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1. Introduction

Cancer is a leading cause of death worldwide, accounting for nearly 10 million deaths in
2020. According to The International Agency for Research on Cancer and to the World Health
Organization, mortality rates in 2020 are of lung cancer in the first place with 1.80 million
deaths, colorectum cancer with 916 000, liver cancer with 830 000 and stomach cancer with
769 000, followed by breast cancer with 685 000 deaths. Incidence rates result to be slightly
different, seeing breast cancer as the most common with 2.26 million cases. [1]

Cancer cells present a series of contradistinctive phenomena, commonly known as
hallmarks of cancer. They include acquired capabilities for sustaining proliferative signaling,
evading growth suppressors, resisting cell death, enabling replicative immortality,
inducing/accessing vasculature, activating invasion and metastasis, reprogramming cellular
metabolism and avoiding immune destruction. Furthermore, an emerging hallmark from recent
studies is a reprogramming energy metabolism, characterized by that known as Warburg effect.
[2] This phenomenon, better described in the following section, is generally characterized by
an aerobic glycolysis which leads to lactate as its final product. Recent works have shown that
lactate is also a potent signaling molecule, triggering the stabilization of hypoxia-inducible
factor-1a (HIF-1a), and subsequently increasing expression of vascular endothelial growth
factor (VEGF).

As high lactate levels are often associated with a worse prognosis, a solution could be
constituted by anti-cancer drugs that inhibit the process of lactate production [4]. Among
different ways, this can also be processed by inhibition of Lactate dehydrogenase enzyme,
which, in tumoral cells, degenerates from its normal role of equilibrating any change between
pyruvate and lactate through a rapid, near equilibrium reaction. So, as the final target for these
drugs is Lactate dehydrogenase, the present thesis’ purpose is to use of LDH to create a
prototype biosensor able to detect two main LDH inhibitory drugs’ efficiency: NHI-2 and
Galloflavin. More precisely, they are both inhibitors of LDH-A and -B subunits; the first is the
predominately expressed isoform of LDH in most cancer cells, while LDH-B is reported to
regulate lysosome activity and autophagy in cancer [5] and is essential for oncogenic
transformation by different mutants. [6][7][8]

At present, methods mostly used in literature to test efficiency of LDH inhibitors include
LDH inhibition assays, cell-based biological evaluation assays, structure-based ligand design
and protein-ligand interaction assays. LDH-inhibitor assays generally include ultraviolet
absorption and fluorescence methods based on coenzyme NADH, as well as mass spectrometry
based on the determination of substrate and product, methods that require a lot of enzyme and
time loss. Among these techniques, hyperpolarized magnetic resonance spectroscopic imaging
was also tested to evaluate the in vivo activity of an LDH inhibitor in a real-timing and non-
invasive way. [9][10]



1.1 The Warburg effect and anti-cancer drug resistance

In 1957 Otto Warburg was the first to observe the anomalous characteristic of cancer cell
energy metabolism. [11] Normal cells, under aerobic conditions, convert glucose to pyruvate
producing ATP through a process named mitochondrial oxidative phosphorylation, while in
anaerobic conditions, glycolysis is favoured and pyruvate is converted into lactate in the
cytosol. On the contrary, most malignant cells, including those of lung [12], colorectum [13],
liver [14] and pancreatic cancer [15], base their metabolism on an “aerobic glycolysis”,
meaning glycolysis operating despite the presence of sufficient oxygen. This mechanism leads
to production of just 2 ATP molecules in comparison to the 36 ATP molecules produced
through oxidative phosphorylation. (Fig. 1.1) [16] This behaviour seems to be disadvantageous
from an energetic point of view, but several researches claim that tumour cells present a dual
metabolism: a glycolytic phenotype under regular conditions which can switch to a non-
glycolytic phenotype under lactic acidosis. This last happens under a stressful
microenvironment characterized by a limited supply of glucose and helps to maintain cell
proliferation. [17]
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Fig. 1.1 The Warburg effect in cancer. Differentiated, normal tissues (A) metabolise glucose through
oxidative phosphorylation in normoxic conditions or anaerobic glycolysis under low oxygen levels.
In contrast, tumour cells (B) mainly metabolise glucose to lactate independent from intracellular
oxygen (aerobic glycolysis or Warburg effect). From Unterlass er al, pp 2, with modifications.



Some studies sustain that the Warburg effect is a common characteristic of both cancer
and normal proliferating cells, but they do it for fundamentally different reasons, in fact cancer
cells need to neutralize OH- groups generated from Fenton reactions in cytosol while NPCs do
it to maintain elevated cytosolic pH as an optimal condition for ribosomal proteins. [18]

Another recently studied behaviour of cancer cells regarding their metabolism is the
“Reverse Warburg effect”. (Fig. 1.2) [19] This concept implies a host-parasite relationship
between cancer cells and glycolytic fibroblasts, explaining the contradictory phenomena in
certain types of cancer cells with high mitochondrial respiration and low glycolysis rates. In
this model of two-compartment tumor metabolism, because of oxidative stress, aerobic
glycolysis occurs in stromal fibroblasts, thus becoming cancer-associated fibroblasts (CAFs).

The produced nutrients, mostly lactate, are transferred to adjacent tumor cells for
supporting their fuel requirement, thus producing abundant ATP and protecting them against
apoptosis. Under similar circumstances of oxidative stress cancer cells will give rise to
oxidative and hypoxic cancer cells. The lasts will then be subjected to the anaerobic glycolysis,
which ends up with the generation of lactic acid in a similar way as that of CAFs. The produced
metabolites will be consumed by the adjacent cancer cells to meet up their metabolic
requirements while the rest of the lactic acid generated will be deposited in the extracellular
space (ECS), which in turn creates an acidic microenvironment. Therefore, this two-
compartment tumour metabolism may contribute to chemoresistance or therapy failure in
patients with cancer, as most of the conventional therapies were focusing only on the cancer
cells, irrespective of the tumour microenvironment or intratumour heterogenicity. [17] [19]
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Fig. 1.2 The reverse Warburg mechanism of cancer cells and the significance of the
tumour microenvironment in the progression of cancer. From Benny et al, pp 5.



Some of the mechanisms that could also provide a chemoresistant phenotype are glucose
transport, and glycolytic enzymes such as pyruvate dehydrogenase (PDH) and lactate
dehydrogenase (LDH). The last one in particular, which converts pyruvate in lactate as the end
product of glycolysis was object of studies and resulted to confer resistance to a specific anti-
cancer drug in breast cancer. [20] That might be why some cancer drugs have their principle
based on LDH detection and inhibition, as the ones studied in this thesis activity.

LDH-5 LDH-4 LDH-3 LDH-2 LDH-1

Fig. 1.3 The two homotetramers (LDH-1 and LDH-5) and the three heterotetramers (LDH-
2, LDH-3 and LDH-4) are schematically represented. A (or M) and B (or H) are the kinds of
the subunits. From Granchi et al, pp 675.

Fig. 1.4 Comparison of crystal structures of human LDH-A, LDH-B and LDH-C.
(A) Superpositions of the protomers of three LDH isoforms. The cofactors and
substrate-like inhibitors are shown as sticks. (B) Superpositions of the tetramers
of three LDH isoforms. For clarity, the cofactors and substrate-like inhibitors are
not shown. From Tan et al, pp 2355.



1.2 Lactate dehydrogenase as object of the study

LDH is a cytoplasmic enzyme present in almost all tissues but at high concentrations in
muscles, liver, and kidney cells. It exhibits five isomeric forms assembled in tetramers of the
two types of subunits, namely muscle (A or M) and heart (B or H). The isoforms, called
isozymes, are named LDH-1 through LDH-5, each having differential expression in different
tissues. (Fig. 1.3) [21] The genes that encode LDH are LDH-A, LDH-B, LDH-C, and LDH-D.
LDH-A, LDH-B, and LDH-C encode for L-isomers of the enzyme (Fig. 1.4) [22], whereas
LDH-D encodes the D-isomer.

Lactate dehydrogenase (LDH) is an important enzyme of ordinary cells’ anaerobic
metabolic pathway. It belongs to the class of oxidoreductases, with an enzyme commission
number EC 1.1.1.27. Lactate Dehydrogenase is one of the H transfer enzymes -
(oxidoreductase), which catalyses the reversible conversion of pyruvate to lactate using NADH
(reduced form of Nicotinamide adenine dinucleotide). (Fig. 1.5) [23] Basically, the enzyme is
involved in the anaerobic metabolism of glucose when oxygen is absent or in limited supply.
LDH-A subunit carries a net charge of -6 and exhibits a higher affinity towards pyruvate, thus
converting pyruvate to lactate and NADH to NAD". On the other hand, LDH-B has a net charge
of +1 and demonstrates a higher affinity towards lactate, resulting in a preferential conversion
of lactate to pyruvate and NAD" to NADH. [24][25]
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Fig. 1.5 The function of the LDH is to catalyse the reversible conversion of pyruvate to lactate with
the oxidation of NADH to NAD+. From Acharya et al, pp 2, with modifications.

When cells become exposed to anaerobic or hypoxic conditions, the production of ATP
by oxidative phosphorylation becomes disrupted. This process demands cells to produce energy
by alternate metabolism. Consequently, LDH is upregulated in such conditions to cater to the
need for energy production. However, lactate produced during the anaerobic conversion of
glucose meets a dead end in metabolism. It cannot undergo further metabolism in any tissue
except the liver. Hence, lactate is released in the blood and transported to the liver, where LDH

performs the reverse reaction of converting lactate to pyruvate through the Cori cycle. (Fig.
1.6) [26] [27]
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Fig. 1.6 The Cori cycle - anaerobic glycolysis in muscle and gluconeogenesis in
the liver. From Bender et al, pp 2906.

1.3 Enzyme and LDH immobilization

Enzyme immobilization is generally adopted as means to improve enzyme stability to
meet industrial requirements. Apart from gaining stability, attachment of an enzyme to a
support attracts attention as a strategy that also allows the reuse of the biocatalyst and facilitates
the product separation of reaction mixtures as well as enabling the use of biocatalysts in
different types of reactors. [9]

Immobilized enzymes refers to “enzymes physically confined or localized in a certain
defined region of space with retention of their catalytic activities, and which can be used
repeatedly and continuously”. [28]

Among several immobilization techniques, the covalent coupling is the one exploited in
this thesis work concerning LDH immobilization on the mesoporous silica MCM-41.

Regarding this porous material, different ways of functionalization can be processed to
allow the attachment of LDH through specific functional groups such as aldehydic and aminic
groups.



1.3.1 Immobilization techniques

A series of immobilization techniques have been successfully developed and are present
in literature, including physical adsorption, entrapment in solid matrices, cross linking, and
covalent coupling.

Physical adsorption and entrapment are classified as physical interactions, in fact the
enzyme does not chemically interact with the support in these cases. Adsorption can occur
through weak non-specific forces such as van der Waals forces, hydrophobic interactions, and
hydrogen bonds, determining reversible links, while for entrapment, enzymes are physically
and irreversibly enclosed in a support or inside of fibres, either the lattice structure of a material
or in polymer membranes. In some cases, affinity binding is also included as one of the physical
methods for the immobilization of enzymes through adsorption.

Cross-linking and covalent coupling provide bonds classified ad chemical, irreversible
interactions. They are generated between enzyme molecules and between enzymes and carrier
matrix respectively. Cross-linking is performed by the formation of intermolecular cross-
linkages among the enzymes using of bi- or multifunctional reagents. The most commonly used
cross-linking reagent is glutaraldehyde as it is economical and easily obtainable in large
quantities. GA might as well be used in the support’s functionalization. Covalent coupling,
instead, is one of the most widely used methods for enzyme immobilization, it is based on
chemical interactions between functional groups. Covalent bonds provide a powerful link
between the enzyme and its carrier allowing its reuse more often than with other available
immobilization methods. [29]

Among them, covalent enzyme immobilization has been proven to be more effective,
leading to a more stable biocatalyst. [30] Through reversible covalent bonding, also the
advantage of reusing the support after the inactivation of the enzyme is reached is one of the
purposes of immobilization.

1.3.2 Siliceous materials for immobilization

Mesoporous materials as support for immobilized enzymes have been explored
extensively during the last two decades, primarily for biocatalysis applications, but also for
biosensing and biofuels. Mesoporous materials are defined as porous inorganic solids with a
pore diameter range of 2-50 nm. Several types vary in particle size and structural ordering of
the pores: mesoporous silica is by far the most studied mesoporous material regarding enzyme
immobilization applications. MCM-41 (Mobil Composition of Matter No. 41) belongs to the
M41S family: a group of materials prepared with cationic surfactants with alkyl chains ranging
from 8 to 22 carbons, as templates. MCM-41 has hexagonally ordered pores with a diameter
between 1.5 and 10 nm. [31] This mesoporous silica presents several characteristics such as
high textural properties, mesoporous ordered structure, adjustable morphology,
biocompatibility, and ease of functionalization. [32]

Two functionalization types resulted to be very advantageous for LDH immobilization,
for this reason, a monofunctional and an heterofunctional support were generated.



Monofunctional MCM-41 presents amino groups derived from reaction with APTES
(3-aminopropyl triethoxysilane), an organosilane with an aminic group, a functionalization
commonly used to create systems for different applications. [33]

Heterofunctional MCM-41 presents aldehydic and aminic groups due to reaction with
GPTMS (3-Glycidyloxypropyl trimethoxysilane) and APTES.

The architecture of the enzyme structure should also be taken into consideration when
addressing the stabilization of enzymes, as inactivation mechanisms for multimeric enzymes
usually start by subunit dissociation. Structural analyses have revealed that LDH tetramers can

be treated as a dimer of dimers, due to differential chemical crosstalk between the monomers.
[34]



2. Enzymatic studies for biosensor development

As sustainable and efficient alternatives, enzymes have been extensively applied as
biocatalysts in a series of environments spacing from medicine to fuels and industrial processes.
However, the flexible nature of natural enzymes makes them difficult to be used in the harsh
conditions in which industrial processes usually take place, causing poor stability and low
activity. Moreover, any change in their native cellular environment or new interactions may
inhibit enzymes or cause instability. Methods including chemical modifications of enzymes,
enzyme immobilization, chemo/enzyme hybrid catalysts, and medium engineering of
biocatalysts have been used to generate industrial biocatalysts with exceptionally improved
qualities.

This work mostly focuses on making the correct choice of immobilization support and its
functionalization to enhance enzyme activity and reusability. The purpose of this thesis is also
an appropriate knowledge of the process of enzymatic inhibition to better understand the
biological mechanism this biosensor will exploit.

2.1 Supports for enzyme immobilization

As mentioned in the previous paragraph, developing biosensors requires a process for
immobilizing biomolecules on a solid surface to obtain a stable biocatalyst. The choice of the
support materials can strongly affect the properties of enzymes (increase enzymatic activity,
improve stability and reusability), support selection has been considered as a hot topic in the
field of enzyme immobilization. To date, various materials, such as graphene, carbon nanotubes
(CNTs), metal-organic frameworks (MOFs), DNA nanostructures, polymers, and silica, have
been applied for enzyme immobilization, which can efficiently protect enzymes from heavy
metals, high temperatures, and other biologically challenging conditions. Their characteristics
can vary from one to another and many of them have also been tried with LDH; a brief
description of the main categories is provided in Appendix A. [35][36] Among these materials,
mesoporous silica has been extensively utilized for enzyme immobilization.

2.1.1 Mesoporous silica

Meso, the Greek prefix, meaning in between, has been adopted by IUPAC to define
porous materials with pore sizes between 2.0 and 50.0 nm. Mesopores are present in aerogels
and pillared layered clays which show disordered pore systems with broad pore-size
distributions. Except for these, micro and macroporous materials exist and they space from pore
diameters of less than 2 nm (micropores) to pore diameters greater than 50 nm (macropores)
respectively. [37]

The self-assembled porous structure allows for high enzyme loadings and creates a
protective environment where the enzymes can tolerate more extreme pH, elevated temperature,
and higher salt concentrations. Enzyme immobilization by physical adsorption is highly
affected by the electrostatic interactions between enzymes and this type of support.



Proper characterization of the pore structure and particle morphology of the mesoporous
materials demands a combination of analytical techniques, among which, the spectrum obtained
from X-ray diffraction (XRD) indicates whether a hexagonal, cubic, lamellar, or disordered
structure is present.

amorphous
silica

Fig. 2.1 Members of the M41S family. MCM-41(hexagonal), MCM-48 (cubic) and
MCM-50 (lamellar with the presence of surfactant molecules between lamellae). From
Schwanke et al, pp 6.

In 1992, researchers at Mobil Corporation discovered the M41S family of
silicate/aluminosilicate mesoporous molecular sieves with exceptionally large uniform pore
structures. Three different mesophases in this family have been identified: lamellar (MCM-50),
hexagonal (MCM-41), and cubic (MCM-48) phases. MCM-41 has been the most investigated
as the other two are either thermally unstable or difficult to obtain. (Fig. 2.1)[38] [39]

MCM-41 mesoporous silica’s characteristics mentioned in subsection 1.3.2 make already
clear why it has been chosen for the present work, but there are further features that have to be
mentioned to better understand this choice from a chemical point of view. Except for its good
thermal, hydrothermal and hydrolytic stability, this support presents a surface area of about
1,000 m?/g and pore volumes greater than 0.5 mL/g, which indicates that a large number of
enzymes can be attached to this support’s surface and inside pores. Surface modification can
be performed with both organic or inorganic groups to achieve properties as hydrophilicity,
hydrophobicity, acidity, or basicity. The framework of MCM-41 mesoparticles has SiO:
tetrahedra terminating in either siloxane (Si—O-Si) or silanol (Si—~OH) groups on the surface, as
it can be seen in Fig 2.2. [32]

Fig. 2.2 Pure MCM-41 and a detail of types of silanol groups on
its surface.
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2.1.2 Support functionalization

The functionalization of nanomaterials plays critical roles in their physical and chemical
properties, as well as their application. Surface modification is conducted to improve the
properties of these materials for a specific application. Different types of compounds are
considered for this purpose, depending on the field of use. One key aspect of functionalization
is the introduction of various types of functional groups to the material surface. Supports cited
before can all serve as the base for functionalized materials, and many compounds are used to
modify their surface introducing aminic, carboxylic, hydroxyl, and sulthydryl groups. The
functionalization process is of great importance when a material is intended for use as a support
for enzyme immobilization. In some cases, support materials are inert and require further
activation. Functionalization allows the formation of stable covalent bonds between the
functional groups of the enzyme and the functional groups on the surface of the support
material. Enzymes on the surface of functionalized materials can be immobilized by both
physical (adsorption and entrapment) and chemical (covalent and cross-linking) methods. This
is related to the physicochemical properties, the structure of the material, and the types of
functional groups introduced to their surface. [40]

The surface of mesoporous silica nanoparticles (MSNs) with high amounts of silanol
groups guarantee the easy multi-functionalization through several strategies to improve their
biocompatibility, targeted activity, and control release of cargoes inside. Two of the most
studied and applied functionalization techniques on mesoporous silica support are silanization
with APTES (Fig. 2.3) [41], to introduce primary amino groups on the support surface followed
by glutaraldehyde activation, and treatment with GPTMS (Fig. 2.4) [42], to functionalize it
with epoxy organic groups. Their ethoxy groups can react with hydroxyl groups on the surface
of mesoporous molecular sieves and graft the amino and epoxy functional groups onto the
surface of mesoporous molecular sieves. [43]

H2N H2N

+(0Et)38| -C3HgNH,

KzH HO !\ toluene HO/,S| HO’Si,O\
—0 \ ! e

0-—SI — / 0
Sl o (é N\
— i—
MCM~41 O /Sl O N
MCM-APTES

Fig. 2.3 MCM-41 pore wall functionalization with APTES.
From Mitran et al, pp 2993, with modifications.
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Si
on O ' O
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0 Si
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oM ) T OH

Fig. 2.4 Schematic reaction of the nano silica surface and
GPTMS. From Ghanbari et al, pp 21.
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2.2 Immobilization most efficient bonding techniques

As mentioned in subparagraph /.3, enzymes are immobilized to reach a certain stability
and renewability. The driving forces for enzyme immobilization are also incremented by
volume, specific enzyme loading, and simplification of biocatalyst recycling and downstream
processing. Regarding stability, this could mainly be explained as an enzyme that is not able to
undergo any intramolecular process: autolysis, proteolysis, aggregation, or undesirable
interactions with large hydrophobic interfaces: air/oxygen bubbles, immiscible organic
solvents, etc. In this way, under certain experimental conditions, these random immobilization
protocols may promote very important stabilizations of immobilized soluble enzymes. Many
techniques, processes, and materials have been studied to achieve this purpose and some of
them emerged as optimum immobilization solutions also due to the possibility of associating
immobilization of enzymes and improvement of functional properties. [28]

The immobilization methods exploit the fact that proteins possess amino acids with
different features, whereby functional groups in side chains of these amino acids can be
involved in binding to the support through various types of linkages and interactions. The
enzymes can be attached by interactions ranging from reversible physical adsorption, ionic and
affinity binding, to the irreversible but stable covalent bonds. Immobilization methods can be
divided into two general classes: chemical and physical methods. Physical methods are
characterized by weaker interactions such as hydrogen bonds, hydrophobic interactions, van
der Waals forces, affinity binding, ionic binding of the enzyme with the support material, or
mechanical containment of enzyme within the support. In the chemical method, the formation
of covalent bonds achieved through ether, thioether, amide, or carbamate bonds between the
enzyme and support material are involved. There are four principal techniques for
immobilization of enzymes namely, adsorption, entrapment, covalent and cross-linking. (Fig.
2.5) [44] [45]. However, not one method is ideal for all molecules or purposes considering the
inherently complex nature of the protein structure. Among the parameters affecting activity and
stability in immobilized enzymes, the intensity of the interaction between the enzyme and the
support plays a key role in the immobilization results. What should be taken into consideration
is enzyme deactivation due to modification in the tertiary structure, toxicity of immobilization
reagents, and costs of immobilization [34]. Principal characteristics of immobilization
interactions have already been described, but to have a more complete idea, some advantages
and disadvantages are presented below.
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[ Immobilization methods ]

[ Physical ][ Chemical ]

Fig. 2.5 The classification of enzyme immobilization methods. From Imam et al, pp 4982.

As a reversible interaction, in physical adsorption immobilized enzymes can be removed
from the support under gentle conditions, a method highly attractive as when the enzymatic
activity has decayed, so the support can be regenerated and reloaded with fresh enzyme. This
is allowable by economic reasons, as the cost of the support is often a primary factor in the
overall cost of immobilized catalysts. But on the other side of it, weak or non-specific forces
imply drawbacks such as enzyme leakage from the matrix. In general, this technique is quite
simple and may have a higher commercial potential due to its simplicity, low cost, and retaining
high enzyme activity, but it might result to be too weak to keep the enzyme fixed to the carrier
and is prone to leaching of the enzyme.

Entrapment can improve mechanical stability and minimize enzyme leaching.
Nonetheless, the practical use of this method is rather limited as it tends to incur mass transfer
limitations of substrate or analyte to the enzyme active site. Other disadvantages include the
possibility of enzyme leakage, typical when the pores of the support matrix are too large,
deactivation during immobilization, low loading capacity, and abrasion of support material
during usage.

Cross-linking is another irreversible method of enzyme immobilization where the bonds
are formed directly among enzymes, and pure enzymes are theoretically obtained eliminating
the advantages and disadvantages associated with carriers. Technically, cross-linking is
performed by the formation of intermolecular cross-linkages between the enzyme molecules
using bi- or multifunctional reagents.

Covalent bonding is one of the most widely used methods for irreversible enzyme
immobilization. It has been used for different enzyme immobilizations, also on innovative
support, such as glucoamylase onto k-carrageenan modified surface [46], a-chymotrypsin onto
polyethylene glycol [45] and several enzymes onto paper fibers. [47]
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2.2.1 Covalent coupling

During covalent coupling, the functional group that takes part in the binding of the
enzyme usually involves binding via the side chains of lysine, cysteine, aspartic and glutamic
acids; stable complexes are formed between the functional groups of the substrate and the
functional groups of the biomolecule. The functional groups that can partake in the reaction are
the amino, carboxylic, thiol, imidazole, indole, and hydroxyl groups. [29] The deprotonated
amine groups of LDH possess a free electron pair that makes them highly reactive as
nucleophilic agents. They can easily react with electrophiles like carbonyl, epoxy, or vinyl
groups present at the carrier surface. [48]

Both one-point and multipoint covalent immobilizations are possible: last cited results to
promote a dramatic stabilization of the three-dimensional structure of the enzyme. In the case
of complex multimeric enzymes, formed by several subunits (two or three), can first be
covalently attached to the support and the other subunits of each enzyme molecule can then be
further cross-linked to the immobilized subunits by using bifunctional or poly-functional cross-
linking agents (e.g., glutaraldehyde, aldehyde-dextran, etc.) In this way, complex multimeric
structures can be fully stabilized. [28] The present thesis’ involved groups on the functionalized
support were carbonyl and amino groups, these last were activated before the immobilization
process, so in both cases interaction happened between deprotonated amine groups present on
LDH and carbonyl groups on support.

The formation of multiple linkages between the enzyme and immobilization support
ensures retention of the enzyme and has been shown to lead to exceptional enhancements in
stability against denaturation by organic solvents, elevated temperatures, surfactants, and other
environmental pressures. It has been proposed that this enhancement in stability is due to a
restriction in the mobility of the enzyme, which, in turn, suppresses unfolding.

Better results are obtained if a spacer between the support and the enzyme is used. For
redox enzymes with NADH cofactor requirement, such as LDH, it has been proven that the co-
immobilization of the cofactor via a spacer heightens the overall catalytic efficiency since the
spacers allow the facilitated docking of the cofactor to the active site and its “traveling” between
two redox-enzymes that are used for the cofactor regeneration. The simplest spacer that can be
used is glutardialdehyde (GDA), which reacts with amino groups, previously introduced by pre-
activation, under the formation of a Schiff base (Fig. 2.6). [49][50][51][52]
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Fig. 2.6 Mechanism of immobilization of LDH with 3-
APTES activated with GTA. From Zhang ef al, pp 16, with
modifications.

2.3 Enzyme stabilization

The low stability of enzymes in the presence of relatively high temperatures, organic
solvents, extreme pH levels, or high ionic strengths is one of the major obstacles to their
widespread usage. Therefore, to improve enzyme stability during the immobilization process,
some stabilizing solutions have been added to the immobilization environment. In particular,
stabilizing effects of polyethylene glycol (PEG) and trehalose have been studied in different
concentrations to get better immobilization results regarding LDH on GPTMS functionalized
MCM-41. Regarding PEG, two fundamental mechanisms are thought to be the cause of the
improvement. 1) The suppression of enzyme aggregation as a result of stronger PEG protein
interactions brought on by the enhanced hydrophobicity of PEG and lysozyme at temperatures
higher than conservation one is the primary reason for the stabilizing effect. ii) As seen from
MD simulations, PEG stabilizes the enzyme's secondary structures to some extent by preventing
their unfolding at these temperatures. As the PEG concentration rises, the effect becomes more
obvious. [53][54]

Trehalose, instead, is a naturally occurring osmolyte and it is an exceptional protein
stabilizer and aids in maintaining the activity of enzymes both in solution and in the frozen-dry
condition. In solution, Trehalose has been found to stabilize proteins by raising the medium's
surface tension, which causes the protein to preferentially hydrate. The exact nature of
interactions that govern the osmolyte-mediated stability of proteins is, therefore, not yet very
clear. Overall, protein stability should depend upon a fine balance between favourable and
unfavourable interactions of the native and the denatured protein states with the cosolvent
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molecules. [55]

From different studies, Trehalose has been suggested to form structures close to protein
surfaces, and these structures may create many hydrogen bonds with a water layer on the protein
surfaces. According to this model, water is trapped in a layer that lies between the surfaces of
the proteins and the nearby trehalose structures. Thus, the more rigid trehalose-water
complexes, which slow down protein dynamics and boost protein stability, are connected to the
dynamics of the protein via the water layer. Trehalose, however, appears to attach to protein
surfaces directly, according to other investigations. This describes a situation in which trehalose
molecules take the place of surface water (the so-called water replacement model), and the
protein is stabilized as a result of that interaction. [56]

2.4 LDH inhibition process

Recently, LDH has also started to be considered as a possible therapeutic target for
pathologies as wide ranging as cancer and malaria. Interest in LDH as an anticancer therapeutic
target comes from the observation that this enzyme (namely its -A isoform) becomes constantly
up regulated during neoplastic change, offering the possibility of a therapeutic intervention
aimed at correcting this altered activity. Moreover, in normal nondividing cells, inhibition of
LDH enzymatic activity should not cause harmful effects to mitochondrial respiration,
suggesting tolerability for normal cell metabolism. [57]

Enzyme inhibition is an important means of regulating activity in all living cells. There
are three basic types of enzyme inhibition: competitive, non-competitive, and uncompetitive.
Competitive inhibitors compete with substrates for the same binding site on the enzyme. They
can be substrate analogues, alternative substrates or products of the reaction. Competitive
inhibitors that are not metabolized by the enzyme are termed dead-end inhibitors. Non-
competitive inhibition involves a molecule binding to a site other than the active site (an
allosteric site). The binding of the inhibitor to the allosteric site causes a conformational change
to the enzyme’s active site, thus, the active site and substrate no longer share specificity,
meaning the substrate cannot bind. As the inhibitor is not in direct competition with the
substrate, increasing substrate levels cannot mitigate the inhibitor’s effect. Uncompetitive
inhibition occurs when the inhibitor (I) binds only to the enzyme-substrate complex (ES) and
not free enzyme (E). One can hypothesize that on binding the substrate (S), a conformational
change in E occurs, which presents a binding site for I. Inhibition occurs since ESI cannot form
product. It is a dead-end complex which has only one fate, to return to ES. [58]

LDH is a very difficult target for the development of new inhibitors, and in past years
several attempts have been characterized by a very low success rate. Among the most successful
ones, Gossypol, a natural phenol derived from the cotton plant, inhibits LDH by competition
with NADH, but it is not specific for this enzyme.
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Fig. 2.7 LDH-A inhibitors: NHI-2 (a) and Galloflavin (b). From El Hassouni et

al, pp 51, with modifications.

Until recently, the only well-characterized and specific inhibitor of LDH was oxamic
acid, a small molecule that inhibits both the A and B isoforms of LDH by competing with
pyruvic acid, the enzyme’s natural substrate. Although it displays good selectivity for LDH and
weak toxicity in healthy animals, oxamic acid has the drawback of poor cellular penetration; as
a consequence, it was found to inhibit aerobic glycolysis and the proliferation of tumour cells
cultured in vitro only at high concentrations, which cannot be expected to be reached in vivo.
To find novel inhibitors, different studies were carried out on the structure of the LDH-A, as

this isoform is up-regulated in the majority of human cancer cells.

By using structure-based virtual screening, a research team from the University of
Bologna identified galloflavin (GF), a gallic acid derivative that inhibits both the A and B LDH

isoforms. (Fig 2.7-b). [59]

Fig. 2.8 Putative binding mode of galloflavin (pink)
at the human LDH-A binding site. From Manerba et
al, pp 314, with modifications.




It was found to inhibit both the enzymatic activity of purified LDH and lactate production
in cultured cells, proving good cell permeability. This molecule binds mainly to the enzyme by
hydrogen bonds. In particular, the carbonyl oxygen atoms of galloflavin act as hydrogen bond
acceptors with Thr247 and GIn99, and the compound’s hydroxy groups establish hydrogen
bond interactions with Asn137 and Ala95. Finally, the 9- hydroxy group could make contact
with either Ala97 or Asnl12 and with the backbone nitrogen atom of Asn137 as well, as shown
in Fig. 2.8. According to researchers, galloflavin seems to preferably bind the free enzyme,
without being competitive with either pyruvate or NADH. [6] Another emerging LDH inhibitor
was designed by University of Pisa and is described as a new chemical structure obtained by
inserting —OH and —COOH groups into an N-hydroxyindole (NHI) scaffold. [59] Several
derivatives of the original structure were obtained and tested: increased sensitivity of NHI-1
and NHI-2 in pancreatic cancer cells growing under hypoxic conditions were reported. [60] In
particular, NHI-2 (Fig 2.7-a) proved to be stable after uptake by cancer and is a subject of the
present study.

Fig. 2.9 Overall disposition of the ligand NHI-2
(yellow) into LDH-A. From Granchi et al, pp 13, with
modifications.

It is a competitive inhibitor of LDH-A by binding to the NADH binding pocket. In the
study of Granchi et al, molecular dynamics (MD) simulation of the complex with NHI-2
highlighted a ~30° rotation along the axis perpendicular to the main plane of the molecule when
the COOH group of NHI-1 is replaced by COOMe. The ester group of NHI-2 forms an H-bond
with R169, whereas the methyl substituent is directed toward lipophilic residue V235. The
rotation of the molecule leads to the formation of a new water-mediated interaction between
the N-hydroxy group and the NH of R169, and this interaction proved to be stable during the
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whole MD process. This spatial shift of the molecules places the electronegative terminal
portion of the CF3-group in closer proximity to the positively charged residue R106, with the
plausible formation of an additional polar interaction between NHI-2 and the enzyme. The rest
of the molecule showed a water-mediated H-bond between the N-OH group and H193.
Interactions are better shown in Fig. 2.9. [61] [62]

2.4.1 Competitive inhibition of LDH

As NHI-2 is object of the present thesis and it inhibits LDH through a competitive
mechanism, a more detailed explanation of this process is provided. First of all, a simplified
chemical equation of the kinetics of an enzyme is shown, in which the second step is considered
to be irreversible, equation (2.1):

ky

k.
E+S___ ES——>E+P (2.1)
Ky

where ki, k.1 and k; are rate constants for the designated steps. This simple kinetic mechanism
for enzyme catalysis based on equation (2.1) was proposed by Michaelis and Menten in 1913
and later modified by Briggs and Haldane to include a slightly more general set of relationships
among the rate constants of the mechanism. The resulting equation is the well-known
Michaelis-Menten equation (2.2).

_ Vmax[S] _ ke[ElIS]
Km+[S]  Km+[S]

(2.2)

Competitive inhibition occurs when the inhibitor binds at the same site as the substrate.
The molecular basis for the binding of competitive inhibitors at the active site is that the
substrate and the inhibitor are structurally similar, with the result that the enzyme is “deceived”
into recognizing and binding the inhibitor. Thus, two reactions are possible:

E+S—ES—E+P (2.3)
E+1«< EI (2.4)

The modified Michaelis-Menten equation that relates the velocity of the reaction in the
presence of competitive inhibitor to the concentrations of substrate and inhibitor is as follows:

Vmax [S]

v= 1]
Km(l'l'i) + [S]
1

(2.5)

In this relationship, Ki 1s multiplied by a term that includes the inhibitor concentration,
[I], and the inhibitor constant, (1+[I]/K;). The observed “Km,” also called Kmgapp), 18 > Km
because S and I compete for binding at the active site, and thus a higher concentration of S is
required to achieve half-maximal velocity, as it can be seen from Fig. 2.10. [63]
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Fig. 2.10 Competitive inhibition: plots of velocity versus substrate concentration
or 1/velocity versus 1/substrate concentration (Lineweaver Burk double reciprocal
plot). From Bhagavan et al, pp 71, with modifications.

2.5 Prototype-Biosensor for screening of anti-cancer drugs

The word “biosensor” is inclusive and refers to any analytical tool that has immobilized
material, primarily biological, that precisely interacts with an analyte to produce an electrical,
chemical, or physical output that can be examined and evaluated. The amount of an analyte
present during the reaction is reflected in the output signals. Various parts can make up a
biosensor, including an analyte, bioreceptor, transducer, electrical device, and display. The
transducer or the detector element, which transforms one signal into another one, works in a
physicochemical way: optical, piezoelectric, electrochemical, electrochemiluminescence, etc.

The initial phase in the creation of biosensors is the validation of biological recognition
elements for signal transduction. Choosing the right bioreceptor and quantifiable signaling
element transducer combination is crucial when creating biosensors. In electrochemical
biosensors, the biorecognition component reacts with the analyte to produce an electrical signal
that is proportional to the analyte concentration present. One of the following techniques may
be used to find the signal:

Amperometric transducers track variations in current brought on by electrochemical
reduction or oxidation processes. A biological recognition unit is typically mounted on
electrodes made of gold, platinum, or carbon in such a biosensing system, and it also includes
a reference electrode.

Potentiometric biosensors are sensors that monitor potential or charge accumulation. A
reference electrode that provides constant potential regardless of analyte concentration and a
membrane that interacts with charged ions are both present in a transducer that has an ion-
selective electrode (ISE).

2.5.1 Characteristics of a biosensor

Every biosensor possesses a certain set of static and dynamic properties. The performance
of the biosensor is affected by the optimization of these features.

Sensitivity and selectivity: the reaction of a biosensor to a unit dose of analyte
concentration is referred to as sensitivity. The capacity of a bioreceptor to recognize a particular
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analyte even in complicated samples is known as selectivity. The finest illustration of analyte-
biorecognition in a highly selective manner is an enzyme-substrate pair. The selectivity
property will improve biosensors' ability to evaluate even extremely complicated samples.

Stability: the durability of a biosensor determines how frequently and for how long it can
be used. To prevent performance changes, biosensor components must remain stable after
processing and during shelf life. The stability will also depend on the immobilization techniques
utilized and the kind of connection the bioreceptor forms with the transducing element.

Precision is measured by comparing computed values to actual values, and accuracy is
expressed as a percentage recovery. Contrarily, precision is the standard deviation of the
biosensor response for the same sample when assessed at various times.

Reproducibility is the ability of a biosensor to produce identical results for repeated
experimental setups. Reproducibility takes the robustness of the analytical method into account.
The relative standard deviation of biosensor responses across numerous experiments is
represented as the reproducibility.

Linearity demonstrates the precision of the measured response. It is connected to a
biosensor's analyte range and resolution.

Response time is the amount of time it takes for a circuit or measuring device to detect a
specific fraction change in response to an input signal change. As a result, every device needs
time to get 95% of the responses. The two most significant and crucial performance criteria are
the limit of detection (LOD) and the limit of quantification (LOQ). The amount of analyte
measured by a biosensor is defined by LOD and LOQ), also known as its sensitivity. LOD is a
quantitative understanding of what restricts the analyte's smallest concentration, while LOQ is
the analyte’s lowest concentration that can be quantified with precision and accuracy. [64]
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3. Materials and methods

LDH’s density could be evaluated as the average density of proteins in general, but for a
more accurate value, equation (3.1) has been used, which evaluates protein density as a function
of molecular weight, instead of using the constant value p = 1.35 g/cm’ independent of the
nature of the protein and particularly independent of its molecular weight. [65]

p(M) = [1.410(6) + 0.145(28) - exp (— Ml(;‘('z;’))] g/cm? G.1)

where M is the molecular weight in kDa, which according to the literature is 35 kDa, 70 kDa,
and 140 kDa for monomer, dimer, and tetramer forms respectively, resulting in a density of
1.41 g/cm? for the tetramer form. [66]

Through equation (3.2) volume of the protein can be obtained and, if the protein’s
sphericity is assumed, through the inverse formula for a sphere’s volume (3.3), the radius of the
minimum sphere containing the protein is obtained. [67]

Vbrotein = I:I’_Z M (3.2)
3-Vprotein 1/3
Rmin sphere = (—i'nt ) = 3.75 nm (3.3)
where
Vprotein is the volume occupied by the protein in nm?
o is the partial specific volume (inverse of density), equals to 0.71 cm?/g
Na 1s Avogadro number

is the molecular weight of protein in Da

Rinsphere 18 the radius of the minimum sphere containing the protein, in nm

The enzyme is recombinant human L-Lactate Dehydrogenase (ALDH-A) expressed in E.
coli, acquired from Merck as an aqueous solution. The cofactor NADH was purchased from the
same Merck company.

3.1 Support functionalization

Functional groups have necessarily been added on the MCM-41 support’s surface to
allow covalent binding between LDH and the mesoporous silica. This last has therefore
undergone a series of steps to obtain two functionalized supports: a mono-functionalized one,
in which a single type of functional groups was added through a reaction with APTES, and a
hetero-functionalized one, where both aminic and aldehydic groups were added to the surface
of the mesoporous silica through contemporaneous reaction with APTES and GPTMS.
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3.1.1 Mono-functionalized support with aminic groups

A mono-functionalization of the support aims to generate one type of functional group on
its surface, which in this case are aminic groups.

The process starts with 1 g of weighted support (mesoporous silica MCM-41) to which
30 mL of toluene and 1.5 mL of APTES (3-Aminopropyltriethoxysilane) are added into a
balloon, under the hood. The balloon is connected to a cooling column, for evaporating toluene
recovery, and reacts for 5 hours under vigorously stirring conditions guaranteed through a
magnetic anchor. 105°C constant temperature is maintained thanks to a silicon oil bath stirred
as well. The support is then cooled down to room temperature ad filtered through a Buchner
funnel under vacuum. Filter papers 42 from Whatman™ have been used for this purpose. It is
eventually washed with acetone in the same amount of toluene and with abundant deionized
water and it is let dry. Fig 3.1 constitutes a schematic representation of the chemical process
occurring during mono-functionalization.

A further step is required to activate the functionalized support, and it is the addition of
glutaraldehyde; this step will be explained more in detail in section 3.5.2 [68][69]
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Fig. 3.1 MCM-41 mono-functionalization with APTES
3.1.2 Hetero-functionalized support with aminic and aldehydic groups

The addition of two different functional groups is meant to improve even more LDH
covalent linking to the support and enhance its stability.

For 1 g of weighted support (mesoporous silica MCM-41), 30 mL of toluene, 1.5 mL of
APTES, and 1.5 mL of GPTMS (3-glycidyloxypropyltrimethoxysilane) are added into the
balloon under the hood. Vigorously stirring conditions at about 180 rpm are maintained,
through a magnetic anchor, for 5 hours at 105°C in the presence of a cooling column.
Temperature is maintained constant through a stirred silicon oil bath. In this step, aminic groups
are formed in the same way it was described in subsubsection 3.1.1, GPTMS reacts with MCM-
41 superficial silanol groups and determines epoxy group formation.

After the reaction time, support is cooled down and filtrated through a Buchner funnel
under vacuum. It is washed at first with abundant acetone (at least 30 mL) and then with
deionized water. In the following step, the obtained support is added to 30 mL of an H>SO4
solution 0.1 M. The balloon is again connected to a cooling column and is stirred in a silicon
oil bath for 2 h at 85°C under the hood. During this time, GPTMS’ epoxy groups are hydrolysed
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by sulfuric acid, obtaining diols. The support is then cooled down and filtered through a
Buchner funnel under vacuum and washed with distilled water again. The third and last step
of this process implies that the support is added to 30 mL of a NalO4 0.1 M aqueous solution,
stirred for 2 h at room temperature, filtered in a Buchner funnel under vacuum, and washed
with deionized water. In this step sodium periodate oxides diols and generates aldehydic
groups. A sample of the solution is collected two times during this process, before and after
the reaction, to evaluate aldehydic groups’ formation and their quantity. The sample containing
the suspension is then centrifugated at about 5000 rpm for 1 min and the supernatant is collected
to be tested.

On the surface of this hetero-functionalized support, both aminic and aldehydic groups
will be present, ready to react with LDH functional groups. Fig 3.2 is a schematic representation
of the entire process. [68][70]
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Fig. 3.2 MCM-41 hetero-functionalization with GPTMS and APTES. Step 1: aminic and
epoxy groups formation; Step 2: diols formation; Step 3: aldehydic groups formation
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3.1.3 Aminic groups characterization

For aminic group quantification, a 300 mM CuSOs solution has been prepared. 1.5 mL of
this solution was mixed with 0.05 g of APTES mono-functionalized MCM-41. It was stirred at
room temperature for 1 hour to put support and CuSOs solution in contact. The interaction
between the support’s silanol groups and copper sulphate is schematically represented in Fig.
3.3. 1.2 mL of solution is then collected, and centrifugated at 1000 rpm for 3 minutes, and 900
uL of the supernatant is collected as the final.

Previously a calibration line was constructed by diluting the initial solution. Each cuvette
was filled with 100 pL of a known concentration solution and 900 pL of distilled water; their
absorbance was measured by a spectrophotometer DR500 at 750 nm wavelength. Eventually,
the absorbance of a solution composed of 900 pL of distilled water and 100 pL of the
supernatant of the reacted one is measured. Using the calibration curve, mols of aminic groups
per gram of support are determined.[71]
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Fig. 3.3 Possible coordination of copper ions by functionalized matrix
and stabilization by sulphate anions. From Lombardo et al, pp 58

3.1.4 Aldehydic groups characterization

These groups characterization is made by back titration with NaHCO3/KI as described in
[70] and in [68]: absorbance at 420 nm wavelength before and after the oxidation process,
carried out with NalO4, was measured and related to the aldehydic groups produced. To make
this possible, 10 mL of KI 10 % solution and 10 mL of NaHCOs3 saturated solution were
prepared. The samples collected before and after the oxidation reaction were diluted (1:50) by
mixing 980 puL of distilled water and 20 pL of the samples. Two cuvettes were then prepared
with 0.1 mL of diluted samples, 0.5 mL of NaHCOj solution, and 0.5 mL of KI solution, and
the absorbance was measured with a spectrophotometer DR500 setting the Fixed Wavelength
mode at 420 nm. These measurements were then integrated into equation (3.4) to determine the
number of aldehydic groups present on the support surface. [72]
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8sup 8sup
where

mol,q are the moles of aldehydic groups formed on the surface

Esup is the mass of MCM-41 support in grams
Vio- is the volume of initial solution of sodium periodate in mL

[107]in is the initial concentration of sodium periodate solution in mmol/mL
Absg,  is the absorbance at 420 nm of the sample at the end of the oxidation reaction

Abs;, is the absorbance at 420 nm of the sample at the beginning of the oxidation
reaction

3.2 Physical-chemical material characterization
3.2.1 N physisorption at 77 K

The process known as physical adsorption or physisorption implies that a specific number
of N2 molecules are attracted to the surface of a solid by van der Waals forces when these get
in contact at 77 K (nitrogen’s liquefaction temperature at atmospheric pressure). Low
interaction energy separates physisorption from chemisorption in this process and,
thermodynamically, physisorption is reversible at isothermal conditions, which is not the case
for chemisorption.

This technique allows the determination of the material’s surface area, pores’ volume,
and their dimensional distribution. Before the measurement in the analysis apparatus
Micrometrics TriStar, a pre-treatment on the samples is carried out, raising the temperature to
200 °C and leaving the catalyst under nitrogen flow for 2 hours, to clean the surface and
eliminate any foreign substance that could alter the results of the experiment.

Samples are analysed by measuring the volume of adsorbed nitrogen as a function of the
partial pressure of N at -196 °C; it is a phenomenon of physical adsorption followed by a
subsequent desorption, which sees the gas and the solid surface interact through Van der Waals
forces. At a given relative pressure, the amount of gas at a specific part of the surface of a solid
depends on local surface-energetic properties and on the geometry of the surface. To interpret
physisorption measurements of porous systems, surfaces are classically assumed to be
homogeneous, so the amount adsorbed at a specific relative pressure is determined by pore
size/geometry. These two aspects are intimately related, so assumptions have to be made about
geometry to obtain pore size. The most common assumption is that of a cylindrical pore system.
At low pressures (P/P-< 0.2), micropores are filled with N»; at increasing pressure, mesopores
fill and macropores are filled from pressures around P/P- ~ 0.96. Mechanisms of desorption of
N> are partially different. Physical models of these adsorption and desorption mechanisms
constitute the basis for the interpretation of isotherms in terms of porosity and pore structure.
Therefore, by plotting the adsorbed volume of N as a function of its normalized partial pressure
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concerning the vapor pressure, the adsorption isotherms are obtained, which can be grouped
into 6 classes, according to the [IUPAC classification. Type I isotherms are typically employed
to represent adsorption on microporous adsorbents because they "approach a limiting value".
Strong and weak adsorbate-adsorbent interactions are described in Types II and III,
respectively, of adsorption on macroporous adsorbents. Types IV and V represent capillary
condensation in addition to mono- and multilayer adsorption. (Fig. 3.4) [73][74][75]
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Fig. 3.4 The IUPAC Classification of Adsorption
Isotherms. From Kumar et al, pp 36

It is well known that there is a correlation between the microstructure of a mesoporous
material (such as pore size distribution, pore geometry, and connectivity) and the shape of the
hysteresis loop. The IUPAC provided also an empirical classification of hysteresis loops. (Fig.
3.5) According to [UPAC, type H1 is frequently associated with porous materials consisting of
well-defined cylindrical-like pore channels or agglomerates of roughly homogeneous spheres.
Type H2 materials are described as frequently disordered, with poorly defined pore size and
shape distributions, as well as bottleneck constrictions. Materials that give rise to H3 hysteresis
feature slit-shaped holes (the isotherms showing type H3 do not show any limiting adsorption
at high P/P°, which is observed with non-rigid aggregates of plate-like particles). Due to the
so-called tensile strength effect, which may occur for nitrogen at 77 K in the relative pressure
range of 0.4 to 0.45, the desorption curve of H3 hysteresis contains a slope that is linked to a
force on the hysteresis loop. However, type H4 hysteresis is also frequently linked to tiny slit
pores. [38][76]

HI H2 H3 H4

Adsorption quantity

Relative pressure

Fig. 3.5 The relationship between the pore shape and the adsorption—desorption isotherm. From
Xiong et al, pp 13
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The Brunauer-Emmet-Teller (BET) equation allows the calculation of the specific surface
area values; it is a model that takes into account the formation of multilayers, non-uniform
surfaces and the interactions between the adsorbent molecules in adjacent layers. The equation
of the BET model in linear form is as follows:

V-(P}()’—P) - \f:c ' (%) + ch (3.3)
where

\Y is the total specific adsorbed volume

Vin is the specific volume adsorbed by a monolayer

pO is the saturation pressure

P is the dynamic equilibrium pressure

C is a constant that expresses the difference between the adsorption

enthalpy of the first and second or upper layers, obtainable from
equation (3.6)

C=exp (%) (3.6)
where

E, is the adsorption heat of the first layer

EL is the adsorption heat of the following layers or liquefaction heat

_r
V (P-P°)

y-intercept= ____

1
A

v

P
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Fig. 3.6 BET theory illustration. From Kumar et al, pp 42 with
modifications.
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Specific surface area (Sggr) can be calculated through equation (3.7) evaluating the adsorbed
gas by one monolayer (V;,,) from the slope and intercept (Fig. 3.6). [77]

_ Vpp'Nas 1

Sper = 285 2 (3.7
where

\Y is the molar volume of the adsorbed gas

S is the adsorption section

N Avogadro number

m is the solid mass

3.2.2 X-ray diffraction (XRD)

X-ray diffraction is used to identify the crystalline phases of a material; X-rays have a
wavelength that can vary between 0.5 and 2.0 A, a dimension comparable with the interplanar
distances of the crystalline material.

The crystalline phases, which possess a skeleton of ordered atoms, are irradiated with X-
rays, which, interacting with the crystalline plane, generate a scattering phenomenon: if there
is a constructive diffraction, following the satisfaction of Bragg's law (3.8), a signal is
generated. Fig. 3.7 represents a scheme of the X-ray diffraction process and Bragg’s law. [78]

n-A=2-d-senf (3.8)
where

n is the diffraction order and it is a positive integer

A is the wavelength of the incident Beam

d is the distance between parallel crystalline planes

0 is the incident angle

Once the analysis is performed, a diffractogram is obtained and it is compared with a
database built over the decades, which contains more than a million patterns of crystalline
solids; thanks to this comparison it is possible to trace the different phases that make up the
sample analysed.

As described in the previous paragraph, X-ray diffraction is typically used for crystalline
solids. Although MCM-41 is an amorphous solid, it presents a very ordered pattern
characterized by hexagonally ordered mesopores. As just said, the wavelength of
electromagnetic radiation is comparable to the distance between the centres of the channels.
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Fig. 3.7 Diffraction of the incident X-ray beam by atomic
planes in a crystalline solid. From Forbes et al, pp 217.

Sample analysis is performed with the Empyrean 3.0 diffractometer equipped with an
anticathode in Cu (Ko, A = 1.54 A, 40 kV and 40 mA); in this case, the 20 angle was made to
vary between 0.75° and 5° with an angular step of 0.013°. By rotating the sample, the angle 0
with which the X-rays collide is varied and, consequently, the intensity of the diffracted signal
is changed, which in turn is measured by a detector. The latter is mounted on an arm that rotates
at a 20 angle as shown in Fig. 3.8.

Fig. 3.8 Schematic of the goniometer configuration
widely used for XRD analysis. From ITWG, pp 1.

Once diffractogram is composed, 6 angle is determined from data as the angle
corresponding to absorbance maximum value.

Referring to Fig 3.9, to determine the characteristic parameters of the cell composing the
material, a series of equations are listed below.
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Fig. 3.9 Scheme of cell parameters.

A

do = 2-sen@ (3-9)
ap = % (3.10)
6= aO—DB]H (311)
where

do is the inter-reticular distance

A is the wavelength of the incident Beam

a is the cell parameter

0 is the diffraction angle corresponding to the peak

) is the wall thickness

Dgjy is the pore diameter evaluated with the BJH method [79]

3.2.3 Fourier-transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) uses the mathematical process (Fourier
transform) to translate the raw data (interferogram) into the actual spectrum. FTIR method is
used to obtain the infrared spectrum of transmission or absorption of a materials. Under specific
conditions, the nanoparticles’ surface chemical composition can be determined, and
additionally, the reactive surface sites responsible for the surface reactivity can be identified,
depending on the infrared absorption frequency range of 400 and 4,000 cm™. [33]

The process consists of an infrared spectrum of a sample made by passing a beam of
infrared light through a sample or reflecting off of the surface of the sample. The infrared light
is absorbed in specific frequencies representing the vibrations of bonds or groups in the
molecule. For a vibrational mode in a molecule to be infrared active, it must have a permanent
dipole. An absorbance spectrum is produced, showing the wavelengths that the sample absorbs,
revealing details about the molecular structure of a sample. It happens that, when an infrared
photon is absorbed by a molecule, this transits from a basal vibrational state to an excited one.
Molecular vibrations fall into two main categories: stretching and bending. The stretching
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vibration entails a change in the inter-atomic distance along the bond axis, whereas in bending
vibrations the bond lengths remain constant, but the bond angles change. There are four types
of bending vibrations: rocking, scissoring, wagging, or twisting. Stretching absorptions are of
two types: symmetric and asymmetric (Fig. 3.10) and usually produce stronger peaks than
bending in the infrared spectrum; however, bending absorptions can be useful in differentiating
similar types of bonds. [80] Moreover, a section corresponding to functional groups, from 3,800
to 1,300 cm™ and a section corresponding to fingerprints — characteristic bands for each
molecule - from 1,300 to 650 cm™ are present. A summary of these regions can be seen in Fig.
3.11.

Symmetric stretching  Asymmetric stretching
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in-plane rocking in-plane scissoring  out-of-plane wagging  out-of-plane twisting

Fig. 3.10 Types of molecular vibrations: (a) Stretching vibrations and (b)
bending vibrations. “+” and “-”” symbols indicate motion towards the paper
and away from the paper, respectively. From Dittrich et al, pp 189.
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Fig. 3.11 Summary of IR absorption regions. From Wade et al.
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3.2.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy is an analysis that allows to obtaining information on
the morphology of a material, the size of the crystallites, and the elementary composition. This
technique consists in accelerating the electrons from 100 keV up to 1 MeV (as regards the most
advanced transmission electron microscopes) and making them interact with the sample. The
energy with which the electrons are accelerated is important, as the resolution of the images is
related to it. For TEM analysis we work in an extremely high vacuum and the sample is prepared
in such a way that the thickness is extremely small, but it is also possible to use the sample in
the form of powder which is then dispersed on a screen of copper.[81]

The accelerated electrons, directed along the column of the microscope, are deflected by
a suitable system of electromagnetic lenses, interact with the sample, and are finally projected
onto a fluorescent screen, which collects and sends the signal to a monitor on which to display
a 2D, black and white image of the sample. Fig. 3.12 shows the scheme of a modern TEM: it
is possible to see a condensing lens that serves to direct the electron beam toward the sample,
an objective lens, an intermediate lens, and a projection lens. The use of the GMS3 software
made it possible to rework the TEM images and calculate the distance d between the different
crystalline planes, or, in the case of MCM-41, the pores’ average diameter.[81]

Electron gun

Objective apertune

Objective lens

Projector lenses

Fluorescent screen

Fig. 3.12 TEM microscope. From Tang et al, pp 147.
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3.3 Free LDH characterization through activity assay and optimal operation conditions

Enzymes are labile and instable, properties that usually hampers in vitro studies. To
reduce the risk of activity loss some parameters’ influence on LDH was studied. The aim was
to determine values among which LDH has its peak of activity, so several enzymatic assays
were processed at different temperatures and pH. In addition, an activity enzymatic assay was
made in the following way, measuring the enzyme’s absorbance through a spectrophotometer
Jasco V-730 (Fig. 3.13) in the Time Course mode, at the beginning and at the end of a 60
seconds reaction.

Enzymatic activity can, of course, be influenced by enzyme, substrate, and cofactor
concentrations, they play an important role as regarding process costs, measurements, and
dynamics. Concentrations used in these enzymatic assays have been previously analysed and
compared, obtaining as optimal concentrations of 7 mM for NADH and 49 mM for pyruvate,
regarding the reaction occurring from NADH to NAD". Enzyme concentration only regards
costs of the process, which tend to increase if a huge amount of enzyme is employed, and
analysis difficulties if its concentration is too low.

3.3.1 Temperature and pH

To obtain information about the optimal pH and temperature of the enzyme, nine different
conditions were tested varying the temperature between 25 and 65 °C and the pH between 5
and 11. The middle point having 45°C temperature and pH 8 was tested in triplicate to have a
more accurate measure around the point expected to be the optimal one in terms of both
temperature and pH. The temperature of both buffers and the analysis room was kept constant
through the Julabo instrument (Fig. 3.13).

The environment’s pH was determined by the pH of the employed buffer, 0.1 M
phosphate buffer for pH 5 — 8, and 0.1 M carbonate buffer for strongly alkaline environments.
The correct pH was obtained through correction with HCI and NaOH. Literature evidence how
the maximum LDH activity lies between pH values of 4 and 9, depending also on the tested
isomer of human LDH, its foreign original organism, or a cancerous environment.
[82][24][83][84]

Fig. 3.13 Jasco V-730 spectrophotometer and Julabo instrument

34



3.3.2 Enzymatic activity assay

Reaction occurred in a cuvette containing 2.7 mL of phosphate buffer 0.1 M pH 7.5 at the
optimal temperature of 45°C, 100 pL of pyruvate solution 49 mM, 100 uL of NADH solution
7 mM and 100 pL of a LDH solution 0.01 mg/mL. Absorbance spectrum of NADH presents
two peaks, one at a wavelength of 260 nm and the second at 340 nm, while NAD" only shows
a peak at 260 nm. During the reaction, the cofactor NADH is converted to NAD™ through an
oxidation process, thus, the peak of NADH’s absorbance at 340 nm should decrease during the
reaction. Therefore, the analysis is conducted in 7ime Course mode at 340 nm to observe the
peak’s decreasing slope in 60 seconds. [85]

Final values of absorbance slope have been eventually inserted in equation (3.12) which
aim is to determine free enzyme activity, meant as the quantity of enzyme needed to convert
one substrate micromole or to form one product micromole in one minute.

Apg = AIZES ' i ' men\zlyme (3.12)
where
Apg is the free enzyme activity in IU (international units)
AAbs is the absorbance variation in 60 s
At
€ is the molar attenuation coefficient (6.22 mMcm™'1 cm)
Vv is the reaction solution’s total volume in mL

Menzyme 18 the enzyme mass into solution in mg

3.4 Free LDH Bradford assay for concentration determination

Bradford protein assay is the simplest and most efficient way to determine a protein’s
concentration in a solution. The principle of this assay is that the binding of protein molecules
to Coomassie® Brilliant Blue G-250 dye under acidic conditions results in a colour change from
brown to blue and, therefore, shifts its absorbance peak to 595 nm. This method actually
measures the presence of the basic amino acid residues, arginine, lysine, and histidine, which
contribute to the formation of the protein-dye complex.

A calibration curve is needed. This curve is created through absorbance measures of
bovine serum albumin (BSA) solutions having different concentrations. Absorbance is
measured at 595 nm wavelength with a DR500 spectrophotometer and a curve, using phosphate
buffer 25 mM pH 7, is determined.

The same procedure is applied to each type of analysed buffer. Starting from a BSA and
buffer solution having 1 mg/mL BSA concentration, 5 different solutions are created: 0.01
mg/mL, 0.02 mg/mL, 0.05 mg/mL, 0.1 mg/mL, and 0.2 mg/mL BSA concentration. Measured
solutions inside cuvettes were formed by 1 mL of Bradford reagent and 100 uL of each of the
solutions just cited.
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3.5 LDH immobilization

One support, MCM-41, and two different functionalization procedures of this support
have been exploited to immobilize LDH enzyme through covalent binding. Hetero-
functionalized MCM-41 with APTES and GPTMS and mono-functionalized MCM-41 with
only APTES, both previously described in subsection 3.1, have been used.

For the final evaluation of the immobilization percentage, equation (3.13) has been used.

Initial activity—Activity in supernatant

%l =
/ol Initial activity 100 (3.13)
where

%I is the enzymatic immobilization percentage

Initial activity is the initial activity of the free LDH

Activity in supernatant is the final activity of the supernatant solution

3.5.1 LDH immobilization on hetero-functionalized support

Procedure steps regarding immobilization on support presenting aminic and aldehydic
functional groups follow in part FDH immobilization described by Pietricola et al. [68][86] As
described in section 2.3, different stabilizing solutions were used as immobilization
environment: 50 ppm, 500 ppm, 1% and 5% w/v PEG solutions and a 300 mM trehalose
solution.

PEG solutions were obtained starting from 9 mL of specified PEG concentrations in
carbonate buffer 25 mM pH 9. As cited previously, PEG (Polyethylene glycol) results to
improve the tertiary structure of a protein’s stability as it reduces the water accessible surface
area of the protein to protect the intrapeptide hydrogen bonds. [54][34]

200 mg of functionalized support is added to the solution to reach an enzymatic load of 1
M@enzyme/Zsupport. After 15 minutes of reaction at a temperature between 4 and 10°C the first
sample is collected, and from then every 15 minutes. In particular a sample of the suspension
has to be analysed to understand if besides pH and temperature, the interaction with the support
also destabilizes the enzyme. A sample of the free LDH is collected to analyse the evolution of
its activity during the immobilization time. This value cannot decrease below a threshold value
that is arbitrarily set at 75% of the initial enzymatic activity. Eventually, the suspension sample
is centrifugated at 500 rpm for 2 minutes in CAPP CR1512 centrifuge (Fig. 3.14). and the
supernatant is analysed to understand if pH and temperature condition destabilize the enzyme
and, based on the obtained activity, to evaluate the concentration of free enzyme still present in
solution which did not attach to the support. Samples are collected until enzymatic activity in
the supernatant solution tends to zero or until it presents two successive constant values. This
overall immobilization time varies from 30 to 120 minutes, depending on the variation of free
enzyme activity in time.
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Absorbance measures are made through the spectrophotometer Jasco-V730 utilizing Time
Course mode for 60 seconds at a wavelength of 340 nm. Test is performed in the same
conditions as the previously described enzymatic assay.

After this first phase, at an almost zero activity of the supernatant, the complement to 20
mL of buffer-PEG solution is added together with a weighted quantity of NaBHa4, enough to
have a 0.1 mg/mL concentration of NaBHj4 in the solution. The obtained solution reacts for 15
minutes at a temperature between 4 and 10°C without being covered so the developed hydrogen
can be released. [34]

Fig. 3.14 Centrifuge CAPP CR1512

Support with immobilized LDH is then filtered through a Buchner funnel under vacuum
and washed first with 20 mL of phosphate buffer pH 7.5 25 mM and then with distilled water.
One samples from the filtrated solution and one from the washing buffer are collected and
analysed to determine if any relevant residue activity is present. A schematic representation of
the immobilization process is provided. (Fig. 3.15)

The aldehydic groups, present on the support, tend to form, in alkaline conditions, the so-
called Schiff’s bases, characterized by the presence of a double bond linking carbon and
nitrogen atoms between aminic and glyoxyl groups resent on the support’s surface. This is the
reason NaBHj is added: to convert Schiff’s bases into secondary amino bonds; the remaining
glyoxyl groups are then converted into inert and hydrophilic hydroxyl groups. [87][88]

Immobilization mediated by trehalose follows almost the same steps as the previous one.
Immobilization occurs in 9 mL of Carbonate buffer pH 9, 25 mM with a 300 mM concentration
of trehalose. The alkaline value of the utilized buffer’s pH is due mainly to glyoxyl groups that
do not immobilize enzymes at a neutral pH, while in alkaline conditions they form a multipoint
covalent immobilization. The immobilization occurs exactly as the one described in the
previous section and the same concentration of NaBHj is used to reduce Schiff’s bases is
utilized. (Fig. 3.15)
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9 mL carbonate buffer pH 9.0, 25 mM 1 mg hLDH-A/g support
300 mM trehalose / x % w/v PEG 200 mg MCM-41 hetero-functional

filtration
samples collected
———+ every 15 minto — ,NaBHjadded _____ . phosphate buffer pH

0.1mg/mL  25°C 7.5, 25 mM washing
15 min, stirring

monitor immobilizaton

I MMOBTILTIZATTION

Fig. 3.15 Scheme of ZLDH-A’s immobilization on hetero-functionalised MCM-41

3.5.2 LDH immobilization on mono-functionalized support

There is an important main difference from the previous immobilization that implies an
initial activation with Glutaraldehyde of the functionalized mesoporous silica with only aminic
groups.

25 mL of'a 2.5% v/v (and successively 1% v/v) glutaraldehyde solution in 50 mM sodium
phosphate buffer at pH 7.0 and 25°C were used for the activation: 1 g of the mesoporous silica
is suspended into 25 mL of the 2.5% v/v glutaraldehyde 50 mM pH 7.0 solution and let react
for 2 h in continuous stirring conditions and at room temperature. Immobilized preparation was
then filtered under vacuum and washed with deionized water. After this step, support was ready
for the immobilization process. It was redispersed into 9 mL of a solution made by phosphate
buffer 25 mM pH 7.0 and a weighted amount of LDH to have an enzymatic load of 2
MEenzyme/Esupport.  [30] Similarly to the immobilization on hetero-functionalized support
described in subsection 3.5.1, every 15 minutes samples were collected and analysed both as
suspension and supernatant. The analysis consisted of a Time Course analysis of absorbance at
340 nm wavelength for 60 seconds. Cuvettes to be analysed into Jasco V-730
spectrophotometer contained 2.7 mL of phosphate buffer 0.1 M pH 7.5 maintained at optimal
temperature through Julabo instrument, 100 uL. of a 7 mM NADH solution, 100 puL of a 49 mM
pyruvate solution and 100 pL of the sample to be analysed. Eventually, when the activity of the
filtrate approach zero, the immobilization solution is filtrated under vacuum and it is washed
with 20 mL of phosphate buffer 25 mM pH 7.5 and with deionized water. (Fig. 3.16)

(5-x) mL carbonate buffer pH 9.0, 25 mM 2 mg hLDH-A/g support

200 mg MCM-41 monofunctional 9mL sodium phosphate buffer pH 7.0, 25 mM
x mL glutaraldehyde 50 % [4]

Flistion samples collected filtration
o — every I5minto ——— phosphate buffer pH
H,0 washing gt s ;
25°¢ monitor immobilizaton 7.5, 25 mM washing
2 hr, stirring
ACTIVATION I MMOIBIULTIZATTION

Fig. 3.16 Scheme of /LDH-A’s immobilization on mono-functionalised MCM-41

38



3.5.3 Concentration determination and Bradford assay

In mono-functionalized MCM-41 immobilization case, at the end of the procedure,
Bradford assay is processed. It consists in the lecture of absorbance through a
spectrophotometer DR500 at a fixed wavelength of 595 nm of the sample, then a relationship
between these values and the Bradford calibration curve determined in subsection 3.4 is
determined. Samples analysed in the spectrophotometer are composed by 1 mL of Coomassie®
Brilliant Blue G-250 colorant and 100 pL of the free LDH sample and filtered samples collected
from time ti5 to end of the immobilization (100 pL of buffers for blank).

It is expected that, as during time immobilization occurs, concentration of protein in the
supernatant, starting from a maximum in the free LDH solution, decreases, so values of
absorbance decrease as well. This measurement of concentration in the supernatant is
determined in a different way for LDH’s immobilization on hetero-functionalised support as it
has been noticed how Bradford assay turns out to be more efficient at a neutral pH instead of
pH 9 utilised for hetero-immobilization. Percentage concentration calculus in this case was
processed through activity measurement utilizing for this purpose equation (3.13), as activity
and concentration are two directly proportional variables.

3.5.4 Retained activity of immobilized enzyme

Immobilization monitoring every 15 minutes and Bradford assay to determine enzyme
concentration into the filtrated sample are techniques that provide important data regarding
LDH immobilization. Nevertheless, an additional parameter is calculated with the purpose of
universally compare all types of immobilizations regarding their activity with respect to the free
LDH one, either is has been done on mono or hetero-functionalized support or utilizing different
concentrations of stabilizing solutions and additive. The percentage Retained activity makes
this calculus possible, as it is determined from equation (3.14).

AIE

Ract = TAm 100 (3.14)
where

Ract Percentage Retained activity

Aig Immobilized enzyme activity

q Enzymatic loading

Agg Free enzyme activity

The enzymatic loading corresponds to 1 mg of enzyme over gram of support for the hetero
functionalized MCM-41 and to 2 mg of enzyme over gram of support for the mono
functionalized one.

To evaluate these two activities, an enzymatic assay is processed for the free enzyme
(previously described in section 3.3.2) and for the immobilized enzyme. After the
immobilization, the enzyme is dried at 4°C for 2 to 4 days before the activity test. The first step
of this assay consists in adding 1 mL of Phosphate buffer pH 7.5, 0.1 M to 20 mg of weighted
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biocatalyst. The solution is then mixed through a vortex and 100 pL of it is tested in a cuvette
containing 2,700 puL of the same buffer cited earlier, 100 uL of a 7 mM NADH solution and
100 puL of a 49 mM pyruvate solution. Everything is maintained at the physiologic temperature,
which corresponds to about 37 °C, in stirring conditions during the analysis. This is,
theoretically, the optimal operation temperature for free LDH. Values of activity are taken
through a Time Course analysis at 340 nm wavelength after 60 s. Three measures are taken to
better define the error affecting measurements. Absorbance values are then evaluated through
equation (3.15) to determine the immobilized enzyme activity.

AAbs 1V

A = TRP— (3.15)
where

Aig is the immobilized enzyme activity

AAbs 1s the absorbance variation in 60 s

At

£ is the molar extinction coefficient (6.22 mM'em™!'1 cm)

\% is the solution volume inside the reaction cuvette

My;, is the biocatalyst mass

3.5.5 Optimum working pH and temperature for immobilized enzyme

As for the free enzyme procedure previously described in subsection 3.3.1, the 50 ppm
PEG immobilised enzyme’s activity has been tested for temperatures of 25°C, 35°C, 45°C and
65°C and for pH between 5 and 11, to determine its optimal working conditions. These intervals
and values have been specifically chosen to be tested to obtain information about the entire map
of pH and temperature at which the enzyme might operate. Measurements have been taken in
the same way described for the Retained activity calculus, meaning the analysed suspension
has been made from 20 mg of weighted biocatalyst and 1 mL of phosphate buffer pH 7.5 0.1
M, then mixed through a vortex. Central points (35°C and 45°C, at pH 8) have been tested in
triplicate to have a more accurate value for the expected activity peak.

3.5.6 Fluorescence microscopy of the immobilized enzyme

To evaluate the effective presence of the Z/LDH-A enzyme on the functionalised support’s
surface, a fluorescence microscopy has been processed with the Nikon Eclipse Ti microscope.
The enzyme has been coloured following the procedure presented by ATTO 488 Protein
Labelling Kit acquired from Merck based on N-hydroxysuccinimidyl (NHS)-esters. They are
the reagents most frequently employed to react with amines. NHS-esters easily interact with
substances that contain amino groups, resulting in the formation of a chemically stable amide
bond between the dye and, for example, a protein. To be reactive, the amino group must be
deprotonated. As a result, the pH of the solution needs to be raised enough to produce a
significant amount of unprotonated amino groups. Among characteristic features of the
fluorescent label there is an excellent water solubility, strong absorption, high fluorescence
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quantum yield, high photo-stability and very little triplet formation. The fluorescence is most
effectively stimulated between 480 and 515 nm (Fig. 3.17). [89][90]

absorption
fluorescence

ol

I . N 2 TR
300 400 500 600 700 800 900 1000
wavelength, nm

Fig. 3.17 ATTO 488 absorption and fluorescence
spectra. From ATTO 288 Product information, pp 1.

Since the utilized enzymatic solution presents a concentration of 1.99 mg/mL in buffer at
pH 7.5, a solution of 0.995 mg/mL in carbonate buffer pH 9.5 was utilized to avoid significant
pH alterations of the employed buffer provided by ATTO kit at pH 9.5. This concentration
value is less than what the technique predicts, which can result in a less effective staining. The
labelling colour was diluted as well in 20 pL of sodium carbonate buffer pH 9.5 and, to allow
the reactive dye molecules to form bonds with the amino groups of the protein, the enzyme and
dye are incubated for two hours with gentle stirring at room temperature in the previous
described solution of buffer pH 9.5. The fluorescently labelled enzyme is further purified via
a separation column: the enzyme + dye solution passes through the column due to the addition
of 5 mL of buffer pH 7.5 on the top of it. A sufficient amount of the filtrated is collected, to
guarantee an enzymatic loading of 1 mg/mL and the immobilization in presence of 50 ppm PEG
is conducted following the procedure previously described in subsection 3.5.1. Eventually 10
washing procedures of the dried biocatalyst with Milli-Q water are carried on.

To help the labelling performance along, both staining procedures are carried in the dark.

3.5.7 Thermal stability of free and immobilized LDH

An experimental test for determination of the thermal stability has been processed for free
and immobilized enzyme. A water bath has been set at the optimum operative temperature of
45°C for a total time of 72 hours. A 0.01 mg/mL free enzyme concentration solution and a
suspension of 20 mg of biocatalyst in 1 mL of phosphate buffer have been utilized for
measurements. They have been tested at a time 0 for which there is no influence of the
temperature, after which Eppendorf containing the solutions have been immersed in the water
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bath. Tripled measurements have been processed after 1, 2, 6, 18, 24, 48 and 72 hours from
time O for both free and immobilised LDH. Absorbance measurements have been taken at 340
nm wavelength, in 60 s, inserting1 00 pL of the sample to be analysed in 2,700 uL of buffer,
100 puL of a 49 mM pyruvate solution and 100 uL of a 7 mM NADH solution. The absolute
error has been calculated through the standard deviation formula for each point and a trendline
has been determined from equation (3.16). [68]

A=A)(1—a) et + ] (3.16)
where
A is the activity at any time
A, is the initial activity
a is the asymptotic value to which the activity tends for an infinite time
kp is the deactivation constant
t is the time

3.6 LDH inhibition

Inhibition operated by NHI compounds regarding LDH-A enzymatic subunit has been
described in subsection 2.4. To obtain an experimental value that proves the occurred inhibition,
activity assays in absence and in presence of the inhibitor for both free and immobilized enzyme
have been performed.

3.6.1 Free h(LDH-A inhibition by NHI-2

The assay is carried on similarly to the one for the calculation of Retained activity: a
solution with a concentration of 0.01 mg/mL of free enzyme is created in phosphate buffer and
100 uL of it is tested in presence of already cited 100 uL of a 7 mM NADH solution, 100 pL
of a 49 mM pyruvate solution and 2,700 pL of phosphate buffer. For the one in absence of
inhibitor nothing is altered while for the inhibition test, 30 pL of an NHI-2 solution 3.75 mM
are introduced into the analysed cuvette. Therefore, a total reaction volume of 3.03 mL will be
used in calculations. NHI-2 solution has been obtained by dissolving the anti-cancer drug in a
suitable solvent such as dimethyl sulfoxide (DMSO). To determine the inhibition percentage,
equation (3.17) is utilized.

e Afree LDH,No NHI~Afree LDH,NHI
Inhlbltlonﬁ«ee LDH % = ree =0 ree - - 100 (317)
Afree LDH,No NHI

where

Afree LDHNo NHI 1S the activity in absence of the LDH inhibitor NHI-2
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Afree LDH,NHI is the activity in presence of the LDH inhibitor NHI-2

They have been both calculated through equation (3.18), just changing the reaction
volume as specified before for Afree LpH NHI-

AAbs 1 \'%

Afree LDH,No NHI/ NHI = Az Menzyme (3.18)
where
AAbs is the absorbance variation in 60 s
At
£ is the molar attenuation coefficient (6.22 mM'cm™1 cm)
Vv is the reaction solution total volume in mL

Menzyme 1S the enzyme mass into solution in mg

3.6.2 Immobilized ALDH-A inhibition by NHI-2

The same procedure is followed for the inhibition of immobilized enzyme, a suspension of 20
mg of biocatalyst in 1 mL of buffer is created and 100 pL of this is tested with and without 30
uL of NHI-2 solution through the absorbance measurement at 340 nm wavelength. Once the
triplicate assay has been completed, equation (3.19) is used for the inhibition percentage
calculation, while activities are both calculated through equation (3.20) operating just a change
in the reaction volume for Apjqcatalyst,NHI-

o Apjocatalyst,No NHI~Abiocatalyst,NHI
Inhibitionyigcataryst % = ————— oY= - 100 (3.19)
Abpjocatalyst,No NHI

AAbs 1 \%

A, — A
biocatalyst,No NHI/NHI At £ mpig

(3.20)

where

AbiocatalystNo NI 18 the activity in absence of the LDH inhibitor NHI-2

Abiocatalyst,NHI is the activity in presence of the LDH inhibitor NHI-2

AAbs . Lo
is the absorbance variation in 60 s

At
£ is the molar attenuation coefficient (6.22 mM'ecm™1 cm)
\Y is the reaction solution total volume in mL
My, is the biocatalyst mass
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4. Results and discussion
4.1 Support characterization results
4.1.1 N2 physisorption at 77 K results

A summary of the obtained results from the N> physisorption analysis at 77 K of
commercial MCM-41, heterofunctional and monofunctional MCM-41 is presented in Table 4.1.
Specific surface area (Sggt) has been calculated through BET (Brunauer-Emmett-Teller) model
equation (3.7) analysis. Utilizing BJH (Barrett-Joyner-Halenda) method the cumulative pores’
volume (V) and the pores’ average diameter (d,) have been obtained.

Sper (™/g) v, (M) d, (nm)
MCM-41 866 0.36 3.7
MCM-41 heterofunctional 474 0.08 5.7
MCM-41 monofunctional 576 0.10 5.4

Table 4.1 MCM-41, MCM-41 heterofunctional and MCM-41 monofunctional samples’ properties
derived from N, physisorption at 77 K

MCM-41’s initial morphology is altered by the hetero and mono functionalization
processes, which results in a drop of Sggr and Vj,. Pore dimension indicates that hollow pores
did not change during functionalization. The decrease of the BET surface area and pore volume
might be due to the destruction of a small amount of pore structure or to chemical modification.
In all samples, the pore size distribution in Fig. 4.1 is highly condensed around d,, value

reported in table 4.1.
(a) (b) (c)

40 10 L
—a— MCM-41 +— MCM-41 heterofunctional

4— MCM-41 monofunctional
.

304

20

dV/diog(w) Pore Volume (cm?g-nm)
dVidlog(w) Pore Volume (cm®/g-nm)

r

dVidlog(w) Pore Volume (cmg-nm)
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Fig. 4.1 Pore size distribution for MCM-41(a), MCM-41 heterofunctional (b) and MCM-41
monofunctional (¢) samples

In Fig.4.2 the adsorption and desorption isotherms of all three samples are shown. After
a comparison with the [IUPAC classification in Fig. 3.4 and Fig. 3.5, it has been deduced these
are of type IV with an H4 hysteresis cycle.
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Fig. 4.2 Adsorption and desorption isotherms for MCM-41(black), MCM-41
heterofunctional (pink) and MCM-41 monofunctional (green) samples.

4.1.2 X-ray diffraction (XRD) results

Fig. 4.3 shows the XRD spectra of the MCM-41, MCM-41 heterofunctional and
monofunctional samples. By the literature, MCM-41 presents in the interval 20 considered two
peaks identified with 700 and 110, characteristic of a material’s ordered structure. Intensity of
the peak /00 of the functionalized MCM-41 support resulted in lower intensity after the
introduction of both amino and glyoxyl groups through hetero and mono-functionalization.

— MCM-41
—— MCM-41 monofunctional
—— MCM-41 heterofunctional

100

Intensity (a.u.)

10 15 20 25 30 35 40 45 50
26 (°)

Fig. 4.3 XRD diffractogram of MCM-41 (black), MCM-41 heterofunctional
(pink) and MCM-41 monofunctional (green) samples.

Table 4.2 summarizes the values of the diffraction angle 0, the inter-lattice distance d,,
the cell parameter a,, and the wall thickness 6 calculated according to equations (3.9), (3.10)
and (3.11).
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0() do (nm) ap (nm) 8 (nm)

MCM-41 1.19 3.7 43 1.0
MCM-41 heterofunctional 1.18 3.7 4.3 1.8
MCM-41 monofunctional 1.19 3.7 4.3 1.9

Table 4.2 MCM-41, MCM-41 heterofunctional and MCM-41 monofunctional samples’ properties
derived from XRD

4.1.3 Fourier-transform infrared spectroscopy (FTIR) results

In Fig. 4.4 there is a representation of FTIR spectra of starting silica support and both
mono and hetero-functionalized silica after a thermal pre-treatment at 300°C. This is necessary
for water residues to evaporate to permit a clearer view of most peaks present in the range
4,000-1,300 cm™!, which would differently be hidden by water molecules or other impurities.

MCM-41 monofunctional

<t [3e]
[Te] (9]
&} [=2]
=

MCM:41 hetérofunctional | :

Absorbance (a.u.)

MCM-41

s

— T ‘ — — ‘
4000 3100 2200 1300 400

Wavenumber (cm™)

Fig. 4.4 FTIR spectra of MCM-41 (black), MCM-41 heterofunctional (pink)
and MCM-41 monofunctional (green) after a pre-treatment at 300°C

At 3745 cm’! there is a peak present in MCM-41 spectra, absent in the functionalized
ones. This corresponds to isolated silanol groups that react with organosilanes to provide
glyoxyl and ammino groups during functionalization. Other peaks are present in both mono and
hetero-functionalized silica and absent in the starting one, meaning the functionalization took
place. The most relevant ones are summarized in Table 4.3. [91][92]
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Wavenumber (cm™1) Functional group

3745 Isolated -OH groups

3450 N-H stretching vibration

2936, 2882 Asymmetrical and symmetrical stretching vibrations of CH, groups
1659 Bending -NH and Stretching C=0

1409 Bending CH in -CHb»- e -CH3

1254 Si-CH; from GPTMS structure

1200 - 1000 Si-0O-C, Si-O-Si, Si-O-H and C-O

806, 587 Si-O-Si stretching and Si-O-Si bending

Table 4.3 FTIR wavenumber range and functional groups in evidence for MCM-41, MCM-41
heterofunctional and MCM-41 monofunctional

4.1.4 Transmission Electron Microscopy (TEM) results

In Fig. 4.5 TEM images of MCM-41, MCM-41 heterofunctional and MCM-41
monofunctional at 80000x, while in Table 5.4 a summary of the average pore diameter
measured in different positions is present. Moreover, it is possible to observe how structures
present on the edges of MCM-41 silica due to the presence of silanol groups are less evident in
the functionalized silica. This might happen because of the functionalization treatment or the
substitution of silanol groups with amino and glyoxyl ones. Although numbers do not coincide
precisely, it can be seen that they are of the same order of magnitude as the ones calculated with
the BJH method in subparagraph 4.1.1.

Pore dimension (nm)

MCM-41 3.6
MCM-41 heterofunctional 3.7
MCM-41 monofunctional 35

Table 4.4 Pore dimensions in MCM-41, MCM .41 heterofunctional and MCM-41 monofunctional
measures from TEM images
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Fig. 4.5 TEM images of MCM-41 (a), MCM-41 heterofunctional (b) and MCM-41
monofunctional (c¢)

4.2 Free LDH

The occurring reaction of NADH conversion to NAD™ has been analysed as the acquired
enzymatic subunit ZLDH-A is the one mostly responsible for catalysing this reduction, while
other subunits are responsible for the reverse reaction catalysis. As all enzymatic assays within
this thesis work, the process to determine the enzyme’s working optimum temperature and pH
is based on the measurement of absorbance at 340 nm wavelength for 60 s. A peak of this value
will be obtained when a maximum NADH concentration in its reduced form is present in the
solution and a constant minimum value will be reached when the reaction occurred and all
NADH has been converted to NAD™. Fig 4.6 is the representation of the spectra just described,
where the green curve represents the spectra covering all interesting wavelengths at time 0,
before the reaction has occurred, and the red curve represents the same points after a 60 s
reaction where the NADH specific peak is no more present.

—— After reaction
Before reaction

Absorbance(a.u.)

T T T T
300 350 400 450 500
Wavelength (nm)

Fig. 4.6 NADH spectra, peak of absorbance at 340 nm wavelength
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4.2.1 Free LDH’s optimum operative temperature and pH

In Fig. 4.7 a map of temperature and pH regarding the free enzyme is present. The
analysed reaction is the one of NADH conversion to NAD". NADH and pyruvate starting
solutions have been used in 7 mM and 49 mM concentrations respectively, which resulted as
optimal from previous researches. Obtained activity peak corresponds to a pH of 7.5 and to a
temperature of about 40-45°C. These values of temperature and pH have been utilized for both
free LDH and immobilized one assays to guarantee the most favourable conditions for its
activity.

pH 7.5, 45°C

sl

Fig. 4.7 Surface determined from analysed points of temperature and pH

4.3 Functionalization and immobilization processes results
4.3.1 Aldehydic and amino groups quantification

Functionalization processes were followed by a characterization procedure to determine
the effective group quantity generated on the MCM-41 support’s surface. Regarding aldehydic
groups, equation (3.4) has been used to calculate group quantity while for amino groups the
interaction between NH»> groups and copper ions has been exploited. Table 4.5 summarizes the
mmol of functional groups on g of support.

mmol /
gsupport
Aldehydic groups for MCM-41 heterofunctional 1.44
Amino groups for MCM-41 monofunctional 0.95

Table 4.5 Aldehydic and amino groups quantification for heterofunctional and monofunctional
MCM-41
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As described in subsection 3.1.3, a calibration curve for the CuSOj4 solution (Fig. 4.8) has
been created to confront the obtained value of groups quantity generated on the mono-
functionalized MCM-41. Something more could be said about the interaction between
functional groups and copper ions, as shown in Fig. 4.9, one link can take up one, two, or three
NH> groups. The table reports the number obtained from a 1:1 proportion, hence it constitutes
an overestimation of the effective groups formed; if 1:2 and 1:3 proportions are taken into
account, the calculation of the number of amino groups will be more complex to handle.
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Fig. 4.8 Calibration curve based on tested different concentration solutions of CuSOs.
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Fig. 4.9 Possible interactions between copper ions and NH» groups: 1:3 (a), 1:2 (b)
and 1:1 (c) proportions.
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4.3.2 Immobilization percentage and Retained activity

Table 4.6 presents values of immobilization percentage (I) and Retained activity (Ract) for
all the immobilizations tested, both on heterofunctional and monofunctional MCM-41.
Procedures have been described in subsections 3.5.3 and 3.5.4.

t(min) 1(%) Rac (%)

hLDH-A on MCM-41 heterofunctional 40 99 13.8+7.7
hLDH-A on MCM-41 heterofunctional 50 ppm PEG 45 92 24.8+4.2
hLDH-A on MCM-41 heterofunctional 500 ppm PEG 40 95 12.7+£7.7
hLDH-A on MCM-41 heterofunctional 1% PEG 40 77 104+42
hLDH-A on MCM-41 heterofunctional 5% PEG 145 80 7.2+42
hLDH-A on MCM-41 heterofunctional 300 mM Trehalose 30 93 11.5+13
hLDH-A on MCM-41 monofunctional 1% GA 30 96 13.3+11.8
hLDH-A on MCM-41 monofunctional 2.5% GA 30 84 89+34

Table 4.6 Immobilization time (t), immobilization percentage (I) and Retained activity for
experimented immobilizations.

As previously described, three measurements have been taken to monitor immobilization:
the free enzyme activity, the suspension activity and the supernatant of the centrifugated
solution at 500 rpm for 2 minutes. The evolution of these measurements is represented in Fig.
4.10 for immobilization in presence of GA for monofunctional support and in Fig. 4.11 for the
one in presence of PEG and Trehalose for heterofunctional support.

To guarantee an optimal reaction environment, some considerations have been made
regarding both pH, molarity, and temperature, factors that have a relevant influence on the
immobilization process. pH and molarity roles are interconnected, as their variations determine
a change in the surface and bulk charge distribution, with the consequent variation of the
environment in which the enzyme operates. Thus, it has been demonstrated that the ideal pH of
the reaction environment is typically near to the enzyme's isoelectric point, which for ZLDH-A
is equivalent to 8.4. Regarding glutaraldehyde immobilizations, the molarity, which is related
to the ionic strength of the solution, must be kept low to speed up the process. Eventually,
increasing the temperature might play a role in protein deactivation, although it can speed up
the immobilization process, some temperature thresholds must not be overcome. [84]

During immobilization, it can be seen how both the free enzyme and the suspension
activity values are kept almost constant at a value around 100%, with a minority of cases in
which they drop under 75%. This can be due to a deactivation inhibition by maintaining the
temperature during immobilization at 4-10°C.

Eventually, immobilization time fluctuates around a value of 35-40 minutes, with an
exception for the immobilization in presence of 5% PEG and a minimum value of 30 minutes
reached during the immobilization with 50 ppm PEG and the ones on the monofunctional
MCM-41.
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Fig. 4.10 Free enzyme, suspension and supernatant percentage activity and concentration
percentage in supernatant for immobilizations on MCM-41 monofunctional with 1% GA (a) and
2.5% GA (b)
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Fig. 4.11 Free enzyme, suspension and supernatant percentage activity and concentration percentage
in supernatant for immobilizations on MCM-41 heterofunctional without PEG or Trehalose (a), with
Trehalose 300 mM (b), with 50 ppm PEG (c), with 500 ppm PEG (d), with 1% PEG (e), with 5%
PEG (f)
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It is clear how immobilizations in presence of PEG reach the highest percentage of
Retained activity. If confronting both this value and the immobilization percentage (Fig. 4.12),
the immobilization in presence of a 50 ppm PEG solution results in an acceptable compromise
of the specified values among all the immobilizations tested. It also presents the minimum
immobilization time which implies a limited energy waste. Further tests have been processed
for this immobilization to determine other working parameters.

100 99.1 95.8 A0

92 9 92 £5.2

80 77 80

60 4

404
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138 453 3
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115 1o 7.2 a9
- 0

No PEG or Trehalose 300 mM Trehalose 50 ppm PEG 500 ppm PEG 1% PEG 5%PEG 1% GA 2.5% GA
MCM-41 heterofunctional MCM-41 monofunctional

Raat (%)

Fig. 4.12 Immobilization percentage (green) and Retained activity (red) for immobilizations on
hetero and mono-functionalized MCM-41

Percentage Retained activities present a significant error, which might bring some values
under a 5%. For this reason, activity values found are to be considered low. Some cases present
a Retained activity over 10% with a relatively small error which can be considered more
significant results. In this data evaluation, it has not been taken into consideration any issue
related to the presence of the enzyme inside the silica pores or any phenomena regarding the
limit to the mass transfer since both functionalized materials have a smaller pore diameter than
the minimum of the enzyme. Sodium borohydride utilized in the immobilization process on
MCM-41 heterofunctional to reduce Schiff’s bases may play an important role, as it has a
negative effect, enhancing the enzyme’s denaturation process. Also, as the PEG concentration
gets higher, the Retained activity tends to low down, which might indicate that the optimal
value lies around 50 ppm of PEG. Two possible causes of a low Ract value for MCM-41
monofunctional are the percentage of glutaraldehyde used and the pH which does not represent
an optimal immobilization condition. It is known that the enzymatic activity is inversely
proportional to the concentration of glutaraldehyde. In fact, too many bonds between
glutaraldehyde and enzyme can cause a distortion of the protein structure and, in particular of
the conformation of the active sites, decreasing the accessibility of the substrate and the
enzymatic activity.
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4.3.3 Optimal temperature and pH for immobilized enzyme

As already cited, the temperature and pH tests have been carried out on the immobilized
LDH on MCM-41 heterofunctional in presence of 50 ppm PEG. The procedure consists of the
same steps as described in subparagraph 3.5.5 and it is very similar to the one applied for the
free enzyme.

100.0
90.00
8000
7000
6000
50.00
4000
30.00
2000
1000

0.000

Fig. 4.13 Temperature and pH map for optimal operative conditions
determination for immobilized enzyme.

From Fig. 4.13 it is possible to see how a peak is found for a temperature of 40°C and a
pH of 5. With respect to the free enzyme (40-45°C and pH 7.5), optimal operative conditions
shifted to a more acidic pH for immobilized LDH. This might be explained by the fact that H"
and OH™ concentrations usually are not equally partitioned between the microenvironment of
the immobilized enzyme and bulk solution due to electrostatic interactions with the matrix,
which often leads to the displacements in the pH activity profile. As the pl of LDH is 8.4, the
enzyme presents a positive net charge at pH 5, 6, and 7 and is negatively charged at higher pH.
The positive net charge of LDH results to be more pronounced for lower pH in the interval 5-
7, but the negative surface charge of silica is, therefore, less pronounced. Thus, it is not obvious
how the Columbic attraction between the enzyme and the pore walls will vary with pH. One
might initially expect a repulsive interaction between the weakly negatively charged LDH and
the strongly negatively charged silica surface at the greatest pH, pH 11, but this interaction
might not be the dominant one. The enzyme may adopt a conformation such that it exposes
positively charged groups toward the silica surface, leading instead to an attractive enzyme-
silica interaction, similar to the situation at the lower pH values, a phenomenon that would
justify both activity peaks at pH 5 and 11 for the immobilized enzyme. [30][98]
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4.3.4 Fluorescence microscopy results

LDH has been coloured and then immobilized in the same chosen conditions (50 ppm
PEG) as described in subsection 3.5.6 and therefore it was analysed through a fluorescence
microscope. Labelling kit ATTO 488 emits fluorescence in the green channel, while the silica
support should only present an intrinsic fluorescence in the blue channel. From the images
presented, analysed with the magnificence of 60x, two main situations can be identified: in one
the support can only be distinguished in the blue channel as there is a low amount of it (Fig.
4.14-a, b) and in the second in which the fluorescence given by the support in the green channel
is significant and it could be due to the overlapping of several layers of MCM-41 functionalised
support (Fig. 4.14-¢c, d). In both cases the enzyme is distinguishable from the support as its
fluorescence in the green channel is very significant even in comparison to a large amount of
MCM-41 (Fig. 4.15). Moreover, after a careful view, it is possible to notice that, when both
green and blue channels present fluorescence for only the MCM-41 support, the images are
perfectly superimposable, which does not happen when the labelled enzyme is present (Fig.
4.16).
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Fig. 4.14 Fluorescence microscopy images with a magnificence of 60x of MCM-41 in blue (a, ¢)
and green (b, d) channels.
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Fig. 4.15 Fluorescence microscopy images with a magnificence of 60x of ALDH-A immobilized on
MCM-41 heterofunctional with 50 ppm PEG in blue (a) and green (b) channels.

(a) __ (b)

Fig. 4.16 Fluorescence microscopy images with a magnificence of 60x of ZLDH-A immobilized on
MCM-41 heterofunctional with 50 ppm PEG in overlapped blue and green channels. (b) is a
magnificence of (a).
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4.3.5 Thermal stability results

To determine a thermal stability for both the free enzyme and the biocatalyst, a test was
processed for a total time interval of 72 hours as described in subparagraph 3.5.7.

Fig. 4.17 and Fig. 4.18 represent the experimental points for the free and immobilized
LDH respectively and a trend line calculated through equation (3.16) after parameters have
been determined through a graphical way. Each point is constituted by the average of the
measurements that have been taken and the error bar corresponding to the relative error
calculated through the error’s propagation theorem.
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Fig. 4.17 Free LDH thermal stability experimental points
and trend line.
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Fig. 4.18 Immobilized LDH on MCM-41 heterofunctional 50 ppm
PEG thermal stability experimental points.
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From the graph representing the free enzyme test, it is easy to see how experimental
activities reach values of about 20% of the initial one for time approaching 72 hours, following
the trend line’s evolution. On the contrary, for the analysis of the biocatalyst’s activity in time,
it is not possible to establish a trend for the experimental points. This derives from the fact that
in the initial 6 hours activity drops to values concerning the free LDH activity. In point analysed
after 18, 24, 48 and 72 the activity trend seems to raise up, but an excessive error is present.
This might be due to a low homogeneity during the immobilization procedure or to an unfolding
of the protein leading to its inactivation in specific points on the support.

4.3.6 Results of the inhibition test with NHI-2

The inhibition test of ALDH-A by the anti-cancer drug NHI-2 has been processed for both
the free enzyme and the immobilized one in presence of 50 ppm PEG. The test procedure is the
same utilized for the activity assays conducted so far and it is described in subsection 3.6.1. For
both cases, it is expected a higher activity in absence of the inhibitor than from the one in its
presence, meaning that the conversion from pyruvate to lactate operated by the enzyme has
been inhibited. In fact, from Fig. 4.19 it can be seen how in the presence of the anti-cancer drug
both free enzyme and biocatalyst have been inhibited. Lower activity in presence of the
inhibitor, and so a more significant inhibition, has been obtained for the free LDH concerning
the immobilised enzyme.

100 4 100 100
80
— 65
S
= 60
=
2
40
20
10.8
NHI-2 No NHI-2 NHI-2 No NHI-2
Free LDH Biocatalyst

Fig. 4.19 Free and immobilized ALDH-A in absence and presence of inhibitor NHI-2
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Percentage inhibition values presented in Table 4.7 have been calculated through
equations (3.17) and (3.19) for free enzyme and biocatalyst respectively.

Inhibition (%)
Free hLDH-A 89.4

hLDH-A/MCM-41 heterofunctional 50 ppm PEG 35.0

Table 4.7 Inhibition percentage values from NHI-2 inhibition test of free and
immobilized ALDH-A.

An improvement in the inhibition percentages could be obtained by optimizing the
concentrations and volumes of the reagents used. However, a change in the type of quantitative
analysis to perform these tests is suggested. High Performance Liquid Chromatography (HPLC)
is a valid alternative to obtain more precise results.

60



5. Electrochemical studies for biosensor development
5.1 Biosensor’s design

Several papers have been analysed to determine the feasibility of an electrochemical
biosensor that exploits the immobilized LDH onto hetero-functionalized mesoporous silica
MCM-41. The detection mechanism for quantification of lactate concentration into solution
derives from the redox reaction involving the cofactor NADH/NAD". Among several biosensor
types described in subsection 2.5, an electrochemical biosensor prototype results to be the most
suitable for this case. Recently, this sensor category has generated a lot of interest, especially
for use in medical diagnostics, condition monitoring, and environmental monitoring. A brief
description of its operation mode is provided below.

As cited in the initial chapters, A subunit of LDH specifically catalyses the chemical
conversion of pyruvate into L-lactate and NADH to NAD" as equation 5.1 shows, while
equation 5.2 represents the redox reaction taking place for cofactor NADH/NAD".

In the reaction environment a series of redox reaction involving oxygen takes place
between the enzyme and the electrode surface, determining a potential difference proportional
to the amount of dissolved lactate.

Pyruvate + NADH — L — lactate + NAD* (5.1)

NADH + H* — NAD™ + 2H* + 2e~ (5.2)

It must be taken into consideration that the sensitivity of the electrochemical sensor will
be affected by several aspects such as surface modification to allow ions exchange and the
electrochemical transduction mechanism. The most common method to improve sensor
performance is to chemically modify the working electrode's surface. To further boost the
performance of electrochemical sensors in terms of their sensitivity and selectivity, extensive
research is underway to find suitable modifier materials. Among them, Nafion was used as an
electrode modifier for sensor electrode fabrication. It is a fluoropolymer-copolymer based on
sulfonated tetrafluoroethylene and it is the first of a group of synthetic polymers known as
ionomers that have ionic properties. Because of its excellent chemical and mechanical stability
in the demanding conditions of this application, it has attracted a lot of attention as a proton
conductor for proton exchange membrane (PEM) fuel cells, as it helps to block the anionic
species from reaching the electrode surface and allows the cation conduction to pass through,
thus leading to good selectivity. Additionally, Nafion helps to enhance the stability of carbon-
modified electrodes due to its excellent film-forming ability.

To overcome several difficulties an electrochemical biosensor faces and to improve their
analytical performance, several challenges need to be solved. These include: (i) the electrode's
surface's slow electron transfer rate properties, which lead to a poor response signal; (ii) the
electrode's limited sensitivity and selectivity capabilities toward target analyte detection due to
the occurrence of fouling effect; and (iii) the electrode's overlapping voltametric response
brought on by the coexistence of various interfering species. From researches it emerged how
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a carbon-polymer-based hybrid material endows the novel properties of composites that are
essential in boosting the sensing performance. [94]

The traditional experimental electrochemical setup uses a three-electrode cell made up of
an electrolyte, a conductive solution that permits charge transport, a working electrode (WE),
which is the biosensor where electrochemical transduction occurs, a counter-electrode (CE),
which is controlled by a potentiostat and provides a path for current flow while setting a specific
potential for the WE, and a reference electrode (RE), which is kept close to the WE. Screen-
printed electrodes (SPEs) were recommended by Couto ef al. [95] as a viable option for an
electrochemical transducer because of their inexpensive cost and ability to be discarded after
each study. Among the types of electrochemical biosensors, amperometric and potentiometric
are the most employed ones.

The amperometry method is based on applying a fixed voltage to the WE and measuring
the electrical current that results from the faradaic reactions involving the electroactive analyte
as they occur over time. In this method, the use of a specific potential is associated with a given
analyte, minimizing the interference of other electroactive species on the electrochemical
response of the biosensor, and increasing its selectivity and sensitivity.

The potentiometry relies on the potential difference between the WE and the RE when a
negligible current flow is recorded. The Nernst equation can be used to compute the observed
potential, which is proportional to the ion activity. [95]

A good solution seems to be constituted by a Glassy Carbon Electrode (GCE) which
surface has been modified with Nafion. More details about this composite’s formation process
can be found in the reference article [64]. Briefly, the procedure implies the enzyme
immobilization onto mesoporous silica as a first step, then a reaction of the silica/ALDH-A
complex with Nafion follows, and eventually a suspension of this final complex is dropped on
the surface of the GC electrode. (Fig 5.1)
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Fig. 5.1 A/LDH-A/mono-functionalised MCM-41 leading to the complex on GCE electrode
modified with Nafion
Electrochemical measurements can be processed through a conventional three electrode

system comprising of the fabricated bioelectrode as the working electrode, Pt as a counter or
auxiliary electrode and Ag/AgCl as a reference electrode. For this purpose, the SPE design of
the biosensor could be employed. In Fig. 5.2 there is a representation of the common features
that characterise an electrochemical cell and an SPE, specifically regarding an enzyme-based
biosensor. [96]
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Fig. 5.2 The two types of electrochemical biosensors with three
electrodes: reference (RE), working (WE), and counter (CE) connected
to a potentiostat. From Damiati ef al, pp 7 with modifications.

A similar operating principle has been applied by Romero et al. [97] for the development
of an amperometric biosensor prototype in which the sensitive component constituted by the
enzyme immobilized onto a mucin/albumin matrix is further entrapped between two
polycarbonate membranes and fixed to a Pt electrode’s surface. The working electrode has been
as well covered with a Nafion membrane, to avoid critical issues cited before, block
interferences, and to increase the specificity of the sensor. Nafion membrane preparation and
the construction of the enzymatic electrode are described more in detail in the designated paper.

Utilizing the project just described as a starting model, a sketch of the biosensor prototype
has been developed, involving a series of modifications mainly regarding the immobilized
enzyme positioning within the biosensor. In the developed model, the biocatalyst as a powder
1s encapsulated in a compartment delimited by two polycarbonate membranes. Sizes of this
compartment may be calculated to optimize the volume and concentration of anti-cancer drug
that must be provided for the quantity of biocatalyst powder encapsulated. In Fig. 5.3 a sketch
of this compartment is provided; its dimensions are in meters and they have been obtained
increasing the biocatalyst volume and maintaining the same proportions as in the inhibition
tests carried on through a spectrophotometer. Dimensions of the prototype are purely esteemed.
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Polycarbonate membranes

Fig. 5.3 Sketch of the tubular compartment for the biocatalyst powder holding within the
biosensor prototype. Exploded isometric 3D view on left and assembled 3D view with
quotations on right. Quotations are in meters and they are purely esteemed.

The added ring on the right in Fig. 5.3 provides a threaded connection with the body of
the biosensor prototype illustrated in Fig. 5.4 and Fig. 5.5. Eventually, in Fig. 5.6 a complete
view with quotations is present.

0,003 = _ 0,002 0,040 _ . 0.052 0010 0003
= ‘ 0,035

Mobile phase
flux direction
/003 0,003
0,003 T At ch— = Transmission
=t working reference 2
electrode electrode s
BIOCATALYST EXTERNAL ELECTROCHEMICAL OPEN CAP
COMPARTMENT COVER TRANSDUCER

Fig. 5.4 Sketch of the tubular biosensor, lateral exploded view. Quotations are in meters and refer
to calculation in subparagraph 5.2.2. Red arrow on left indicates the point where the solution to be
analysed is inserted and the flux direction.

Fig. 5.5 Sketch of the tubular biosensor prototype, isometric assembled front (left) and back (right)
views. Quotations are in meters and refer to calculation in subparagraph 5.2.2.
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Fig. 5.6 Sketch of the tubular biosensor, isometric exploded view. Quotations are in meters and
refer to calculation in subparagraph 5.2.2. Red arrow indicates the flow direction of the Mobile
phase.

A series of improvements can be significant to enhance the performance of enzyme-based
biosensors: (i) using a base electrode with a high sensitivity, such as a Pt electrode; (ii) using a
host matrix with a large pore diameter; (iii) dispersing highly electrically conductive Pt, Au
nanoparticles in host; and (iv) electrode composition in terms of relative quantities of enzyme
and host on the electrode surface.

Potentiometric and amperometric transducer devices just presented will convert the
chemical signal given from the analytes into an electrical signal that has to be read by the
operator. The transduced signal is processed and transmitted to the electronic circuitry. The
electrical signals obtained from the transducer are amplified and converted into digital form.
The processed signals are then quantified by the display unit. This last is composed of a user
interpretation system, such as a computer or a printer that generates the output so that the
corresponding response can be readable and understandable by the user. Depending on the end-
user prerequisite, the output can be in the form of a numerical, graphical, tabular value, or a
figure. (Fig. 5.7)

Display

Sensing receptor and Amplifier and
Electrochemical transducer Signal processor

—

- >

Fig. 5.7 Electronic circuitry including Amplifier and processor devices and a display.
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5.2 Studies and optimal parameters for a tubular biosensor prototype

5.2.1 Injecting volume and composition of the Mobile phase

The efficiency of the enzymatic biosensor prototype and the detector response rely on the
flow rate and volume of the anti-cancer drug to be analysed. Lower flow is associated with
bigger concentration differences of the LDH-A inhibitor. Therefore, the current response of the
biosensor is the complex result of the influence of the flow rate on the sensor and the detector
performance. The injection volume of an analyte can significantly affect such parameters as the
sensitivity of measurements, the shape of the recorded curve, linear dynamic range, and in some
cases also the enzyme activity.

In previously described inhibition tests, 30 uL of a 3.75 mM solution of NHI-2 has been
employed for a biocatalyst quantity of 20 mg. The mobile phase to be inserted not only contains
the enzyme inhibitor but must provide the substrate and cofactor for the reaction to occur. If
utilizing the same reaction conditions as the inhibition test, the final mobile phase must have a
volume of 151.5 mL and should be constituted by a solution of phosphate buffer pH 7.5 0.1 M,
with a pyruvate concentration of 1.63 mM and a NADH concentration of 0.23 mM. Eventually,
anti-cancer drug concentration in the mobile phase must be of 0.037 mM. If the inserted volume
needs to be reduced, a more concentrated solution in its components may be used. Further
analysis might be done on the inhibition efficiency concerning the anti-cancer drug
concentration or the ratio between enzymatic load within the biocatalyst and the NHI-2
concentration.

5.2.2 Volume of the enzymatic compartment

The enzymatic compartment is commonly placed in front of the detector and it influences
some important characteristics of biosensors, e.g., sensitivity, enzymatic capacity, lifetime of
the reactor, peak parameters, etc. The powder of MCM-41/AkLDH-A may be used for gradually
filling a tube with a defined inner diameter and length. The powder quantity can be measured
to obtain the desired volume or mass. The current response of the biosensor is expected to be
proportional to the volume of the reactor. Some studies report a volume threshold beyond which
the current response did not further vary. [98] Dimensions of this compartment for the biosensor
prototype have been calculated referring to 100 mg of biocatalyst powder and the corresponding
anti-cancer drug volume and concentration in the same proportions utilized in the inhibition test
described in subparagraph 3.6.2. A diameter of 0.01 m of the compartment has been chosen
arbitrarily. This biocatalyst mass occupies approximately 2.5e-6 m>, which implies that the
compartment should have a length of 3.2e-3 m.
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5.2.3 Optimal residence time and flow rate

Another important parameter may be constituted by the optimal reaction time during
which a maximum inhibition of the enzyme is operated by the anti-cancer drug and therefore a
higher potential difference is recorded by the electrode due to the occurred redox reactions.

For this parameter calculus, the compartment containing the biocatalyst could be regarded
as a fixed bed reactor, and thus, the reaction time coincides with the residence time of the mobile
phase within the reactor. The inhibition tests have been carried on for 2 minutes, so this time
interval will be assumed to be the residence time and utilized in the following calculations.
Flow rate can be obtained from equation (5.3) and it results to be 2.1e-9 m?/s. Eventually, after
the insertion of the mobile phase, a volume of buffer equal to that of the catalytic bed has to be
inserted to completely eject the reagents, or a more accurate cleaning has to be processed if the
biocatalyst’s regeneration is desired.

Flow rate = —reactor. (5.3)

Tresidence

5.2.4 Biosensor’s materials

A brief description of the material employed for the electrode has been already provided
in subsection 3. /. For the part regarding materials employed for the external cover, it might be
composed by polymeric or metallic materials. More attention has to be paid to the compartment
in which the biocatalyst powder will be stored. First, polycarbonate membranes are provided at
extremities: these can keep the powder entrapped within the compartment but are also
permeable to the solution containing the anti-cancer drug to be tested to and to buffer solution
needed to rinse the biocatalyst. Other material membranes might be suitable for this purpose,
with the condition to possess a mesh compact enough to not allow loss of biocatalyst. From
literature, the pore size for these membranes has to be of maximum 0.05 pm. [97]

The container’s material must be neutral concerning the biocatalyst and must not interact
with any functional group that characterises MCM-41 or LDH surfaces. From literature, it
emerged that polytetrafluoroethylene (PTFE) might be employed for this role, as it is one of the
most versatile plastic in terms of chemical compatibility. [98] Some basic properties that make
it suitable for this biosensor are a good electrical insulating power in a hot and wet environment,
good resistance to UV-light and weathering, low coefficient of friction, low dielectric
constant/dissipation factor and low water absorption.
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6. Conclusions

The initial project consisting of a biosensor-prototype’s design is composed by several
steps and involves a remarkable time lapse and research investments. Therefore, this thesis
represents a section within this broader project having as a final goal the creation of a stable
biosensor prototype based on ALDH-A for the screening of anti-cancer drugs. MCM-41
mesoporous silica has been implied as support for enzyme’s immobilization due to its structural
porous characteristics. It was then both hetero-functionalized with amino and aldehyde groups
and mono-functionalized with only amino groups. FTIR analysis and characterization tests have
been carried on to evaluate the actual presence of these functional groups on the matrix’s
surface. Changes in physical properties due to functionalization treatments were observed from
N> physisorption analysis at 77 K and XRD. Drops in the specific surface area of MCM-41
hetero and amino-functionalized were observed, probably due to the functionalization
processes. Moreover, an increase in the thickness of the channel walls of the functionalized
silicas also emerged, which can be a consequence of the addition of organosilanes molecules
on MCM-41’s surface.

Among various immobilization procedure in absence and presence of different stabilizing
agents, a distinguishable immobilization percentage of 92% and a Retained activity of 24.8%
have been obtained from the immobilization of ZLDH-A on hetero-functional MCM-41 in
presence of 50 ppm PEG. The activity of this immobilized enzyme has been compared to that
of the free enzyme as a function of pH and temperature to ascertain the stabilizing effect of the
immobilization, obtaining an increase in enzymatic activity for a pH interval between 5 and 11.
Eventually, anti-cancer drug NHI-2’s inhibition effect has been tested on both immobilized and
free enzyme, obtaining inhibition percentages of 35% and 89.4% respectively.

Among all the steps executed for this thesis’ drafting, improvement research might be
operated regarding the most critical steps: functionalization and immobilization. As the results
can confirm, the immobilization processes lead to a significant activity of the immobilized
enzyme, meaning the right direction has been taken. Further studies might be focused on
innovative or more efficient stabilizing agents. A critical point which could be additionally
analysed regards the choice of the support material and its functionalization, as during these
procedures some of the fundamental features of MCM-41 might have been altered determining
an inhomogeneous immobilization or deactivation of the enzyme. Different materials can be
evaluated for a change in the pore dimension, factor that can significantly influence
characteristics of the immobilized LDH. Other mesoporous silicas or a series of polymeric
materials could be employed to define the most suitable for ZLDH-A’s immobilization.

Regarding the functionalization process, many factor still must be studied. A
functionalization with only epoxy groups could be attempted or a less aggressive environment
during functionalization reaction, avoiding toluene or H>SOs4, may lead to improved
characteristics of the final structure.

As a conclusion of this thesis, a design sketch of the biosensor prototype has been
outlined, studying from literature parameters that might be fundamental for the development of
its entire structure. Regarding the transducer, one of the most suitable solutions is constituted
by an amperometric or a potentiometric electrochemical device, which focuses its
measurements on the potential difference derived from electron transfer due to redox reactions
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catalysed by LDH. Electrode configuration is one of the key points in determining biosensor’s
performance and many studies can be done to accomplish high sensitivity and precision. Many
analyses could be executed to determine optimal parameters for the working biosensor, such as
volume, flow rate and concentration of the anti-cancer drug to be tested and an optimal quantity
of the employed biocatalyst as well, which will consequently identify more reasonable
dimensions for the pieces composing the biosensor.

An eventual study might be focused on different configurations, as just a couple of them
have been examined, mostly for their versatility and affordability.
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Symbols and abbreviations

APTES 3-aminopropyl triethoxysilane

BET Brunauer-Emmet-Teller

BJH Barrett-Joyner-Halenda

BSA Bovine serum albumin

CuSOq4 Copper sulphate

FTIR Fourier-transform infrared spectroscopy
GPTMS 3-glycidyloxypropyltrimethoxysilane
H,SO4 Sulfuric acid

ALDH-A Human Lactate dehydrogenase - A subunit
K Kelvin

KI Potassium iodide

LDH Lactate dehydrogenase

MCM-41 Mobil Composition of Matter No. 41
N2 Nitrogen
NaBHj4 Sodium borohydride

NaHCO; Sodium hydrogen carbonate

NalO4 Sodium periodate

NADH Reduced form of Nicotinamide adenine dinucleotide
NAD" Oxidized form of Nicotinamide adenine dinucleotide
NHI N-hydroxyindole compounds

NHI-2 Methyl 1-hydroxy-6-phenyl-4-(trifluoromethyl)-1H-indole-2-carboxylate
PEG Polyethylene glycol

a Asymptotic value of activity for an infinite time

a Cell parameter (nm)

A Activity

Abs Fixed wavelength absorbance

Aig Immobilized enzyme activity (1U/gup)

App Free enzyme activity (IU/mgenz)

AAbs Absorbance variation
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TEM
XRD

Time variation (min)

Time course mode absorbance (1/min)

Enzyme concentration (mg/mL)

Sodium periodate solution concentration (mmol/mL)
Inter-lattice distance (nm)

Pore diameter evaluated with BJH method (nm)
Wall thickness (nm)

Molar extinction coefficient (mM’)

Support mass (g)

Half of the diffraction angle (°)

Immobilization percentage (%)

Deactivation constant

Michaelis constant (mM)

Wavelength (nm)

Total enzyme weight (Da)

Enzyme mass in solution (mg)

Biocatalyst mass (mg)

Avogadro number

Enzymatic loading (mgenz/gsup)

Percentage Retained activity (%)

Enzyme minimum radius (nm)

Substrate concentration (mM)

Specific surface area measured through BET method (m?/g)
Reaction volume (mL)

Sodium periodate solution volume (mL)
Transmission electron microscopy

X-ray diffraction
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are refer to calculation in subparagraph 5.2.2. Red arrow on left indicates the point where the
solution to be analysed is inserted and the flux direction.

Fig. 5.5 Sketch of the tubular biosensor prototype, isometric assembled front (left) and back
(right) views. Quotations are in meters and refer to calculation in subparagraph 5.2.2.

Fig. 5.6 Sketch of the tubular biosensor, isometric exploded view. Quotations are in meters and
refer to calculation in subparagraph 5.2.2. Red arrow indicates the flow direction of the Mobile
phase.

Fig. 5.7 Electronic circuitry including Amplifier and processor devices and a display.

Table 4.1 MCM-41, MCM-41 heterofunctional and MCM-41 monofunctional samples’
properties derived from N» physisorption at 77 K

Table 4.2 MCM-41, MCM-41 heterofunctional and MCM-41 monofunctional samples’
properties derived from XRD

Table 4.3 FTIR wavenumber range and functional groups in evidence for MCM-41, MCM-41
heterofunctional and MCM-41 monofunctional

Table 4.4 Pore dimensions in MCM-41, MCM.41 heterofunctional and MCM-41
monofunctional measures from TEM images

Table 4.5 Aldehydic and amino groups quantification for heterofunctional and monofunctional
MCM-41

Table 4.6 Immobilization time (t), immobilization percentage (I) and Retained activity for
experimented immobilizations.

Table 4.7 Inhibition percentage values from NHI-2 inhibition test of free and immobilized
hLDH-A.
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Appendix A

Graphene is a flat single-layer formed by carbon atoms tightly packed into honeycomb lattice.
Among its properties, those which make it suitable for enzyme immobilization are a large
specific surface area and the diversity of functional groups on its surface (epoxy, hydroxyl,
carboxyl and carbonyl groups). There are many ways of producing graphene but the most
common is graphite oxidation-reduction method. Among all the derivatives, graphene oxide
and partially reduced graphene oxide, rather than pristine graphene, are the common-used
supports for enzyme immobilization due to the abundant functional groups. [35]

CNTs are nanoscale circular tubes consisting of a hexagonal arrangement of hybridized
carbon atoms, which are formed by a single or multi-layer graphene sheet coiled around the
central axis at a certain rotation angle. There exist single-walled carbon nanotubes (SWCNTSs)
and multi-walled carbon nanotubes (MWCNTs). Properties as high specific surface area, large
aspect ratios, mechanical strength and chemical stability are typical of CNTs. In this case,
immobilization occurs mostly through physical adsorption or cross-linking. [35]

MOFs are porous network structures with tridimensional crystallinity, which are
constructed by linking metal ions or clusters and organic ligands via coordination bonds. They
are characterized by large specific surface area (typically ranging from 1,000 to 10,000 m?/g),
high porosity (pores’ diameter typically ranging from 1 to 10 nm) and adjustable structure.
Simple, gentle, and eco-friendly synthesis method make them a valid solution for the future of
enzyme immobilization. [35]

DNA origami refers to the self-assembly of highly complex nanostructures by combining
a long single strand of DNA with a series of short and engineered DNA fragments via the
specific interaction between complementary base pairs. Immobilization of enzymes onto the
DNA scaffold with precise positions is a promising approach for the self-organization of
enzyme-DNA origami composite nanostructures. [35]

Polymers with flexibility and diversity can be rationally designed based on the enzyme
characteristics, which have been proved as one of the most promising materials for enzyme
immobilization. Their characteristics are tailored permeability together with colloidal and
mechanical strength. Polymers nanostructures has also been used as carriers for enzyme and
multi-enzyme immobilization. Natural polymers, in particular, are inert, non-toxic,
biodegradable and biocompatible. As well as, they can be treated with different functional
groups easily by chemical reactions that occur under gentle conditions in absence of impurities.
Their multiple applications are also due to their low prices and great availability. Carriers based
on cellulose, as the cheapest natural polymer on the earth for enzyme immobilization, were
noticeable because of their ideal properties like hydrophilicity, renewability, and low
contamination risk to the environment. Cellulose could be plant-based or synthesized by algae,
tunicates, and some bacteria. Additionally, three hydroxyl groups exist in every monomeric unit
(glucose) of cellulose chemical structure with the potential of making covalent bonds with
amino acids of biocatalysts. [35] [99]

Metal [36], TiO2, magnetic nanoparticles [9] [100] and other natural polymers have been
used for the fabrication of efficient enzyme systems. Magnetic beads exploiting covalent
bonding have also been used for magnetic immobilization of LDH on nanoparticles or
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nanoclusters.[101][100] Glyoxyl-agarose beads have been used mostly for their good
biocompatibility, low price and biodegradability. [34] [35]

Paper and paper-based materials have attracted significant interest mainly because of
cellulose constitution, which is the most abundant, renewable biopolymer on earth. [47]

Eventually, silica (Si02) materials are one of the widely used porous structures with
various applications. They possess ordered pore structure, narrow pore size distribution, large
specific surface area (~1,000 m?/g) and high stability. The ordered mesoporous materials arise
from the efforts to obtain materials with larger pores, which can process larger molecules than
the microporous channels of the zeolites synthesized thus far.
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