, the effect of salts on precipitating proteins was
observed to be ion specific for concentrations in the range 0.5-3M.™% Specific ion
effects, related to the Hofmeister series, were observed for physical adsorption of
enzymes on mesoporous silica.® It was observed that the addition of salts (different
sodium salts and different chloride salts) to a solution containing lysozyme (pl = 11)
and amino modified mesoporous silica particles (PZC occurs at pH = 11), promoted the
loading at a pH=9 (i.e. below the pl and the PZC) according to the inverse anion series:
SCN > CIO, >Br > NOz >Cl >S0,”
more evident for low concentrations (0.2M) than at high concentrations (0.8M)
while the cation series:
Na™>Li*>K">Cs"
showed a bell shape trend in loading, less pronounced at high concentrations of salts.
Recently, Medda et al. investigated specific ion (Hofmeister) effects on the surface
charge of BSA (Bovine Serum Albumin). Below the IEP, the BSA surface charge
changed as a function of solution pH, in presence of anions according to the series Cl~
<Br <NOj3 <I" < SCN". While, above the IEP the series displayed the same order of
magnitude but with negative values. Also the Zeta potential of BSA as a function of pH
displayed a clear dependence on the specific ions used to set the ionic strength.™!

Moreover, more recently, specific influences of weak electrolytes upon lysozyme
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loading on carboxyl-modified polystyrene nanoparticlesi** were investigated. The
conventional mechanism of buffers to set the pH of solutions is based on the
Henderson-Hasselbalch equation,**! and no other effects are attributed to buffers in
affecting chemical parameters of proteins such as electrophoretic mobility. Investigating
the effect of buffers on electrophoretic mobility of proteins, it was observed that the
type of weak electrolyte used for buffers influences the zeta potential of

lysozyme, 623 thus suggesting an active action of buffers also (Fig. 2.1).
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Fig. 2.1 weak electrolytes affect the electrophoretic mobilit%/ of LYZ. In A) all buffers
are set at pH 7.15. Reproduced with permission from ref.® Copyright 2013 Royal
Society of Chemistry. In B) all buffers are set at pH 7.4 in absence or presence of NaCl
at various concentrations. Reproduced with permission from ref."*l Copyright 2017
Elsevier.

Likely, buffers ions are adsorbed on the surface of proteins (Fig.2.2), influencing
surface charge until they can also partially or totally screen the net charge of the protein

according to the concentration (or ionic strength) of solution.
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Fig. 2.2 equilibrium at the surface of a protein in aqueous solution a) conventional
model of buffers according to Henderson—Hasselbalch equilibrium, b) proposed
mechanism for the effect of buffers at the protein surface. Adapted with permission
from ref.[**®! Copyright 2013 Royal Society of Chemistry.

Nearby the surface effects, the other parameter affecting physisorption of enzymes is
the diffusion inside the pores of a porous support. Not only the pore diameter must be
compatible with the size of enzyme but the microenvironment inside the pores

(hydrophobicity, pH) should not be too different from the bulk conditions, otherwise the

efficiency of the process can be compromised.[**®!

2.4 Covalent binding

Covalent binding is an immobilization technique that allows to anchor the enzyme to
the support thus avoiding the unwanted leaching. The high strength of the covalent
bonds has the drawback of the possible distortion of the enzyme conformation. If the
structure distortion involves the active site a significant loss of activity may occur.'®!

Among the suitable supports for covalent binding, surface functionalized ordered
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mesoporous silica (OMS) materials are widely investigated. The free silanol groups
occurring on the surface of the OMS can be functionalized with a wide range of
organosilane molecules. With this strategy numerous functional groups - i.e. thiol,
epoxide, alkyl chlorides, vinyl, amine, etc. - can be introduced on OMS surface. The
main methods to introduce a modification on OMS surface are the post-synthesis
modifications (or grafting), the co-condensation, and the preparation of ordered
mesoporous organosilica.l’*” The grafting is a modification of the surface after OMS
synthesis with an organosilane molecule. According with Fig. 2.3 the free hydroxyl
groups bind different organosilanes which permit to introduce a wide range of organic
functional groups on OMS surface.[*'®! The post-synthesis modification of mesoporous
[96,138,139]

materials usually results in the reduction of the pore size and surface area.
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Fig. 2.3 Chemical modifications at the surface of silica supports. Adapted with
permission from ref.!**® Copyright 2013 Royal Society of Chemistry

An alternative to grafting is the co-condensation, where the trialchoxy-organosilane is

added in added to the tetraalkoxysilane to obtain a one-pot synthesis and
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functionalization. This procedure is quicker than grafting since performed only in one
step instead of two. Moreover no reduction of the pore size and surface area of the
support occurs. However, the amount of organic groups on the support surface that can
be inserted through this method is generally low compared to the initial amount of
functionalizing agent used.®

After functionalization the enzyme can finally be attached on the support surface. This
can be directly or, more often, by mean of bi-functional linkers. They create a bridge
between the enzyme and the functionalized support surface. Glutaraldehyde (GA) is a
widely used linker. Its aldehyde groups react with €-NH, groups of lysine residues
which are then stabilized by a conjugation Schiff-base mechanism or a Michael-type
addition mechanism.?* The concentration of GA and the time of contact with the
protein is an important parameter that can affect the enzyme activity as observed by
Yang et al.** Other linkers such as glutaric anhydride or functionalizing agents which
directly react with the enzyme, such as glycidyloxypropyl trimethoxysilane are shown

in Fig. 2.4.
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Fig. 2.4 linkers for functionalized mesoporous silica. Adapted with permission from
ref.[**81 Copyright 2013 Royal Society of Chemistry

2.5 Entrapment and encapsulation

Entrapment and encapsulation are often used as synonyms to indicate a type of
enzymatic immobilization that occurs simultaneously to the formation of the solid
network constituting the support.**? The main advantage of entrapment is due to the
absence of covalent bonds between the biomolecule and the support matrix, so that the
enzyme structure is not distorted and retains a high extent of its activity in the free form.
If the matrix is porous, the diffusion process of reagent and product molecules can
easily occur. Moreover, if the support pore size is lower than the size of the entrapped
enzyme molecules the leaching, mainly observed for physically adsorbed enzymes, is

kept at a very low level of even not observed at all. Among the matrices used for
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enzyme entrapment silica sol-gels are likely the most investigated systems. The
entrapment via silica sol-gels involves the dissolution of enzymes in a sol-gel
precursors, generally tetraethoxysilane (TEOS). The following steps involve a
hydrolytic polymerization and a drying process, which lead to the formation of
xerogels (dried via evaporation, with shrinkage of pores),**? ambigels (dried via
evaporation, without shrinkage of pores),[** or aerogels (dried via supercritical fluids,
with complete retention of porosity).**¥) The entrapment can also occur in natural or
synthetic hydrogels™? or cryogels™?* such as polyvinylalcohol (PVA) that are
suitable not only for enzymes but also for whole cells. More recently, metal organic
frameworks (MOFs) have emerged as a new class of supports for the encapsulation of
enzymes.[145'146] Enzyme encapsulation into MOFs consists of a “one-pot synthesis”
where the formation of the hybrid inorganic (metal)/organic (ligand) network occurs in
the presence of the enzymes which remain entrapped within the MOF structure.[**” This
is an useful procedure which leads to the immobilization of an enzyme into microporous
supports. Such small pores would not allow neither physical nor covalent post-synthesis
enzyme immobilization into MOFs. The pores are anyway enough large to permit the
diffusion of small molecules such as substrates and products, but enough small to avoid
enzyme leaching. Finally, MOF structure provides a protective coating against harsh
environmental conditions, i.e. high temperature.**®) The in situ encapsulation can be
carried out via two possible routes: the co-precipitation and the biomimetic

mineralization.!** This will be discussed in more detail in section 3.2.

2.6 Cross-linking

Cross-linking is a “support-free” immobilization that combines covalent bonding with

entrapment.'yy  Cross-linking may occur with intra-molecular inter-subunit or
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intermolecular bonds, by means of cross-linked enzymes complexes (CLESs), namely:
cross-linked enzyme crystals (CLECS), cross-linked enzyme aggregates (CLEAS), or
cross-linked layers of previously immobilized enzymes.[**>** Bij-functional chemical
linkers such as bis-isodiacetamide, or glutaraldehyde can be used to form insoluble
CLEs. The resulting biocatalyst is generally endowed of high productivity, namely in
provides high mass of product per mass of biocatalyst.'*! Indeed the other
immobilization methods require the presence of a support as a carrier for enzymes. This
results in a kind of “activity dilution” because of the presence of a large percentage of
non enzymatic (inactive) components in the catalytic preparation.'? It should be
noticed that this kind of immobilization improves the thermal stability of enzymes.
However some factors such as pH, the amount of cross-linker, the ionic strength of the
medium and the temperature can affect the final performance of the catalyst.** A
careful design and set up of the experimental conditions is needed to optimize the whole
cross linking process. Although, cross linking is generally a cheap immobilization
method, some important drawbacks can be highlighted: low retention of activity
(usually less than 50%), poor reproducibility and low mechanical stability.

CLECs are formed by cross-linking enzyme crystals by addition of glutaraldehyde to
the crystallization solution carried out in an aqueous buffer at a suitable pH. A variation
in the cross-linker ratio or in the cross-linking time leads to different size of the
particles.'*) CLEAs are formed by precipitation, exploiting the salting-out effect of
ammonium sulfate™? or polymers as polyethylene glycol. They promote the
precipitation of the enzymes without damaging their tertiary and quaternary structure.
These physical aggregates are then cross-linked by means of glutaraldehyde which

make them permanently insoluble. With this method high purity of enzymes is not
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required, and CLEASs can be prepared from the enzyme fermentation broths.[**?

The activity of CLECs and CLEAs is about 10 to 1000 times higher than that of the
corresponding biocatalysts immobilized on an inert support. This method is particularly
suitable when a high loading (mg of protein/ g of biocatalyst) and activity (U/g of
biocatalyst) is required, or enzymes cannot be immobilized covalently.™**! In all cases it
was observed that the dimensions of CLEs particles is very important.** Small
particles exhibit high activity, but can hardly be recovered by filtration or
centrifugation. Large particles can easily be recovered but display low activities due to
diffusion problems.**"! Some modifications of CLEAs were developed by coupling
CLEAs to co-polymers or nanoparticles (i.e. magnetic nanoparticles) obtaining more

stable biocatalysts, or biocatalysts suitable for magnetically stabilized bed reactors.**?
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Chapter 3: Supports for enzyme

Immobilization
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3.1 Mesoporous silica

A porous material is a solid with internal voids that can be filled with gas or liquids.
Pores can be closed, that is without connections with other pores or open, with
connections among the internal voids and with the external surface. According to
IUPAC (International Union Pure and Applied Chemistry), porous materials are
classified on the basis of the pore diameter:

e macroporous material: diameter > 50 nm;

e mesoporous material: diameter 2-50 nm;

e microporous materials: diameter < 2 nm.
Moreover, on the basis of the chemical structure, they can be classified as purely
inorganic (silica, metal oxides, combined metal-silica based materials), purely organic
(hollow carbon particles, organic polymers) or hybrid organic-inorganic materials
(organosilica, metal organic frameworks).
Mesoporous silica is a synthetic amorphous silicon dioxide-based material, widely used
in current development of modern nanotechnologies, with a wide range of applications,
such as nanomedicine,*****! adsorption,**? catalysis and biocatalysis,™#**® and
biosensors™™*! etc.. Among the various silica-based mesostructures, MCM-41 (Mobile
composite of matter)** and SBA-15 (Santa Barbara Amorphous)™® have attracted
great interest in the international scientific literature, 6114117157151
The first procedure for the preparation of a low density silica, by means of the self-
assembly of a soluble silicate over a the micellar template, was described in a patent of
1969.°%% But it was in 1992 that the researchers of Mobile Corporation Laboratories
synthesized and characterized a new family of silica based mesoporous materials named

M41S, including cubic phases, lamellar phases, and hexagonal phases which were

46



called MCM-48, MCM-50, and MCM-41, respectively.** Then in 1998, Zhao et al.
reported the synthesis of the hexagonal mesoporous silica particles named SBA-15.[*%¢]
The success of mesoporous silica is related to some important physical parameters, that
can easily be controlled during the synthesis, namely the size of particles (from
nanometers to centimeters), the pore dimensions (2-4 nm for MCM-41, 6-10 nm for
SBA-15, larger than 20 nm for MCF), the surface area (around 700-1000 m?/g), the pore
volume (around 0.5 cm®/g), the wall thickness (around 4-5 nm for SBA materials) and
the morphology.[**01%8.180181 The amorphous solid state of mesoporous silica allows
low rigidity/stiffness and good control of the above parameters.’® In addition,

important properties such as exceptional stability towards high temperatures, extreme

[96] [133]

pH conditions, microbial attack™™, biocompatibility*°*, etc., make these materials
suitable for many applications.

Despite the different structural parameters that can be designed in the synthesis of
different mesoporous silica, there are some common points. The general approach starts
from the molecular self-assembly of surfactants, that act as structure-directing
agents.™®” When surfactants are dissolved in solution above their critical micelle
concentration (CMC), the non covalent intermolecular interactions (such as
hydrophobic interaction, Van der Waals forces, including London forces, Keesom and
Debye interaction, hydrogen bonds) and the electrostatic charge of polar segments
promote the formation of micelles. One of the hypothesis proposed to explain the
mechanism of formation of mesoporous materials is the cooperative self-
assembly. 13715562165 The gyrfactant self-assembles into micelles, which constitutes

the basis for the subsequent polymerization of the silica precursor. This occurs at lower

concentration than the surfactant CMC. The addition of the silica precursor, i.e.
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(Tetraethylorthosilicate TEQOS, Tetramethylorthosilicate TMOS,
Glycidoxypropyltrimethoxysilane GPTMS), directly influences the formation of rod
shape micelles because the tetraalkoxysilane preferentially distributes on the external
surface of micelles, acting as a structure directing agent, reducing the micelles mobility
and stabilizing the dispersion.[**4

The formation of liquid-crystal phase is necessary and temperature is a critical
parameter that influences the surfactant CMC.!**") Different surfactants allow different
arrays, lamellar, hexagonal, cubic and bicontinuous according to their physico-chemical
propertiesi*®®! determining the final morphology of the mesoporous silica particles. For
instance, MCM-41 mesoporous silica with hexagonal array of pores having a size
around 2-4 nm, is formed by mean of the cationic surfactant cetyltrimethylammonium
bromide (C16HasN(CHs)s- Br, CTAB.'*! Amphiphilic triblock copolymers, such as
poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene oxide) (PEO2o-PPO7o-
PEOyo, Pluronic 123), with long hydrophobic tails is used as template for the synthesis
of the SBA-15 mesoporous silica, that has an hexagonal array of pores with a size

distribution ranging from 7.5 to 32.0 nm.1**®!
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Fig. 3.1 Self-assembly of surfactant, addition of silica precursor and formation of
mesoporous particles via a cooperative self-assembly liquid-crystal template
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mechanism; the silica precursor acts as a structure directing agent. Adapted with
permission from ref.1**”1 Copyright 2006 John Wiley and Sons

Mesoporous silica can be prepared either in the form of particles or deposited thin films.
The latter are commonly prepared by using Pluronic F127 (PEO106-PPO7o- PEO1¢g) as a
templating agent. The self-assembly and the cooperative templating mechanism occur
after the liquid-crystal phase deposition on a proper solid, generally a silicon strip or a
quartz slide. The evaporation of the solvent is the driving force to promote the self-
assembly and the polymerization of the silica film. This procedure is known as
evaporation induced self-assembly (EISA).[**) Mesoporous silica films can be prepared
through deposition by immersion (dip-coating) or by rotation (spin-coating), and can
show a hexagonal pattern or a wormlike structure.!*81¢°]

Up to now, these kinds of mesophases, disordered, worm-like, hexagonal, cubic, and
lamellar, have been reported and different morphologies (e.g. spheres, radial porous
spheres, rods, films, and various hierarchical structures), and dimensions (microparticles
or nanoparticles) were obtained by changing the block copolymer, the silica precursor
or the reaction conditions (temperature, pH)*7% Moreover, the final array and the
porosity of mesoporous silica can be influenced by inorganic mineralizing agents, such
as NH4F which is used to improve the formation of highly ordered hexagonal arrays.
The addition of specific linear alkanes or aromatic compounds to the liquid crystalline
phase may result instead in changes of the porosity and of the final array.'™ For
instance, the transition from the hexagonal array to a disordered structure, typical of
mesoporous silica foams particles (MSF), is achieved by adding increasing amounts of
oils, that act as swelling agents, such as 1,3,5-Trimethylbenzene (TMB or mesitylene),
in the liquid-crystal phase. The mechanism of pore enlargement is related to the high

partition coefficient of swelling agents, that tend to distribute in the core of hydrophobic
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chains of surfactants, causing a change in the packed structure.'"? This variation in the
synthesis protocol causes the enlargement of pore diameter, and the increase of pore
volume but with loss of the narrow size distribution and of the ordered hexagonal array,
thus leading to the formation of particles known as mesocellular foam (MCF), as shown
in Fig. 3.2.73 The oil/ surfactant molar ratio, the type of chain, the temperature, and
the pH can be controlled to obtain different structural textures.™™ Tab.3.1 shows the

typical structural parameters of SBA-15, MCM-41, and MCF mesoporous silicas.

Tab. 3.1 typical structural parameters of SBA-15 MCM-41 and MCF

Surface Pore Pore Wall Lattice
MPS Surfactant area volume  diameter thickness spacing Ref.
(m’g)  (cm°lg) (nm) (nm) (nm)
SBA-15  EO,PO;EO,  820-920 1.0-1.2 7.7-85 3.1-3.8 10.3-10.8 ™
MCM- C"HZ"jl(CH3)N 1040 1.0-3.0 1.5/10 0.7-1.6 2.7-39 11517
41 n=8-16
MCF P123/TMB 550-900 1.0-2.4 22-36 Not given Not 73]
resolved
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Fig. 3.2 Transition from hexagonal SBA-15 to mesocellular foam MCF caused by
TMB. Reproduced with permission from ref.*"*! Copyright 2000 American Chemical
Society

50



3.2 Metal organic frameworks

Metal Organic Frameworks (MOFs) are constituted by metal ions coordinated by
organic ligands to form a crystalline porous solid. The term MOF was used by Yaghi et
al. for the first time in 1995 for a material constituted by a copper 4,4'-bipyridyl
complex.'’® MOFs are microporous materials which exhibit a high degree of
crystallinity due to a three-dimensional network of metal-organic ligand bonds.!*”®
Presently a huge number of new MOFs have been synthesized by using different metal
ions and ligands. The obtained materials have peculiar and special characteristics, such
as magnetic and electrochemical properties, and can be used for catalysis, for molecular
capture or as molecular sieve properties.'*% In the last decade these compounds have
also been suggested as new, but still few explored, supports for the immobilization of
enzymes.’% Due to their nature of inorganic/organic compounds, the possible
interactions between MOFs and enzyme biomacromolecules range from covalent and
coordinative bonds to weak van der Waals forces or hydrogen bonds. Moreover, also
electrostatic interactions can occur due to the large presence of metal ions in the MOFs
structure and the charges on enzyme surfaces. 4%

As described in chapter 2, the immobilization of enzymes into MOFs can be done post-
synthesis or during the synthesis (one-pot synthesis immobilization). The choice of the
best procedure depends on the type of enzyme, the type of MOF, and the application.
However, the most investigated immobilization strategies are the physical and the in

situ encapsulation of the free or modified enzymes. Fig. 3.3 shows the different

strategies for enzyme immobilization in MOFs
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Fig. 3.3 scheme of immobilization of enzymes in MOFs. In the post-synthesis methods,
the enzyme is immobilized by physical adsorption into pores, or alternatively by means
of a superficial attachment, on a preformed MOF. In the “one-pot” synthesis the
framework is built around the pure or coated enzyme.

The procedure of MOFs synthesis can be carried out by means of several synthetic
protocols. The in situ encapsulation, with the simultaneous formation of the framework
in presence of the pure or modified enzymes, has been investigated by many authors by
means of mechanosynthesis™ ", solvothermal™® and hydrothermal™® protocols. The
in situ encapsulation by means of hydrothermal protocols, consists in the dissolution of
the enzyme in an aqueous solution containing the organic ligand. Then the
ligand/enzyme solution is mixed with that containing a metal precursor, thus forming an
enzyme@MOF biocomposite."**! If the synthesis is carried out in water or via

mechanochemical,™""*"¥ the enzyme can be added in its native form, and the procedure

is named biomineralization.®"*""*8-183 A" similar mechanism occurring in nature
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corresponds to the deposition of minerals to form an exoscheletal coating that protect
living tissues. If the synthesis is carried out in organic media, like methanol or DMF, a
polymeric coating (i.e. polyvinylpyrrolidone -PVP, polyacrylammide, polyvinyl acetate)
is often used to protect the enzyme from denaturation. This procedure is named co-
precipitation.[*®” However, co-precipitation can also be used in aqueous media.™®”!

The post-synthetic immobilization is carried out by means of physical adsorption!*®® or
covalent bonding!*®! from aqueous buffer solutions. In order to optimize the
immobilization process several experimental parameters have to be considered, namely:
the immobilization temperature, the time of contact between the MOF and the enzyme,
and the stability of both MOFs and enzymes to the pH of the immobilizing solution.!*%
As written in the chapter 2, the post synthesis immobilization requires that enzyme
diffuse into the MOF pores. This can occur only if MOF supports have a pore diameter
bigger than the enzyme size.**® In addition also the three-dimensional architecture of
MOFs plays an important role. In channel-type MOFs the diameter is uniform along the
whole pore, so the diffusion is permitted if MOF and enzyme diameters are compatible.
In cage-type MOFs the diameter of the pores in the cage is larger than the diameter of
pores at the entrance, thus determining a bottle-neck effect, that produces limitations to

the diffusion of the enzymes.***!

3.21ZIF
Zeolite Imidazolate Frameworks (ZIFs) are a subclass of MOFs that were firstly
synthesized by Huang et al.*®") and by Park et al.*®®! in 2006. The aim was the synthesis
of a new class of microporous crystalline solids for petrochemical cracking, water
purification, gas separation. ZIFs are obtained by copolymerization of either Zn(lIl) or

Co(ll) with imidazole, alkyl-imidazole or phenyl-imidazole ligands and have a high
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level of crystallinity and an exceptional thermal stability. The porosity of ZIF materials
is similar to that natural zeolites.’® %! By changing the ligand or the metal ion

different structures i.e. SOD (sodalite), MER (merlinoite), GIS (gismondine), RHO

(rho)**Y can be obtained (Fig. 3.4).
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Fig. 3.4 different 3D structures of ZIFs grouped by topology. Reproduced with
permission from ref.*®! Copyright 2006 National Academy of Sciences.

The corresponding parameters for different ZIFs are reported in Tab. 3.1. For all ZIFs
the similarity with zeolites derives from the tetrahedral bond of metal ion with the
nitrogen atoms in the imidazole ring. The bridges between metal ions and imidazole
nitrogen atoms form an angle close to 145°, similar to the Si-O-Si bond which occurs in

natural zeolites,*®%! as shown in Fig. 3.5
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Fig. 3.5 the angle between metal (M) and ligand (imidazole) in ZIFs is similar to the
angle between silicon and oxygen in natural zeolites. Adapted with permission from
ref.[®8 Copyright 2006 National Academy of Sciences.

ZIF-8 (Zn(MIM),) is a crystalline microporous MOF obtained by a tetrahedral
coordination bond between Zn** ions and 2-methylimidazole (MIM) ligand,
geometrically arranged according to the structure of the sodalite (SOD topology). The
SOD cage presents pores of 11.6 A accessible through a window of 3.4 A.*® This
microporosity results in large values of the surface area (up 1800m?/g for conventional
synthesis in methanol). Moreover the exceptional thermal stability (up to 350°C), and
the tunable porosity™® are suitable parameters to produce a good solid support for
enzyme immobilization. On the other hand the versatility of synthesis methods of the
pure ZIF-8, including those previously mentioned, such as mechanosynthesis,*””
solvothermal,'®! and hydrothermal*™® methods, and also microwave assisted,!*!
steam assisted,’® do not always lead to the SOD topology. Particularly the
hydrothermal synthesis is strongly influenced by the Zn:Ligand (Zn:L) molar ratio. Shi
et al. reported that the synthesis of the ZIF-8 (SOD) was achieved with Zn:L ratios
higher than 10. The Zn:L ratio 1:2 instead resulted in an unknown phase, whereas the
Zn:L ratio 1:4 resulted in a mixed phase of both ZIF-8 and an unknown phase.l*®’]
Similar results were obtained by Kida et al. who obtained SOD and mixed phases at
high and low Zn:L ratios, respectively.l**® Katsenis et al. observed the amorphization of
ZIF-8, namely a transition from crystalline to amorphous phase, and then a
recrystallization on a non porous material, by changing the mechanochemical synthesis
conditions, resulting in different three-dimensional structures.!*!

Similarly to ZIFs obtained from Zn and 2-Methyl imidazole, also for the ZIFs obtained

by polymerization of Zn and imidazole, (Zn(IM),) different topologies were reported,
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i.e. MER (merlinoite) of ZIF-10, GIS (gismondine) of ZIF-6, body centered tetragonal
tectosilicate or BCT of ZIF-1 and 2, but also the zni dense structure****®! (Table 3.1).
This suggests that complex mechanisms are involved during nucleation and growth of
ZIFs crystals. For zeolite topologies refer to the papert*®”! and to the web site: www.iza-

structure.org/databases/.

Tab. 3.1 composition, structure and net parameters of some ZIFs. IM = imidazole, MIM
= 2-meth?/IimidazoIe, PhIM = phenylimidazole This table is adapted with permission
1

from ref. 8 Copyright 2006 National Academy of Sciences.
ZIF-X Composition Periodic Zeolite Pore Surface Ref.
net topology  diameter area [188]
[197,198] ( A) m> /g
ZIF-1 Zn(IM), Crb BCT 6.94
ZIF-2 Zn(IM), Crb BCT 6.00
ZIF-3 Zn(IM), Dft DFT 8.02
ZIF-4 Zn(IM), Cag - 2.04 300 (199
ZIF-5 IN,Zng(IM)1, Gar - 3.03
ZIF-6 Zn(IM), Gls GIS 8.8
ZIF-7 Zn(PhIM), Sod SoD 431
ZIF-8 Zn(MIM), Sod SoD 11.6 1.724 [199]
ZIF-9 Co(PhIM), Sod SoD 431 1.144 [2001
ZIF-10 Zn(IM), Mer MER 12.12
Non
ZIF-11 Zn(PhIM), Rho RHO 14.64 porous to [188]
N2
ZIF-12 Co(PhIM), Rho RHO 14.64

The strategies for immobilization of enzymes on ZIFs are the same described for the
general synthetic protocols of MOFs. They include the in situ encapsulation of native
enzymes (biomimetic mineralization) or polymer-entrapped enzymes (co-
polymerization),!*®? but also the post-synthesis incorporation on unmodified®* or
modified®? ZIF-8 surface. An overview of recent trends concerning the applications of

immobilized enzymes on ZIFs is discussed in the following paragraph.
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3.3 An overview of immobilized enzymes on mesoporous silica and

ZIFs

The importance of studying immobilized biocatalysts is demonstrated by a wide
scientific literature and increasing industrial applications of enzymes.”®! In order to
improve the performance of an immobilized biocatalyst it is important a deep
comprehension of the molecular mechanisms involved in the immobilization process.
This means that the efforts to immobilize model proteins, such as lysozyme or BSA,
play a crucial role in the development of new strategies for the design of new efficient
biocatalysts.[*#204

Although it is always challenging to give an exhaustive overview of the wide field of
the enzyme immobilization, some recent significant examples of immobilized enzymes
on ZIFs and mesoporous silica, are worth to be described. In the following paragraphs
the recent papers about the immobilization of lipases, glucose oxidase, peroxidases, and
lysozyme on ZIFs (published from 2015 to 2017) and mesoporous silica, (published
from 2016 to 2017), are reported. A synthetic list of the reviewed literature is reported
in Table 3.2 (ZIF) and 3.3 (mesoporous silica). The possible applications proposed for

these new biocatalysts, mainly concern the pharmaceutical field, the design of new

biosensors, the wastewater treatment and the production of biodiesel.

3.3.1. Immobilized enzymes on ZIFs
Recently, several enzymes were immobilized on MOFs, mainly in ZIF-8 by means of
both post-synthesis immobilization or in situ encapsulation. Liu et al. investigated the
catalytic performance of porcine pancreatic lipase (PPL) immobilized in several

microporous MOFs in comparison with SBA-15. The PPL was physically adsorbed into
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the supports and the catalyst was tested for pharmaceutical applications: the synthesis of
warfarin, an important thrombolytic drug.?®' Nadar and Rathod immobilized a lipase
from Aspergillus niger on ZIF-8 by a biomimetic mineralization approach, and found an
enhanced activity of the catalyst induced by exposure to ultrasounds.?®®! He et al.
immobilized a thermophilic lipase from Alcaligenes sp. on ZIF-8, through a
mechanochemical synthetic method, and investigated the long-term stability and
recycling of the biocatalyst after a 5 days storage at two different temperatures (37°C
and 60°C). They obtained an activity retention of 20.3% and 6.0% with respect to the
initial biocatalyst activity. Moreover, their biocatalyst was recycled 10 times with an
activity retention of 75.7% at the 10™ reaction cycle.l'’”? Cheong et al. immobilized
Burkholderia cepacia lipase on amino-functionalized ZIF-8 through physical
adsorption, and investigated the activity at the aqueous/organic interface. The
biocatalyst could be recycled obtaining a retention of 60% of the initial activity after 10
reaction cycles.*®”) Shi et al. immobilized the lipase from Candida rugosa on ZIF-8
synthesized via a solvothermal method using methanol as the solvent.[*?

Oxidoreductase enzymes such as glucose oxidase and peroxidase are widely
investigated immobilized enzymes for biosensing. Glucose oxidase was encapsulated on
ZIF-8 by Zhang et al., and the biocatalyst surface was modified with streptavidine. The
obtained complex reacted with the biotinilated antibodies specific for galectin-4, that is
a marker expressed in cancer cells. The authors combined the enzyme/MOF
immunoassay composites with a gold nanoclusters (AuNCs-iron(11)) system to construct
a fluorescence immunoassay.?®® Wang et al. prepared a new amperometric biosensor
based on glucose oxidase@ZIF-8 conjugated to graphene nanosheets for glucose

detection, using the intrinsic peroxidase-like property of ZIF-8 to reduce the hydrogen
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peroxide produced by the glucose oxidase.® Wu et al. investigated the catalytic
efficiency of the enzymatic tandem system constituted by glucose oxidase and
horseradish peroxidase immobilized on ZIF-8 for glucose detection via a colorimetric
assay.[*

The immobilization of peroxidases was also investigated, among them, the catalase, an
enzyme that specifically decomposes hydrogen peroxide, with several applications such
as wastewater treatment, and biosensing.®® For example, Shieh et al. immobilized the
peroxidase catalase in ZIF-90 (a MOF obtained by the combination of Zn** ions and
imidazole-2-carboxaldehyde).They investigated the activity of the catalyst in presence
of protease, an enzyme that cuts the peptide bond, observing a high stability of the
biocatalyst in presence of the protease.X Du et al. immobilized a catalase in ZIF-8 via
a in situ encapsulation, in presence or absence of a protective coating of
polyvinylpyrrolidone, and compared the activity of the different biocatalysts obtained.
Both biocatalyst were 10 times recyclable, with a retention of activity around 70% and

90% for the uncoated and coated biocatalyst, respectively.**"]
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Table 3.2. enzymes immobilizes onto ZIFs (ZIF-8" and ZIF-90?) and their biocatalytic applications.

ZIF Enzyme Immobilization conditions application Remarks Ref.

ZIF-8  Lipase from Post synthesis physical adsorption hydrolysis and trans- Immobilization on external surface 1207]
Burkholderia cepacia esterification

ZIF-8  Lipase from Biomimetic mineralization hydrolysis mechanosynthesis 17l
Alicagenes sp.

ZIF-8  Lipase from Candida  Co- precipitation transesterification Encapsulation of enzyme in hydrogel coated by (212]
antarctica B Core-shell structure ZIF-8

ZIF-8  Lipase from Candida  Post-synthesis physical adsorption  Hydrolysis and stabilizing Solvothermal synthesis of ZIF-8 and post (202]
rugosa solid for emulsions modification with polydopamine before physical

adsorption of lipase

ZIF-8  Lipase from Biomimetic mineralization catalysis Hydrothermal synthesis (206]
Aspergillus niger Enhanced activity after ultrasound treatment

ZIF-8 B —galactosidase Biomimetic mineralization Coating shell for survival of hydrothermal (146]

cells in harsh environment

ZIF-8  Glucose Oxidase Biomimetic mineralization Biosensor hydrothermal (208]

ZIF-8  Catalase Co-precipitation of coated enzyme  catalysis hydrothermal (211]

ZIF-8  Lysozyme, BSA, BHb  Post synthesis physical adsorption  Antimicrobial activity of LYZ ~ Hydrothermal synthesis of hierarchical micro/meso ~ *°!

ZIF-8

ZIF-8  peptide harboring iron  Biomimetic mineralization Catalyst for polymerization Precursors incubated with traces of methanol L181]
porphyrin DhHP-6

ZIF-8  Catalase Biomimetic mineralization Catalysis/ crystal growth Different morphology of crystals associated to (213]
(+ HRP, GOX, Lipase mechanism Zn/2-MIM ratio
from bovine pancreas)

ZIF-8  Trypsin Post synthesis physical adsorption  catalysis on metal-organic (214]

in column with continuous flow framework—polymer monolith hybrids

ZIF-8  bovine hemoglobin vs  Post synthesis physical adsorption  H,0, and phenol detection Hydrothermal synthesis (215]
synthetic Heme
protein

ZIF-8  Glucose Oxidase Co-precipitation of coated enzyme  Glucose biosensor Hydrothermal synthesis (209]

ZIF-8  Urease Co-precipitation vs Biomimetic catalysis PVP-modified urease in co-precipitation, 1180]

mineralization hydrothermal synthesis
ZIF-8  Urease, HRP Lipase,  Biomimetic mineralization Crystal growth Hydrothermal synthesis. Shape of crystals affected ~ 1°"!

BSA

by type of enzymes
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ZIF-8 GOx/hemin

ZIF-8  GOX/HRP
ZIF-8 HRP
ZIF-8  Cytochrome-c

ZIF-90 Catalase

Biomimetic mineralization

Biomimetic mineralization
Co-precipitation from reverse
micelles

Co-precipitation

In situ encapsulation

Glucose sensor

For in-vivo applications in
living rats brain

Glucose biosensor

catalysis
Biosensor for organic

peroxides
Catalysis_ H,0O, degradation

Hydrothermal synthesis

Hydrothermal synthesis
Tandem system
Reverse micelles of water in cyclohexane

PVP-modified cyt-c

[276]

[99]

[217]

[184]

[210]

'ZIF-8 = ...Zn/ 2-methyl imidazole.
2ZIF-90 = Zn/imidazolate-2-carboxaldehyde
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3.3.2 Immobilized enzymes on silica

Although MOF materials are having an increasing interest as supports for enzyme
immobilization, mesoporous silica is still one of the most investigated materials to this
purpose. This because this carrier has a high versatility. Indeed, mesoporous silica can
easily be functionalized and eventually coupled to magnetic matrixes or entrapped in
gels for new hybrid supports. Recent works investigated the use of functionalized
mesoporous silica as carriers for drug deliveryt**?#2 and for the internalization of
biomolecules in cells and tissues.**??”! However the use of mesoporous silica for
enzymatic immobilization is very appealing as demonstrated by the huge number of
scientific papers published in the past two year (2016-2017) summarized in Table 3.3.

As far as concerns the immobilization of lipase on silica matrix, it is worth mentioning
the work of Gao et al. who immobilized Candida antarctica B lipase in dendritic silica
based colloidosome nanospheres (a silica support with center-radial porosity). They
obtained a biocatalyst of enhanced stability in comparison with free and commercial
immobilized enzymes. Moreover, in that work the retention of activity with respect to
the as synthesized catalyst was investigated towards temperature and solvents, obtaining
a retention of 49 %, after exposure to 50°C for 6h, and over 100% after exposure to t-
butanol for 96 h.?#1 Alli et al. covalently immobilized Candida rugosa lipase on core-
shell magnetic silica and fibrous silica nanoparticles to test the activity on different
supports.??*?2! Kalantari et al. reported the synthesis of octadecylalkyl-modified
mesoporous silica nanoparticles for physical immobilization of lipase from Candida
rugosa. The observed enhanced activity of the immobilized biocatalyst respect to the
free enzyme was attributed to the high hydrophobicity and to the large pore size of the

support. Karimi immobilized Burkholderia cepacia lipase in super paramagnetic iron
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oxide nanoparticles covered by silica and amino functionalized silica. The obtained
biocatalyst was used for the transesterification of triacylglycerols.’?? Sadighi et. al
physically immobilized Thermomyces lanuginosa lipase on metal chelated MCM-41 for
the esterification of valeric acid with ethanol to obtain ethyl valerate (an apple
flavor).?®! Metal ions Co?", Cu?*, and Pd*" were chelated on the surface of the silica
support to investigate the effect on lipase adsorption capacity. These metal ions
facilitate a multipoint enzyme attachment through cysteine thiol groups. A good
catalytic activity (over 70%) was retained after a 14 days storage.

Maroneze et al. developed a new hybrid platform for biosensing, constituted by a ionic
liquid-alkoxysilane modified silica, bound to Pt nanoparticles, thus obtaining a
peroxidase-like activity. The glucose oxidase, adsorbed on the surface of this hybrid
platform allowed the oxidation of glucose and the formation of H,O,. The hydrogen
peroxide was then detected by a colorimetric assay through the peroxidase-like activity
of Pt.?®! Balistreri et al. investigated the kinetics and the catalytic efficiency of GOx
covalently immobilized on SBA-15 and MCF with similar pore volume and surface
areas but different pore diameters. They observed a higher loading and activity on the
supports with large pores. Moreover the MCF-based biocatalyst showed a high
resistance to solvents at high temperature®*”! compared to the free enzyme. Paulami et
al. investigated the activity of GOx physically adsorbed on mesoporous silica to obtain
a glucose biosensor.”?®! The covalent immobilization of the bienzymatic system
constituted by GOx and HRP on mesoporous SBA-15 was one of the tasks of this work.
The performance of the biocatalyst towards the biodegradation of aromatic model
molecules such as ferulic and caffeic acid was investigated. Paper Il deals with this

topic.
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Table 3.3 enzymes immobilizes onto mesoporous silica and their applications

Silica support Enzyme Immobilization Application remarks Ref.
conditions

Dendritic silica based Lipase from Candida Physical adsorption Biodiesel Enhanced stability respect free and (2]

Colloidosome nanospheres  antarctica B commercial immobilized enzyme

Core-shell mesoporous Lipase from Candida rugosa  Covalent binding with Not given Different supports tested [222.223]

silica and fibrous
mesoporous silica
Modified MCM-41

C18-MSN

Amino grafted
Fe304@8i02
Epoxy
SBA-15

Wrinkled silica NP

SBA-15 with various
porosity

Core-shell Fe;0,@MCM-
41

SBA-15 with two
silanizing agents

SBA-15, MCF, KIT-6
with various porosity
Magnetic silica
microbeads
Mesoporous silica

Lipase from Thermomyces
lanuginosa

Lipase from Candida rugosa

Lipase from Burkholderia
cepacia

Lipases from Candida
antarctica Thermomyces
lanuginose, and Rhizomucor
miehei

Lipase from Candida rugosa

lipase B from Candida
antarctica
Lipase from Candida rugosa

lipase from Rhizomucor
miehei

feruloylesterases from
Myceliophthora thermophila
Laccase from T. Versicolor

Laccase from Aspergillus sp.

glutaraldehyde

Physical adsorption on
external surface

Physical adsorption

Covalent binding with
glutaraldehyde
Covalent binding with
the epoxy-
functionalized support

Physical adsorption

Physical adsorption

Covalent binding with
glutaraldehyde
Physical adsorption+
Covalent binding with
epoxy

physical adsorption

CLEAs on magnetic
silica
covalent bond via GA
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Chemical synthesis

Kinetic study
Biodiesel

Biodiesel

Esterification reaction

glycerolysis reaction
Transesterification reaction

Kinetic study

Transesterification reaction
Bioremediation

Bioremediation,
degradation of

Apple flavor

octadecylalkyl- modified
mesoporous-silica nanoparticles

operational stability up to 20, 14 and
7 runs for the TLL CAL and RML
respectively

highly ordered, radially oriented
porous improve the activity of
enzyme

Diacylglycerol synthesis

GPTMS/OTES both in the silica
surface

[225]

[229]

[224]

[230]

[231]

[41]

[232]

[47]

[233]

[234]

[235]



Silica/Imi/PtNP/
Amino-propyl silica

SBA-15; SBA-3; MCM-
48

macro/mesoporous silica
sphere (HMMS)
Mesoporous silica/carbon
paste electrode

SBA-15 conjugated to
CMC and PVA

Magnetic MPS using
tannic acid as a templating
agent

Hierarchical micro/meso
silica particles

Glucose Oxidase
B-galactosidase/ lysozyme

Poliphenol oxidase
catalase

Glucose oxidase
Papaine

nitrile hydratase from

Rhodococcus rhodochrous

Catalase

Physical adsorption
Entrapment/
covalent

Physical adsorption

adsorption

adsorption

Post synthesis
adsorption/cross-linking

Covalent binding with
GA

Covalent binging with
GA

chlorophenol

Glucose biosensor
Catalyst and antimicrobial
for milk treatment

Kinetic study

Catalytic application
Glucose biosensor
Proteolysis

Catalysis:
biotransformation of 3-
cyanopyridine to

nicotinamide
Degradation of H,0,

Ferrocene as mediator

enhanced pH, thermal and storage
stability than free enzyme

New method for magnetic MSP,
improved thermal, pH, mechanical
and storage stability of the catalyst
compared to free enzyme

Fast mass transfer due to hierarchical
micro/meso

[226]
[236]

[237]

[238]

[239]

[240]

[241]

[242]
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Chapter 4: Characterization

techniques
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The characterization of the free enzymes, the supports, and the immobilized biocatalysts
were carried out to study their physico-chemical properties by means of different
techniques. The structure of the supports and of the immobilized biocatalysts was
investigated by X-rays scattering/diffraction and electron microscopy techniques. In
particular, SBA-15 mesoporous silica, and enzyme@SBA-15 biocatalysts were
characterized by small angle X-ray scattering and Transmission Electron Microscopy
(TEM) ZIFs support and enzyme@ZIF biocatalysts were characterized by X-ray
diffraction (XRD) and scanning electron microscopy (SEM). N, adsorption/desorption
isotherms (BET) were used to estimate surface area and pore size of the porous
materials. Thermo gravimetric Analysis (TGA) and FT-IR spectroscopy were used to
confirm the chemical functionalization of the supports and the effective immobilization
of the enzymes. Electrophoretic light scattering were used to determine the zeta

potential of enzymes and particles.

4.1 Small Angle X-ray Scattering (SAXS)

When the atoms of a sample are hit by X-rays, the energy associated to the photons of
the radiation can be absorbed or scattered by the sample. If the radiation is scattered
elastically, that is without energy transfer (Rayleigh and Thomson scattering), the
electrons oscillate with the same frequency of the incident radiation, coherent waves are
produced. The radiations scattered by sample regions of different electronic densities
give rise to interference phenomena that can be revealed by a detector. This
constructive, destructive or partial interferences produces the SAXS pattern. The

observed interference pattern depends on the source and the wavelength A of the
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primary beam, the 20 angle between the incident ray and the scattered ray, and the
distance, d, between the atom layers, according to the Bragg's law:
nA=2dsind (4.1)

where, n is a positive number that indicates the order of the diffraction.

A crystalline phase or an amorphous phase with ordered array of pores (i.e. mesoporous
silica) have characteristic patterns that can be characterized with XRD or SAXS,
respectively. Amorphous ordered mesoporous silica (OMS) materials (MCM-41 and
SBA-15) have long range ordered channels, large d-spacing and large wall thickness, so
the scattering appears at small angles included in the typical region of a SAXS (0.1-

10°). Fig. 4.1 shows a schematic representation of a typical SAXS experiment.

—SBA-15 typical pattern
X-rays g &
5 ay 20< /%

ACUK« =1.542 A /Q\§ Scattefedr \ = 908

e ==~~~ ) hexagonal 2D

&
Primary beam Incidentray

detector Q&Y

Fig. 4.1 a scheme of the SAXS measurement. The primary beam hits the sample, the
intensity of the scattered ray is revealed by the detector and measured as a function of
the vector q. Each sample produces a typical pattern, with peaks in typical position. In
this image the pattern of SBA-15 is reported.

In a SAXS experiment the angular dependence of the scattered intensity is usually

reported as a function of the scattering vector, g (nm™):*!

q = (4n/\)sind (4.2),
which can also be written as:
=2 43
q== (4.3)

A SAXS plot is a complex curve of the scattered intensity I, as a function of q:
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1(q)= KxP(q)xS(q) (4.4)
where K is a constant that depends on the surface/volume ratio; P(q) is the form factor,
that gives information about shape and density distribution of particles; S(q) is the
structure factor that gives information about particle-particle interactions, inter-particle
distance and degree of order. In the SAXS plot three distinct regions can be identified
and used to obtain different information about the sample under investigation. In the
Guinier region, where q values tend to zero, information about the size (gyration radius)
of the particles can be obtained. In the Fourier region and in the Porod regions (high g
values) information about the shape of particles and the surface per volume can be
obtained, respectively.’?*3?*1 |f a sample has a long range order, SAXS analysis allows
the characterization of its phases (lamellar, hexagonal, cubic), and the determination of
the lattice parameter a. For a hexagonal phase (i.e. SBA-15) a is calculated by the

formula:

2
azdﬁ\/(h2+k2+hk (4.5)

Where d is the distance between the plans, while h and k are the Miller indexes (h, k, I).

4.2 Powder X-rays Diffraction (XRD)

When a crystalline powder undergoes an X-ray beam, all possible interatomic planes
can be hit by the rays. X-ray diffraction (XRD) occurs when X-ray wavelength A and
the distance between atom layers in the sample have a comparable size. This means
that, according with the Bragg’s law (eq. 4.1) and differently by SAXS, the explored
angular region ranges from 5° to 50°. The geometrical 3D topology of atoms produces

peaks of characteristic position and intensity. This allows to determine the unit cell
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lattice parameters, the crystal structure, the crystallites dimensions, the d-spacing and to
carry out quantitative analysis of the crystal phases. A scheme of XRD measurement

and a typical patter are reported in Figure 4.2

—ZIF-8 pattern
, Detector ~
id diffracted % :
Incident rays 2
beam B D
7 k)
e L SN A7 L £
sample J
T 4 TR =
5°<29<50° 10 20 30 40 50
angle (20)

Fig. 4.2 a scheme of the XRD measurement. The incident beam hits the sample, the
diffracted rays are revealed by the detector. Variation of the angle produce a series of
peaks. The XRD pattern of a ZIF-8 sample is reported.

4.3 Transmission electron microscopy (TEM) and scanning electron

microscopy (SEM)

In the transmission electron microscopy (TEM) technique, a beam of electrons,
generated from a cathode filament of an electron gun, is accelerated towards a sample,
by a high voltage electric field. 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
CCD-camera.”® |f 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. TEM is a powerful technique for the structural characterization of mesoporous
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silica. Fig.4.3 shows an image of a typical hexagonal phase of ordered mesoporous

silica (i.e. SBA-15)

Fig. 4.3 Transmission electron microscopy images. A) an SBA-15 sample, showing
projections of the hexagonal cylindrical pores, B) a ZIF-8 sample.

In scanning electron microscopy (SEM), electrons are emitted from a cathode made of
tungsten or lanthanum hexaboride. The primary beam of electrons is focused in 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.l?**?%1 SEM can be used to
characterize particle shape/morphology of enzyme supports. Fig. 4.4 shows the SEM

image of ZIF-8 and a lipase immobilized on ZIF-8 samples.
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Fig. 4.4 Scanning electron microscopy images. A) a ZIF-8 sample, B) an immobilized
lipase on ZIF-8.

4.4 N, adsorption desorption isotherms

Surface area and pore size distribution are textural parameters commonly determined by
means of N, adsorption/desorption isotherms. According to the Brunauer Emmett and
Teller theory,! the multilayer physical adsorption of an inert gas on a surface of a
material can be interpreted as an extension of the monolayer Langmuir theory which
can be applied to each layer, with the assumption that gas molecules interact with
adjacent layers without influencing the interaction with the deeper layers. The equation
is:
1 1 c-1P
V(%—l) B CVm CVmP_O

(4.6)

where, P and P, are the equilibrium pressure and the saturated vapor pressure of the
adsorbate at the temperature of adsorption, respectively; V and V. are the volume
occupied by all molecules adsorbed at equilibrium pressure and the volume occupied by

of the monolayer adsorbate, respectively; ¢ is the BET constant related to the
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. . 1 _ P
temperature of adsorption. From eg. 5.1, by plotting VPa/P—D) as a function of o a
0 - 0

-1 : 1 :
slope of 27 and an intercept of . can be determined, and used to calculate the

m m

surface area of the sample with the following formula;

(Vin*No*am)
22.414*xweight of sample

(4.7

Surface area (m?/g) =

Where Ny is the Avogadro number and an, is the surface area of N, at 77 K.

The measurement of pore diameter and pore volume of microporous and mesoporous
materials is obtained by means of this technique. These parameters are usually
calculated by the desorption branch of the isotherm. In mesoporous materials, during
the adsorption of an adsorbate capillary condensation can occur. Firstly the pores are
partially occupied by the adsorbate, the capillary condensation occurs in the small pores
before than in big pores, then the pressure increases until all pores are fully occupied.
The capillary condensation occurs at a vapor pressure that is lower than the saturation
vapor pressure of the pure adsorbate. This happens since the smaller the radius of the
capillary is, the more van der Waals forces increase inside the space of the capillary. In
the desorption step, the pressure decreases and the gas evaporates from the system with
a the desorption isotherm a slight different from the adsorption one. Hence, the capillary
condensation phenomenon is associated to the presence of an hysteresis cycle.

The porosity in mesoporous materials is analyzed by means of the BJH (Barrett, Joyner,
Halenda) model, that provides information about pore distribution and diameter.

According to this model, the pore size distribution is calculated as a variation of the
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ratio Volume adsorbed / pore Width as a function of the pore width. The pore diameter
distribution is calculated by the Kelvin-Wheler equation (6.3):

p 2y V,,cos6
InZ = — M2 (4 )
Py RTTy

Where P is the equilibrium vapor pressure and Py is the saturation vapor pressure of the
adsorbate, P/Pg is the relative condensation pressure, R is the gas constant, T is the
absolute temperature, r, is the porous radius, y is the surface tension of the condensed
adsorbate, Vy, is the molar Volume of the adsorbate and 0 is the contact angle between
the solid surface and the liquid (condensed) adsorbate.

From the Kelvin equation it is possible to determine the radius of the pores

2yVmcoso

Y., = —_—
p RTInF/p

(4.9)

The IUPAC classifications of physisorption isotherms and hysteresis loops®*® are
reported in Fig. 4.5. The type | isotherms are characteristic of microporous materials. At
low values of p/py a rapid increase of adsorbate is observed, corresponding to the filling
of micropores. A plateau, where no further adsorption occurs, is quickly reached.
Finally at high values of p/po the rapid increase of the adsorbate corresponds to the
liquefaction. The type Il isotherms occur on macroporous or not porous solids. The
thickness of the adsorbed layer increases progressively with the relative pressure. The
knee of this type of isotherm (the arrow in Fig.4.5A), indicates the formation of
molecular multilayers. The ordinate of this point is the monolayer capacity, namely the
mass of adsorbate that fully covers a mass of solid with a monomolecular layer. The
type I isotherm is typically observed in non porous materials with weak adsorbent-

adsorbate interactions, it shows a convex shape. The type IV isotherm is typical of
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mesoporous materials. In the first part of the isotherm the trend is similar to that
observed in the type Il. Above the point indicated by the arrow (Fig. 4.5A-1V), the
multilayer filling starts. However, in the mesopores the capillary condensation occurs,
leading to a second knee. During the desorption branch, the partial pressure p/po
required to reach the equilibrium results in a different amount of adsorbate subtracted to
the system. This leads to an hysteresis cycle. The type V isotherm presents a hysteresis
loop and it is observed in porous materials with weak interactions adsorbate-adsorbent.
Type VI isotherm occurs in materials characterized by morphological and energetic
uniformity and no porosity. Each step indicates a filling stages of an individual layers.
the plateau sections between the steps, indicate that, in that specific pressure intervals,
the amount of adsorbed gas is very low. The hysteresis loops (Fig.4.5B) are ascribable
at four types: H1 hysteresis loop, with parallel and vertical branches, is typical of pores
with parallel channels and narrow size distribution. H2 hysteresis loop is typical of
interconnections among pores of different size and shapes. H3 hysteresis loop is
associated to the porosity of aggregates of plate-like particles. H4 hysteresis loop is
ascribable to narrow slit-shaped porest?*él.

The type 1V isotherm with H1 hysteresis is typical of mesoporous silica SBA-15 with
monomodal distribution of pores, while the Type | isotherm is typical of microporous

materials such as the zeolite imidazolate framework ZIF-8.
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Fig. 45 A) physisorption isotherms; B) hysteresis loops according to the IUPAC
classification. Reproduced from ref.[?*®!. Open access content.

4.5 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is the measurement of the mass loss of a sample
during a ramp of controlled heating. The resulting plot is reported as a mass loss % as a
function of temperature, generally in Celsius degrees. Typical mass losses occur at
characteristic temperatures such as around the evaporation temperature of water or the
structural decomposition of organic components of a sample. In some cases it is also
possible to observe the increase of mass %, that occurs when the decomposition of the
sample causes reactions with molecules of the atmosphere. The horizontal ranges of the
curve are the regions of stability of the sample. The obtained curves are characteristics
for each type of materials. The first derivative of the curve (DTG) is often used to better

visualize the temperatures where the slope of the TGA changes.?*%!
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Fig. 4.6 examples of TGA plots. A) ZIF-8 TGA and B) derivative

4.6 Attenuated total reflection (ATR) accessory for FTIR

spectroscopy

The Attenuated Total Reflection (ATR) is an accessory of modern infrared (FTIR)
spectrometers which allows the non destructive direct analysis of a liquid or solid
sample without necessity of the KBr pellet. The infrared light passes through the ATR
crystal with a high refractive index, directed according to a certain angle. Therefore,
using the property of total internal reflection of the crystal, the light undergoes multiple
reflections causing an evanescent wave that hits the sample in contact with the crystal.
The evanescent wave goes through the crystal surface and penetrate the sample only for
some microns (0.5 p - 2 W), but deeply enough to be absorbed by the sample. The
typical vibration modes of common functional groups and those investigated in this

PhD thesis are reported in Tab.4.1.
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Tab. 4.1 vibration modes of typical bonds that can be identified by means of IR
spectroscopy.

Typical vibration modes Wavenumbers (cm™) Ref.s
C-H stretching 2850-2960 11221
C-H bending 1340-1465 L122]
C-C stretching 700-1250 11221
C=C stretching 2100-2260 L122]
HC=—CH stretching 2100-2260 11221
O-H stretching 3590-3650 L122]
Hydrogen bonds 3200-3570 11221
C=0 stretching 1654-1780 L122]
N-H stretching 3200-3500 11221
N-H bending 1546 [219]
Amide 1 and amide |1 1650 and 1550 it
Si-O-Si symmetric stretching 800 [219]
Si-O-Si asymmetric stretching 1067-1070 [219]
C=N stretching 1584 [250]
Aromatic rings bending 900-1350 12501
Zn-N stretching 421 [250]
Evanescent waves

Sample

Crystal ——

4 Total internal reflection >
A

Infrared beam (in) Infrared beam (out)

Fig. 4.7 A scheme of the total reflection of crystal and the evanescent wave that
penetrates the sample. The picture is an adaptation from an image available in the
website https://www.chromacademy.com/infrared-training.html

4.7 Zeta potential from Electrophoretic Light Scattering

The application of an electric field to a solution containing charged colloidal particles,

causes their movement towards the electrode carrying the opposite charge. The
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viscosity of the medium hinders the movement, and at equilibrium the velocity of
particles becomes constant and depends on the applied voltage, the dielectric constant
and the viscosity of the medium, and the electrical potential of the moving particles.
The zeta potential, ¢, is the electric potential of charged colloidal particles in solution,
measured at the slipping plane, that is an unknown region within the double layer which
includes, besides the particles itself, also solvent molecules and adsorbed ions.

Electrophoretic light scattering (Doppler shift spectroscopy) is a technique which
permits the measurements of zeta potentials. the light scattered from the moving
particles undergoes a Doppler shift of frequency (Av), that can be monitored and
measured. The electrophoretic mobility (u.) is related to the Doppler frequency shift by

the relationship:

sin (9
Av = 2u, > 2 (4.10)

where L. is the electrophoretic mobility, 8 is the scattering angle and A the wavelength
of incident light. From L, value the zeta () potential can then be calculated:

__ 2&0f(ka)

e (4.11)

He

where & (g&) and n are the dielectric constant and the viscosity of the medium,
respectively; k is the reciprocal of the Debye length and f(ka) is the Henry function, a
scalar number ranging from 1 to 1.5 (Hickel and Smoluchowsky limits) that indicates

the mobility delay caused by the ionic medium.
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Fig. 4.8 A representation of a charged particle in a electrolyte solution. A large value of
zeta potential means that the solution is stable, particles have no tendency to
aggregation. A low value of zeta potential, particles aggregate or flocculate. This picture
is adapted from a PDF file available in the website https://www.malvern.com/en

4.8 Enzymatic concentration and activity measurements

The measure of the concentration of an enzyme in a solution, in terms of protein content
is an important parameter, used for calculation of loading, according to the following
equation.[®

([Plo—[P1£)V—[PlwVi (4.12)

Msupport

q =
where [P], is the protein concentration at time 0, [P] is the protein concentration at the

final time, [P],, is the protein content in the washing solution, V is the volume of the

reaction solution, V,, is the volume of the washing solution.
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Commonly, spectrophotometric assays are used for this purpose. As aromatic residues
of tyrosine and tryptophan absorb at A = 280 nm, using the Lambert-Beer’s law (A =
ebc, where b is the path length of the cuvette and € is the extinction coefficient of the
absorbing specie, c is the concentration of the protein), the absorbance can be measured
and the concentration of proteins calculated. Another common test is the Bradford
assay®Y, very useful for diluted protein solutions as it is a very sensitive test. Bradford
assay is a colorimetric test based on the interaction between the Coomassie brilliant blue
and aromatic amino acids and arginine. The detection occurs at the wavelength of
595nm. The absorbance is calculated by comparison with a calibration curve of a
standard protein, generally Bovine Serum Albumin (BSA).

The activity tests used un this PhD work are two well known spectrophotometric assays:
the ABTS and the p-nitrophenyl butyrate assays®>%*?>31. A complete description of the
procedure is reported in the published papers (Paper Il for ABTS assay and Paper 111 for
p-nitrophenyl butyrate assay). The figure 4.9 shows the typical equipment and

procedure adopted for measurements, and the scheme 4.1 shows the reactions involved.

o ——Sample 1
- ) ——Sample 2
probe ——Sample 3
e 8
| | g
spectrophotometer | | :
. . | <
equipped with probe l
12 13
samples
Time (min)

Fig. 4.9 An example of activity measurements. A spectrophotometer equipped with a
probe was used to determine the increase of absorbance of the product of reaction. The
reactions require constant temperature (i.e. 25°C).
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ABTS, 2,2'-azino-his(3-ethylbenzothiazoline-6-sulphonic) acid
cation radical
detected at A=415 nm

B
?_
o7 \[ j o
o) Llpase \O\ )k/\
o]
4-nitrophenyl 4-nitrophenol butanoic
butyrate CH4 acid

detected at A=400 nm

Scheme 4.1 The reactions involved in activity measurements in this PhD work. A) The
activity of the bienzymatic sequential system GOx-HRP was detected with the ABTS
assay (papers Il1). B) The lipase activity was detected with the p-nitrophenyl butyrate
assay (paper IlI).
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Aim of the thesis

The aim of this thesis work was the study of different enzyme immobilization
techniques on SBA-15 mesoporous silica and zeolite imidazolate frameworks (ZIF-8)
supports. Different enzymes were chosen for different immobilization strategies.

Firstly, the synthesis and functionalization of ordered mesoporous silica (SBA-15
particles was carried out. The samples were characterized by means of small angle X-
rays scattering, N, physisorption, thermo gravimetric analysis and FTIR spectroscopy.
The first investigated immobilization method was physical adsorption, SBA-15 and
amino functionalized SBA-15-NH; were the adsorbents and lysozyme the adsorbate. In
these systems the intermolecular interactions responsible of enzyme adsorption are
electrostatic forces, hydrogen bonds and van der Waals interactions. A change of pH or
of ionic strength are generally considered to modulate the loading of the adsorbed
enzyme. The effects of the change of the weak electrolyte (buffer) used to fix pH, or of
the salt used to regulate ionic strength are not generally considered. The loading of the
physically adsorbed on on SBA-15 and amino functionalized support, SBA-15-NH,
was in fact modulated by the different buffers and salts used to fix pH and ionic strength
respectively (PAPER I).

The covalent immobilization of the bienzymatic system constituted by glucose oxidase
and horseradish peroxidase in amino functionalized SBA-15, was then investigated. The
loading and the activity of the various immobilization conditions were evaluated,
showing that the catalyst was strongly affected by the drying process. An application in
bioremediation was tested, by investigating the degradation of the model phenolic

molecules, ferulic acid and caffeic acid (PAPER I1).
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Metal Organic Frameworks are new promising host materials for immobilization of
enzymes. Thus, the encapsulation of Lipase AK from Pseudomonas fluorescens and
Lipase RM from Rhizomucor miehei was carried out into ZIF-8. The obtained
biocatalysts were characterized by means of N, physisorption, SEM, and XRD, TGA,
and FTIR spectroscopy. The loading and the catalytic activities of lipase@ZIF-8
biocatalysts were then measured via spectrophotometric methods. The effect of the
molar Zn: Ligand ratio and of the pH on the synthesis process was investigated. The
stability and recycling of the best catalyst obtained was finally studied (PAPER I11).

All these studies are described in detail in the following attached papers. The main
findings of this studies are finally summarized in the conclusions chapter at the end of

the thesis.
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Cugia, F., Sedda,S., Pitzalis, F., Parsons, D.F. , Monduzzi M., Salis A. “Are specific
buffer effects the new frontier of Hofmeister phenomena? Insights from lysozyme
adsorption on ordered mesoporous silica” RSC Advances, 6 (2016) 94617-94621.
DOI: 10.1039/C6RA17356J
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Lysozyme adsorption on mesoporous silica at pH 7.15 is buffer
specific. The synergistic action of buffers and salts induces relevant
effects on the charged interfaces, and thus on lysozyme loading.
These findings, rising doubts on the validity of the Henderson-Has-
selbalch equation, suggest the occurrence of Hofmeister phenomena
also for buffers.

Hofmeister (ion specific) effects are phenomena related to the
chemical nature of electrolytes. Although they are ubiquitous in
all chemical, colloidal, and biological systems,'~* they cannot be
quantified in terms of the conventional physico-chemical
theories (i.e. Debye-Hiickel, DLVO, etc.). These are limit theo-
ries, based on electrostatics, and valid at infinite dilution only.
The gap between theories and Hofmeister related experiments
is usually very large since the ion specific effects are generally
observed at high concentrations in the presence of strong
electrolytes 0.3-3 M.® This is very far from the validity's domain
of both limit laws, and their extensions (valid up to 10 ‘to107?
M).* Nevertheless, it has been demonstrated that high concen-
trations of strong electrolytes are not strictly necessary to
observe ion dependent phenomena. Several experiments
showed that ion specificity occurs at physiological salt
concentrations (0.1-0.15 M), and even below.”® Very recently,
the occurrence of ion specificity at low salt concentrations
(Hofmeister charging) has found a theoretical basis.” The
finding that Hofmeister effects occur at low salt concentrations
poses new questions. Can the weak electrolytes used for buffers
give Hofmeister effects? According to the Henderson-Hassel-
balch equation,® they should not. In biochemistry, it is

“Department of Chemical and Geological Sciences, University of Cagliari-CSGI and
CNBS, Cittadella Universitaria, 5.5. 554 Bivio Sestu, 09042-Monserrato, CA, Italy.
E-mail: i ica.it; i ica.it

"School of Engineering and Information Technology, Murdoch University, 90 South St,
Murdoch, WA 6150, Australia

+ Dedicated to Prof. Barty W. Ninham for his 80'" birthday.

} Electronic supplementary information (ESI) available: Experimental details and
additional experimental data. See DOI: 10.1039/c6ra17356)

This journal is @ The

86

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal | View Issue

Are specific buffer effects the new frontier of
Hofmeister phenomena? Insights from lysozyme
adsorption on ordered mesoporous silicati

Francesca Cugia,® Silvia Sedda,® Federica Pitzalis,® Drew F. Parsons,”
Maura Monduzzi*® and Andrea Salis*®

necessary to use a buffer to fix the pH of the experiment. This
procedure has been used in many ‘Hofmeister related’ studies,
in particular on protein aggregation, electrophoretic mobility
and enzyme activity.*'"** Typical buffer concentrations are in the
range 10-100 mM. The implicit assumption is that, due to their
low concentration, the buffer jons should not display any
specific effect. This is not so. Indeed we recently observed that,
even at the same nominal pH, lysozyme electrophoretic
mobility was buffer dependent.*® The conventional wisdom says
that protein charges - and hence electrophoretic mobilities -
depend on pH only, regardless of the buffer used to fix it. As
shown below, here we confirmed and extended that work.** It
should be acknowledged that the original idea to investigate
specific buffer effects is due to B. W. Ninham. Following his
pioneering work on restriction enzymes,'” we then observed
specific buffer effects on pH measurements,™ and lipase activ-
ities."” Moreover, by looking at the literature more in detail,* we
found that similar specific buffer effects were discerned for DNA
mobility,® protein stability,>* antibody aggregation,*-=*
swelling kinetics of polyelectrolyte gels*” etc. Hence, buffers,
besides setting pH, may specifically interact with surfaces to
modulate their effective charges.* This is not considered in the
Henderson-Hasselbalch model for buffer action.*

Ordered mesoporous silica (OMS) materials have shown
a very high propensity towards the adsorption of proteins and
enzymes.* ' The most common OMS materials (i.e. MCM-41,
SBA-15), besides a very high surface area, have pore sizes in
the range 2-10 nm. These features allow for the penetration of
proteins inside the inner architecture of the OMS particles.”**
When an enzyme is adsorbed on OMS an immobilised bio-
catalyst is obtained.* In nanomedicine applications, OMS can
be used to adsorb antibodies or other proteins which either act
as targeting agents (molecular recognition), or as therapeutics
which require a sustained release.”® The potentiality of OMS-
proteins composites has promoted a growing interest in
different applied fields.* In these systems protein/silica inter-
facial interactions play a fundamental role. It is widely
acknowledged that the pH and the ionic strength of the

RSC Adv, 2016, 6, 94617-94621 | 94617
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Scheme 1 Schematic representation of the experimental procedure.

adsorbing solution affect the interactions.**** Less investigated,
but not really surprising, is that ions affect specifically protein
adsorption on silica.*® Generally ‘ion-specific’ works are carried
out by fixing pH by means of a buffer and then varying the salt
type and/or concentration.""** Here, our purpose is to demon-
strate that, besides strong electrolytes, also weak electrolytes,
used to fix pH, play a specific role. This has not yet been
investigated systematically. The system chosen to this purpose
was the physical immobilisation of lysozyme (LYZ) on SBA-15
and amino functionalised SBA-15 (SBA-NH,), which we
studied in the presence of different buffers (pH 7.15) and
different 0.1 M salts. The performed experiments are described
in the ESI filef and schematised in Scheme 1.

Briefly, LYZ adsorption on SBA-15 (or SBA-NH,) mesoporous
silica was carried out at 298 K and pH 7.15 in the presence of
different buffers (Tris, BES, phosphate, and citrate), and quan-
tified through spectrophotometry at i = 280 nm. Buffers
dissociation equilibria and pK, values are listed in Table 1.
Phosphate and citrate are typical buffers occurring in living
systems. Tris and BES are commonly used in biochemistry labs.
The pK,s values listed in Table 1, confirm that all buffers would
have a good ‘buffering action’ at a physiological pH = 7-7.4. LYZ
adsorption was carried out also in the presence of different 100
mM sodium salts, namely: NaCl, NaNO; and NaSCN (and for
some experiments also NaBr and Nal). Firstly, the SBA-15
and SBA-NH, adsorbent materials were synthesised and

View Article Online

Communication

characterised according to the procedures reported in the ESI
file.] Textural characterisation of SBA-15 (Fig. S1 in ESIf)
provided a surface area (BET) of 777 m> g ! and a maximum of
the pore size distribution (BJH) at 6.4 nm (Table S1 in ESI{). The
functionalisation with aminopropyl group to obtain SBA-NH,
resulted in a decrease of both surface area to 398 m* g ', and
pore size to 5.9 nm. The structural characterisation, carried out
through SAXS, showed that both SBA-15 and SBA-NH, have an
ordered hexagonal structure with a lattice parameter of 11.7 nm
and 11.6 nm, respectively (Fig. S1C and D, ESI{). The func-
tionalisation with the aminopropyl group produced a change of
the sign of the silica surface charge, as demonstrated through
potentiometric titrations. The curves of surface charge density
(o) as a function of pH (Fig. S1F, ESI{) (obtained in the absence
of buffers or other electrolytes) showed that, at pH 7.15, ¢ of
SBA-15 is negative (—0.04 C m °), while that of SBA-NH, is
positive (+0.23 C m 2]. This means that, in the absence of any
added electrolyte, the two materials have opposite surface
charges. Therefore we can expect that the adsorption of LYZ
(isoelectric point: pI = 11) is much more favoured on SBA-15
than on SBA-NH,.

This is demonstrated in Fig. 1 where LYZ adsorption is re-
ported for the two silica matrices in the presence of different 10
mM buffers, at the same pH 7.15. In the case of SBA-15 (Fig. 1A)
LYZ loading is always higher than 250 mg g ', and increases
along the series Tris < BES < phosphate < citrate. Interestingly,
the use of citrate instead of Tris buffer, resulted in a loading
increase of 44%. A very low loading (in the range 0-10 mg g™ ")
was instead obtained for LYZ adsorption on SBA-NH,. This was
expected on the basis of electrostatic considerations. For
comparison, we also measured LYZ loading by adjusting pH at
about 7.15 with addition of strong acid/base. We obtained
aloading of 159 + 58 mg g ' for SBA-15 and about zero for SBA-
NH,. We assign the high uncertainties to the difficulty to
control pH without using a buffer. From the results in Fig. 1 we
can argue that the chemical nature of both silica surfaces and
buffers is relevant in addressing the observed phenomena.
Recent experiments suggested that buffer jons adsorb

Table 1 Buffers used in this work and their pK; values at 25 °C. Extracted from ref. 40

Buffer name Dissociation equilibrium pK,
on oH
/
. . . T N
Tris [tris(hydroxymethyl) aminomethane] X e e 8.06
[how T [ eew
on
o o,
— —
- o o =
Bes [N,N-bis-(2-hydroxyethyl)-2-aminoethanesulfonic acid] (N‘:\LL!_,, s (N‘\ Ig o oup 7.09
I D T
Hﬂ[ HQ[
o /D H0 o4
Phosphate \\P{_ — \,P/-/\ * e 7.22
W W
Ho.,_o oo
- o 2 P %
Citrate s ,r . _0,”\} o 6.40
b
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Tris. BES Phosphate Citrate

Fig.1 Effect of 10 mM buffers (pH 7.15; T = 298 K) on LYZ adsorption
on SBA-15 mesoporous silica.

specifically at LYZ surface, thus modifying its effective electric
charge, thus affecting its electrophoretic mobility.'* Zeta
potential () measurements shown in Fig. 2 confirm those
previous results. Indeed, at pH 7.15, LYZ carries a positive net
charge thus a positive { value would be expected, independently
of the buffer used to fix pH. But Fig. 2A shows that the { values
depend significantly on the buffer, and decrease along the
series Tris > BES > phosphate > citrate. The effect of buffers on {
measurements was here investigated also for the silica matrices.
In the case of SBA-15 (Fig. 2B) { values are always negative and
do not depend on the different type of buffer significantly. On
the contrary, in the case of SBA-NH, (Fig. 2C), { values display
a clear specific buffer dependence exactly as observed for LYZ
(Tris > BES > phosphate > citrate). Remarkably, confirming what
previously observed for LYZ,'® citrate gives a reversal of zeta
potential from positive to negative values also for SBA-NH,.
These results demonstrate that the specific effect of buffers is
important for LYZ and SBA-NH,, but not for SBA-15. Hence, the
effect of the buffer (at pH 7.15) can be related to the presence of
the positively charged amino groups at the SBA-NH, surface,
and amino, imidazole and guanidino groups at LYZ surface.
Differently, the negatively charged silanol (SiO ) groups of
SBA-15 are negligibly affected by the different buffers. It is
evident that buffers' anions, particularly citrate buffer (consti-
tuted by the divalent hydrogen citrate and the trivalent citrate
anions, see Table 1) displays a very high affinity and selectivity
towards binding at the positively charged interfaces. Hence,
a combination of electrostatic, and van der Waals interactions
could be suggested to justify the observed trends.* In fact,
a more detailed approach has recently been proposed.®** The
effects of increasing the buffers' concentration (from 10 mM to
100 mM) on LYZ loading on SBA-15 was also studied, as shown
in Fig. S2 (ESI{). The increase of the buffers' concentration also
affected the absolute value of zeta potentials of SBA-15 (see

BES Prazahate Crate

25 Tns

[ A
10 >
5|
: &
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Fig. 2 Specific buffer effects on zeta potential of (A) LYZ (B) SBA-15 (C)
SBA-NH; (T = 298 K; pH = 7.15; buffer concentration 10 mM).
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Fig.3 Effect of strong electrolytes on LYZ zeta potential in different 10
mM buffers (pH = 7.15).

Fig. S3 ESI). However, the increase of buffer concentration did
not provide any significant advantage to loading, therefore we
used a 10 mM buffer concentration to evaluate the effect of
adding strong electrolytes.

Different 100 mM sodium salts were added during the LYZ
loading experiments on SBA-15 and SBA-NH,. The investigated
anions were CI~ and SCN, that are located respectively in the
middle and at the ‘chaotropic end’ of the Hofmeister series, and
NO;  which is in between these two. Fig. 3 shows the effect of
the salt addition on {-potentials of LYZ in different buffer
solutions. The salt addition produces negative { values on LYZ
in the presence of all buffers except BES, probably due to the
zwitterionic nature of this buffer. Fig. 4A and B show the effect
of salt addition on {-potential of the two silica matrices in the
presence of Tris (cationic) and citrate (anionic) buffers. These
buffers were selected since, in the absence of added salt, they
gave the lowest and the highest LYZ loading on SBA-15,
respectively (Fig. 1). In the case of SBA-15, the addition of salt
just decreases the absolute value of {-potentials as a result of
cations' binding to the negatively charged silica surface.

For SBA-NH, besides the effect of NaCl, NaNOj;, and NaSCN,
we also investigated the effect of NaBr and Nal, as shown in
Fig. 4B. Also in this case the addition of 100 mM sodium salts
decreases {-potentials, but a ‘bell shaped’ Hofmeister series is
observed (when anions are ordered by the conventional series)
in the presence of both buffers. Interestingly, SBA-NH, sample
is more sensitive than SBA-15 to both buffer and salt type as
shown by the corresponding {-potentials. Definitely, the addi-
tion of salts reduces significantly the surface charge in all cases,

B 0 mt) 5
B 100 mM NaGl
-10 2 M 100 it Nasr
B 100 mhi NaNO3
B 100 mid Nai
W 100 mii NaSCN
s P
£ g
] by}
-40

A L} 103
W 100 mhi NaSCN

Citrate 10 mM - Tris Citrate

Tris 10 mh{
Buffer Type Buffer Type
Fig. 4 Effect of salt and buffers on ¢ potentials of (A) SBA-15; (B) SBA-
NH2.
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but does not cancel the effect of buffers in the cases of the two
positively charged surfaces of LYZ and SBA-NH,.

Finally, let us focus on LYZ loading in the presence of buffers
and salts. Fig. 5 shows the results for the two silica matrices in
Tris and citrate buffers: for SBA-NH, the effects of NaBr and Nal
are also enclosed. In the case of SBA-15 (Fig. 5A) in Tris buffer
a LYZ loading increase along the series ‘No Salt’ < NaCl < NaBr
<< NaSCN was observed. In citrate buffer, instead, ions speci-
ficity was lost. Evidently, the background buffer, used to set the
pH, triggers a further dependence on the anion type of the
added strong electrolytes. In the case of SBA-NH,, LYZ loading
data, in the presence of NaCl, NaBr, and NaNOj;, are very low
(<20 mg g ). Strikingly, the addition of either Nal or NaSCN
induced a huge increase of loading. This high loading is ach-
ieved for both buffers (and also for BES and phosphate buffers:
see Fig. S4 in ESI{). Fig. 5 shows another noteworthy result: in
the presence of 100 mM NaSCN (or Nal), LYZ loading obtained
for SBA-15 (Tris buffer) and SBA-NH, (all buffers) is very similar.
In a recent interesting work Meissner et al. proposed a model
for the calculation of the maximum uptake capacity of SBA-15.*
Arough comparison between the adsorption data of the present
and that work would lead to the conclusion that the very high
loading obtained here for SBA-15 and SBA-NH, in the presence
of 0.1 M NaSCN (or Nal) exceed the maximum loading capacity.
In fact, although the Meissner model is highly reasonable, this
is based on geometric considerations of pore size and pore
volume of the sorbent material as well as LYZ size. There might
be several explanations for that apparent inconsistency. In
particular, we argue that the different method used to calculate
the pore size might be the main cause.* Indeed we used the BJH
method (ESI{), whereas the KJS method was used by Meissner
et al.** 1t has been shown that different methods can result in
different pore sizes.** Moreover, we cannot exclude that, in
addition to adsorption, an unwanted LYZ co-precipitation
phenomenon may occur. A systematic investigation of the
reasons of the high loading observed in the presence of 0.1 M
Nal and NaSCN is, although of extreme interest, beyond the
scopes of this work which was mainly devoted to investigate the
specific effect of buffers.

The high LYZ loading observed for SBA-NH, found in the
presence of the most polarisable anions I and SCN , might be
due to their ability to counteract, and exceed both the

800 ~ B

700 B 100 mi NeSCN

L {mgig)

L (mg/g)

Tris 10 mM

Citrate 10 mM

Tris 10 mM

Citrate 10 mM

Buffer Type Buffer Type

Fig. 5 Effect of buffers (10 mM) and added salts (100 mM) on LYZ
loading at 298 K and pH 7.15 on (A) SBA-15; (B) SBA15-NHa.
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electrostatic repulsion between the positively charged LYZ and
SBA-NH, surfaces. Definitely, the effect of NaSCN (and Nal) is so
strong to overcome all other types of interactions or buffer
specific effects involved in LYZ loading. This striking result
cannot be justified in terms of electrostatic interactions only,
since salt addition reduces significantly all surface charges, as
demonstrated by {-potential data shown in Fig. 3 and 4. Indeed,
the LYZ loading around 600-700 mg g ' obtained for both
positively and negatively charged silica matrices, is likely
promoted by non-electrostatic interactions mainly. A recent
work investigating the effect of ionic strength on the adsorption
and release of lysozyme from SBA-15 at pH 7 (10 mM phosphate
buffer),* showed that a high ionic strength (1 M NaCl) favours
the LYZ adsorption but not its release. Here we fixed pH (7.15)
and ionic strength (100 mM) but varied the nature of the buffer
used to set pH, the salt used to set ionic strength, and the
sorbent surface. The fact that buffers and salt ions give rise to
different loadings suggests that they interact specifically with
LYZ and silica surface sites, thus affecting their actual dissoci-
ation constants and effective surface charges.”*"** The main
outcome is that protein loading on OMS is the result of the
complicated interplay among the specific effects of the buffers,
the salts, and the charged interfaces. Sometimes the dominant
effect is due to the buffer, sometimes to the salt, sometimes
both matter. In this work the buffer effect is more important for
LYZ loading on SBA-15 (Fig. 1), whereas the specific anion effect
is strong also for SBA-NH, sorbent (Fig. 5B).

Finally, we remark that the consequences of this work go
beyond the specific case described here. The Henderson-Has-
selbalch equation, known to be one of the pillars of chemistry,
considers buffers action only in terms of the pK, of the weak
electrolyte. But in the presence of charged interfaces the buffer
species tend to adsorb thus modifying the effective surface
charges and the physico-chemical behaviour of the system.
Here, a competition between buffer and salt ions for adsorption
on LYZ and OMS surfaces can clearly be inferred. Hence,
specific buffer effects would require to be included in the
plethora of phenomena that we classify as ‘Hofmeister effects’.
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Are specific buffer effects the new frontier of Hofmeister
phenomena? Insights from lysozyme adsorption on ordered
mesoporous silica

Francesca Cugia,® Silvia Sedda,® Federica Pitzalis," Drew F. Parsons,® Maura Monduzzi,** and

Andrea Salis**

Department of Chemical and Geological Sciences, University of Cagliari-CSGI and CNBS,

Cittadella Universitaria, S.S. 554 bivioSestu, 09042- Monserrato (CA), Italy;

School of Engineering and Information Technology, Murdoch University, 90 South St, Murdoch,

WA 6150, Australia

Material and methods
Chemicals. Pluronic P123 (PEO,)PPO;(PEO,y), tethraethylorthosilicate (TEOS 98%), hydrochloric
acid (37%), 3-aminopropyltriethoxysilane (APTES; 97%), lysozyme (E.C.3.1.1.17) from hen egg
white (70,000 units/mg; 62971), NaH,PO, (99%); sodium chloride (> 99%; S3014), sodium
thiocyanate (> 98%; 251410) and sodium phosphate dibasic (> 99.5%; S0876), sodium hydroxide
(> 97%; 221465), and N,N-Bis-(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES > 99%; B9879)
were purchased from Sigma-Aldrich. Sodium nitrate (> 99%; 205960010), sodium bromide (99%),

and sodium iodide  (99%) were purchased from  Acros  Organics.  Tris
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(hydroxymethyl)aminomethane (> 99.8%; 1610719) was from Biorad. Citric acid (> 99.5%; 27490)

was purchased from Fluka.

Synthesis of SBA-15 and SBA-NH,. SBA-15 mesoporous silica was prepared according to the
method previously reported by Zhao et al [1]. In a typical synthesis, triblock copolymer Pluronic
P123, as a structure-directing agent, was dissolved in a mixture of millipore water and hydrochloric
acid under magnetic stirring at 35 °C. Once the swrfactant was completely dissolved, tetraethyl
orthosilicate (TEOS) was added as the silica source. After aging at 100 °C for 24 h in a sealed
teflon autoclave, gels were filtered, washed with deionized water, and dried in air at 40°C for 24 h.
Finally, dried powders were thermally treated to remove the surfactant at 550°C for 5Sh. SBA-NH,
was prepared by adding 1 mL of APTES to a suspension of 1 g SBA-15 in 30 mL of dry toluene
under refluxing condition for 18 h. Resulted amino-functionalized material was collected by
filtration, washed properly with acetone to remove the unreacted reagent, and was dried overnight

under vacuum at room temperature

Characterization of SBA-15 and SBA-NH,. A S3-MICRO SWAXS camera system (HECUS X-
ray Systems, Graz, Austria) was used to recorder SAXS patterns (1200 s). Cu Ko radiation of
wavelength 1.542 A was provided by a GeniX X-ray generator, operating at 50 kV and 1 mA. A
1D-PSD-50 M system (HECUS X-ray Systems, Graz, Austria) containing 1024 channels of width
54.0 pum was used for the detection of scattered X-rays in the small-angle region. Transmission
electron microscopy (TEM) images were obtained on a JEOL 100S microscope. Finely ground
samples were placed directly onto formvar-coated electron microscopy nichel grids. A
Thermoquest-Sorptomatic 1990 was used for the nitrogen physisorption isotherms at 77 K. Before
analysis, pure silica samples were heated up to 240 °C at a rate of 1°C min™! under vacuum. The
BET [2] and BJH [3] (calculated from the desorption branch) methods were used to calculate the

specific surface area, the total pore volume and the pore size distribution. Fourier Transform
2
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Infrared (FTIR) spectra were determined through a Bruker Tensor 27 spectrophotometer equipped
with a diamond-ATR accessory and a DTGS detector. A number of 64 scans at a resolution of 2 cm-
I were acquired in the range 4000-400 cm!. Surface charge densities of SBA-15 and SBA-NH,

were determined through potentiometric titrations according to the procedure reported in ref. [4].

Electrophoretic mobility measurements. Zeta potential (£) measurements of either mesoporous
silica or lysozyme in buffer and buffer-salt solutions were carried out through electrophoretic light
scattering (laser Doppler velocimetry) technique by means of a Zetasizer nano series (Malvern
Instruments). A weighed amount of lysozyme powder was dissolved in a 10 mM sodium phosphate
buffer (pH 7) solution to obtain a final concentration of 1 mg/mL. NaCl was dried overnight at
110°C and cooled at room temperature in a desiccator. Different amounts of NaCl were then added
to 100 mL of the lysozyme solution obtaining a concentration range 1 mM - 200 mM. A small
volume of the resulting solution was introduced in a scattering cell for the measurement of the
electrophoretic mobility. Experiments were repeated 3-5 times. Each value of mobility is the
average of 5-7 measurements obtained by mediating 20 simple readings per each salt concentration.

Standard deviations were calculated and displayed as error bars in Fig.s 2-4.

Lysozyme adsorption on mesoporous silica. Different samples of SBA-15 (or SBA-NH,) having
the same mass (12.5 mg) were suspended in different tubes each containing 1 mL of a 10 mg/mL
lysozyme solution in 10 mM (Tris, BES, phosphate, citrate) buffer at pH 7.15. The suspensions
were kept at constant temperature of 25°C under orbital shaking in an incubator for 24h. The
suspension was centrifuged for 5 min at 4000 rpm and washed twice with 0.5 mL of fresh buffer
solution. The concentration of lysozyme in the supernatant was analyzed by an UV-Vis
spectrophotometer at a A = 280 nm. The loading of lysozyme adsorbed onto SBA-15 (L. = mg/g),

was calculated according the following formula:
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LLW = ([Ly‘:i]_[L_)Cr ])XV_[Lizu"]lyw (1)

' m,

Where, [Lyz]; is the lysozyme concentration (mgry,/MLgution) at t=0; [Lyz], is the residual
concentration of lysozyme in the solution (mgry,/MLowion) at time t= 24h; [Lyz], is the
concentration of lysozyme in the washing solution (mgpy/MLsomtion); ¥ 18 the volume of the
lysozyme solution (mL), V;, is the volume of the washing solution, and i is the mass (g) of either

SBA-15 or SBA-NH,. The same experiment was also carried out in the presence of different 100

mM salts (NaCl, NaNOs, NaBr, Nal, NaSCN).

Results

Characterisation of SBA-15 and SBA-NH,.

Table 1. Characterization of SBA-15 and SBA-NH, obtained through N,- adsorption/desorption

isotherms, SAXS, and zeta potential.

Sample  Sprr (M%g)?* V, (cm¥g)® d, (nm)¢ a (nm)!
SBA-15 777 1.1 6.4 11.7

SBA-NH, 398 0.8 59 11.6
a Surface area calculated with the BET method
® Pore volume
¢ Pore diameter calculated through the BJH method applied to the desorption branch
d Lattice parameter calculated from the equation a=2d,0/N3, where d g is the spacing of the (1 0 0)
plane of the hexagonal array (p6mim) of the pores.
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It is presently extremely challenging to realize an active immobilized multi-enzyme biocatalyst which
allows to run in vitro multi-step cascade reactions. This work deals with the obtainment of a bienzy-
matic immobilized biocatalyst constituted by Glucose Oxidase (GOx) and Horseradish Peroxidase (HRP)
immobilized onto SBA-15 mesoporous silica. The effect of co-immobilization (GOx/HRP@SBA-15) versus
the separated immobilization (GOx@SBA-15/HRP@SBA-15), and the effect of covalent versus physical
immobilization, on protein loading and enzymatic activity were investigated. Regardless the different
immobilization strategy used, it was found that the catalytic activity could be retained only if the
immobilized bienzymatic biocatalyst was kept wet. The obtained wet GOx/HRP@SBA-15 biocatalyst
could be recycled 14 times keeping a good activity. Finally, the bienzymatic biocatalyst was tested for
the oxidation of two model phenolic (caffeic acid and ferulic acid) pollutants of agricultural waste-
waters, as olive mill wastewaters (OMWs). The biocatalyst was able to reach a 70% conversion within

Phenolic compounds 15 min.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Ordered mesoporous silica (OMS) is a promising material for
several technological applications because of its outstanding fea-
tures [ 1]. Among the different possible applications, OMSs are be-
ing used in nanomedicine [2,3], adsorption [4], inorganic catalysis
[5], and biocatalysis [6]. In particular, the use of OMSs as enzyme
supports for immobilized biocatalysts seems to be a very feasible
application, as demonstrated by the huge number of papers and
recent reviews [6—9]. Among the enzymes immobilized on OMSs,
which retained their activity after the immobilization, there are:
chloroperoxidase [10], lipase [11,12], cytochrome ¢ [13], xylanase
[13], lysozyme | 14], myoglobin [15], laccase [16], subtilisin [17], and
many others [ 18]. The easiest method to carry out enzyme immo-
bilization is physical adsorption. For physically adsorbed enzymes
immobilization conditions, i.e. pH [15], ionic strength and electro-
lyte type have been shown to affect both enzyme loading and ac-
tivity [19]. In general covalently bound enzymes are more stable to
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harsh reaction conditions and can be reused for several reaction
cycles [20].

Most of previous works investigated the immobilization and
the catalytic activity of only one enzyme immobilized on
OMS. Very less common is the immobilization of two enzymes
which work sequentially [21]. For example, Hartmann and co-
workers were likely the first to immobilize glucose oxidase and
chloroperoxidase on SBA-15 OMS to obtain a “tandem biocata-
lyst” [22]. The importance of that approach is due to the fact
that chloroperoxidase is known to be susceptible to oxidative
deactivation by hydrogen peroxide. In situ H,0, formation
through enzymatic glucose oxidation, carried out by glucose
oxidase immobilized on SBA-15, was indeed found to avoid this
problem.

Glucose oxidase (GOx; E.C.1.1.3.4) [23] and Horseradish peroxi-
dase (HRP; E.C. 1.11.1.7) | 24] are two versatile redox enzymes which
are being used in biosensing [25,26], tissue engineering [27], and
are very promising candidates for green chemistry [28] and
bioremediation applications [29]. GOx oxidizes glucose to gluco-
nolactone and reduces oxygen to H3O0, using flavin adenin
dinucleotide as the cofactor. HRP is a heme protein which uses H,0,
to oxidize various aromatic substrates. It has been shown that,
similarly to chloroperoxidase, also HRP is a.
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“suicide” enzyme, that is inactivated by high concentrations of
its own substrate (H,0;) [22,30-33]. Hence, HRP activity could be
retained by producing in situ a controlled amount of H,0,. This
suggests the combined use of GOx and HRP for the realization of a
bienzymatic biocatalyst.

GOx and HRP enzymes have been immobilized on several
supports [21]. Most of those works were interested to the
realization of a glucose biosensor [34,35]. But a novel and
interesting application might be their use in bioremediation.
For example, Phuoc et al. used GOx and HRP encapsulated onto
phospholipids—templated silica, for the removal of polycyclic
aromatic hydrocarbons from wastewaters [29]. Another inter-
esting application is the oxidation of recalcitrant phenolic
compounds. These compounds are present in the aqueous
effluents of some important agricultural processes like coffee
[36] and olive oil production [37]. Phenolic compounds are
highly pollutant substances which need to be removed before
their release in the environment. Besides phenolic compounds,
OMWs also contain carbohydrates, and glucose in particular
[37]. This suggested us the possibility to use a GOx/HRP@OMS
bienzymatic biocatalyst for the treatment of the recalcitrant
phenolic compounds for bioremediation purposes in particular
of OMWs which is a big issue in the Mediterranean area [ 16,37].
To the best of our knowledge, this application has not been
proposed yet.

In the present work we wanted to reach the following two goals.
Firstof all we investigated different strategies for the obtainment of
an active bienzymatic biocatalyst constituted by GOx and HRP
immobilized on SBA-15 OMS. To this purpose, SBA-15 was firstly
synthesized and characterized through different physico-chemical
techniques. According to what shown in Scheme 1, we investi-
gated: i. the optimal enzymatic GOx:HRP mass ratio; ii. the catalytic
activities of the co-immobilized (HRP/GOx@SBA-15) and of the
singly immobilized (HRP@SBA-15 and GOXx@SBA-15) enzymes; iii.
the effect of the drying process on the enzymatic activity. The reuse
of the biocatalyst for several reaction cycles was also demonstrated.
The second goal was to give a “proof of concept” that the obtained
active bienzymatic biocatalyst could be used for the detoxification
of agricultural wastewaters, such as OMWs, which contain both
glucose and recalcitrant phenolic compounds. To this purpose a
model wastewater containing glucose and either caffeic acid or
ferulic acid was used a substrate solution for the bienzymatic
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biocatalyst. Caffeic acid and ferulic acid are two model recalcitrant
phenolic compounds, common pollutants of olive mill and coffee
production wastewaters [ 16,29,36].

2. Materials and methods
2.1. Chemicals

Glucose oxidase (GOx) type VII from Aspergillus niger lyophilized
(145 U mg '), Horseradish peroxidase (HRP) type I lyophilized
salt free (250 U mg '), 2,2'-azinobis-(3-ethylbenzothiazoline-6-
sulfonate) diammonium salt (ABTS, >98%), glutaraldehyde (50 wt
% in H20), tetraethylorthosilicate (TEOS, 98%), pluronic copolymer
P123, 3-aminopropyltrimethoxysilane (APTES, 97%), bovine serum
albumin (BSA, 98%), Bradford reagent, sodium phosphate dibasic
(ACS Grade, >99%), citric acid monohydrate (>99%), ethanol (98%),
were purchased from Sigma-Aldrich. Sodium phosphate monobasic
monohydrate (>99%) was purchased from |.T. Backer. Sodium citrate
(ACS Grade >99%) was purchased from Aldrich. Glucose (ACS
Grade >99%) was purchased from Carlo Erba. Ferulic acid ((E)-3-(4-
hydroxy-3-methoxyphenyl)prop-2-enoic acid, >98.0%), caffeic acid
((E)-3-(3,4-dihydroxyphenyl)prop-2-enoic acid, >95.0%), were from
Fluka (Milan, Italy). Milli-Q water (resistivity > 18.2 MQ cm Tat
25 °C) was used for all buffer and enzymatic solutions. Phosphate
buffer 0.1M pH 8, and 0.025M citrate buffer pH 5 were used for to
prepare the enzymatic solutions for the immobilization process.

2.2. Synthesis and characterization of SBA-15 mesoporous silica

SBA-15 mesoporous silica was synthesized and functionalized
with APTES according to the method described in previous works
[20]. Small angle X-rays scattering (SAXS) patterns were recorded
for 3600 s by means of a S3-MICRO SWAXS camera system (HECUS
X-ray Systems, Graz, Austria). Cu-Ko. radiation of wavelength
1542 A was provided by a GeniX X-rays generator, operating at
30 kV and 0.4 mA. A 1D-PSD-50M system (HECUS X-ray Systems,
Graz, Austria) containing 1024 channels of width 54.0 pym was used
for the detection of scattered X-rays in the small-angle region.
Transmission electron microscopy (TEM) images were obtained on
a JEOL 100S microscope. Finely ground samples were placed
directly onto Formvar-coated electron microscopy nichel grids.
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Scheme 1. Flow diagram of the experimental work.
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Textural analysis was carried out using an ASAP2020
(Micromeritics), by determining the N adsorption/desorption
isotherms at 77 K. Before analysis, pure silica samples (SBA-15)
were heated up to 250 °C at a rate of 1 °C/min under vacuum, while
the functionalized samples (SBA-15-NH;, GOx/HRP@SBA-15) were
outgassed overnight at 40 °C. The specific surface area, and the pore
size distribution were assessed by the Brunauer-Emmett-Teller
(BET) and BJH methods, respectively.

Fourier Transform Infrared (FTIR) spectra were determined
through a Bruker Tensor 27 spectrophotometer equipped with a
diamond-ATR accessory and a DTGS detector. A number of 256
scans at a resolution of 2 cm ' were acquired in the range
4000400 cm ™.

2.3. Immobilization of GOx and HRP on SBA-15

2.3.1. Covalent co-immobilization

The covalent co-immobilization of GOx and HRP on SBA-15,
to obtain the GOx/HRP@SBA-15 biocatalyst, was carried out by
putting in a 2 mL Eppendorf test tube 25 mg of amino func-
tionalized SBA-15, 550 puL of 0.1 M phosphate buffer at pH 8, and
20 pL of glutaraldehyde solution (50 wt% in H20). The test tube
was left under stirring for 30 min until the white silica particles
became red. Then the excess of glutaraldehyde was removed
through extensive washing of the functionalized sample with
fresh buffer. Two separated solutions of GOx and HRP both, at
the concentration 2 mg/mL, were prepared by dissolving
the enzymatic powders in 0.1 M phosphate buffer at pH 8. The
GOx solution (2 mg/mL) and the HRP solution (2 mg/mL) were
suitably mixed together to obtain different mass ratios
(GOx:HRP = 1:1; 2:1; 3:1; 5:1 7:1). Then, 1 mL of the resulting
bi-enzymatic solution was added to an Eppendorf test tube
containing the glutaraldehyde-activated silica support, and left
under stirring in an Eppendorf thermomixer at 25 °C for 48h.
The protein loading of the immobilized biocatalyst was deter-
mined according to what reported in the next paragraph.
The bienzymatic biocatalyst was collected by centrifugation,
washed three times, and dried overnight under vacuum at room
temperature (dry biocatalyst). Alternatively, the samples were
stored and then checked for activity without performing the
drying step (wet biocatalyst).

2.3.2. Separated covalent immobilization

The separated immobilization of GOx and HRP on SBA-15, to
obtain the GOx@SBA-15/HRP@SBA-15 biocatalyst, was carried
out by putting in a 2 mL Eppendorf test tube 5 mg of amino
functionalized SBA-15, 550 uL of 0.1 M phosphate buffer at pH 8,
and 20 pL of glutaraldehyde (50 wt% in H20). Then 200 puL of
either a HRP solution (2 mg/mL in 0.1 M phosphate buffer at pH
8) or a GOx solution (2 mg/mL in 0.1 M phosphate buffer at pH
8) were added. The samples were left under stirring for 48 h. The
dispersion was then centrifuged and the obtained solid was
washed twice with fresh buffer. The immobilized biocatalysts
were both kept wet, and collected together to get 10 mg of
immobilized bienzymatic biocatalyst to be used for the activity
measurements.

2.3.3. Physical immobilization of HRP

The physical immobilization of HRP on SBA-15-NH2 was carried
out by adding to 5 mg of amino-functionalized support 200 pL of a
2 mg/mL HRP solution in either citrate buffer (0.025 M; pH 5) or
phosphate buffer (0.1 M; pH 8). The samples were left under stir-
ring for 48 h. The dispersion was then centrifuged and the obtained
solid was washed twice with fresh buffer. After the immobilization

step the obtained biocatalyst was dried under vacuum or left wet
according to what described above.
All samples were prepared at least in triplicate.

24. Determination of protein loading

The protein loading of the immobilized biocatalysts was deter-
mined by measuring the protein concentration of the immobilizing
solution at fixed times. The protein concentration was obtained by
means of a spectrophtometric calibration line (A = 595 nm)
prepared using a Bradford microassay. BSA solutions in 0.0125 M
phosphate buffer at pH 8 in the concentration range 0.5-8 pg/mL
were used to build the calibration curve.

Unless differently specified, protein loading, g (mgprotein x gsan15)
was calculated according to the equation [38]:

" (1Plo = [PIf)V = Pl Vaw -

Mspa_15

where, [P]pand [P} are the protein concentration (mgpotein/MLsolution)
attime t= 0 and t = 48h; Vis the volume of the protein solution (mL),
mspa-15 is the mass of SBA-15 (g).

The kinetics of loading process was investigated by measuring
the protein concentration decrease at fixed times. Then different
kinetic models were used to calculate the protein loading at
equilibrium (g.). According to a previous study [38], we fitted the
kinetic data through the following equations:

t
qe = aq;-;—t (2)

where, q; is the protein loading at time t.
Alternatively, kinetic data were analyzed by means of a pseudo-
second order model [39]:

t 1 1

— +—t
qc kaqz e

(3)

where k; is the pseudo-second order rate constant (h g mg!).
Finally, data were also analyzed through an ‘intraparticle diffu-
sion’ model [39]:

qe=x+kit'? (4)

where k; (mg g ' h'/?) is the intraparticle diffusion constant, and x;
is the intercept.

2.5. Activity assays

The enzymatic activities of the co-immobilized and singly
immobilized biocatalysts were determined by UV/Vis spectropho-
tometry. A volume of 5600 pL of 25 mM citrate buffer pHS5,
20-200 pL of glucose 0.5 M, and 20—-200 puL of ABTS 0.02 M were
added to 10 mg of immobilized bienzymatic biocatalyst. According
to Scheme 2, GOx catalyzes the oxidation of glucose to glucono-
lactone which results in the in situ production of H,0,. The latter is
used by HRP to oxidize ABTS. The formation of ABTS
oxidized product as a function of time is followed by reading the
absorbance at A = 415 nm [40] (molar extinction coefficient,
eapTs = 3.47 x 10° Lmol ' cm ') [41]. Enzymatic activity is defined
as the amount (pmoles) of ABTS transformed per minute (pimolagrs
min ). Specific activity defined as the enzymatic activity per mg of
protein (pmolagrs min ' mg!).
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Scheme 2. Cascade reactions catalyzed by GOx and HRP. A) The oxidation of glucose to gluconolactone leads to in situ H,0, production. B) The latter is a substrate for HRP which

oxidizes ABTS?~ to ABTS*.

2.6. Stability of the immobilized bienzymatic biocatalyst

In order to investigate the thermal stability of the GOx/
HRP@SBA-15 biocatalyst, a sample of 10 mg was suspended in
500 pL of 100 mM phosphate buffer at pH 8 in an Eppendorf test
tube and incubated in an Eppendorf thermomixer for 1 h at the
selected temperature (25, 30, 35,40 and 50 °C). After that time, the
sample was left to reach room temperature, and the liquid phase
was removed after centrifugation. The enzymatic activity was then
measured through the spectrophometric assay described in the
paragraph 2.5. Each experiment at different temperature was done
at least in triplicate.

The storage stability of the GOx/HRP@SBA-15 wet biocatalyst
was investigated by measuring the enzymatic activity after 10 days
storage at 4 °C by means of the activity assay described in
paragraph 2.5. Experiments were done at least in triplicate.

Operational stability to recycling of the immobilized biocatalyst
was studied by measuring the activity of the immobilized prepa-
ration according to what described in the paragraph 2.5 (1st cycle).
Then the reaction suspension was centrifuged, the liquid phase
removed and the assay repeated adding to the solid (biocatalyst)
phase fresh buffer and substrates (see par. 2.5 for the quantities).
This procedure was repeated 14 times.

2.7. Enzymatic removal of phenolic compounds

The enzymatic removal of the phenolic compounds, ferulic acid
(FAc) and caffeic acid (CAc), was carried out by adding to 10 mg of
immobilized bienzymatic biocatalyst 5 mL of a solution containing
1 mL of the phenolic compound at 5 mg/mL and 4 mL of glucose
0.5M at 298 K. The disappearance of the phenolic compounds was
quantified spectrophometrically by means of suitable calibration
curves obtained at A = 286 nm and A = 310 nm for FAc and CAc
respectively.

3. Results and discussion
3.1. Synthesis and characterization of mesoporous SBA-15

SBA-15 mesoporous silica was firstly synthesized and charac-
terized before to be used as a support for enzyme immobilization.
Fig. 1 shows the structural characterization carried out through
transmission electron microscopy (TEM, Fig. 1A) and small angle
X-rays scattering (SAXS, Fig. 1B). Both techniques confirm that the
synthesized sample has an ordered structure with a hexagonal
array of parallel channels. Moreover, SAXS analysis permits to
measure the lattice parameter a = 11.7 nm. The textural
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characterization was then carried out by determining N, adsorp-
tion/desorption isotherms. The physisorption curve (Fig. 1C) shows
a type IV isotherm with a H1 hysteresis loop, typical of mesoporous
materials with parallel channels. From the adsorption data a sur-
face area of 880 m? g !, and a pore volume of 1.25 cm® g~ ! were
estimated. A monomodal pore size distribution with a maximum at
6.7 nm (Fig. 1D) was calculated through the BJH model. Table 1
summarizes the textural and structural data of SBA-15. The SBA-
15 sample was functionalized with aminopropyltriethoxysilane to
obtain the amino functionalized SBA-15-NH, sample. This was
needed for the covalent immobilization of the enzymes as
described in the next paragraphs. The functionalization procedure
does not change the structure as confirmed by SAXS (Fig. 1B) but
affects the textural properties. Indeed, the surface area became
373 m? g !, pore volume 0.65 cm® g, and pore size 5.5 nm
(Table 1). A possible reason of the observed change of surface area
and pore volume due to APTES functionalization is likely the filling
of SBA-15 microporous volume. Indeed, if we look at the initial part
(low p/p0 values) of the adsorption isotherm (Fig. 1C), we see a
much lower volume of gas adsorbed for SBA-15-NH; with respect
to SBA-15. However, these changes are consistent with what
described in previous works [42—44].

ATR-FTIR spectroscopy was used for a further analysis (Fig. 1E).
The spectrum shows the characteristic IR absorption bands for
Si—0-Si asymmetric and symmetric stretching vibration at the
wavenumbers of 1070 cm™ ' and 800 cm! respectively. One
intense band nearby 450 cm ! is due to Si—O—Si bending. The
broad band around 3300 cm ! is due to the O—H stretching of
adsorbed water. The functionalization with APTES causes the
disappearance of the peak at 980 cm ™!, due to Si—OH vibration,
whereas a weak peak at 1554 cm ! (Fig. 1F) is attributed to the
asymmetric bending of —NH> groups in SBA-15-NH>, and a weak
band around 2940 cm ! is due to the stretching of C—H bond of the
aminopropyl group (Fig. 1F).

3.2. Covalent co-immobilization of GOx and HRP on SBA-15
mesoporous silica

3.2.1. Characterization of GOx/HRP@SBA-15 immobilized
biocatalyst

The covalent co-immobilization GOx and HRP on amino func-
tionalized SBA-15, using glutharaldheyde as the chemical linker,
was firstly investigated. The obtained sample was characterized
through SAXS, N, adsorption/desorption isotherms, and FTIR
spectroscopy. The obtained results are the green curves shown in
Fig. 1B—E. We observe in Fig. 1B that the structure of SBA-15-NH; is
not affected by the enzyme immobilization process, as also
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Fig. 1. Physico-chemical characterization of SBA-15 and SBA-15-NH,; A) TEM image (Bar, 100 nm); B) SAXS pattern of SBA-15 (large panel) and SBA-15-NH, (small panel); C) N,
adsorption-desorption isotherms at 77K; D) pore size distribution calculated from the desorption branch; E) ATR-FTIR spectrum.

Table 1

Textural and structural parameters of SBA-15 and SBA-15-NHa.
Sample *Sger (m? g71) er (em?g~1) “dgyy (nm) “a (nm)
SBA-15 880 125 6.7 1157
SBA-15-NH; 373 0.65 5.5 119
GOx/HRP@SBA-15 166 0.24 3.6 11,8

@ Specific surface area calculated by the BET method.

¥ Cumulative pore volume.

© Pore diameter calculated by applying BJH method to the data of the desorption
branch.

4 Lattice parameter.

confirmed by the same value of the lattice parameter, a = 11.9 nm,
(Table 1). Textural characterization (Fig. 1C—D) instead, gave a
surface area of 166 m? g !, a pore volume of 0.24 cm® g !, and a
pore size of 3.6 nm. The reduction of these textural parameters,
respect to the values of SBA-15-NHz sample, is consistent with
enzyme immobilization within the pores of mesoporous silica
(Table 1). FTIR analysis (Fig. 1F) confirms the successful enzyme
immobilization due to the occurrence of the two peculiar peaks,
amide I and amide I1, at 1650 cm ' and 1550 cm ! respectively [45].

3.2.2. Immobilization kinetics
We then investigated the immobilization kinetics focusing on
the effect of different GOx:HRP mass ratios. This was done because
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Fig. 2. Co-immobilization kinetics of GOx and HRP on SBA-15 mesoporous silica. A) Decrease of protein concentration in the immobilizing solution; B) increase of protein loading
(mg of protein per g of SBA-15) for different GOx: HRP mass ratios; C) fitting of kinetic data with a pseudo-second order model (eq. (3)); D) fitting of kinetic data with an intraparticle

diffusion model (eq. (4)).

a different enzyme mass ratio should result in a different instan-
taneous concentration of Hy0, available for ABTS oxidation. As
shown in the next paragraph, this can either favor or disfavor the
biocatalyst's performance.

Fig. 2 shows the effect of different GOx:HRP mass ratios on the
adsorption kinetics. In particular Fig. 2A displays the increase of
enzyme loading as a function of time. The protein concentration
sharply decreased at initial times (t < 10 h), then reached the
equilibrium after about 24 h. Longer times gave only a small loading
increase (Fig. 2A). Among the used kinetic models - that is, the
pseudo-second order (eq. (3); Fig. 2B) and the intraparticle diffusion
model (eq.(4); Fig. 2C) - the latter is of particular interest since it can
provide useful information about the mechanism of the adsorption
process. In general, enzyme immobilization occurs through a multi-
step mechanism. The plot of the intraparticle diffusion model
reports q; (protein loading at time t) in the y axis versus t'/ in the x
axis. Generally the data can be fitted through 2 or 3 straight lines
having different slopes. Each slope is associated to one of the steps
of the immobilization mechanism. The data shown in Fig. 2C are
indeed consistent with a two step process. Table 2 lists the values of
protein loading at equilibrium (g,) obtained for the immobilization
experiments. The g, values, expressed as mgporein % gséms. range
between 30 and 40 mg g ! for most GOx:HRP mass ratios. The
loading values obtained through fitting procedures (using eq.s (2)
and (3)), were consistent with those obtained by subtracting the
protein amount at the times t = 0 h and t = 48 h (eq. (1)).

3.3. Catalytic activity of the immobilized biocatalyst

3.3.1. Co-immobilized GOx/HRP@SBA-15
The different co-immobilized enzyme (dried) samples having
different GOx:HRP ratios (2:1; 1:1; 1:2; and 1:3) were checked for

Table 2
Protein loading at equilibrium, q., obtained by different kinetic models forGOx:HRP
enzymatic solutions at different mass ratios.

GOx:HRP mass ratio “qe (mg/g) "ge (mg/g) “qe (mglg)
2:1 24 +5

131 38+3 34+ 2 3742
1:2 305 25+2 30+1
1:3 40 + 4 30+ 2 35+ 1
1:5 31+£2 30+1 31+ 0
137 30+4 271 301

? Protein loading at equilibrium calculated through eq. (1).

b Protein loading at equilibrium calculated through eq. (2) (Fig. 2B).

€ Protein loading at equilibrium calculated through eq. (3) (Fig. 2C).
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enzymatic activity. Results in Fig. 3 show that for GOx/HRP@SBA-15
biocatalyst, the ratio GOx:HRP = 1:1 has the highest activity among
those tested. Nevertheless, we noticed that the measured activity
was very low if compared to that of the free enzymes, which was
26.1 umolagrs x min ! for the mass ratio GOx:HRP = 1:1 (data not
shown). An activity loss due to the immobilization process is not a
strange result since already observed in previous works [12].
Nevertheless, in order to understand the possible causes of such a
low activity some qualitative experiments were carried out. The
addition of suitable volumes of aqueous free GOx and free HRP
solutions to two different test tubes containing the immobilized
biocatalyst suspended in the substrate (glucose and ABTS) solution
gave very interesting qualitative results. Indeed, the test tube
containing the free GOx and the co-immobilized biocatalyst
was inactive, whereas that containing the free HRP and the co-
immobilized biocatalyst was highly active. This observation sug-
gests that the immobilized HRP is inactive, whereas the immobi-
lized GOx is still active.

3.3.2 Comparison between the separately immobilized
GOx@SBA-15/HRP@SBA-15 and coimmobilized GOx/HRP@SBA-15
biocatalysts.

In order to try to increase the low biocatalyst activity we tried
different immobilization strategies and compared the corre-
sponding catalytic activities. More in detail, the covalent immobi-
lization of GOx and HRP on SBA-15 was carried out separately to
obtain GOx@SBA-15 and HRP@SBA-15 biocatalysts. In this experi-
ment the immobilized biocatalysts were both dried under vacuum,
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Fig. 3. Enzymatic activity of HRP/GOx@SBA-15 dried biocatalyst at four different
GOx:HRP mass ratios.
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Table 3

Loading and specific activity of the coimmobilized (GOx/HRP@SBA-15) or separately immobilized (GOX@SBA-15/HRP@SBA-15) biocatalysts.
Sample Loading” (mg g™ ) Dry/wet Specific activity (umol min~' mg~')
GOx/HRP@SBA-15 38+3 Dry 16+ 03
GOx/HRP@SBA-15 38+3 Wet 116 + 27
GOx@SBA-15/HRP@SBA-15 2741" Dry/dry 04 +01
GOx@SBA-15/HRP@SBA-15 5410 Dry/dry 020 + 0.06
GOx@SBA-15/HRP@SBA-15 21 4+ 4% Dry/dry 12+ 06
GOx@SBA-15/HRP@SBA-15 21 + 4% Dry/jwet 18+ 8

@ Protein loading calculated by means of eq. (1).

b Loading of HRP on SBA-15. GOx loading on SBA-15is 35 + 2 mgg~'.
© HRP was immobilized by physical adsorption at pH = 5.

4 HRP was immobilized by physical adsorption at pH = 8.

and then mixed together after the immobilization. The activity
was measured by adding a solution containing the mixture of
glucose and ABTS substrates. Also for the separately immobilized
enzymes, GOX@SBA-15/HRP@SBA-15 (Table 3), the specific activity
was 0.4 + 01 pmol min ' mg ! that is even lower than that
measured for the co-immobilized biocatalyst GOx/HRP@SBA-15
(1.6 + 0.3 pmol min~! mg ! Table 3). From previous and present
results we found that the loss of activity is mainly imputable to the
immobilized HRP. Indeed, HRP seems to be more sensitive to the
covalent immobilization process than GOx which keeps its activity
at a higher extent after immobilization both in the singly and in the
co-immobilized biocatalysts. Although the covalent immobilization
generally results in a more stable biocatalyst, it can result into the
distortion of the enzyme structure which may lead to a partial or
full inactivation. Then, in order to determine if the covalent binding
to SBA-15 was critical for HRP, its physical adsorption at two
different pH values (5 and 8) was carried out. Although the loading
of HRP can be modulated by a change of pH in the physical
immobilization process, the activity is again very low and
comparable to that of the covalent immobilized GOx@SBA-15/
HRP@SBA-15 biocatalyst (Table 3). Hence, the use of the sepa-
rately immobilized bienzymatic biocatalyst does not give any
advantage in terms of activity, regardless HRP is covalently or
physically immobilized. The results above have demonstrated that
the activity of the bienzymatic biocatalyst does not depend on the
fact that the enzymes are co-immobilized or singly immobilized on
SBA-15 mesoporous silica. Moreover, not even the type of
immobilization (covalent versus physical)is responsible for the low
activity of the biocatalyst.

3.3.2. Activity of dry versus wet biocatalyst

Another possible reason for the low biocatalyst activity might be
due to the water content of the immobilized preparation. For free
enzymes it is well known that enzymes are better stored in solid
rather than in liquid form [46]. In order to obtain a solid prepara-
tion, water needs to be removed for example through freeze-
drying. This and similar processes are seen to result in a partial or
total loss of enzyme activity which can be limited by the addition of
stabilizers (i.e. carbohydrates) [46]. Forimmobilized enzymes, it is a
common procedure to dry, usually under vacuum at room tem-
perature, the obtained wet biocatalyst. This because a dried prep-
aration can be weighed, manipulated, and stored more easily than a
wet one. Similarly, to the case of free enzymes, it may happen that
the drying process can result in the partial or full enzyme inacti-
vation. In the literature there are contrasting information about this
issue for GOx and HRP enzymes. Dai et al. prepared a modified
glassy carbon electrode by dropping upon it a GOx-HRP/SBA-15
suspension. This modified electrode was used after drying for 3h
in ambient conditions [34]. Yang et al. instead stored the immobi-
lized bienzymatic system suspended in suitable buffer solutions
[47]. Similarly [48], stored the enzymes in aqueous solution at pH 7

and 4 °C. Cao et al. stored the biocatalyst at 4 °C without specifying
if it had been dried or not [35]. Hence, it is of fundamental
importance to understand if the drying process is critical for the
activity of GOx and HRP. For these reasons we measured the activity
of the bienzymatic biocatalyst where GOXx@SBA-15 was, as usual,
dried under vacuum while HRP@SBA-15 was kept wet. The specific
activity of the singly immobilized GOx@SBA-15/HRP@SBA-15
bienzymatic biocatalyst was 18 + 8 pmol min~! mg !, that is
about one order of magnitude higher than the bienzymatic bio-
catalyst where HRP@SBA-15 was dried (Table 3). Even more inter-
esting is the fact that the activity of the wet co-immobilized
biocatalyst was about two order of magnitude higher
(116 + 27 pmol min~! mg ') than that of the same type of dried
biocatalyst. This means that although GOx is less sensitive to drying
than HRP it has, anyway, a substantial benefit to remain hydrated
instead of being dried.

3.4. Stability of the immobilized bienzymatic biocatalyst

34.1. Thermal and storage stability

Once ascertained that the immobilized bienzymatic biocatalyst
is active only if kept wet, it is important to check its thermal,
storage and operational stability. Fig. 4A shows the specific activity
of the immobilized GOx/HRP@SBA-15 biocatalyst after 1 h incu-
bation at different temperatures in the range 25 °C—50 °C. The
immobilized biocatalyst has a slight increase in activity at 30 °C, but
already at 35 °C we observe a sudden activity decrease. Finally, the
incubation at 50 °C results in a quasi full inactivation of the
immobilized biocatalyst. Fig. 4B, instead shows, the storage stability
of the immobilized biocatalyst. GOx/HRP@SBA-15 was stored
for 10 days at 4 °C. The effect of storage was to decrease the
specific activity of the immobilized bienzymatic biocatalyst from
the initial value of 116 + 27 pmol min ' mg ' to about
45 + 9 ymol min~! mg . Previous findings suggest that this low
thermal and storage stability of the bienzymatic biocatalyst is likely
imputable to HRP [49] rather than the more robust GOx enzyme.

3.4.2. Operational stability: biocatalyst recycling

One of the main goals of immobilized enzymes is the possibility
of their reuse. This because enzymes are generally very expensive
respect to traditional chemical catalysts. Besides their high cost,
enzymes are also highly unstable in their native, and active,
conformation. For these reasons, enzyme immobilization permits
to recover the biocatalyst particles (i.e. by filtration or centrifuga-
tion), and also to stabilize the enzyme in its active conformation. In
addition, here we have seen that the hydration of the immobilized
biocatalyst plays an important role to determine the activity. Fig. 5
displays the reuse of the immobilized biocatalyst for different re-
action cycles. In particular, we compared the dry singly immobi-
lized bienzymatic biocatalyst GOX@SBA-15/HRP@SBA-15 (dry/dry)
with that where the immobilized HRP was kept wet (dry/wet), and
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the wet co-immobilized GOx/HRP@SBA-15 biocatalyst. The dry
separately immobilized biocatalyst had a very low specific activity
and became fully inactive at the 7th reaction cycle. The separately
immobilized biocatalyst, where HRP@SBA-15 was kept wet, had
a higher activity that was lost after the 6th reaction cycle. Finally
the wet co-immobilized biocatalyst was very active and could
be reused several times, keeping a specific activity of about
60 umol min~ ' mg ! at the 14th reaction cycle. Hence, although the
bienzymatic biocatalyst was not very stable to the thermal
treatment and storage, its possible reuse for more than 14 reaction
cycles is a remarkable result.

3.5. Enzymatic oxidation of recalcitrant phenolic compounds

A possible application of a bienzymatic biocatalyst could be the
oxidation of water pollutants. For example [29] reported the
oxidation of polycyclic aromatic hydrocarbons through an
immobilized GOx/Hb (Hemoglobin) bienzymatic biocatalyst. Here,
in order to test a potential application of the bienzymatic biocata-
lyst, we investigated the enzymatic oxidation of two phenolic

H GOx@SBA-15/HRP@SBA-15 pH8 (dry/dry)

160 - M GOx@SBA-15/ HRP@SBA-15 (dry/wet)
e B GOXHRP@SBA-15 (wet)
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Fig. 5. Biocatalyst recycling performance. Blue columns refer to the separately
immobilized GOx@SBA-15/HRP@SBA-15 dry biocatalyst (GOx was covalently immo-
bilized on SBA-15; HRP was physically immobilized at pH 8 on SBA-15); red columns
refer to the same separately immobilized biocatalyst but where GOx@SBA-15 was
dried, whereas HRP@SBA-15 was kept wet; green columns refer to the activity of the
covalent co-immobilized GOx/HRP@SBA-15 which was kept wet. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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compounds contained in OMWs. OMWs have a complicated
composition in phenolic compounds, carbohydrates, organic acids
and minerals [37]. Although OMWs are rich in nutrients, their
release in the environment is not possible due to the phytotoxic
action of phenolic compounds. Hence, a way to overcome this
problem is to firstly oxidize phenolic compounds contained in
OMWs. A similar problem occurs in those geographical areas, i.e.
Brasil, where coffee is produced. Torres et al. studied the enzymatic
oxidation of caffeic acid, a recalcitrant phenolic pollutant, con-
tained in wastewaters of coffee production [36]. They compared the
action of peroxidases of different sources by adding different
amounts of H202. As explained above a locally produced H202 is a
key issue for “suicide” enzymes as peroxidases [ 30]. For this reason
the sequential action of GOx and HRP in an immobilized bienzy-
matic biocatalyst seems to be a good option. Moreover, OMWSs
already contain carbohydrates and glucose in particular (from 4.8%
to 13.4%) [37], thus there is no need to add external H;0; as HRP
substrate.

As a proof of concept of the possibility to use the bienzymatic
biocatalyst for the degradation of phenolic compounds contained
in OMWs we prepared two solutions containing glucose and either
ferulic acid (FAc) or caffeic acid (CAc). The disappearance of the
phenolic compounds was investigated spectrophotometrically at
the wavelength of 286 nm (FAc) and 310 nm (CAc). Fig. 6A shows
the decrease of ferulic and caffeic acid concentration due to the
action of the immobilized bienzymatic biocatalyst. Fig. 6B shows
that the two phenolic compounds reached a conversion of about
70% within 15 min. This result is better than what obtained by
Torres et al. that at maximum reached 51% conversion of caffeic acid
within 15 min [36] by means of peroxidase and external addition of
H20>. Thus, although the reaction did not reach completeness, it is
nevertheless fast. Hence, the GOx/HRP@SBA-15 bienzymatic bio-
catalyst has a potential interest for environmental applications.

4. Conclusions

The present work investigated the realization of a bienzymatic
biocatalyst constituted by GOx and HRP immobilized onto SBA-15
ordered mesoporous silica. Some important points about the
activity of the obtained biocatalyst should be remarked. The activity
of the bienzymatic biocatalyst does not depend on the fact that the
system is constituted by a mixture of two singly immobilized
enzymes, GOx@SBA-15{HRP@SBA-15, or by co-immobilized en-
zymes GOx/HRP@SBA-15. In fact, it is rather the drying process that
constitutes the most critical issue. Indeed, although from one hand
the drying permits an easy handling of the biocatalyst, on the other
hand, it leads to the loss of most the enzymatic activity. In particular,
the drying process inactivates HRP at a higher extent than GOx. We
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also found that HRP is active when kept wet. Thisindependently HRP
is covalently or physically immobilized on SBA-15. The wet bienzy-
matic co-immobilized biocatalyst retained its activity for 14 reaction
cycles. Finally, a possible application of the biocatalyst for biore-
mediation of OMWSs was proposed. OMWs are highly pollutant by-
product of olive oil production mainly based in the Mediterranean
region. The phytotoxic nature of OMWs is due to the presence of
recalcitrant phenolic compounds. Butin the complex composition of
OMWs also glucose occurs [37]. This suggested us the use of a GOx/
HRP bienzymatic biocatalyst for the oxidation of phenolic com-
pounds contained in OMWSs. Hence, we modelled the biocatalytic
treatment of OMWs by using a solution containing glucose and a
phenolic compound, i.e. either caffeic or ferulic acid. The hydrogen
peroxide produced by GOx-catalyzed glucose oxidation was used by
HRP to oxidize ferulic acid and caffeic acid. The immobilized bien-
zymatic biocatalyst GOx/HRP@SBA-15 allowed to reach a conversion
of about 70 mol% of the two phenolic compounds within only
15 min. To the best of our knowledge the use of a GOx/HRP bien-
zymatic system for the treatment of OMWs has not been proposed
yet. These encouraging results require, nonetheless, a deeper
investigation using more complex phenolic solutions and, ulti-
mately, a test with a real OMWSs sample.
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Lipases encapsulation onto ZIF-8. A comparison between
biocatalysts obtained at low and high zinc:2-methylimidazole

molar ratio in aqueous medium

Federica Pitzalis™™ Cristina Carucci™, Maryam Naseri®?, Lida Fotouhi', Edmond Magner*®!, Andrea

Salis*®

Abstract: Lipase AK from Pseudomonas fluorescens, and Lipase
RM from Rhizomucor miehei were encapsulated into a zeolite
imidazolate framework (ZIF-8) via “one-pot” synthesis to obtain
AK@ZIF-8 and RM@ZIF-8 biocatalysts. The effect of a high (1:40)
and low (1:4) Zn:2-methylimidazole molar ratio on the biocatalysts
synthesis was investigated. The different Zn:L ratios affected both
the surface area, the loading and the specific activity of the
biocatalysts. Samples synthesised using high Zn:L ratio had high
values of surface area whereas those obtained using low Zn:L ratio
had higher loadings and specific activities. The decrease of pH (from
11.6 to 9.4) during the synthesis at high Zn:L ratio produced ZIF-8
samples with features similar to those observed for low Zn:L ratio
samples. The low Zn:L (1:4) ratio AK@ZIF-8 biocatalyst retained
99% activity after storage for 15 days at 5°C and 40% activity after 5
reaction cycles.

1. Introduction

Enzymes are generally active under mild conditions, i.e. room
temperature and atmospheric pressure," conditions that enable
the development of environmentally friendly 'green’ industrial
processes. However, in contrast to conventional chemical
catalysts, enzymes are expensive and unstable in e.g. non
aqueous solutions and at extremes of pH. Immobilisation can
overcome these disadvantages”) When an enzyme is
immobilised on a solid support it generally retains its catalytic
activity, enhances its stability, and can be reused for several
reaction cycles!>  In the past 15 years ordered mesoporous
silicates have widely been used for enzyme immobilisation due
to their textural and structural features.*®! More recently, metal
organic frameworks (MOFs) have emerged as a possible new
family of enzyme supports. MOFs, first synthesised by Yaghi et
alI"” consist of metal ions coordinated with organic ligands to
form a porous 3D network. Zeolite imidazolate frameworks
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(ZIFs) are an important MOF subclass containing a zeolite-like
crystalline structure where Zn** (or Co®") ions are coordinated by
imidazole derivatives forming a tetrahedral network."™"%
Systematic change of the organic ligand or the metal ion results
in a variety of 3D structures, similar to those of natural
zeolites"® ZIFs can be prepared in several ways, i.e. by
solvothermal "1 mechano-chemical ¥  sonochemical "%
microwave-assisted, ™ or hydrothermal!™ synthetic methods.
Among these, water synthesis is facile, rapid, and low cost.!"?
Moreover, this is a very suitable way to obtain enzyme@ZIF
conjugates.?'?* Z|F-8 is a metal organic framework where Zn*
ions are coordinated by 2-methylimidazole (2-MIM) to form
rhombic dodecahedral structures.™! These structures are often
referred to as "SOD-like" due to their similarity to those of the
natural zeolite ‘"sodalite". Although water synthesis is
predominantly used for the immobilisation of single enzymes®'~
24 or to obtain bienzymatic systems,'* some critical aspects of
the mechanism of formation remain unknown. The mechanism
of crystallization,”™ porosity,'” and the surface area™ of pure
ZIFs prepared in aqueous media are strongly influenced by the
molar ratio between Zn* ions and the alkyl-imidazole ligand, as
well as by the water content.”® Moreover, the addition of the
enzyme to the reaction mixture during crystal nucleation can
affect the crystal shape and morphology®?* and, consequently,
the activity of the obtained immobilised biocatalyst.?>**!

Lipases (E.C. 3.1.1.3 triacylglycerol acylhydrolases) are one of
the most widely used enzymes for biotechnological applications,
12729 g1ch as the production of biodiesel,”**"! as well as in the
food,® and pharmaceutical®?" industries. To the best of our
knowledge, only a limited number of works investigating the
catalytic performance of lipases immobilised on MOFs in
general'a"'w] and on ZIFs in particular, have been reported. Very
recently, Gascon et al. immobilised lipase B from Candida
antarctica on Basolite F-300 like materials®” Cao et al.
measured the catalytic activity of Bacillus subtilis lipase
immobilised on Cu-BTC MOF.P He et al. immobilised a
thermophilic lipase from Alcaligenes sp. on ZIF-8, through a
mechanochemical synthetic method!® Cheong et al.
immobilised Burkholderia cepacia lipase in amino-functionalised
ZIF-8 through physical adsorption, and measured both the
hydrolytic and transesterification activity.®® Shi et al.
immobilised the lipase from Candida rugosa on ZIF-8
synthesised via a solvothermal method using methanol as the
solvent."” Liang et al. immobilised several enzymes on ZIF-8,
including a lipase (origin not specified).*” Lyu et al. reported the
in-situ immobilisation of lipase from Thermomyces lanuginosus
on ZIF-8, using methanol as solvent and polyvinylpyrrolidone as
a protective coating for the enzymes.*" Finally, Huo et al.
prepared a hierarchical magnetic ZIF-8/UiO-66/Fe;O4 support for
the encapsulation of Candida antarctica lipase B."?

In this work the 'one-pot' water synthesis of ZIF-8 and the
encapsulation of lipases from Pseudomonas fluorescens (lipase
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AK) and Rhizomucor miehei (lipase RM), to obtain AK@ZIF-8
and RM@ZIF-8 biocatalysts, is reported. These lipases are well
characterized > Lipase RM has a molecular mass of 32kDa,
with an isoelectric point, pl, of 3.8.14” Lipase AK has a molecular
mass of 33kDa and a pl = 4.1**! These lipases are very promising
enzymes due to their good activity toward triglyceride
transesterification for biodiesel production.!”#**" \While they
have mainly been immobilized on polymers of silica supports, to
the best of our knowledge, no data is available about the
immobilization of AK and RM lipases on ZIF-8Here, two
stoichiometric ratios of Zn* and the 2-MIM ligand (L) i.e.
Zn:L=1:40 ! and Zn:L=1:4 ®! were used in previous reports.
The Zn:L ratio affects both the texture of ZIF-8 and the activity of
the obtained lipase@ZIF-8 biocatalyst. A similar effect on ZIF-8
structure and catalytic activity was obtained by changing the pH
at which the biocatalysts were prepared. Finally, the storage
stability and the ability to recycle of the most active lipase@ZIF-
8 biocatalysts were examined.

2. Results and Discussion
2.1 Characterisation of ZIF-8 and lipase@ZIF-8 samples

ZIF-8 and lipase@ZIF-8 samples were synthesised by using two
different Zn?*:2-MIM (Zn:L) molar ratios. Samples named ZIF-
84r and lipase@ZIF-84r were obtained by using a high Zn:L
(1:40)® molar ratio, whereas samples ZIF-8.r and lipase@ZIF-
8 r were obtained by using a low Zn:L (1:4)[24] molar ratio. All
samples were characterised using a range of techniques i.e. X-
ray diffraction (XRD), porosimetry, scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FTIR) and
thermogravimetric analysis (TGA).
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Figure 1. XRD patterns of ZIF-8 and lipase@ZIF-8 prepared using a Zn:L
ratio of A) 1:40 and B) 1:4. N, adsorption and desomtion isotherms of ZIF-8,
AK@ZIF-8 and RM@ZIF-8 prepared using a Zn:L ratio of C) 1:40 and D) 1:4.
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The XRD patterns of ZIF-84z and lipase@ZIF-8yr (Figure 1A)
are in good agreement with those of a ZIF-8 simulated pattern
reported in the literature.*>* The diffractograms (Figure 1B) of
ZIF-8 g and lipase@ZIF-8,r samples have different patterns.
XRD patterns for ZIF-8 materials synthesised with various 2-MIM
concentrations were previously observed in a variety of studies.
Kida et al. observed the occurrence of a crystalline ZIF-8 SOD-
like structure with high molar Zn:L ratios (1:40; 1:60; 1:80; 1:100),
while, at lower ratios (Zn:L ratio 1:20) they observed the
occurrence of mixed phases associated with the formation of
Zn(OH),, Zn(OH)NOs, and Zns(OH)s(NOs)x(H20)2.%% Shi et al.
synthesised a ZIF-8 sample (Zn:L ratio of 1:4) that had an XRD
pattern which was assigned to an unknown mixed phase!>* while
Liang et al. obtained a ZIF-8 sample with a typical SOD-like
crystalline structure at a Zn:L ratio of 1:4.* The structure of ZIF-
8 is affected by the presence of encapsulated protein. At a Zn:L
ratio of 1:4 different-morphologies were observed for a wide
range of proteins (i.e. nanoflowers for horseradish peroxidase,
nanostars for trypsin etc.)” Similarly, Cui et al. observed a
variety of XRD patterns and crystal morphologies for
catalase@ZIF-8 samples obtained with Zn:L ratios in the range
1:1 - 1:20!% The concentration of protein concentration also
affects the structure of ZIF-8. The peak intensity decreased with
increasing concentration of BSA* The XRD patterns of
AK@ZIF-8 and RM@ZIF-8 samples showed different peak
intensities (Figure 1A-B) suggesting an interaction between the
enzyme molecules and the ZIF-8 material *"**! These findings
demonstrate that the formation of pure ZIF-8 and lipase@ZIF-8
structures in aqueous solution is a complex process.

Table 1.Textural parameters obtained by the N physisorption analysis of ZIF-
8 and lipase@ZIF-8 samples

Sample Zn:L Sger Pore volume
Ratio  (m?g”) (cm’g™)
ZIF-8r  1:40 919 n.a.
AK@ZIF-84r  1:40 615 39
RM@ZIF-8r  1:40 790 na.
ZIF-8ir  1:4 79 0.50
AK@ZIF-8r 14 4.4 0.049
RM@ZIF-8ir  1:4 30 0.22

Figures 1C-D show the textural characterisation of ZIF-8 and
lipase@ZIF-8 samples performed by nitrogen physisorption. A
ZIF-84r sample displayed a typical type | isotherm associated
with a microporous material (Figure 1 C) with a high surface
area of 919 m?/g (Table 1).The small hysteresis present at p/po>
0.8 may be due to the presence of mesopores in ZIF-84r as well
as in the lipase@ZIF-84r samples. This was previously
observed for other enzyme@ZIF-8.%) The decrease in surface
area for lipase@ZIF-8 (Table 1) is likely due to enzyme
encapsulation into the ZIF-8 structure.Z*¥* The N,
adsorption/desorption isotherms obtained for the samples
synthesised with the low Zn:L (1:4) ratio (Figure 1D), are
significantly different. Low ratios of Zn:2-MIM ligand result in low
surface areas (Table 1). This is consistent with the work of Kida
et al. who investigated the textural parameters of ZIF-8 samples
at different Zn:L ratios over the range 1:100 - 1:20.%) They
observed surface areas of over 1500 m?/g for SOD-type ZIF-8 at
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high Zn:L ratios (from 1:40 to 1:100) and lower values of surface
areas (from 1300 to 120 mzlg) for the molar ratio 1:20.*
Scanning electron microscopy (SEM) images of ZIF-8, AK@ZIF-
8, and RM@ZIF-8 synthesised at a Zn:L=1:40 ratio and the
corresponding samples synthesised at a Zn:L=1:4 ratio are
shown in Figures S1A-C and Figure S1D-F (see Supporting
Information file), respectively. Changes in particle size and
morphology were observed in the presence and absence of
enzyme. Figure 2 displays the FTIR spectra of the pure ZIF-8
and the lipase@ZIF-8 samples obtained at high (Figure 2A) and
low (Figure 2B) Zn:L ratio. For ZIF-8, the C=N stretching mode
shows a band at 1584 cm™. The band at 1420 cm™is associated
with a stretching mode of imidazole ring.I" A strong band at 760
cm™' is due to out of plane bending of the imidazole aromatic ring,
whereas the in-plane bending of the ring produces bands in the
range 900 cm™'- 1350 cm™".""¥ Finally, the characteristic band at
421 cm™ is associated with the Zn-N stretching mode.!"**! For
lipase@ZIF-8 samples the bands in the range 1644-1648 cm™,
due to the C=0 stretching of the amide I, confirm the successful
encapsulation of lipase molecules in the ZIF-8.
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Figure 2. FTIR spectra of ZIF-8 and lipase@ZIF-8, A) high Zn:L (1:40) ratio;
B) low Zn:L (1:4) ratio. TGA curves of ZIF-8 and lipase@ZIF-8 prepared by
using the C) high Zn:L ratio, and D) low Zn:L ratio.

Thermogravimetric analysis (TGA) data show (Figure 2C-D) that
ZIF-84r and lipase@ZIF-84r samples are stable up to 140°C.
Both materials displayed a similar mass loss of ca. 20 % (see
Table 2) in the temperature range140-230°C (Figure 2C),
associated with the removal of water and unreacted reagents.'?
At higher temperatures, in the range 230°C - 500°C, a small
mass loss was observed for pure ZIF-84r (5.1 %), while
lipase@ZIF-8+r biocomposites showed a gradual and
continuous decomposition, with Am of 17.0 % and 15.3 % for
AK@ZIF-84r and RM@ZIF-84r, respectively (Table 2). This
mass loss is probably due to the decomposition of enzymes
encapsulated in the ZIF-8 network.?°® At temperature greater
than 500°C the mass loss is likely due to the decomposition of
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the ZIF-8 structure.!™? In the case of the samples synthesised at
a low (1:4) ratio of Zn:L, the curves in Figure 2D follow different
trends. ZIF-8,r sample has a small mass loss 4.7 % up to 500°C,
similar to that of ZIF-84r. The steep mass loss above 500 °C is
likely due to the thermal decomposition of the structure (Table 2).
For the lipase@ZIF-8,r samples the initial mass loss (T <
130°C) is associated with the loss of water. Between 230-500°C,
the decomposition of the enzymes occurs with mass losses of
7.3% and 11.4% for AK@ZIF-8r and RM@ZIF-8,r,
respectively. The diversity in shape in Figures 2C and 2D are
due to the different synthesis conditions.?>2%%757:%]

Table 2. Mass loss (Am) of ZIF-8 and lipase@ZIF-8 samples at high
(HR=1:40) and low (LR=1:4) Zn:L ratios.

Sample Am (%) Am (%) Am (%)
T<230°C 230°C <T<500°C T>500°C

ZIF-84r 18.8 51 76.1
AK@ZIF-8ur 215 17.0 61.6
RM@2ZIF-84r 233 153 36.6
ZIF-8r 0.7 47 54.4
AK@ZIF-8.r 29.3 73 63.4
RM@ZIF-8.r 60.0 11.4 15.0

2.2 Loading and activity of AK@ZIF-8 and RM@ZIF-8
biocatalysts

Protein loading (Figure 3 A,B) and enzyme activity (Figure 3
C,D) of the lipase@ZIF-8 samples were quantified by the
Bradford® and p-nitrophenyl butyrate assays,'®*®" respectively.
Lipase@ZIF-8 samples obtained at a Zn:L ratio 1:4 had higher
protein loadings than those obtained at a ratio of 1:40. The
loadings were 13813 mg/g (AK@ZIF-8r), 77+12 mglg
(RM@ZIF-8.r), 40+10 mg/g (AK@ZIF-84r), and 1246 mg/g
(RM@ZIF-84g).
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Figure 3. Comparison A) enzyme loading, B) encapsulation efficiency, C)
enzymatic activity, and D) specific activity (PNP= p-nitrophenol) of lipase ZIF-8
prepared at Zn:L ratios of 1:40 and 1:4.
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Moreover, the samples obtained using a ratio of 1:4 resulted in a
very high encapsulation efficiency (EE%, the amount of
immobilised protein relative to the total protein amount in the
immobilising solution) (Figure 3B). Lipase RM in particular was
completely immobilised in the ZIF-8,r material, with an EE% of
99% while, with lipase AK, an EE% of 78% was observed. The
encapsulation efficiency for samples obtained by Zn:L=1:40
ratios was 14% and 75% for AK@ZIF-84r and lipase RM@ZIF-
8ir respectively (Figure 3B). The catalytic activities of
lipase@ZIF-8 samples are shown in Figures 3C-D. Specific
activities (umolpye min™ M@poen ' = U/mg) were 84.5:0.3 Uimg
(AK@ZIF-8r), 75.810.4 U/mg (RM@ZIF-8r), 52.2¢+2 U/mg
(AK@ZIF-84r) and 24.920.7 U/mg (RM@ZIF-84r). Although
samples obtained at the low Zn:L (1:4) molar ratio had low
surface areas (Table 1), they resulted in higher loadings,
encapsulation efficiencies and specific activities than samples
synthesised with a high (1:40) ratio. This means that lipases are
better adapted to the ZIF-8, g than to ZIF-8r structures.

2.3 Effect of pH on lipase@ZIF-84r samples

The two procedures used to synthesise ZIF-8 and lipase@ZIF-8
samples differ in terms of Zn:L ratio and in the pH of the
synthesis solution. The pH was 11.6 at a Zn:L ratio of 1:40 and
10.6 for a ratio of 1:4. This pH difference might be responsible of
at least part of the observed differences of surface area, loading
and catalytic activity between the two types of samples. Thus,
samples at a Zn:L=1:40 were prepared, but changing the pH of
the synthesis solution (from 11.6 to 10.2, 9.8, 9.4) by adding HCI.
The effect of the selected pH on surface area, protein loading,
encapsulation efficiency and specific activity of the lipase@ZIF-
8r biocatalysts was then examined. As shown in Figure 4, a
change of pH of the synthesis solution (Zn:L=1:40) affects the
surface area of lipase@ZIF-84r samples. Although the
isotherms of the samples obtained at different pH values have
similar shapes, the amount of adsorbed nitrogen decreases at
decreasing pH for AK@ZIF-84r (Figure 4A) resulting in a
decrease in the surface area (Figure 4C). On the contrary, for
RM lipase the highest surface area was obtained with samples
synthesised at pH 10.2. At pH 9.4 the surface area decreased
dramatically for both AK@ZIF-8+r and RM@ZIF-84r. At this pH
the isotherms are similar to those obtained for the samples with
Zn:L=1:4 ratio (Figure 1C), prepared at a pH of 10.6. These data
clearly show the effect of pH on the surface area of lipase@ZIF-
8.r samples. The pK, of 2-methylimidazole is 7.85.°%) As the pH
of the ligand solution is lowered to values closer to the pK, of 2-
MIM, the concentration of the protonated form of the ligand
increases. This may affect the formation of the structure of
lipase@ZIF-84r samples. At pH 9 no solid sample could be
collected by centrifugation after a synthesis time of 24 h.
Moreover, the isotherms obtained at a ratio Zn:L=1:4 (Figure 1D)
are similar to those obtained at a ratio of Zn:L=1:40 at pH 9.4
(Figures 4A and 4B) suggesting that a decrease of pH produces
an effect similar to the decrease of the ratio of Zn:L. That
hypothesis is supported by the data reported in Figure 4C, and
in Table S1, where the comparison among surface areas
obtained with the two synthesis conditions is shown. At ratio
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Zn:L=1:40, the highest surface area was achieved at pH 10.2 for
AK@ZIF-84x (618 m?/g) and RM@ZIF-8.= (923 m*/g) samples.
Conversely, at pH 9.4 the surface areas of AK@ZIF-84r (33
m?g) and RM@ZIF-84r (43 m?/g) were similar to those of the
corresponding biocatalysts obtained at Zn:L=1:4 (4.4 m*g and
30 m%g). These data show that, in addition to pH, the type of
enzyme influences the properties of lipase@ZIF-8.
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Figure 4. N, ads-desomption isotherms and comparison among surface areas
obtained at different pH conditions of synthesis. A) AK@ZIF-8 and B)
RM@?ZIF-8, obtained by means of a Zn:L=1:40 controlling the pH during the
synthesis. and; C) influence of pH on the surface area of all lipase@ZIF-8
samples at all synthesis conditions tested.

The effect of the synthesis pH on protein loading and catalytic
activity was then investigated. Figure 5A shows that protein
loading increases by decreasing the pH of the synthesis solution.
This applies to both lipases, although the loading is always
higher for lipase RM than for lipase AK. At pH 9.4 a loading of
102+10 mg/g and 55+6 mg/g was obtained for RM@ZIF-84g and
AK@?ZIF-8ur samples, respectively. It should be noticed that the
highest protein loading obtained at pH 9.4 is lower than that
obtained with a Zn:L ratio of 1:4 (Figure 3A). Similarly, the
highest encapsulation efficiency was reached for the samples
obtained by the Zn:L=1:40 ratio at pH 9.4. EE% was 71% for
RM@?ZIF-84r and only 34% for AK@ZIF-84r. These values were,
however, lower than those obtained for Zn:L= 1:4 ratio (Figure

S3B).
160 3 &
A 140 AK@ZIF-8
4o e u RMEZIFS
j o i
= g.g 100
{ 3E o
. 80 8
£ § 8
3 6 g 3 ®
] R %
2 w g
20 l 2
0 o
94 98 102 118 94 98 102 116

pH of ligand solution pH of ligand solution

Figure 5. Lipase@ZIF-8 biocatalyst. A comparison among the samples
obtained with Zn:L=1:40 ratio at different synthesis solution pH. A) Loading
and B) catalytic activity.
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The specific activities of the immobilised biocatalysts obtained
by means of a Zn:L=1:40 ratio at different pH are shown in
Figure 5B. AK@ZIF-8+r samples increased their specific activity
by decreasing the synthesis pH from 11.6 to pH 9.4. The specific
activity measured for RM@ZIF-8r instead, was always lower
than that of AK@ZIF-84r in the investigated pH range. Moreover
the specific activity was about zero for RM@ZIF-8r samples
synthesised at pH 9.4 (Figure 5B). It has been reported that
Mucor miehei lipases display the maximal activity at pH gl
Thus, we expect RM lipase to be less active in highly alkaline
conditions (pH > 9.4) required for ZIF-8 formation. From these
results we may argue that pH affects the synthesis of ZIF-8 and
the consequent biocatalyst in a manner that cannot be ignored.
A final comparison between the effect of pH and that of Zn:L
ratio deserves notice. For the synthesis at Zn:L=1:4 ratio -
whose initial pH of ligand solution was 10.6 - the biocatalysts are
generally more active than those obtained at different pH tested
at Zn:L=1:40 ratio (see par. 2.2). This suggests that the
concentration of the 2-MIM ligand plays a more important role
than pH on affecting the specific activity of the lipase@ZIF-8
biocatalysts.

2.4 Stability of lipase@ZIF-8.r biocatalysts

The stability to store and to reuse an enzyme is a key issue for
the development of a suitable immobilised biocatalyst. Free
enzymes are generally quite expensive and unstable particularly
in terms of long-term storage and harsh reaction conditions such
as extremes of temperature or pH. Hence, a high storage
stability allows the design of a large-scale biocatalyst production,
while recycling allows for a reduction of operational costs. Figure
6 shows the storage stability and the recycling of lipase@ZIF-8.r
biocatalysts (Zn:L=1:4 ratio). These samples were chosen
because, respect to those synthesised with the Zn:L=1:40 ratio,
they reached the highest enzyme loading and specific activity.
The biocatalysts were stored at 4°C for 15 days. An activity
retention of 88% and 99% was obtained for RM@ZIF-8.z and
AK@ZIF-8r, respectively (Figure 6A). This demonstrates that,
the investigated storage conditions do not significantly affect the
relative activity of both biocatalysts. He et al. investigated the
long-term stability and recycling of the thermophilic lipase from
Alcaligenes sp. immobilised on ZIF-8.°%

B AK@ZIFS B B axmers Znl=1a
A4 RuBra
120 B RMTZIFS 0
120
100
2 100
&, E w
Ly ¥ w
40 0
® r I
0 0
st 15 days 1 2 3 4 5

days Gicle

Figure 6. Stability and recyeling of lipase ZIF-8.z (Zn:L=1:4 ratio) biocatalyst.
A) residual activity of the catalyst after 15 days and B) recycling.
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After 5 days storage of the immobilised lipases at two different
temperatures, they obtained an activity retention of 20.3%
(37°C) and 6.0% (60°C). The operational stability to recycling of
the two biocatalysts was then investigated (Figure 6B).
RM@ZIF-8.r biocatalyst retained only a 30% of its initial activity
in the second reaction cycle, and became fully inactive in the
third cycle. Instead, AK@ZIF-8.r biocatalyst displayed a better
performance, since it could be reused 5 times with activity
retention of 40% at the 5™ reaction cycle (Figure 6B). He et al.
could recycle their biocatalyst 10 times with 75.7% retention of
activity after the 10™ reaction cycle.®® Hence, although our and
He et al. experimental conditions were not exactly the same,
AK@ZIF-8,r was less stable to recycling but more stable to
storage than Alcaligenes lipase immobilised on ZIF-8. From
these measurements it is difficult to discern the cause of the
observed activity loss. Nonetheless, due to the fact that the
enzyme is encapsulated within ZIF-8 structure it is more likely
that deactivation rather than leaching is the cause of the
observed trends.

3. Conclusions

Two synthetic methods differing for the ratio between zinc ion
and 2-MIM ligand were compared for the preparation of
lipase@ZIF-8 biocatalysts. A high Zn:L (1:40) ratio® and a low
(1:4) ratio® gave lipase@ZIF-84r and lipase@ZIF-8.r samples,
respectively. The structural and textural features of ZIF-8 and
lipase@ZIF-8 samples are both affected by Zn:L ratio. ZIF-8ur
samples had very high surface areas compared with ZIF-8.r
samples (Table 1). However, the latter samples had higher
enzyme loadings and higher specific activities (Figure 3). The
effect of decreasing the solution pH during the synthesis of
lipase@ZIF-84r samples was then investigated. The obtained
samples had lower surface areas (Figure 4) but higher loadings
and specific activities (Figure 5), mimicking the behaviour of
lipase@ZIF-8,r samples. This observation, to the best of our
knowledge, had not already been reported. AK@ZIF-8,r and
RM@ZIF-8,r retained high levels of activity after 15 days
storage at 4°C. Finally, AK@ZIF-8.r could be recycled 5 times
with activity retention of 40% at the 5™ reaction cycle. This last
biocatalyst might be a good candidate for further studies as, for
example, the synthesis of biodiesel !

Experimental Section
4.1 Chemicals

Lipase AK from Pseudomonas fluorescens (LAKGO751641)
was purchased from Amano Enzymes, Japan. Lipase RM (2000
U g™") from Rhizomucor Miehei fungi was purchased from Sigma.
Both lipases were used without any further purification. p-
nitrophenyl butyrate, zinc nitrate hexahydrate (98%), 2-
methylimidazole (99%), 2-propanol, bovine serum albumin (BSA,
98%), Bradford reagent, sodium phosphate dibasic (ACS Grade,
299%), magnesium nitrate (ACS Grade, 299%), were purchased
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from Sigma-Aldrich. Sodium phosphate monobasic monohydrate
(299%) was purchased from J.T. Backer.

4.2 Synthesis of ZIF-8 and lipase@ZIF-8 samples with a low
Zn:2-MIM ratio (Zn:L=1:4).

For the preparation of ZIF-82% a volume of 50 mL of an
aqueous solution of zinc nitrate (40mM corresponding to 0.60 g
and 2 mmol of Zn(NO3)>x6H,0) was quickly added under stirring
to 50 mL of an aqueous solution of 2-methylimidazole (160 mM
corresponding to 0.66 g and 8 mmol, pH 10.6). The reaction
mixture was aged overnight at 25°C. Then the ZIF-8 sample was
collected by centrifugation and washed three times with milliQ
water. For the preparation of lipase@ZIF-8 biocatalyst, 0.4 g of
lipase AK or 8mL (corresponding to 9.2 g of the commercial
liquid preparation) of lipase RM were dissolved in the 2-
methylimidaziole aqueous solution (160 mM). The resulting
lipase/2-methylimidazole solution (pH=10.2) was quickly mixed
under stirring to 50 mL the 40 mM zinc nitrate solution. Then the
synthesis of Lipase@ZIF-8 was carried out with the same
procedure followed for ZIF-8 sample (Zn:L=1:4).

4.3 Synthesis of ZIF-8 and lipase@ZIF-8 samples with a high
Zn:2-MIM ratio (Zn:L=1:40).

For the preparation of ZIF-8"2% 0.60 g of zinc nitrate (2mmol)
were dissolved in 4 g of milliQ water and quickly added under
stirring to 40 g of an aqueous solution containing 6.63 g (80
mmol) of 2-methylimidazole. The reaction mixture was left under
continuous stirring for 10 minutes. Then the solution was aged
overnight at 25°C. The ZIF-8 sample was recovered by
centrifugation and washed three times with milliQ water. For the
preparation of lipase@ZIF-8, 0.4 g of lipase AK or 8mL of lipase
RM (corresponding to 9.2 g of the commercial liquid preparation)
were dissolved into 40 g of an aqueous solution containing 6.63
g (80 mmol) of 2-methylimidazole aqueous solution. The
resulting lipase/2-methylimidazole solution (pH=11.2) was
quickly mixed under stirring to 4 g of the zinc nitrate solution.
Then the synthesis of Lipase@ZIF-8 was carried out with the
same procedure followed for ZIF-8 sample (Zn:L=1:40).The
effect of pH on the synthesis of lipase@ZIF-8 samples was also
investigated. To this purpose 4 additional lipase@ZIF-8 samples
were prepared by decreasing the pH of 2-methylimidazole
solution - before the addition of the lipases - from the initial value
11.6 to 10.2, 9.8, 9.4 and 9.0, by means of HCI addition. Then
the synthesis proceeded as described above.

4.4 Characterization of ZIF-8 samples

A X'PERT Pro PANalytical diffractometer was used for X-ray
diffraction (XRD) experiments with Cu-Ka radiation. The data
were collected with a two theta step size of 0.02° from 5 to 50°
and an accumulation time 20 s. The experimental XRD patterns
were compared (Fig. 1A,B) with simulated patterns obtained
using a deposited ciffile®®™ and plotted with Mercury software.
Thermogravimetric analysis (TGA) analysis was carried out by
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means of a TGA 4000 Perkin Elmer. The temperature range was
from 30 °C to 900 °C, the ramp rate selected was 10 °C per min,
under nitrogen flow (flow rate=20 mL min™"). Scanning electron
microscopy (SEM) analysis was performed at various
magnifications, by a HITACHI SU-70 equipment at 10 kV.
Fourier transform infrared (FTIR) analysis was conducted with a
Bruker Tensor 27 spectrophotometer, equipped with a diamond-
ATR accessory and a DTGS detector. A number of 256 scans at
a resolution of 2 cm™ were averaged from wave number 4000 to
400 cm™1. An ASAP 2020 (Micromeritics), was used to
investigate the textural characteristics of all the samples. The N>
adsorption/desorption isotherms were recorded at 77 K. Before
the analysis, ZIF-8 (lipase@ZIF-8) samples were out-gassed
under vacuum for 12 h at 200°C (120°C). The Brunauer-
Emmett-Teller'® (BET), and the Barret-Joyner-Halenda®" (BJH)
methods were used to determine specific surface area, the pore
volume and the pore size distribution.

4.5 Determination of enzyme loading and encapsulation
efficiency

Protein loading and the encapsulation efficiency of lipase@ZIF-8
samples were calculated by measuring the protein concentration
in the initial and final immobilising solutions. The protein
concentration was obtained spectrophotometrically (A= 595 nm)
through the Bradford Assay.®® Encapsulation efficiency (EE%)
is the percent ratio between the amount of immobilised protein
and the amount of protein in the immobilising solution:

EE% = (1 - [P}/ [Plo) x 100%

Where [P]o and [P}y are the initial and the final protein
concentrations in the immobilising solution.*!

Protein loading (M@urcten/9ziFe) is the amount of immobilised
protein per g of suppon:lae'en

[Plg¥p — [PlgV; — [Pl Vi

loading = e

Where, [P]o, [P)rand [P].are the protein concentrations (mg/mL)
in the initial, final and washing solutions; Vo and Vi (mL) are the
initial and final volumes of the immobilising solution; and V,,(mL)
is the volume of washing solution; mzg.s is the mass (g) of ZIF-8
support.

4.6 Determination of biocatalysts activity and stability

The activity of free and immobilised lipases was measured by
means of a Varian Cary 60 UV-VIS spectrophotometer,
equipped with an optical fibore probe with the p-nitro
phenylbutyrate (PNPB )assay.®*%%% The activity of free lipases
(AK and RM) was measured by adding 5 pL of the lipase
aqueous solution to 2 mL of 0.1 M phosphate buffer pH 7, 200
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pL of PNPB (0.02 M in 2-propanol) solution and 200 pL of 2-
propanol. The activity of immobilised lipases was measured by
adding 5 mg of lipase@ZIF-8 samples to 5 mL of 0.1 M
phosphate buffer pH 7, 500 puL of PNPB solution and 500 pL of
2-propanol. The (free and immobilised) lipases catalyse the
formation of p-nitrophenol which was quantified at 2=400 nm
(molar extinction coefficient of p-nitrophenol, £=9396.1 M 'em™)
at room temperature. The lipase activity (umol p-nitrophenol x
min™) was corrected by subtracting the amount of p-nitrophenol
formed in the absence of lipases. Storage and recycling
stabilities were carried out by means of the PNPB assay, as
described above. For storage tests, the wet biocatalyst was
stored at 4°C and dried under vacuum the day before the activity
measurements. For recycling tests, the used biocatalyst (5 mg)
was recovered by centrifugation and washed with 1 mL of 0.1 M
phosphate buffer pH 7 before the addition of the fresh substrate
solution. All activity and stability measurements were carried out
at least in triplicate.
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Supporting information

Table S1. Textural parameters of samples prepared by means of ratio Zn:L=1:40, at different pH
conditions.

Sample pH of ligand solution Surface area Pore volume
(mg™) (em’g™)
ZIF-8 11.6 919 0.76
AK@ZIF-8 11.6 615 0.47
AK@ZIF-8 10.2 618 0.44
AK@ZIF-8 9.8 504 0.45
AK@ZIF-8 9.4 33 0.087
RM@ZIF-8 11.6 790 0.58
RM@ZIF-8 10.2 923 0.59
RM@ZIF-8 9.8 742 0.48
RM@ZIF-8 94 43 0.048
1
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Figure S1. Scanning electron microscopy (SEM). On the left, SEM images of A) ZIF-8; B) AK@ZIF-
8; C) RM@ZIF-8 samples obtained by using a Zn:L=1:40 ratio. On the right, SEM images of D) ZIF-8;
E) AK@ZIF-8; F) RM@ZIF-8 samples obtained by using a Zn:L=1:4 ratio.
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Figure S2. Specific activity. A) fiee enzymes, AKL and RML, of initial solutions with ratio Zn:L=1:40
and Zn:L=1:4 and B) corresponding immobilized biocatalysts.
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Figure S3. A comparison among all immobilised enzymes, AK@ZIF-8 and RM@ZIF-8 synthesised by
means of a ratio Zn:L=1:40 and Zn:L=1:4 and at controlled initial pH of ligand solution. A) Loading
and B) Encapsulation Efficiency.
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Figure S4. Specific activity. A) free enzymes, AKL and RML, of initial solutions with ratio Zn:L=1:40
and Zn:L=1:4 and at controlled initial pH of ligand solution. B) specific activity of AK@ZIF-8 and
RM@ZIF-8 synthesized by means of a ratio Zn:L=1:40 and Zn:L=1:4, a comparison among all the
biocatalysts.
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Conclusions

The efforts made by researchers to create new stable immobilized enzymes and to improve
the stability and the reusability of biocatalysts is of great importance because biocatalysis is
taking on a key role in the design of new industrial processes, according to a green and
sustainable approach. The aim of this work was to investigate some of the strategies adopted
in the current literature for the development of new immobilized enzymes that could be
interesting for industrial applications. To this purpose, the choice of enzymes was made
among those that have a significant commercial and industrial interest.

LYZ, is an important model enzyme, widely used in food industry as a preservative. GOX is
widely used for biosensing in glycemia detection, and HRP is useful in various fields, among
which biosensing and bioremediation. Particularly, the combined use of HRP and GOX is
raising a wide scientific interest for the development of new promising glucose detectors.
Lipase was chosen for its importance in the field of renewable feedstock, for biodiesel
production. The choice of supports was another important factor: SBA-15 is inert, stable,
with tunable porosity, and can be easily synthesized and functionalized. ZIF-8 is a new
promising host material for enzymatic immobilization because of its high thermal stability,
and its easy and quick synthesis. Three immobilization methods were investigated: physical
adsorption, covalent anchoring and in situ encapsulation. The main conclusions outlined for
this work are listed below.

SBA-15 mesoporous silica was synthesized and functionalized with APTES via a post
synthesis procedure. The characterization of the SBA-15 and the amino-modified SBA-15-
NH, was carried out with the following techniques: SAXS, TEM and N, physisorption,
which were used to estimate the mesoporosity, FTIR, which was used to confirm the
functionalization, and ELS which were used to estimate the zeta potential of both enzyme

and silica. The physical adsorption of LYZ was carried out on SBA-15 and SBA-15-NH..
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The loading obtained in different buffers, all at the fixed pH = 7.15, and in presence of
strong electrolytes, was measured. The loading of LYZ on SBA-15 and the electrophoretic
mobility of the free enzyme, SBA-15, and SBA-15-NH, were influenced by both buffers and
salts. This is in agreement with recent works that propose that Hofmeister effects can occur
for weak electrolytes also.

The covalent immobilization of GOx and HRP was carried out on SBA-15-NH; using
glutaraldehyde as a linker. The characterization of the support and of the immobilized
enzymes was carried out with SAXS, TEM, N, physisorption, and FT-IR. Simultaneous and
separated immobilization of the two enzymes were investigated and compared, towards a
combined covalent (GOx)/physical (HRP) separated immobilization, in terms of loading and
specific activity. High loadings were obtained in the covalent conditions (around 38 mg/g for
the simultaneous covalent immobilization, and 35 vs 27 mg/g for GOx and HRP,
respectively). The combined immobilization resulted in different loadings for HRP (5 mg/g
at pH 5 and 21 mg/g at pH 8). The trend of the specific activities resulted more significantly
influenced by the drying procedure rather than by the loading or the simultaneous vs
separated immobilization. Indeed, the most remarkable conclusion of this work, was the
comparison of the two biocatalysts obtained by means of the covalent and simultaneous
immobilization that differ only in the drying procedure. For both biocatalysts the loading is
the same (around 38 mg/qg), but specific activity is around 1.6 (umol/ minxmg) for the dried
biocatalyst, around 116 pmol/(minxmg) for the wet biocatalyst. This suggests that the
activity of biocatalysts can be strongly influenced by the drying process. Another interesting
conclusion can be pointed out from the tests concerning the separated immobilization. That
i, some enzymes can be more or less robust towards procedures such as the drying. Indeed,
the separated and dried biocatalyst in all immobilization conditions were all almost inactive.
While the separated biocatalyst, where GOx was dried and HRP was wet, displayed a

discrete activity (around 18 pmol/minxmg). The most active biocatalyst, namely the wet
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biocatalyst obtained by simultaneous and covalent immobilization, exhibited also the best
recycling performance, as it retained around the 50 percent of its activity at the 14™ reaction
cycle. A possible application of the wet GOX/HRP@SBA-15-NH; biocatalyst was suggested
for the degradation of phenolic compounds. Thus, the kinetic of degradation of ferulic and
caffeic acid was finally followed. Remarkably a conversion of 70 percent for both molecules
was obtained in 15 minutes.

The hydrothermal synthesis of ZIF-8 was investigated, making a comparison with two
synthesis condition, namely using two zinc: ligand (Zn:L) ratios: 1:4 and 1:40. The
characterization of the material was carried out by means of SEM, XRD, N2 physisorption
and FTIR. The molar ratio immediately emerged as a crucial factor that influences the
crystal structure and the surface area of the support. The in situ encapsulation of lipase AK
from Pseudomonas fluorescens (AKL) and lipase from Rhizomucor miehei (RML) on ZIF-8
was carried out by means of the same synthetic conditions tested for pure ZIF-8, namely
Zn:L ratios = 1:4 and 1:40. For the latter ratio, several synthesis were carried out by
controlling the pH before the dissolution of the enzyme in the ligand solution. Similarly to
the pure ZIF-8, the biocatalysts were characterized by means of SEM, XRD, N,
physisorption and FTIR. The loading and the activity were measured and compared. The
main result to be pointed out in this work, is that the Zn:L ratio significantly influences the
structure of both the support and of the biocatalysts. Consequently, also the loading and the
activity of the biocatalysts are affected by the chosen synthesis condition. The biocatalysts
obtained by Zn:L ratio 1:40 exhibited high crystallinity and a typical SOD-like structure, but
poor loading and activity. Conversely, the biocatalysts obtained by Zn:L ratio 1:4 resulted in
higher activity, although the crystalline phase was not associated to the typical SOD-like
ZIF-8 structure. Thus, the latter biocatalysts were chosen for stability and recycling tests. It
is worth remarking that, although the AK@ZIF-8 and RM@ ZIF-8 were obtained with the

same reaction conditions, namely the Zn:L ratio 1:4, the recycling efficiency for the two
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biocatalysts was not similar. Indeed AK@ZIF-8 was recycled five times, while RM@ ZIF-8
only twice. This suggests that also the type of enzyme can be more or less suitable for the
immobilization on a certain kind of support. Clearly, the interaction between the
immobilized enzyme and the support should carefully be considered when engineering a

biocatalyst and choosing the strategies for its preparation.
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