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1. Introduction

Chemical reactions are defined as processes that lead to the interconversion of
chemical species, driven by the lowering of free energy when the reactants are
transformed into the products. Under these conditions, the reaction is said to be
thermodynamically favoured, and therefore spontaneous. However, in the major-
ity of cases several steps are required to achieve the final result, i.e. the reactants
undergo transformations through a number of higher energy transition states and
intermediates during the process. In order to understand if the occurring of a
chemical reaction is actually possible, it is necessary to describe its kinetics.

The rate constant k of a single-step chemical reaction (or of a multi-step
chemical reaction in the rate limiting step approximation) is rationalized through
the Arrhenius equation, according to which the reaction rate constant shows an
exponential behaviour with respect to the ratio between activation energy of the
reaction AFE, and thermal energy kg1 (equation 1.1, figure 1.1).

k = Ae AFa/ksT (1.1)

Figure 1.1: Scheme illustrating various pathways that a chemical reaction may undergo.
Red — desired pathway without catalyst, blue — kinetically competing pathway, green — path-
way with catalyst.

It is not uncommon that the products of a chemical reaction are not observed
by the simple mixing of the reactants because of the too high activation energy.




Given that increasing the temperature is often not an economically viable option,
and the number of competing reactions can increase significantly, the activation
energy is reduced introducing inside the reaction vessel a catalytic compound.
The employment of the right catalyst improves dramatically the yields of a chem-
ical reactions by either deviating its pathway, providing an alternative transition
state with a lower activation energy, or enhancing the selectivity towards the
reactants.

Nowadays, with the pressing need to improve the sustainability and reducing
the environmental footprint of chemical processing, highly efficient catalysts that
work under near-ambient conditions and in environmental-friendly solvents are
likely to determine the future of chemical industry. One way to make this tran-
sition possible is to develop catalysts that are based on immobilized enzymes.
Enzymes work in aqueous environment (no use of noxious solvents) under con-
ditions of pressure and temperature that are compatible with life, are efficient
and highly selective (atom-economy) and, through immobilization, they become
easily separable and highly stable (reduce and reuse).

It has been proposed that the best route for the preparation of such hybrid
catalysts is a biomimetic synthesis, through which the assembly of the support
and the encapsulation of the active enzyme are achieved in a single reaction step!.
In fact, the preparation of bioinspired inorganic oxides has attracted noticeable
interest since it allows the generation of a wide plethora of composite materials,
whose structure and reactivity is tunable, keeping the production costs incred-
ibly low without the employment of the harsh conditions required for classical
production of such compounds. When proteins are bound to or entrapped in-
side a material usually result stabilized and, in turn, the material gains peculiar
reactivity properties®3.

As the hybrid interfaces between inorganic support and protein are non-
crystalline in nature, the methods usually employed for the characterization of
solids like X-ray diffraction cannot be used. Another limitation is that the matrix
is usually more electron-dense than the protein, limiting the applicability of Cryo-
EM. Therefore, solid state Nuclear Magnetic Resonance (ssNMR) represents the
ideal technique to interrogate the short and medium-range atomic-level structure,
in order to provide a complete description of the obtained composite structure.

The aim of the project is to synthesize a heterogeneous catalyst for the oxida-
tion of organic pollutants, based on cytochrome-c (cyt-c) and titania TiO,, and
to understand deeply its structure and operation mechanism.

1.1 Cytochrome-c

Cytochrome-c (cyt-c) is a small protein whose primary structure is composed of
100 aminoacids (molecular weight: 12kDa). Its structure is depicted in figure 1.2.

It binds a heme group that coordinates an iron atom, which can be found
in various oxidation states®. For this reason, cyt-c is involved in the electron
transport chain in mitochondria, and it has been demonstrate it is able to catalyze
several redox reactions, such for instance hydroxylation, aromatic oxidation, and
disposal of peroxides and superoxides.




Figure 1.2: Structure of horse heart cytochrome-c, obtained by X-ray diffraction. PDB: 6K9I.

1.2 Titania

Titanium dioxide, TiO,, is a white solid used as a pigment since ancient times.
It is inexpensive, chemically stable, environmentally friendly and bio-compatible,
has been widely used in paints, cosmetics, health care products and many other
fields of applications. It can be found in nature mainly as three polymorphs:
rutile, anatase and brookite. TiO, possesses photocatalytic activity upon UV
light irradiation®.

Mesoporous TiO4 has also been used as support material for the development
of high performance heterogeneous catalysts(figure 1.3). In fact, this kind of
structure is prone to adsorption and immobilization of small molecules: in this
way, the molecules are made more available for exploiting their catalytic activity
with respect to the situation in which they are free in solution, because in the
latter case the formation of aggregates would cause the sealing of the catalyst
active site. Furthermore, anchoring the active molecule to a scaffold improves in
general the stability of the final catalyst57.

There are mainly two pathways to synthesize mesoporous titania: the soft-
templating method and the hard-templating nanocasting approach.

The soft templating method consists in a co-assembly process of precursors
and surfactant templates. The main issue in this approach is that it is not easy
to control the reactivity of transition metal precursors, because they are highly
sensitive to water and moisture, and tend to fast hydrolyze prior to assembly with
the surfactant templates. The first example of mesoporous TiO, obtained by this
method was reported in 1995 (Ti-TMS1)®8, and in the following years the synthetic
approach was refined in order to generate a wide plethora of TiO, with different
physico-chemical properties. Modified sol-gel method®, sonochemical method!®




and evaporation-induced self-assembly (EISA)'! are worth-mention examples.

The suitable Ti sources for the synthesis of mesoporous TiO, by soft-templating
method are quite limited. Only anhydrous TiCl,, TiOSO,, peroxotitanates and
titanium alcoxides have been used. The last one mentioned could be used in
aqueous synthesis, but it is still difficult and often a ligand-assisted method is
required. Further examples are summarized in table 1.1.

T Meso- T Surface Pore
precursor Template structure (°C) area size Method Ref.
(m®g~")  (nm)
Tetradecyl Aqueous
TIPO phosphate pbmmm 350 200 3.2 solution 8]
Peroxy- CTAC pOmm or g 310 3.6 Aqueous
titanates lamellar solution
Aqueous
TIPO Octa('iecyl Worr.nhole— 350 467 15 solution,' [10]
amine like sonochemi-
cal
TiCl, P123 p6mm 400 205 6.5 EISA [13]
TiCl,
and F108 Im3m 350 205 6.3 EISA [14]
TIPO

Table 1.1: Structural and texture characters of mesoporous TiO4 synthesized under different

conditions. Adapted from reference!?.

The hard-templating approach is usually to prepare mesoporous materials in
a confined space, in which the growth of the precursor is restricted to the surface,
cages, channels or substrate of a "hard template", such as nanoparticles, colloidal
crystals and mesoporous materials.

Successful synthesis of ordered TiO, structure has been shown employing
SBA-15 silica and titanium nitrate!® or KIT-6 and titanium alcoxide!® as hard-
templates and precursors, respectively.

In addition to soft- and hard-templating methods, which aim to generate
ordered mesoporous TiO, structures, there are several synthetic routes for the
preparation of disordered mesoporous titania'™!'8. Also biotechnological pathways
are viable options.

TiO, is photocatalytic because it is able to absorb energy from light. This
peculiar reactivity can be directed to (e.g.) catalyze the degradation of organic
molecules and of some inorganic pollutants like nitrogen oxides (NO,). Further-
more, TiO, photocatalytic activity has been exploited in several other applica-
tions, such as photoelectrolysis of water, wastewater treatment and in medical
field. As the photocatalytic activity takes place only on the exposed surface area
of TiO,, the amount of required material can be reduced by depositing a thin
layer of titania on a solid substrate.

The process of photocatalysis in titania starts when a photon is absorbed
by an electron in the valence band of titania (figure 1.4a)?%:2!. This electron is
then excited to the conduction band, leaving a “hole” behind in the valence band
(reaction 1.2, figure 1.4b). The valence and conduction bands of titania have the
appropriate energy difference for driving many important redox reactions: after
the excitation of electrons, holes in the valence band have a redox potential of
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Figure 1.3: SEM image of a TiO, thin film, brought as example of porous TiO, structure.
The macropores are further structured by mesopores, that extend into the bulk of the film!?.

2.53 V, which is enough for the oxidation of hydroxyl ions into hydroxyl radical
(reaction 1.3) or the oxidation of adsorbed organic molecules groups, whereas the
redox potential of electrons in the conduction band is —0.52V, which is strong
enough to reduce oxygen to superoxide (reaction 1.4, figure 1.4c).

TiO, + light — TiOy + e +h™ (1.2)
OH +h" — OH (1.3)
Oy e — Oy (1.4)
Oy + 2H,0 + 2¢ — 2H,0, (1.5)
H,0, + ¢ — OH + OH’ (1.6)

By reacting Ti*" and O% into Ti*" and O, excited electrons and holes can
remain at the surface longer if there are no adsorbed species with which they
can react directly. Because the difference in charge between titanium and oxygen
atoms is then reduced, the oxygen atoms are much less stable and can, with rela-
tively little energy, leave the crystal forming oxygen vacancies. These electron-rich
spots make titania a n-type semiconductor, which exhibits higher conductivity
with respect to normal titania intrinsic semiconductor. Furthermore, oxygen va-
cancies make the titania surface more hydrophilic when they are occupied by
water molecules, leading to an increase in photocatalytic efficiency®. While it is
possible that the degradation of organic materials on the surface can also play
a role on the hydrophilicity increase, it nevertheless has been shown not to be a
determining factor?!.

As mentioned above, titania has several forms, but the two main crystal struc-
tures that most researchers focus on are rutile and anatase®®, which are both




(a) (b) (c)

Figure 1.4: Schematic drawing of the photocatalytic activity of titania. (a) The absorption
of a photon; (b) The excitation of an electron to the conduction band; (¢) The transport of the

electron and hole from the initial point to reach the surface of titania where the electron and

hole can react with an adsorbed molecule. Adapted from reference??.

tetragonal structures where titanium atoms are hexacoordinated in an octahe-
dral formation. The band gap of rutile and anatase are 3.0eV and 3.2¢eV, re-
spectively. Rutile is able to absorb more light in the visible range than anatase,
in fact photocatalysis requires electromagnetic radiation with wavelength shorter
than 413 nm for the first and 387 nm for the latter. However, anatase is more pho-
tocatalitically active, because excited electrons and holes in anatase can travel
farther than in rutile, so that more of them can reach the TiO, surface. As proof
of this, the maximum film thickness where the photocatalytic efficiency increases
with increasing size is 2.5 nm for rutile and 5nm for anatase.

On the other hand, amorphous titania has the lowest efficiency?*. The main
reason is that in this form there are many spots where recombination of the
electron-hole pair can happen. The recombination through defects is in fact
the most common way through which electrons and holes are lost. In addition,
conductivity in amorphous materials is very low since the energy levels are much
more localized. These two effects mean that only electrons excited directly at the
surface play a role in the photocatalytic activity of amorphous TiO,.

For the investigation of TiO, structure, the usage of ssNMR is quite compli-
cated due to the spectroscopic properties of magnetically active Ti nuclei: both
47Ti and Ti have low gyromagnetic ratios (y = —2.40 MHzT~1), low natural
abundance (7.28% for 4"Ti and 5.51% for “°Ti) and large quadrupolar coupling
constants (I = 5/2 and Q(*"Ti) = 3.2- 107 m? and Q(*Ti) = 2.5 - 1072 m?)?.
Given that bioinspired reactions (see above) can be used to template the forma-
tion of silicon dioxide (SiO,), we have decided to study the atomic-level morpho-
logical properties on scaffolds made of SiO, instead of TiO, for the composite
catalyst, since the magnetically active Si nucleus does not suffer all the problems
that affect Ti-NMR.

1.3 Silica

Silicon dioxide SiO, also known as silica in traditional nomenclature, is a poly-
meric solid whose physico-chemical properties resemble those ones of TiO,. Silica
is the main constituent of silicate minerals, but exists also as synthetic prod-
uct: notable examples include fused quartz, fumed silica and silica gel. It is




a chemically inert material, very hard, and unable to conduct heat or electric
current. These properties make it ideal for applications in structural materials,
microelectronics, analytical chromatography, but also in food and pharmaceutical
industry.

SiO, can be found in the form of a white crystalline powder, where each silicon
atom is coordinated to three oxygen atoms, or in its hydrated form, in which
each Si atom coordinates four oxygen atoms in a tetrahedron-like base structure
(figure 1.5). In this situation, silicon sites with different hydration degree can
be identified: trisilanols SiO(OH)5 (Q'), disilanols SiO5(OH), (Q?), monosilanols
SiO3(OH) (Q?) and fully condensed sites SiO4 (Q?).

Figure 1.5: Schematic illustration of the nature of amorphous hydrated silica. Notice the
different number of OH groups on different silicon atoms, the absence of structural repeat and
the few surface charges?S.

Its porous structure makes it particularly suitable for the adsorption of small
molecules, just like TiO,. For this reason, the scaffolding role in composite ma-
terials of SiO5 and TiO, is interchangeable.

Bottom-up silica preparation in vitro by tradition exploits the Stober process,
that foresees mixing a silica precursor (normally, an alkyl-silicate) with ammonia
in a water /alcohol solution?”. The alkyl silicate is hydrolyzed to give silicic acid,
which subsequently condenses to yield monodispersed nonporous silica particles,
that range in size from 50nm to 2pum in diameter. A key aspect of the Stober
process resides in the possibility to vary the size of the produced silica particles
by altering the reaction conditions, in particular the concentration of the various
reactants and their relative amounts.

Modified Stober processes were developed incorporating surfactants into the
synthesis, in order to create porous particles so that to broaden the utility of the
produced silica by opening new applications. The electrostatic interactions bring
the silica oligomers into greater proximity with each other and, as a result, the
silica network condenses around the surfactant micelles, preventing at the same
time the aggregation of the forming particles. These electrostatic interactions are
pH dependent: some examples are shown in figure 1.6. Surfactants control the
morphology, size and porosity of the particles, enabling a high degree of tunability
of these physical properties.
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Figure 1.6: Example of (A) interaction of cationic surfactant with negatively charged silicate
species in basic conditions, (B) interaction of anionic surfactant with positively charged silicate
species in acidic conditions and (C) interaction of non-ionic surfactant with silica through
hydrogen bonding. Note: other types of interactions exist, shown here are the three most
common??.

However, this production process is problematic, since many reactants and by-
products of Stober and modified Stober processes are dangerous when released
into the environment. In particular, petrolchemically-derived surfactants like for
instance cetyl-trimethylammonium bromide (CTAB) and hexadecylamine (HDA)
pose a high risk to the environment and health®®. Biomimetic approaches for the
synthesis of silica would be able to reduce the environmental impact of silica
synthesis, and provide potential economic advantages by reducing and/or elim-
inating the need for organic solvents, reducing wastes and simplifying processes
by using less reagents and water-based chemistries®!.

Natural silica is found in plants as phytoliths and also utilized in certain
animals. These applications of silica are of great scientific interest because of
the degree of structural sophistication achieved through this kind of bottom-up
processes.

Diatoms are model organisms for studying biomineralization processes
Nanofabrication of silica in diatoms occurs under ambient conditions at slightly
acidic pH, and results from specific interactions between silicic acid derivatives
and cationically charged proteins called silaffins**'3°, or long chain polyamines.
It has been demonstrated that these biomolecules are able to induce rapid silica
condensation in vitro®®, exercising the same role of the cationic surfactants in
Stober processes.

The choice of silica as mimicking scaffold of titania for the set-up of a com-
posite catalyst is driven by the fact that they share the same structure and
chemical properties, but 2°Si is much easier to be analyzed through magnetic res-
onance than */%Ti, having greater sensitivity (y = —8.47MHzT~1) and being
not quadrupolar (I = 1/2).

32,33




1.4 Lysozyme

In this thesis work, the templating biomolecule for the synthesis of both SiO, and
TiO, nanoparticles is lysozyme, a small prolate protein present in many animal
organisms (figure 1.7). It is found in relevant concentrations in human secretions,
like tears and saliva, and in hen egg, because it has a mild bactericidal activity.

Figure 1.7: Structure of hen-egg lysozyme, obtained by X-ray diffraction. PDB: 1DPX37

Its primary structure consists of 149 aminoacids (molecular weight: 14.4kDa),
organized in two domains and distributed as shown in figure 1.8a.

When lysozyme folds, the hydrophobic aminoacids bury inside the protein
core, leaving a marked positive charge on the surface. Comparing lysozyme
primary structure with the average distribution of aminoacids in soluble pro-
teins (figure 1.8b), it appears clear that this lysozyme feature is quite unusual,
since generally proteins exhibit an overall negative charge on the surface. In fact
lysozyme exhibits much less negative residues with respect to the average.

This peculiarity is the main reason of the antibacterial activity of lysozyme
in vivo: it is able to favour the phagocitosis of bacteria reducing their negative
surface charge through electrostatic interactions, and prompts the hydrolysis of
the peptidoglycans in gram-positive bacteria.

The best choice for the set-up of a catalytic device able to perform oxidation
reactions of organic molecules would be cytochrome-c. The main difficulty in the
employment of cytochrome-c is the characterization through solid state NMR of a
composite containing it, because the presence of a paramagnetic iron atom would
be cause of several complications in the spectra, such as paramagnetic relaxation
enhancement and paramagnetic chemical shifts.

Lysozyme can be used to simulate the behaviour of cytochrome-c in a com-
posite catalyst of this kind, because it has the same mass and the same surface
charge of cytochrome-c, but being diamagnetic it is much easier to be studied
through magnetic resonance techniques.




(a) Lysozyme aminoacids distribution

(b) Difference with average distribution

Figure 1.8: (a) Representative bar-plot of the aminoacids distribution in the primary struc-
ture of lysozyme.

(b) Amino acid compositional difference between lysozyme and average globular soluble pro-
teins. Hydrophobic residues are shown in grey, positively charged residues in blue, negatively
charged residues in red.
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2. Experimental part

Among the different bioinspired silica preparation strategies, the bioinspired sol-
gel synthesis proposed by Luckarift et al.3® is quite convenient. The preparation
is based on inexpensive and readily available reagents, is fast, can be performed
at ambient conditions (i.e. room temperature and atmosphere), and yields a
condensed silica network without thermal processing. Notably, titania can be
produced through a very similar chemistry.

2.1 Preparation of the samples

Hen-egg lysozyme, tetramethylorthosilicate (TMOS, 98% pure) and titanium bis-
ammonium lactate dihydrate (TiBALDH, 2moldm™ stock solution) were pur-
chased from Sigma-Aldrich and used without further purification.

2.1.1 lys-SiO,

A stock solution of lysozyme 100 mgcm™ in MilliQQ water has been prepared.
TMOS was hydrolyzed in 1 mmol dm~3 HCI solution, obtaining a 1 mol dm~3 final
concentration. The precipitation mixture consisted of buffer (TRIS pH 8.5, 80%),
hydrolyzed TMOS (final concentration 100 mmoldm ™3, 10%) and lysozyme (final
concentration 10 mg cm ™3, 10%). The presence of a white colloidal precipitate has
been observed after a few second from the mixing of the solutions. The mixture
was stirred at room temperature for 5 minutes, then the resultant particles were
removed by centrifugation at 14 000 g for 10 minutes and washed three times with
MilliQQ water.

In order to assess the behaviour and the characteristics of the composite when
the protein is denaturated, part of the nanoparticles were washed either with
guanidinium chloride (GnHCI, 6 mol dm~?) and dithiotreitol (DTT, 10 mmol dm~3)
or urea (CO(NHjy),, 6 moldm™3) and dithiotreitol (DTT, 10 mmoldm™3), then
washed other three times with water before lyophylization. These samples will
be named GnHCI and urea, respectively.

Another aliquot of nanoparticles have been washed with D,O in order to
discriminate among the accessible and non-accessible protons to the solvent. To
do so, the sample has been freeze-dried and subsequently rehydrated with D50,
for two times. This sample will be referred to as D50.

A scheme of the samples preparation is reported in table 2.1.

To provide a metal functionalization in the composite structure, the starting
solution of precursors were prepared dissolving either lysozyme or TMOS in salt
solutions of different transition metals. The chosen cations were V(+5), Co(2+)
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Washing

Sample solution Procedure
Washing with water 3x;
lys-SiOy Water
Freeze drying.
Washing with water 3x;
freeze-drying;
rehydration with D50O;
lyS—SiOQ—DQO DQO
freeze-drying;
rehydration with D50O;
freeze-drying.
Washing with water 3x;
GnHCI washing with GnHCl and DTT
. 6 moldm 3, solution;
lys-SiOo-GnHCI DTT

10 mmoldm™

washing with water 3x;

freeze-drying.

Urea
6 mol dm 3,
DTT

10 mmoldm™

lys-SiOy-urea

Washing with water 3x;

washing with urea and DTT
solution;

washing with water 3x;

freeze-drying.

NaCl

lys-SiO,-NaCl 1 mol dm-?

Washing with water 3x;
washing with NaCl,
washing with water 3x;

freeze drying.

Table 2.1: Resume table of the samples treated in different conditions.




and Cu(2+), therefore sodium orthovanadate, cobalt(II) acetate and copper(II)
acetate were employed, respectively. The concentrations of the solutions have
been chosen in order to obtain a metal to silicon mole ratio of 5%, 1% and 0.5%
in the final composite, as shown in table 2.2.

Si lys Metal

Sample mmil (Jm_?’ mg[; crr]1_3 mr[nol drrl_?’
lys-SiO, 100 10 —
lys-SiO-V 5% 100 10 5
lys-SiO,-V 1% 100 10 1
lys-SiO,-V 0.5% 100 10 0.5
lys-SiO,-Co 5% 100 10 5
lys-Si0,-Co 1% 100 10 1
lys-Si0,-Co 0.5% 100 10 0.5
lys-SiO5-Cu 5% 100 10 5
lys-SiO-Cu 1% 100 10 1
lys-Si045-Cu 0.5% 100 10 0.5

Table 2.2: Summary table showing the concentrations of the various components in all silica-
lysozyme composites.

2.1.2 lys-TiO,

The same protocol has been followed for the preparation of the TiO, composite. A
solution of TiBALDH in water (1 mmoldm™2) took the place of the stock TMOS
solution, and has been used in the same way as shown in the aforementioned
scheme.

GnHCI and urea samples were prepared in this case, too.

The lys-TiO, composite has been immobilized on the surface on an indium-tin
oxide (ITO) electrode, in order to analyse the photochemical activity of titania.
On a glass slide covered with ITO, 50mm?® of 100 mgcm ™3 lysozyme solution
and 50 mm?® of 100 mmol dm =2 TiBALDH solution have been deposited to form
a droplet. After drying overnight, the gelly spot was sintered in muffle oven
at 500°C for 30 minutes in order to achieve the immobilization of titania and
to eliminate residual water and lysozyme from the electrode surface. This step
should also cause the interconversion of TiO,y from amorphous to anatase.

2.2 Instrumentation

2.2.1 Scanning Electron Microscopy

All the samples were investigated by a XIGMA high-resolution scanning electron
microscope (SEM, Carl Zeiss) based on the GEMINI column which features a
high-brightness Schottky field emission source beam booster and in-lens secondary
electron detector. Measurements were performed on uncoated samples with an
acceleration potential of 2kV and at a working distance of about 4 mm.
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2.2.2 Solid State NMR

Solid state NMR experiments were recorded on a Bruker Avance II spectrometer
operating at 700 MHz 'H Larmor frequency (16.4T), corresponding to 139 MHz
#Si Larmor frequency and 176 MHz *C Larmor frequency. The spectrometer is
equipped with a 3.2 BVT MAS probehead in double resonance mode.

All powder samples were loaded into a 3.2mm zirconium oxide rotor and
spinned at 11kHz of MAS frequency.

The 90° pulse duration on °Si and **C for all the analyzed samples were set
to 7.5 ps and 3.5 ps respectively. The durations of 90° pulse on 'H in the different
samples are shown in table 2.3.

The monodimensional *?Si spectra in direct excitation were acquired with
CPMG echo train pulse sequence, and then the 24 echoes were separated. Only
the first decay has been taken as quantitatively relevant, because the transverse
relaxation times are different for the different silicon sites. Interscan delays were
set to three times the 2’Si T} of the slowest-relaxing species (Q%), in order to make
the experiments quantitative.

For the bidimensional {'H}-"*C and {'H}-*’Si HETCOR experiments, cross-
polarization was achieved by matching the £ = 1 Hartmann-Hahn condition.
The spectral windows for the different nuclei were 60, 248 and 249 ppm for 'H,
BC and ?%Si | respectively. During the "H magnetization evolution under the
chemical shift in the indirect dimension of heteronuclear correlation experiments,
the PMLG decoupling sequence was used to suppress 'H -'H dipolar couplings.
In these experiments, interscan delay was set to 1.3 7} of the 'H relaxation time,
as reported in table 2.4. CPMG echo-train acquisition has been employed also for
{'H}-*Si HETCOR in the direct dimension, and the 24 echoes were co-added.
These spectra have been denoised using Multivariate Curve Resolution on the
data in the time domain®’. The same window function as the monodimensional
spectra has been employed for both dimensions.

The monodimensional 2°Si spectra were processed imposing a squared-sine
window function according to equation 2.1, where AQ is the number of points of
the FID and SSB has been set to 2.

2
QSINE(t) = sm[(w - SSLB> ﬁ + SSLB] t€[0,AQ)] (2.1)

Freeze-dried Rehydrated Rehydrated = Washed with ~ Washed with
sample with H,O with D,O GnHC1 NaCl

2.90 2.90 3.17 2.97 3.17

Table 2.3: Duration of the 'H 90° pulse in HETCOR experiments, in ps.

2.2.3 Electrochemical measurements

The photocurrent measurements were performed in 0.1 moldm™ KCI solution
in MilliQ water, starting from the salt purchased from Sigma Aldrich without
further purification.
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Freeze-dried Rehydrated Rehydrated  Washed with ~ Washed with
sample with H,O with D,O GnHC1 NaCl

3.0 2.5 0.8 0.8 3.0

Table 2.4: Interscan delay in HETCOR experiments, in s.

The experimental setup was equipped with a three electrodes system. In
particular, an Ag/AgCl pseudo-reference electrode (RE) constituted by a a silver
thread has been used. A platinum thread, used as counterelectrode (CE), closed
the circuit. Ultimately, as working electrode (WE), i.e. the electrode on whose
surface happens the redox reaction, a transparent conductive substrate based on
indium(III) oxide and tin(IV) oxide (indium-tin oxide, I/70) has been employed.

These electrodes were connected to a Metrohm Autolab PGSTAT10 poten-
tiostat /galvanostat. The linkage with the WE was achieved through an adhesive
conductive copper strip, positioned on the ITO layer.

The electrodes and the electrolytic solution (KCl, 0.1 mol dm™2) were placed in
a sectioned truncated conical structure carved inside a polymethylmetacrilate cell.
Between the two cylindrical sections which constitute that cell, securely jointed
by metallic screws, the ITO/TiO, electrode under examination is inserted. The
upper part of the cell, in central position, presents a rubber o-ring, that seals the
electrode surface keeping the analyzed area constant.

The electrode surface is irradiated using a Camag UV lamp, centered at
366 nm

In the amperometric measurements, the potential has been set at a constant
value and the resulting current has been monitored over time. The UV light has
been turned on and off in order to observe the variation in the current in different
conditions.

The data have been acquired and processed using the NOVA software from
Metrohm Autolab.
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3. Results and discussion

3.1 Preliminary results

The entrapment of cyt-c and lysozyme inside TiO, was achieved following the
protocol given in®®. The precipitation mixture was prepared by mixing 100 mm?
of 10mgem™ of either cyt-c or lysozyme solution with 20 mm3 of 25% w/v
TiBALDH solution. The formation of a precipitate is apparent in both cases
(figure 3.1).

Figure 3.1: Titanium dioxide composites formed in the presence of cyt-c (right) and lysozyme
(left).

Given the relatively high cyt-c loading in the composites, it is possible to
acquire solid-state NMR spectra of the immobilized cyt-c. The spectrum maps
almost completely with the spectrum of the free protein (figure 3.2).

3.1.1 Measurements of cyt-c in solution

The so-synthesized cyt-c-biotitania composite was characterized via cyclic voltam-
metry using carbon based screen-printed electrochemical cells (Drop-sens). To
this end one aliquot was thaw and the protein was diluted to 100 pmol dm ™2 in
phosphate buffer solution, then 60 mm? of the obtained solution was dropped on
the electrochemical strip. The voltammograms are shown in figure 3.3.

No significant signal was observed when CV measurement were recorded using
buffer (figure 3.3a). On the contrary, when a solution containing cyt-c was ana-
lyzed, it was possible to observe a peak at around 0.2V, that can be attributed
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Figure 3.2: 'H-'"N HSQC spectrum of the free protein (red) superimposed to the "H-detected
'H-'>N HETCOR spectrum acquired in the solid state (black). The HETCOR. spectrum has
been acquired at 850 MHz proton Larmor frequency, and the sample has been spinned at 60 kHz
MAS frequency.

to the presence of the iron atoms in the active site of the protein; the intensity
of this signal remained stable within successive scans. The signal due to the re-
duction of iron(IIl) was observed at around 0V, but it was very weak. Moreover,
two signals at around 0.6 V and 0.8 V were present in the first positive going scan
and decreased in the successive runs. These electrochemical signals can probably
be attributed to the oxidation of some functional groups present in the protein
structure (i.e. NH,).

In order to better characterize the electrochemical behavior of cyt-c, successive
voltammetric scans at different scan rate were performed on the same SPCE;
measurement were repeated in both direction of potential scan (figure 3.4).

The signal attributed to the presence of iron was observed in all the conditions
used; 7,, intensity increased with the scan rate and a shift of the peak position
was observed. On the contrary, the intensity of the broad reduction signal at
around 0V 4, remained almost constant.

3.1.2 Measurements of cyt-c after encapsulation

The sample was made by dropping 10 mm? of the cyt-c-TiBALDH precipitation
mixture, vortexed, onto the surface of the working electrode of a SPCE. The
sensors were modified using the lysozyme-TiBALDH precipitation mixture in
order to obtain the blank of our measurements (BlankLIZ). Other two SPCE
were modified with the only mixtures of reagents in order to evaluate the possible
effects of the sensor surface and the interaction with ink constituents (Blank). The
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Figure 3.3: Three consecutive voltammetric scans of PBS buffer (a) and cyt-c 100 pmol dm—3
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(Dropsens) of buffer and the first scan of cyt-c 100 pmoldm—2 solution was reported (Scan
rate 50mVs~!). d: insert of graph c.
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obtained modified SPCE were used to perform electrochemical characterization,
using PBS as supporting electrolyte.

In figure 3.5a and 3.5b the three repetition of CV obtained at Ti-BALDH /cyt-
¢ SPCE were reported; both scanning direction were reported, at a scan rate of
50mV s~!. Repetitive scans seemed to cause a sort of activation of the electrode
surface; thus in the successive scans recorded at 10mVs™!, a weak oxidation
signal was obtained at around 0.2V; a slight increase in the intensity was also
observed (figure 3.6).

Thus a possible electrochemical detection of cyt-c can be achieved, with
a discrimination between the signals obtained for TiBALDH /cyt-c SPCE and
TiBALDH /lysozyme SPCE. When a sensor modified with the only mixtures of
reagents was analyzed large current was obtained in repetitive scans; this be-
haviour can be attributed to the differences in the precipitation of TiBALDH at
the electrode surface, in the absence of a protein (figure 3.7).

Different versions of the composite were tested in order to observe if the
composite is actually able to catalyze oxidation reactions in a UV plate. The
composite containing cyt-c is functional in oxidizing pyrogallol under sunlight
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Figure 3.4: Successive voltammetric scans of cyt-c 100 pmoldm =2 in PBS buffer; scan rate
used were 25, 50, 75, 100, 125, 150 and 175mVs~!.

2.0x10% 4 2,010
. 1.0x10%4 . 10x10% 4
< <
= k=
o i
= £
= =1
8] o
0.0 4 0.0 4
e e [——Cytc 50 mvrsec_1
- - - - - CyiC 50 mV/sec_2
CYC 50 misec3 - CYC 50 mVisec_3
1,0x10% 1 -1.0x10% T T T T T T T T T 1
08 12 08 06 04 02 00 02 04 0B 08 10 12
Potential (V) Potential (V)

(a) (b)

Figure 3.5: Voltammetric scans obtained for TiBALDH/cyt-c SPCE with PBS buffer; scan
rate 50mVs—!.

and/or artificial UV light irradiation. However, the oxidation does not proceed
to the expected product (purpurogallin). Furthermore, it worths to note that the
reaction happens also without the presence of cyt-c (figure 3.8).

In light of these results, it was needed to simplify the system in order to better
investigate its properties.
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Figure 3.7: Voltammetric scans recorded at TIBALDH/SPCE.
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Figure 3.8: UV plate in which the catalytic tests on the composite were performed. In all
wells of each row, from top to bottom: cyt-c + superoxide dismutase (SOD) + TiO,, cyt-c +
TiO,, cyt-c mutant (M80A) + TiO,, cyt-c mutant (m80h) + TiO,, cyt-c mutant (M80A /d30R)
+ TiO,, lys + TiO,.
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3.2 Morphology and chemical behaviour of the

composite
(a) EHT: 2kV, mag: 100kx (b) EHT: 2kV, mag: 100kx
3.2 X 2.4pm 3.6 X 2.7pm

Figure 3.9: SEM images of lys-SiO, composite, freeze-dried (a) and washed with NaCl (b)

The obtained lys-SiO, composite, as can be seen from SEM images (figure 3.9),
consists of spherical particles whose diameter is about 50 nm.

The SEM images of lys-TiO, composite, deposited on the ITO electrode sur-
face, show homogeneous deposition of much smaller particles, around 10 nm of
diameter (figure 3.10b). From the pictures at lower enlargement (figure 3.10a),
several cracks about 3pum wide are visible, whose formation may be because
of the rupture of water surface tension during the evaporation of the solvent
and heat-treating in muffle oven. However, the aforementioned deposit of TiO,
nanoparticles is not broken or altered inside these cracks.

(a) EHT: 5kV, mag: 10kx (b) EHT: 5kV, mag: 200kx
36 x 27 pm 1.6 x 1.2 pm

Figure 3.10: SEM images of lys-TiO, composite deposited on indium-tin oxide electrode
surface.

According to the results presented in similar works® 2, the possible relative
arrangements of protein and silica inside the composite are:

1. the protein is trapped inside the silica particles by electrostatic interactions;

2. the protein has been trapped inside the silica particles during the formation
and cannot exit, but marginal interactions exist;
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3. the protein is interacting with the exterior of the silica particles via mainly
electrostatic interactions.

These three arrangements should provide a distinct outcome for different treat-
ments of the sample. The release of the protein has been quantified by UV-visible
spectrometry, measuring the absorbance at A = 280nm (molar extinction coef-
ficient ¢ = 36 cm? mmol™!). The outcomes of this analysis are summarized in
table 3.1.

Upon denaturation with either GnHCI or urea and reduction with DTT, the
protein is quantitatively released, regardless of the ionic strength, leaving the
silica structure practically unperturbed. Washing with NaCl causes the release
of about 1/5 of the protein. Washings with water seem not to cause any release
of lysozyme from the composite. These experimental observations suggest that
the protein is found at least for the 20% interacting with the surface of the SiO,
particles, whereas the remaining 80% may be trapped inside the silica network
due to steric interactions.

Conditions Interaction models Obser.v ed
behaviour
Charge Steric Charge
inside inside outside
Only water Retained Retained Retained Retained
GnHCI + DTT
B deniaturm‘g - Released Released Released Released
reducing, high
ionic strength
Urea + DTT —
denat.urlng - Retained Released Retained Released
reducing, low
ionic strength
NaCl — high . . 80% Retained
ionic strength Retained Retained Released 920% Released

Table 3.1: Behaviour of the lys-SiO, composite with respect to ionic strength and denatura-
tion.

The same experiments were performed also on the lys-TiO, composite, with
quite different results (table 3.2). Upon denaturation and reduction with GnHCI
and DTT, only the 25% of the protein is released, whereas the presence of high
ionic strength (1moldm— NaCl) sorts no effects, as well as what happens with
washings with water. These outcomes suggest a different relative arrangement of
lysozyme and inorganic matrix in this composite with respect to the lys-SiO, one,

23



that might be either a consequence of the different morphology of the material
or of the existence of other interactions between the components.

Conditions Interaction models Obser.v ed
behaviour
Charge Steric Charge
inside inside outside
Only water Retained Retained Retained Retained
GnHCI + DTT
— denaturing + 25% Released
reducing, high Released Released Released 75% Retained
ionic strength
‘Na‘Cl — high Retained Retained Released Retained
ionic strength

Table 3.2: Behaviour of the lys-TiO5 composite with respect to ionic strength and denatura-
tion.

3.3 C —NMR spectra

The **C ssNMR spectra of the protein acquired on the freeze-dried sample, re-
ported in figure 3.11, show low resolution due to structural heterogeneity, as
typical for dry protein samples. However, upon rehydration with H,O, the spec-
tral resolution increases because of the water that promotes local dynamics within
the protein This observation is rather common on passing from freeze-dried to
rehydrated biomolecules*35°.

Comparison with the spectrum of sedimented lysozyme shows that the broader
envelope of the composite spectrum encompasses the frequency range that is
observed for the sedimented protein. Since the spread of the **C NMR signals
is a reporter of the folding of the protein, it can be inferred that the fold of the
protein is preserved®®®7. Even with a resulting broad spectrum, the distinctive
features of the folded protein are observed, i.e. features from the methyl-bearing
sidechains, which have shifts lower than 20 ppm when the hydrophobic core is
intact, as well as in the overall distribution of the aliphatic region, that is 65 ppm
to 5 ppm.

Of note, the peak around 157 ppm can be attributed to either arginine or
tyrosine C¢. Since the lysozyme primary structure features 11 arginines and 3
tyrosines, most of the intensity of this peak can be attributed to arginine residues.
The relative intensity of the peak in the composite with respect to the protein
sediment can be attributed to a lower mobility of the sidechains in the composite
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with respect to the free protein. It can also be noted that this peak is markedly
narrowed upon rehydration and, considering the high arginine content, this be-
haviour is similar to what observed for arginine >N in ubiquitin in MCM4158.

Figure 3.11: {1H}—13C cross-polarization ssNMR spectra of the composite (freeze-dried sample
in red and rehydrated in black), and of lysozyme sediment (in magenta). The spectral regions
where protein signals are usually observed are annotated on the figure.

3.4 %Si —NMR spectra

It is possible to characterize the silica matrix through *Si NMR. The *Si ssNMR
spectrum of the freeze-dried composite, reported in figure 3.12 shows signals
originating from siloxanes (Q*, around —110ppm), monosilanols (Q?, around
—100 ppm) and geminal silanols (Q?, around —90 ppm, barely visible). The ratio
between the intensities of Q* and Q* is indicative of silica condensation degree.

The spectrum has been deconvoluted with three gaussians employing the
Levenberg-Marquardt algorithm for non-linear least squares optimization®%,
implemented in the python package 1mfit®. The chosen cost function to be
optimized f(w; k, [i, & has been written as:

flwik, i, @) = S(w) — G(w; E, i, &) (3.1)
’ k; 1 w—p 2

Glw;k, [i,0) = L exp|= : 3.2

kA= St HE) (32

IZ = (kl kg kg) /I = (/,Ll U2 /,Lg) o= (0'1 09 0'3) (33)

where the vectors E, i, contain the parameters of the gaussians that have to be
optimized, i.e. integrals, central frequencies and standard deviations, respectively.
For this procedure, the Fourier transform of later echoes of CPMG acquisition
sequence have been employed to get a better estimation of the chemical shifts and
linewidths of the signals. The optimized parameters got as result of the fitting
are reported in table 3.3.
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Figure 3.12: 2%Si direct excitation solid state NMR spectrum of the freeze-dried composite.
The signal has been deconvoluted using three gaussians corresponding to Q2, Q3 and Q* sites.

. Relative
Site 0 /ppm o /Hz intensity
Q2 93.5 3004 6.2%
Q 103.1 2216 37.5%
Q! 112.0 2509 56.3%

Table 3.3: Parameters of the gaussians that fit the direct excitation *’Si spectrum of the
freeze-dried composite.
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The condensation degree of silica in this composite is 1.50, which is similar
to the values observed for PL-12 silica (1.54), catMMP12/R5 and SBA-15 silica
(1.6)%293. Notably, silica gel obtained under the same conditions but without the
protein (i.e. by natural condensation of hydrolyzed TMOS) has a Q3/Q? ratio
of 0.68 (figure 3.13, table 3.4), therefore is much less condensed. This is thought
to be because of the electrostatic interaction that subsist between protein and
precursor during the formation of the silica network, that allow the condensation
of Si units in closer proximity one to each other respect to what happens in
protein-free conditions.

Figure 3.13: ?°Si direct excitation ssNMR spectrum of silica obtained through condensation
of the precursor without the protein. The signal has been deconvoluted using three gaussians
corresponding to Q2, Q> and Q* sites.

. Relative
Site § /ppm o /Hz intensity
Q2 93.0 1155 14.1%
Q? 102.6 1454 51.1%
Q? 111.7 1921 34.8%

Table 3.4: Parameters of the gaussians that fit the direct excitation *’Si spectrum of freeze-
dried silica gel obtained without the presence of lysozyme.

The spectrum of the composite treated with GnHCI and DTT (figure 3.14,
table 3.5) shows an increase of Q®/Q* ratio to 1.72. This may be a consequence of
the fact that lysozyme, when leaving the composite because of its denaturation,
causes the detachment of the less condensed and more weakly bound silica parts.
Furthermore, the SEM image of the sample washed with GnHCI] and DTT looks
more porous than the freeze-dried and washed with NaCl samples (figure 3.15).
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Figure 3.14: 29Gi direct excitation ssNMR spectrum of the composite treated with GnHCI
and DTT. The signal has been deconvoluted using three gaussians corresponding to Q?, Q3 and
Q* sites.

Figure 3.15: EHT: 2kV, mag: 100kx, 3.6 x 2.7pm
SEM image of lys-SiO, composite washed with GnHCI and DTT.
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Relative

Site § /ppm o /He intensity
Q2 2935 2409 5.3%
Q? 101.8 2297 34.8%
Q! 110.6 2501 59.8%

Table 3.5: Parameters of the gaussians that fit the direct excitation *°Si spectrum of freeze-
dried composite treated with GnHCI and DTT, in order to denaturate the protein.

3.5 2D HETCOR spectra

A direct correlation of **C signals from the protein to *’Si signals from the matrix
would be able to reveal an intimate contact between the two components®46,
However, such correlation is necessarily limited since both the protein and the
silica are in natural abundance (1.1% "C, 4.7% *°Si) in the complex, reducing
the probability of a coupled *C—*'Si pair to 1 in 2000%4. Therefore, we decided
to work on the comparison of the 'H traces extracted from "H—X 2D correlation
spectra (X being either BC or 2Si ), and to discriminate among the protons that
act as polarization sources for the heteronuclear sites (figure 3.16).

The 'H traces are obtained projecting the 2D HETCOR along the heteronu-
cleus dimension in the regions shown in figure 3.17.

The proton spectra that are obtained projecting the 2D HETCOR of the dry
sample along the *Si dimension show cross-polarization coming from at least
three 'H sources. All the traces are rather broad, with features around 1, 4 and
7ppm. The first two are consistent with signals usually observed for silica: they
can be attributed to silanols and physisorbed water respectively®®7. In biosil-
ica, the feature around 1ppm has also been ascribed to aliphatic protons from
biomolecules®. The feature around 7 ppm is also sometimes observed in "H NMR
spectra of silica and may arise from either —OH,'" species or hydrogen-bonded
silanols®™ % water molecules hydrogen-bonded to bridging oxygen atoms®”™ or,
in the case of biosilica, from protein backbone and/or sidechains, although this
latter assignment remains elusive®.

Interestingly, in the spectrum of the gel obtained in the absence of lysozyme
the 7ppm and 1ppm features are absent (figure 3.18).

One possibility to sort the assignment out is to find out whether the carbon
nuclei in the protein and the silicon nuclei in the silica matrix are getting polarized

'H
W PC— XS

Figure 3.16: Since the acquisition of a direct **C —??Si correlation spectra would be impos-
sible, we decided to study the interaction between silica matrix and protein through the 'H
traces extracted from {"H}-'*C and {'H}-*°Si HETCOR spectra.
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(a) (b)

Figure 3.17: Integration range for 'H traces over *C dimension in {'H}-'*C spectra (a) and
over 2Si dimension in {'H}-**Si spectra (b). The assignment of the signals are annotated on
the figures.

by the same proton sources or not. The {'H}-"*C correlation spectra are common
for a protein sample where maximal transfer is observed at the shorter mixing
time of 150 s for the directly bonded "H—'>C spin pairs, such as alpha protons
(Ha) and alpha carbons (C,), and at longer times for carbonyl carbons (C’)
polarized by amide protons (Hy) and H,. A representative high resolution 'H
—NMR spectrum of lysozyme in solution is given alongside with the 'H traces
from the {'H}-"*C HETCOR (figure 3.19).

In the {'H}-*Si HETCOR (integration regions are shown in figure 3.17b), Q*
91 sites receive magnetization mainly from silanols, whereas Q3 2%Si sites also
receive magnetization from the protons downfield. When longer mixings are used,
the contribution from this proton pool to the Q* sites increases (figure 3.20). The
downfield proton pool is broad and overlaps with the Hy proton pool, as obtained
from {'H}-"*C HETCOR (figure 3.22).

If D,O is used for rehydration, the 'H peak corresponding to amides is lowered
in the traces of C spectra, but not abolished (figure 3.21). Interestingly, the
downfield proton pool as detected from the {'H}-*’Si HETCOR sharpens, and the
overlap to the Hy proton from the {'H}-"*C HETCOR becomes more apparent
(figure 3.23).

Collectively, these observation seem to suggest that magnetization is trans-
ferred from either aromatic sidechains, from backbone amides, or from the amine
and guanidino sidechains of lysine and arginine residues. However, other peaks
at lower frequency in the "H dimension, which would be given by Q*-Ke signals,
are not observed, unlike other silica-peptide preparations, where clear indication
of covalent interaction has been provided®. Therefore, we find a non-covalent
interaction in this silica-lysozyme composite.
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Figure 3.18: 'H trace of the {1H}—2981 spectrum acquired with 10 ms of cross-polarization
contact time on the freeze-dried silica gel obtained without lysozyme.

{IH} g Short 7¢p - Long 7¢p _—
-“7Si elative elative
site 0 /ppm o [Hz intensity 0 /ppm o /Hz intensity

1 6.6 1403 44% 6.6 1446 43%

2 4.0 797 32% 4.0 767 29%

3 1.8 914 24% 1.8 978 28%
'HY-*C Relative Relative
{ si}te 0 /ppm o /Hz intensity 0 /ppm o /Hz intensity

1 7.6 816 40% 7.6 842 30%

2 3.9 654 52% 3.9 603 41%

3 1.9 684 8% 1.9 718 29%

Table 3.6: Parameters of the gaussians that fit the spectra in figure 3.22.

'HY-2%s1 Relative
{ si}te 0 /ppm o [Hz intensity

1 7.3 1013 22%

2 4.5 787 33%

3 1.3 1068 45%
'H-*C Relative
{ si}te 0 /ppm o /Hz intensity

1 7.0 1019 21%

2 4.5 074 64%

3 1.6 523 15%

Table 3.7: Parameters of the gaussians that fit the spectra in figure 3.23.
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Figure 3.19: 'H trace of the {'H}-'*C HETCOR acquired with 150 ps (left) and 1.5 ms of cross-
polarization contact time (right). In the top panel, the individual contribution of aliphatics
(red), Cus (blue) and C’ are reported. The integration ranges for the three groups is shown in
figure 3.17a. In the bottom panels, the signal is integrated over all **C species. The solution
'H spectrum of lysozyme is shown in black in all panels.
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Figure 3.20: Comparison of the "H projections extracted from {*H}-'3*C HETCOR (blue) and
{*H}-*Si HETCOR (black) spectra of the dry sample, at short (left panel) and long contact
(right panel).

Figure 3.21: Comparison of the "H projections extracted from {*H}-'3C HETCOR (blue) and
{*H}-*Si HETCOR (black) spectra of the rehydrated withD,O sample, at short (left panel)
and long contact (right panel).
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(a) (b)

Figure 3.22: (top) 'H trace of the {H}-??Si HETCOR acquired with 500 s (a)/10ms (b)
of cross-polarization contact time on the freeze-dried sample. The signal is deconvoluted as
a sum of three gaussian peaks. (middle) 'H trace of the {'H}-'*C HETCOR acquired with
150 ps (a)/1.5ms (b) of cross-polarization contact time on the freeze-dried sample. The signal
is deconvoluted as a sum of three gaussian peaks. (bottom) The two sets of gaussians fitting the

{*H}-*Si and the {"H}-'*C HETCOR traces, all reported to the same height. The parameters
of the deconvolutions are shown in table 3.6.
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Figure 3.23: (top) 'H trace of the {'H}-*?Si HETCOR acquired with 500pus of cross-
polarization contact time on the rehydrated with D,O sample. The signal is deconvoluted
as a sum of three gaussian peaks. (middle) 'H trace of the {*H}-"*C HETCOR acquired with
150 ps of cross-polarization contact time on the rehydrated with D,O sample. The signal is
deconvoluted as a sum of three gaussian peaks. (bottom) The two sets of gaussians fitting the

{*H}-*Si and the {"H}-"*C HETCOR traces, all reported to the same height. The parameters
of the deconvolutions are shown in table 3.7.
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3.6 Doping with metals

In order to provide a metal functionalization, the lys-SiO, composite has been
prepared as explained in section 2.1.1. All the ssNMR spectra acquired on those
samples, freeze-dried, revealed the same appearance and relative intensities of
the lys-SiO, dry composite prepared in aqueous solutions, but with a dramatic
decrease of signal to noise ratio. This effect, induced by the increase of relaxation
rates due to the presence of a paramagnetic centre in the sample (paramagnetic
relazation enhancement), is a hint of segregation of metals and silica in the sam-
ple, rather than a true integration inside the composite structure™ ™.

However, this behaviour should be better understood, and further experiments
are needed.

3.7 Electrochemical measurements

The cyclic voltammetry of TiO4 on the ITO electrode, reported in figure 3.24, was
made to verify the absence of disruptors or electroactive species on the electrode
surface. The voltammogram has been smoothed with a Savitsky-Golay filter. It
shows a small peak around 0.2V in the forward scan, that may be ascribable
to lysozyme residuals, or could be just a noise artifact, given the extremely low
detected currents. Overall, the CV appears quite clean.

Figure 3.24: Cyclic voltammetry of titania deposited on the ITO electrode. The potential
has been varied from —0.5V to 1V with a scanning rate of 50 mVs~1.

The chronoamperometric measurement at 0V is shown in figure 3.25. After
the time required for the current to stabilize (about three minutes), the sample
shows an increase of the current when the electrode is irradiated with UV light,
whereas it returns to the original values when the light is turned off. The average
current gap is 35.7(1) nA.
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Figure 3.25: CA at 0V of the ITO electrode coated with TiO,. The coloured line at the top
shows the status of the UV lamp: red — off, blue — on.

Being these peaks anodic, and therefore associated to oxidation phenomena,
they are accentuated at positive potential.

In order to confirm this feature, two more chronoamperometries have been
performed at 0.3V and —0.3V. The data are shown in figure 3.26a and 3.26b,
respectively. As expected, when a positive potential is applied to the sample,
the increase of current is greater than in the 0V case, whereas when a negative
potential is applied the current gap is smaller.

A summary plot is reported in figure 3.27.

(a) Current gap: 64.6(28) nA (b) Current gap: 17.0(10) nA

Figure 3.26: CA at 0.3V (a) and at —0.3V (b) of the ITO electrode coated with TiO,. The
coloured line at the top shows the status of the UV lamp: red — off, blue — on.
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Figure 3.27: Comparison plot of the current gaps observed in the chronoamperometric mea-
surements at different potentials.
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4. Conclusions

In this thesis work the synthesis of a lysozyme-silica composite has been success-
fully achieved through a sol-gel process. By mixing silica precursors with silica in
a buffer solution, the generation of silica particles of about 50 nm in diameter is
observed in few seconds. The same procedure has been employed for the synthe-
sis of a lysozyme-titania composite, that ended up with the generation of much
smaller TiO, nanoparticles, about 10 nm in diameter.

According to the performed experiments, in the first composite lysozyme is
found for the 20% bound to the silica surface by electrostatic interactions, while
the remaining 80% is trapped inside the inorganic matrix and cannot exit without
full denaturation of the protein. Interestingly, the same experiments produced
different outcomes in the lysozyme-titania composite, therefore the relative ar-
rangement of protein and TiO, remained ambiguous. Further analysis will be
carried out in future in order to sort this out.

Silica particles form a quite condensed network, similar to PL-12 silica and
SBA-15 silica, and lysozyme maintain its folding even when inside the composite.

Through the ssNMR analysis of the composite it resulted that there are not
covalent interactions between the protein and the condensed inorganic material,
but they remain in tight contact with each other through the surface sites of the
matrix. The fact that lysozyme can only be quantitatively removed from silica
by denaturation, regardless of the ionic strength of the medium, suggests that
the protein is actually trapped inside the silica by mostly steric effects.

The attempts to functionalize the composite with vanadium, cobalt and cop-
per have had no effect, since the metal cations were not integrated in the structure.

The cyclic voltammetry performed on the ITO/TiO, sample seemed to con-
firm the presence of a semiconductive titania layer. The enhancement in current
flowing under UV light radiation has been observed in the chronoamperometric
analysis, which show a current gap of around 36 nA when a 0V potential is ap-
plied. Besides this result clearly demonstrate the feasibility of the photocatalytic
device project, the current gap are still too small. The main reason may be the
little amount of material that was actually deposited on the substrate, therefore
further advancement in this sense can be done optimizing the deposition protocol
by working on concentration and volume of the solutions.

In conclusion, we demonstrated the capability of ssNMR to investigate the
nature of the interactions that exist between the components of this kind of com-
posite materials. Following the guidelines given by this work, a future perspective
will be the development of a composite material based on cytochrome-c and ti-
tania, in order to create a photoactive catalyst for oxidation reactions of organic
pollutants. We will have to deal with the complications that the presence of iron
and the analysis of 4T/4971 ssNMR spectra will matter, but the results reported

39



herein constitute a very good starting point for this project.
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A. Solid State Nuclear Magnetic Res-
onance

Nuclear Magnetic Resonance is a spectroscopic technique which observes nuclear
spin transition in the nuclear ground state in presence of a static magnetic field. It
gives information on the nature and on the chemical behaviour of the environment
of single atoms, by looking how the electronic structure changes the energy of each
nuclear spin transition.

Nuclear interactions are, in general, anisotropic, i.e. they depend on the
orientation of the molecule with respect to the magnetic field. In a powder sample
these interaction are not mediated by fast molecular motions, as it happens in
solution, and therefore the resulting NMR spectra are very complicated.

In order to sort this out, the solid sample is packed in a rotor and spinned
at very high frequency (magic angle spinning, MAS). In this way it is possible
to remove artificially most of the aforementioned effects, making the solid state
spectrum look like a solution one (table A.1).

The MAS frequency should be of the order of the interaction frequency that
one wants to eliminate. This necessarily limits the amount of available sample,
therefore reducing the sensitivity of the experiment (table A.2, figure A.1). Fur-
thermore, the recoupling efficiency depends on the MAS frequency by a factor
W1\712Asa hence fast spinning might cause loss of information.
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Interaction Orientation dependence Mediated to

Chemical shielding 3cos?h —1 Chemical shift
Dipolar shielding 3cos?f —1 Pseudocontact shift
Heteronuclear 3cos?f—10
dipole-dipole
Nuclear quadrupole (1% 3cos?f—10
order)
Nuclear quadrupole 35cos?f — 30 cos? 6 + 3
(224 order) Not averaged by MAS,

but scaled to -7/18 of
the static value. The
isotropic value is named
quadrupolar shift
Contact shielding 3 cos? f — 1, anisotropic Contact shift
only when caused by
spin-polarization

Table A.1: Spatial dependence of nuclear interaction and their rotational average. Adapted

from73.

Outer diameter Inner radius Inner volume Max. spinning
(mm) (mm) (mm?) rate (kHz)
4.0 1.50 52 15
3.2 1.06 22 23
1.3 0.35 2 60

Table A.2: Characteristics of some of the commercially available rotors for MAS NMR.

Figure A.1: Comparison of the probe sensitivity for different dimensions of employed rotor:
relative sensitivity of the entire rotor (solid line) and relative sensitivity for unit volume (dashed
line) ™.
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A.1 Cross-polarization

Cross-polarization is a base element of solid state NMR experiments of insensi-
tive nuclei, that is based on the magnetization transfer from more sensitive nuclei
present in higher concentration, in order to increase the acquired signal™"®. The
magnetization transfer happens through dipolar coupling between the less sensi-
tive nuclei (/) and the more sensitive nuclei (S). A further requirement to perform
this experiment is that the homonuclear coupling I — I has to be negligible with
respect to the S — S coupling (i.e. the insensitive nuclei have to be diluted in the
sample).

The system can be described in terms of spin thermodynamics, in which the
S and I nuclei represent two thermal reservoirs at different temperatures. Both
of them are in contact with the environment, that is at room temperature. Es-
tablishing a thermal contact between the two reservoirs, energy transfer from the
hot one (I) to the cold one (S) is obtained, resulting in a decrease of S spin tem-
perature. In terms of spin energy levels, decreasing the temperature means to
increase the population difference between the ground state and the excited state,
therefore an increase of the intensity of the signal associated to the transition is
observed.

Figure A.2: Pulse program of a standard cross-polarization solid state NMR experiment.

When the system is at equilibrium, the splitting between the spin levels is
determined by the intensity of the static magnetic field By: being the two nuclei
different, the energy difference between the S and I state will be also different.
During the mixing time 7, of the experiment, a magnetic field B; is applied as
spin-lock to both nuclei, so that they don’t feel anymore the effect of By. Mod-
ulating the intensity of the spin-lock, it is possible to make the energy difference
between the levels of each nucleus equal (Hartmann-Hahn condition): in these
conditions, the magnetization transfer does not require any energy cost.

The increase of the [ signal intensity is proportional to the ~yg/7; ratio: for
this reason the maximum gain in intensity is achieved when the S nucleus is 'H.
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Furthermore, a decrease of the recycle delays of magnetization is observed, since
the transversal relaxation time 77 is driven by S relaxation.

The pulse program of the experiment is shown in figure A.2.

The optimal contact time 7, depends on the speed of magnetization transfer,
which is proportional to the strength of the heteronuclear coupling, and on re-
laxation time 77,, that is accelerated by molecular motions in Larmor frequency
timescales.

A homonuclear decoupling sequence has to be applied on the S spin in order
to increase the resolution during the acquisition time.

Given the high power applied during this latter phase, the acquisition times
must be as short as possible to avoid probe usure and sample heating. The
recycle delays between two subsequent acquisitions are typically of the order of
3s, however they are limited by transverse relaxation.

A.2 CPMG

When the sample has a long enough longitudinal relaxation time (73), it is possi-
ble to incredibly increase the number of scans, keeping the acquisition time reason-
able, exploiting the Carr-Purcell-Maiboom-Gill (CPMG) experiment”. Through
this pulse sequence, shown in figure A.3, the spectra are recorded in form of echo
train, that consist in a first 90° pulse, followed by a series of 180° pulses that will
generate an echo of the magnetization for each pulse. The echoes acquired in this
way can be decomposed in "normal" FIDs and processed as classic NMR spectra.

Figure A.3: Pulse program of a CPMG experiment.

The echo intensity depends on the magnetization present on the xy plane
at the time of the acquisition, that is influenced by longitudinal relaxation. For
this reason, only the first decay can be used for quantitative analysis, because the
signals that compose the NMR spectra may relax at a different pace one from each
other, and therefore varying the relative intensities of later echoes. However, the
information on chemical shift, linewidths and lineshapes are conserved, making
this a clever way to stabilize a fitting procedure.

Another processing option for the CPMG experiment consists in summing up
the echoes in the time domain as they were scans of a NMR spectrum. In this
way, it is possible to dramatically increase the intensity and the resolution of the
NMR signal through a remarkable smoothing of the background noise.
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A.3 PMLG

In order to increase the resolution of the signal, it is necessary to apply a homonu-
clear decoupling sequence at the more sensitive nucleus while the FID is recorded.
In this work, the more evolute version of the simple Lee-Goldburg (LG) experi-
ment, i.e. the Phase-Modulated Lee-Goldburg (PMLG) has been used™.

The LG experiment is based on sending an off-resonance pulse, continuous,
of frequency w;/ V2, where w; is the spectrometer carrier frequency. In this
way, the nuclear magnetization precesses in a reference frame disaligned with the
laboratory frame, causing the average of the dipolar coupling at the first order to
be null.

The subsequent evolution of LG is the Frequency Switch Lee-Goldburg (FSLG),
where the frequency of the off-resonance pulse is alternated between +w;/ V2.
With each frequency switch, a 7 phase shift is also introduced. To cancel the
effect of the dipolar coupling, the inversions must be separated by the time that
the nuclear magnetization takes to make a 27 precession in the tilted frame.

Since the FSLG consists of a very simple sequence, it has been modified to
increase its performance, arriving to the development of the PMLG experiment.
The PMLG sequence consists of a series of m pulses, each one with a different
phase, that can be repeated n times. The phase increment is inversely propor-
tional to the number of sent pulses. To keep the radiofrequency profile as regular
as possible, a high number of pulses must be sent, reducing their duration, that
has to be consequently regulated on the base of the spectrometer electronics to
avoid the formation of artifacts.

This method is more versatile than FSLG, because it consents to modulate
intensity and shape of the RF pulses.

A.4 Multivariate Curve Resolution

Multivariate Curve Resolution (MCR) is a chemometric method employed mainly
for extracting information on the pure components from data acquired on com-
plex mixtures through e.g. UV-visible spectroscopy and chromatography. In this
thesis work, it has been employed as a denoising procedure for increasing the res-
olution of 2D solid state NMR spectra, applying the entire algorithm to the data
in the time domain (i.e. FIDs), allowing the employment of further processings®.

MCR decomposes the data matrix D (of dimensions m x n) in a "concentra-
tion" matrix C (of dimensions m x k) and a matrix "spectra" S (of dimensions
k x n), leaving a residual matrix E (of dimensions m x n).

D=CS"+E (A1)

Intuitively, in a 2D NMR spectra there is not a concentration variation, but
a variation in the intensity of the signals due to the evolution in the indirect
dimension. Therefore, the C matrix contains the traces of the indirect dimension,
whereas S contains the FIDs of the direct dimensions.

In order to generate an initial guess of the two matrices C and S, the algorithm
selects the purest columns and rows of D (the ones with less noise) and fills with
them C and S, respectively. The evaluation is done by means of a correlation
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matrix, and the determinants of its minors are used as weights. This step requires
as input the number of pure components to look for (in this case, k = 4) and the
maximum percentage of allowed noise (10%).

Obtained the initial matrices Cy and Sy, MCR foresees an optimization phase,
whose purpose is to fill the matrix E, that at this point of the procedure is null.
The optimization is made through an iterative cycle that, at the k-th step, consists
of the steps shown in equation A.2.

SF=C/_,D
Cr=DSI* (A-2)
Er =D — C, S

where the symbol "*" denotes the Moore-Penrose pseudoinverse matrix.

The stopping criterion has been established on the base of the spectral norm
of the difference of each of the three matrices between two subsequent iterations
of the optimization:

ICk = Crally 1077 (IS = Sp—ally 1070 By — Eja [, <1077 (A3)

If the condition A.3 is satisfied, the convergence is said to be achieved.

A peculiar feature of MCR is the possibility to co-process different spectra
employing a common set of FIDs. In order to do this, it is necessary to concate-
nate the various datasets, creating a unique matrix that contains all of them, as
shown in figure A 4.

C St
D, D, D;

Figure A.4: Concatenation of three datasets, D1, Dy and D3. A matrix with the same number
of rows of each dataset and number of columns equal to the sum of the number of columns of
all datasets is obtained. The columns of the C matrix (red) contains information relative to a
single dataset, whereas the rows of the ST matrix (blue) necessarily contain information of all
of them.
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B. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technique that produces images of the
sample by scanning its surface with a focused beam of electrons, and detecting
the various signals originated by the interaction between these electrons and the
sample. The information that can be derived from SEM images include surface
topography and composition of the sample.

In a typical SEM setup, an electron beam is emitted from an electron gun and
is focused by a series of condenser lenses to a spot of diameter between 0.4 and
5nm. Then the beam passes through pairs of scanning coils or deflector plates
which deflect the beam in order to scan in a raster fashion over a rectangular area
of the sample surface.

The interaction volume of the specimen is the volume that electrons can reach
inside the sample surface without losing all their energy because of random scat-
tering and absorption phenomena, and normally extends from less than 100 nm
to 5 pm.

The magnification in a SEM can be controlled over a range of six orders of
magnitude by reducing the size of the raster on the specimen.

The most common detectors for the generation of images collect secondary
electrons ejected from conduction or valence band of the specimen atoms by
inelastic scattering interaction with the primary electron beam. The brightness
of the signal depends on the number of secondary electron that reach the detector.
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