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Abstract

In complex physiological media proteins form transient complexes with
nanoparticles (NPs), mediated by competitive binding between proteins
and NP surfaces, leading to the formation of a stable (hard) protein
corona (HPC). Understanding the formation and the dynamics of this
interaction is crucial for designing NP-based therapies, since HPC de-
termines the biological identity of the NPs in vivo. The strong affinity
between NPs surfaces and proteins can compensate the destabilization
forces that colloidal NPs experience in high ionic strength media, sta-
bilizing them. This interaction is immediate (soft -non stable —-PC) and
evolves with time (HPC).

Nowadays, different studies regarding HPC composition show contra-
dictory results. The complexity of serum composition, being NP size in
the same range of proteins, and lack of reliable methods to determine
composition of HPC, are behind these controversies. Several under-
estimated parameters regarding the response of NPs in physiological
media (aggregation, dissolution) are critical determinants to be carefully
addressed to better understand the formation of the HPC. In this context,
it is necessary to develop simple but efficient and reliable protocols to

study these processes.

In this work, consequences of NP-PC formation providing a simple
and reliable approach for determining both composition and physico-
chemical characterization of the HPC, and the implication for protein

structures, is shown.

In the first part, the hardening of the PC on 20 nm AuNDPs, as a model
case of metallic NP widely used in medicine, was monitored over time
by UV-Vis spectroscopy, Dynamic Light Scattering and Z-Potential. Re-
sults of the process of HPC formation with only albumin or IgG were

compared to results of HPC formation in serum. Time evolution of the
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NP-PC when conjugated with one protein can be understood as a finger-
print of the adsorption of that specific protein. Thus, the study of the PC
evolution in serum provided information about the final composition
of the HPC. Results showed similar pattern as when incubated when
only albumin. Proteomic analysis confirmed the results. In addition,
experiments mimicking the natural metabolic degradations of bioconju-
gates using etching agents (NaCN and HNO3), indicated that HPC exert
protective effect on the NP core. Finally, limited proteolysis experiments
indicated an altered metabolization of the protein inside the HPC, which

can be related to a protein altered conformation in this adsorbed state.

In the second part, HPC was studied on 50 nm SiO, NPs, as a model
case of metal oxide NP widely used in nanomedicine, by using either
globular and intrinsically disordered proteins (IDPs), with the aim to
investigate conformational changes induced by the interaction with NPs.
IDPs exist in solution as conformational ensembles, whose features in
the presence of NPs are still unknown. Thre IDPs, a-casein, Sicl and
a-synuclein, were analyzed compared to lysozyme and transferrin (glob-
ular proteins model), describing conformational properties inside the
HPC by circular dichroism and Fourier-transform infrared spectroscopy.
Results indicated that IDPs maintain structural disorder inside HPC,
experiencing minor, protein-specific, induced folding and stabilization
against further conformational transitions. Oppositely, the analyzed
globular proteins displayed the tendency to lose their ordered structure.
Finally, the Transferrin-Tb complex, was also used in the HPC formation.
The detection of the fluorescent properties of Tb upon HPC preparation
is reported. By electrophoresis it was observed all the proteins forming
the HPC and electron microscopy showed an HPC of a single layer of
protein molecules. This latter part of work opens broad perspectives
on the use of NP as agents that mimic macromolecular partners, al-
lowing the comprehension of the effect of different factors affecting the

interaction by rational design of NP surfaces.
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Chapter 1

General introduction

1.1 Nanoparticles

Nanoparticles (NPs) can be considered as small particles with size at the
nanometric scale, which present properties that differ from the bulk ma-
terial. A bulk material usually exhibit physical properties which are not
size-dependent. Oppositely, at the nano-scale, the material properties
can change depending on the percentage of atoms at the surface of the
nanomaterial, which is strictly connected to the size of the nanomaterial
itself. Various features arise from these size-dependent properties, in-
cluding quantum confinement in semiconductor NPs, surface plasmon
resonance in some metallic NPs and super-paramagnetism in magnetic
materials. The limit size at which materials start displaying size-related
properties with respect to the bulk material is material-dependent and
has been proposed to be 100 nm [1, 2]. Obviously, this definition is
quite generic and there is no strict boundary. Additionally, it includes
different nano-sized object (nanocluster, nanopowder, nanocrystal) as

well as particulate matter.

Thus, in order to distinguish NPs from general particulate matter, monodis-
persity becomes crucial. Among the number of ways to define the

monodispersity, some of them are based on the value of the standard



2 Chapter 1. General introduction

deviation with respect to the value of the mean size of a NPs solution.
In this work, NPs are arbitrarily defined monodispersed when a pre-
dominately homogeneous NP population with >90% uniformity in size

can be detected.

Therefore, despite their structural dispersion, NP can be considered as
molecular entities, as they exhibit some similarity with macromolecules,
such as Brownian motion, multiple reactive sites, three-dimensional
structure and a high surface energy, which, in turn, can favour aggrega-

tion, a common issue in NPs and proteins [2].

In this sense, NPs assume an important scientific interest as they are
effectively a bridge between bulk and atomic or molecular structures
and can interact with this structure in a unique manner [1, 3]. In this
context, NPs can be used as a tool to study different interaction at the
nanoscale level. For example, the development of the rational design
of surfaces depending on the application [4, 5] or the development of
NP-based biomimetics, where NPs are used as potential replacements

for the native biomolecule [6].

Due to their instability, generally naked NPs are not stable in water [1].
Consequently, their fate is to aggregate, change nature or disintegrate
into atomic and molecular species [7-9]. All of this processes will result
in deactivation of the NP and the aggregates or the released species
can be toxic [8, 9]. In order to prevent NPs aggregation their surface
engineering it is generally required to provide the NP with the repulsion
forces and prevent aggregation. This can be done either by electrostatic
repulsion, for example designing a double electrical layer of inorganic
ions around the NP surface, or by steric repulsion, by conjugation of
organic or biological molecules. Despite the crucial role of this stabiliza-
tion layer, most studies focus only on the metal core of the nanostructure,
overlooking the surface stabilization shell. NP has to be understood not

only as a group of atoms that display some size-dependent properties
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which differs from the bulk form of the same material, but together with

the stabilization layer that prevents the agglomeration or aggregation.

1.2 Interaction between inorganic NPs and biologi-

cal system

The exponential increase in the use and production of engineered inor-
ganic NPs with enhanced stability elicits the needing to evaluate their
impact on human health and on the environment [10]. In nanomedicine,
where NPs are emerging as a novel potential teragnostic tool [11, 12], a
deeper understanding of the behaviour of inorganic NPs in biological
media is needed, either to fully control and develop the potential of these
materials, and to increase knowledge of the physical chemistry of inor-
ganic materials when their morphology approaches that of molecular
entities [2, 13].

NPs are characterized by an higher percentage of surface atoms and by
the colloidal nature. Due to this characteristics once into contact with a
physiological medium, NPs experience processes that transform them
towards more stable thermodynamic states, which includes aggrega-
tion, corrosion, dissolution and interaction with proteins dispersed in
the media. NPs interact with the environment by their surface. When
the salinity of a medium is increased, the electrostatic repulsion which
generally stabilized NPs is screened by adsorbed salt ions, causing fast
homo-aggregation between NPs [14]. On the other side, once entered in
a biological environment, NPs will inevitably come into contact with a
huge variety of biomolecules, including proteins and lipids [15]. Due to
the high NP surface reactivity, these biomolecules immediately coat the
NPs surface forming the so-called ‘protein corona’ [11, 14-25], provid-

ing a stabilizing electro-steric effect upon adsorption [14]. The protein
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corona define the biological identity of the NP in the biological environ-
ment [26]. At the same time, the identity, properties and lifetime of these
proteins on the NPS surface can affect the way cells interact with, recog-
nize and process the NPs, and this has important implications for safety
considerations and effectiveness [27]. The 'nano-bio’ interface is define
as the interface between the NP and the biomolecules. It comprises
the dynamic physicochemical interactions, kinetics and thermodynamic
exchanges between nanomaterial surfaces and the biomolecules sur-
face. It has been stated that the nano-bio interface is composed by three

dynamically interacting components [27]:

o the NP surface, which is determined by its physicochemical prop-

erties;

e the solid-liquid interface between the particle and the surrounding

medium,
e the solid-liquid interface with biological substrates

In an interesting work, Nygren and Alleadine [28] showed that pro-
teins do not distribute on NP surface randomly. Instead, once the first
proteins are attached, an initial cluster of proteins assembles around,
stabilizing them through a crowding effect and this mechanism is re-
peated until the entire surface is filled [14, 28]. The mechanism by which
proteins adsorb to surfaces is mediated by different interactions, involv-
ing hydrophobic forces, Van der Waals, electrostatic and electrosteric

interactions [27](figure 1.1).

The association with proteins can enhance the biocompatibility of the
NPs [29]. On the other hand, some undesired collateral effects could
arise from the depletion of proteins from the physiological media, or
from the possible alteration of the protein structure and function and/or
exposure of different epitopes. If depletion of proteins is not expected
(mainly because of the low concentration of NPs), induced conforma-

tional changes of the adsorbed proteins is more realistic. In this work,
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Figure 1.1: Factors that regulate the formation of the protein corona [27]).

this latter aspect is strongly investigated. A brief introduction on the
protein structure is therefore needed at this point of the dissertation.

Each protein has its own unique shape, which is finally determined by
the interaction between the elements constituting the polypeptide chain
and between the polypeptide chain and the environment [30]. From a
structural point of view, a protein can exist in a well-defined globular

structure characterized by four levels of structural organization:

e The primary structure of a protein refers to the specific amino acid

sequence of the protein.

e The secondary structure refers to locally folded structures which
form within a polypeptide due to the interactions between atoms
of the backbone. The most common types of ordered secondary
structures are the o-helix and the 3-sheet. Both structures are held
in shape by hydrogen bonds. Although the hydrogen bonds are
always between the carboxilic and the amino groups, the pattern
is radically different in an a-helix and a 3-sheet structure. Many
proteins contain both a-helices and -sheets, however some contain

just one type of secondary structure.

e The tertiary structure of a native conformation is the networked
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long-range interactions stabilizing the overall three-dimensional
structure of the polypeptide. The tertiary structure is primarily due
to hydrogen bonding, ionic bonding and hydrophobic interactions.

The disulfide bond can contribute to tertiary structure.

e The quaternary structure refers to the organization of multiple

polypeptide chains in a multi-subunit protein.

On the other hand, intrinsically disordered proteins (IDPs) lack stable
tertiary and/or secondary structures under physiological conditions
[31, 32]. They are highly abundant in nature and their activity comple-
ments the functions of ordered globular proteins [31, 33]. IDPs exist
as dynamic ensembles of interconverting structures [31]. Despite be-
ing highly flexible and intrinsically disordered, IDPs are biologically
active and they are crucial in biological functions, in contrast with the
classic concept that proteins require a structural order to be functional.
Nonetheless, interaction with other proteins, nucleic acids, membranes,
small molecules or changes in the environmental conditions can induce

total or partial folding of these proteins [34, 35].

Therefore, changes in the physicochemical conditions of a protein’s
environment, exposition to chemicals or interactions with surfaces or
interactor, can alter the interactions which define the conformation of
the proteins, causing denaturation [36], in the case of globular proteins,
or induced folding, in the case of IDPs [32].

Alteration of protein structure usually affect its functionality, resulting in
an altered protein biological activity [27]. Moreover, changes in protein
structure and function can lead to potential molecular mechanisms of

injury that could contribute to disease pathogenesis.

Summarizing, NPs released in a biological environments absorb proteins
onto their surfaces, forming the protein corona with possible implica-

tions for both components: proteins can suffer changes in their structure
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and functionality, and the formed protein corona will define the bio-
logical identity of the NP-protein complex and thus the consequent

biological response in the biological environment[13-15, 37—-40].

1.3 Methods for protein corona investigation

The study of interaction of proteins with NPs in biological fluids is
usually complex due to the coexistence of a large number of protein
in solution (more than 3,700 proteins in different concentrations) and
due to the resulting competition for binding to the surface of the NP
[15]. The study of protein interaction with NPs implies the investigation
of numerous parameters, such as binding rates, affinities, activity of
adsorbed proteins etc. Thus, the protein corona is normally identified by
different parameters such as thickness, protein identity, protein quantity,
protein affinity, protein arrangement and protein conformation.

A conventional approach to study the protein corona involves NPs
incubation with proteins for a certain time, either complex mixtures
of proteins or single protein, and centrifugation washes to isolate the
protein corona from the unbound protein. After protein corona isola-
tion, the conjugated samples are characterized by different techniques
[41, 42]. Some of these techniques, namely UV-Visible spectroscopy
(UV-Vis), Dynamic Light Scattering (DLS), Circular Dichroism (CD)
and Fourier-Transform InfraRed (FTIR) spectroscopy are more suitable
for the investigation of a single NP-protein interaction, while other
techniques, such as Sodium Dodecyl Sulfate Poly Acrylamide Gel Elec-
trophoresis (SDS PAGE), Mass Spectrometry (MS), Surface Plasmon
Resonance (SPR) spectroscopy allows the investigation of the interaction
of many proteins with NPs [41].

The characterization techniques used in this work are classified based

on their application in NP—protein studies.
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e The thickness of the protein corona influences the hydrodynamic
size of the nanomaterial. DLS is a qualitative method to determine
the hydrodynamic radii and the size distribution of the colloidal
NP-protein corona solution. DLS has been employed to investi-
gates the thickness of the protein corona, as well as the aggregation
state of the colloidal dispersion [43]. Anyway, for the quantitative
determination of the real dimension it should be combined with

Transmission Electron Microscopy (TEM).

e The visualization of the protein constituting the biocorona can be
achieved by SDS PAGE. This technique is also useful for the sep-
aration and qualitatively protein identification in the case of NP
incubation in a complex protein mixtures, as well as the analysis
of the protein segments deriving from limited proteolysis, which
supply information on protein arrangement on the NP surface [39].
SDS PAGE require special protein treatment by reducing agents
and anionic detergents. This treatment causes protein repulsion
and thus detachment from the NP surface. The proteins resolved
in the gel can be stained, and densitometry analysis based on the
intensity of the stained band can be used to quantify protein abun-
dance. SDS-PAGE is an extremely quick and cheap technique. On
the other hand, protein separation in a protein complex mixture
can result in co-migration in the same gel bands of several pro-
teins. Additionally, SDS PAGE is a qualitative methods based on
comparison with a reference, therefore deduce quantitative data is

tricky.

e UV-Vis spectroscopy is a fast and simple technique which does not
require sophisticated sample preparation. This technique can be
used for the evaluation of the protein content in the protein corona,
or, in the case of some metallic NP, to monitor the evolution of the
protein adsorption on the surface of NPs through the evolution

of the plasmonic peak (SPR) [38, 44, 45]. The plasmonic peak is
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highly sensitive to the surface and the environmental conditions
of the NPs [46]. In particular, the adsorption of protein on the
surface on NPs induces some changes on the SPR spectrum, such

as broadening or shift of the absorption peak [38, 45].

e CD has been widely used for monitoring conformational changes
induced by NP-protein interactions [5, 47, 48]. Although it cannot
be applied on complex mixtures, CD investigation of the protein
corona can provide useful information on a single protein struc-
ture adsorbed on NP surfaces by comparison of the protein corona
spectra with the free protein spectra.

Protein secondary structure posses characteristic CD signal in the

the far-UV spectral region of the CD spectra (far-UV CD, 190-250

nm). This region is generally indicative of the secondary structure

content of the protein because it is dominated by contributions

from the amide chromophore, which are determined by the back-
bone conformation. Thus, different structural elements exhibit a

characteristic CD spectra. For example, in the region between 200

nm and 260 nm, o-helical proteins have negative bands at 222 nm

and 208 nm. Proteins with B-pleated sheets (3-sheet) have negative

bands at 215 nm, while disordered proteins have very strong CD

signal at 200 nm [49]. As a useful example, figure 1.2 show the sec-
ondary structure of lysozyme, which is a globular protein mainly

constituted by o/ structure. Thus, its characteristic spectra arise

from the contribution of the characteristics peak at 208 nm, 222 nm

and 215 nm. NPs (black line in figure 1.2) are not chiral, so they

do not contribute to the CD spectra.

Finally, the CD spectrum of a protein in the near-UV region (250-350
nm) can be sensitive to some features of tertiary structure, e.g.
aromatic amino acids and disulfide bonds [49, 50]. The main limi-
tation of this technique arises from the fact the CD signal reflects

an average of the entire molecular population. Thus, while CD
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can determine the predominant structural content in a protein,

it can not locally determine the residues involved in the specific

structural portion.

——— Lysozyme
—— SiO, NPs

Intensity (mdeg)

200 220 240 260
Wavelength (nm)

Figure 1.2: CD signal of lysozyme and silica NP.

e A more detailed and sensitive analysis of the NP-bound protein
structure can be obtained by FTIR [47, 51, 52]. By this technique,
the protein secondary structures are estimated based on the ab-
sorption of amide bonds in the 1600-1700 cm ™! region (Amide I
region). The amide I band position and profile is determined by
the backbone of the protein and by the hydrogen bonding pattern.
Every change in the FTIR absorbance spectra of the NP-bound
proteins with respect to the free protein absorbance spectra reflects
a change in the protein structure. The isotopic exchange allows the
identification of local unfolding o refolding with increase precision
and sensibility [53, 54].

The main goal of this thesis dissertation is to study the conformational
effects of protein corona formation. In the first part, UV-Vis and DLS
were used to monitor the time evolution of the protein corona forma-

tion in physiological medium. In the second part, principally CD and
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FTIR were used to characterize the secondary structure and the confor-
mational rearrangement of proteins deriving from the interaction with
inorganic NPs. As argued above, alteration of protein structure will
affect their biological function, resulting in a contribution to disease

pathogenesis.
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Chapter 2

Time evolution of the protein

corona

2.1 Introduction

In physiologically relevant buffers, NPs have the tendency to aggregate,
mainly because of the presence of high salt concentration which shield
surface charges [14, 55]. The presence of a large varieties of proteins in
biological fluid can either stabilize NP dispersion or can induce aggre-
gation [56]. Thus, the interaction with proteins influence NP fate in a
physiological media [14, 16-25]. Understanding the consequences of this
interaction is of crucial importance in order to evaluate their safety and
toxicology. These parameters will ultimately determine their therapeutic

potential [57].

The formation of the protein corona depends on multiple factors, such
as the composition of the ND, its size, shape, surface state and exposure
time, the nature of the media and the NP-to-protein ratio. Furthermore,
the presence of ions and other interacting species can affect the inter-
action between proteins and NPs [14, 19, 21, 24, 25, 38, 40, 44, 58-60].
Cukalevski et al. [56] reported that the NPs fate depends also on which

protein interacts with the NP surface, suggesting that isolated proteins
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can either induce aggregation or not. In this context, no aggregation
has been observed using SiO, NPs with human carbonic anhydrase,
cytochrome C, or ribonuclease A [61-63]. Same considerations are valid
for transferrin or albumin and sulfonated polystyrene NP [64, 65]. More-
over, gold NPs seems to be stabilized by serum albumin and cytochrome
C [66-69]. Oppositely, lysozyme can induce strong aggregation of silica,
polystyrene, and gold NPs [65, 70-73]. Incubation of polystyrene and
silica NPs with fibrinogen induce NP aggregation [74], while fibrino-
gen induces aggregation of poly(acrylic acid)-conjugated gold NPs in a
protein-concentration dependent manner [75]. TiO, NPs can form large,
micrometer-sized aggregates in medium containing proteins [17], while
Fe;O3, ZnO, and surface functionalized Fe;O4, which are other metal
oxides, are stabilized by serum proteins [76-78]. Finally, polystyrene
and gold NPs can induce the formation of nanometre-sized complexes,

probably consisting of proteins and multiple particles [18, 19, 21, 40, 56].

Time plays a critical role for the NP stabilization by protein corona
formation [14, 38]. Alaeddine et al. [28] suggested that the formation
of the corona is a dynamic process in which proteins do not adsorb
on surfaces randomly. In complex protein mixture, the protein corona
changes over time depending on the surrounding protein concentra-
tion and their affinities for the NP surface [14]. Once the first proteins
are attached, unbound proteins stabilize the surface through crowding
effects [14]. This mechanism is repeated until the entire surface is occu-
pied. Thus, the initial attachment of a protein to a surface is followed
by a set of re-organizational arrangements, which make this attachment
more stable and, finally, irreversible. Therefore, not only affinities but
also time-dependent related mechanisms such as molecular relaxation
and/or structural rearrangements have been identified as crucial factors
in making the adsorption irreversible [14, 38].

Irreversible adsorption of proteins through these time-dependent stabi-

lization mechanisms has important implications in the case of complex
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mixtures of proteins such as blood serum, plasma, etc. According to
the Vroman Effect [79], which define the rapid exchange of plasma pro-
teins at liquid-solid interfaces reflecting the competitive adsorption of
plasma proteins for a limited number of surface sites, fast exchanging
proteins with low affinity do not generate strong attachment to the

surface (Figure 2.1).

Soft corona

Hard corona

Figure 2.1: Dynamic in-solution equilibrium between hard and soft corona
[80]. Fast exchanging proteins with low affinity are characterized by high

kadsorption and kdesorption ).

Therefore, the protein corona is not a fix layer, and its composition is
determined by the kinetic rate of adsorption and desorption of each pro-
tein [81]. In the case of complex mixture of proteins, initially the "Soft"
corona is formed by the more abundant and mobile proteins which coats
the NP surface by weak and dynamic interactions, setting an equilib-
rium between bound and unbound proteins and stabilizing the colloid
in the physiological medium. As exposition time become longer the
adsorption equilibrium shifts towards the adsorption of proteins with
higher surface affinities, altering the initial corona composition (Figure
2.2). At the same time, the bound proteins are stabilized by an ensem-
ble of stabilization mechanismes, i.e. conformational rearrangements of
adsorbed proteins and crowding effects. The exposition time, via such
stabilization mechanisms, hardens the proteins layer bringing it to a

steady, practically irreversibly bound state: the so-called "Hard" corona
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[14, 82].

Exposition time

3 & °

Protein forming the soft corona Protein forming the hard corona Electrolytes

Figure 2.2: Hardening of the NP-protein corona. As exposition time increase,
proteins tightly adsorb to NP surface, gradually forming the hard protein
corona, represented by red proteins. Blue protein represent the slightly
attached proteins, mostly constituting the soft corona.

Therefore, incubation time plays a fundamental role in the formation of
the hard protein corona, the colloidal stability of NP-protein conjugates
and to the final composition of the resulting hard protein corona. The
comprehension of this process is of paramount importance considering

the long in-vivo circulation time of NPs [83] .

In a recent work, Karmali and Simberg [84] reviewed the identification
of plasma proteins adsorbed to different NPs. The emerging picture
suggests a strong correlation between the surface chemistry and the
resulting composition of the biocorona. Polymeric and liposome NPs
exhibit enhanced affinity for apolipoproteins with respect to inorganic
NPs. Gessner et al. [85] reported that the hydrophobicity of the poly-
meric NP influences the adsorption of ApoA-I, ApoA-IV, ApoC-III, and
Apo], which gradually disappear with decreasing hydrophobicity of the
NPs surface. Polymeric NPs and NPs with hydrophobic surface compo-
nent or hydrophilic inorganic NPs preferably adsorbs transferrin, hap-
toglobin, fetuin A (alpha-2-HS-glycoprotein), kininogen, histidine-rich

glycoprotein, while albumin shows affinity for hydrophobic surfaces
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and polyanions.

In many works, it has been proposed that most abundant proteins (e.g.,
albumin and fibrinogen) are adsorbed first but then displaced by pro-
teins with higher surface affinity [22, 23, 86-88].

However, a recent report using proteomic analysis showed that the
corona deriving from incubation in plasma is qualitatively established
within minutes and its composition (i.e., the ratio of the different pro-
teins) does not change in time for several types of NPs (negatively or
positively charged polystyrene NPs and silica NPs of various sizes,
charge and surface modifications) [25]. Oppositely, Dobrovolskaia et
al. [21], reported that the proteins that bind polymeric, iron oxide and
gold NPs, and liposomes and carbon nanotubes, are mainly albumin,
apolipoprotein, immunoglobulins, complement, and fibrinogen, which
are the most abundantly species in plasma. Casals et al. [38] studied the
time evolution of the NP-protein corona on citrate stabilized gold NPs in
complete Cell Culture Media (DMEM + Fetal Bovine Serum) revealing

that albumin is the most abundant component in the hard corona.

2.1.1 Goals and strategy

The poor knowledge of the nanomaterials responses and evolution
inside biological media is recognized as one of the key points under-
pinning the mentioned controversies on protein corona composition
[89]. The develop of a reliable and efficient protocol (low-cost, no time-
consuming) and a deeply understanding of the factors affecting the

NP-protein conjugation is strongly needed.

In this part of the thesis dissertation is reported the study of the time
evolution of the protein corona arising from the incubation of 20 nm
citrate-stabilized gold NPs with human serum (HS), human serum albu-
min (HSA) and Immunuglobulin G (IgG). The protein corona has been
prepared in a physiological medium, namely Phosphate Buffer (PB) 10
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mM pH 7.4. The evolution towards the formation of the hard protein
corona is the so-called hardening of the NP-protein corona.

Here, the time evolution of the NP-protein corona in the case of the
conjugation with only one specific protein, i.e NPs incubated with only
HSA or only IgG, has to be understood as a fingerprint of the adsorbtion
of that specific protein. Thus, the study of the evolution of the protein
corona resulting from the incubation of NP in HS can supply information
about the composition of the hard protein corona. The determination of
the final composition is deduced from the comparison between the time
evolution of the HS corona and the time evolution of the protein corona
resulting from the incubation with only HSA and only IgG, which are
the main components of the HS.

Albumin and the immunoglobulins account for approximately 75% of
the total protein weight in HS. In particular, HSA represents about the
55% of the total protein weight. Some additional protein species consti-
tute most of the remaining weight (about 20 species). Low abundant
proteins correspond to only approximately 1% of the protein weight
in serum [90]. Figure 2.3 summarizes the composition of the serum

proteome derived from Mass Spectrometry-Based Proteome Analysis.

@ Albumin

@ 1gG, IgA, IgM, IgD
Transferrin

Fibrinogen, clotting factors
a2-Macroglobulin
al-Antitrypsin

Haptoglobin

al-acid Glycoprotein
Complement factors
Lipoproteins/Ceruloplasmin/Transthyretin
Low-abundant 1%

=
L

Low-abundant 1%

Figure 2.3: Composition of the serum proteome derived from Mass
Spectrometry-Based Proteome Analysis [90].

In this work, the time evolution of the protein corona arising from the

NPs incubation with HS is compared with the evolution of the protein
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corona arising from NPs incubation with only HSA and only IgG (the

main components of the HS).

The process of the hardening of protein corona has been followed over
time studying the time evolution of the physicochemical properties of
colloid by the UV-Visible (UV-Vis) Absorption Spectroscopy and by
measurements of hydrodynamic radii and aggregation state by DLS and

surface charge by Z-Potential.

Purification of the NP-bound from the unbound proteins at different
incubation time has been used as a tool to determine the hardening
process of the protein corona in PB 10 mM pH 7.4. Purification consisted
in cycles of sample centrifugation and re-suspension in a protein-free
medium. Experimental results show that at the initial incubation stage,
loosely bound proteins forming the soft corona detach from the surface
as effect of the purification and NPs aggregate due to the scarce surface
protection. Gradually, the hardening of the protein corona take place
and the adsorbed proteins protect the NP surface from aggregation

induced by the centrifugation.

In many studies, HSA is found to be the most abundant component
of the resulting hard corona deriving from the incubation with serum
proteins [21, 38]. According to these studies, the results show that the
kinetic of the evolution of the protein corona deriving from incubation
in HS recall the physicochemical dominance of HSA with some minor
difference probably connected to the presence of minor compounds

inside the HS hard corona.

Once formed, the hard corona has been further characterized by inves-
tigating its stability against protein desorption with time. The results
show that the fully formed hard corona consistently maintains its prop-
erties with time, until three days. Thus, when compared with many
biological and physiological phenomena, the hard corona lifetime is

long enough to define the biological identity of the NPs [40].
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The study of the level of packing of the protein inside the hard corona
provide informations about the protection of the surface against the
degradation of the bioconjugates and help to understand the effect of
their possible natural metabolic degradation in biological environment
[44]. Physicochemical features of the NP-protein complexes are impor-
tant factors that are strictly related to the NPs biodistribution, which
is critical for understanding their potential toxicity, e.g. in-vivo release
of toxic ion deriving from NP dissolution The degree of packing of the
protein constituting the protein corona has been tested by investigating
the hard corona ability to protect the NPs against the strongly etching ef-
fect of sodium cyanide (NaCN) [91, 92] and against Nitric Acid (HNO3)
induced aggregation. When CN anions directly interact with the in-
organic core, they form complexes with the gold atoms, progressively
etching the NP surface. This converts the reddish NP sample into a
colorless solution of Au(CN), ions [93]. On the other side, the addition
of HNO;j on citrate-stabilized NP solution induces the protonation of
the citrate. NPs lose their stability and aggregate as a consequence of
the buffer protonation. In addition, the resulting spectra indicate that

NPs aggregation is accompanied by NPs dissolution.

Proteins forming the hard corona can undergo structural rearrangements
in the adsorbed state [41, 94]. In this work, limited proteolysis experi-
ments have been employed to probe the conformational state of proteins.
Generally, the sites of limited proteolysis along the polypeptide chain of
a protein are characterized by enhanced backbone flexibility, implying
that proteolytic probes can detect sites of local structural rearrangements
in the protein chain [95].

In this work, protein digestion by trypsin was used as a simple bio-
chemical method which can supply information regarding conforma-
tional changes of adsorbed proteins. Results show a decrease of regions
exposed to trypsin digestion of proteins constituting the conjugates,

probably due to a more static protein conformation in the adsorbed state
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together with a NP shielding effect.

Finally, in the last part of this chapter the effect of some experimental
parameters on the protein corona hardening kinetics have been investi-
gated. In particular, the effect of temperature, stirring conditions, purity
of protein powder and the type of buffer have been tested on the hard
corona formation kinetics. Some of these parameters strongly affect the

hardening evolution of the protein corona.

2.1.2 Scientific relevance of the selected materials

In this subsection, a brief, general description of the selected materials
and their biological importance is supplied for a better understanding

of the following sections.

Gold nanoparticles

Colloidal gold NPs possess useful size- and shape-related optoelec-
tronic properties [96], large surface-to-volume ratio and multiple surface
functionalities, which make them extremely attractive in a variety of ap-
plication, such as photovoltaic, sensory probes, therapeutic agents, drug
delivery in biological and medical applications, electronic conductors
and catalysis [97-103]. In bionanotechnology, thanks to the enhanced
biocompatibility and low toxicity [104], together with the easy surface
functionalization, gold NPs provides a versatile platform for nanobiolog-
ical assemblies with, for example, oligonucleotides [105-107], antibodies
[108, 109], and proteins [110, 111]. Biomolecules conjugated-gold NPs
are becoming promising instruments for adressing challenges faced by

the investigation of biological systems [112].

Spherical gold NPs exhibit a range of colors (from red to clear purple) in
aqueous solutions as the NP size increases from 2 to 100 nm. Figure 2.4

shows the change in color from red to purple due to increasing NP size
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from ~15 nm to ~60 nm. Additionally, gold NPs show a size-relative
absorption peak from 500 to 550 nm [113]. This absorption band arises
from the collective oscillation of the conduction electrons due to the
resonant excitation by the incident photons, which is called “surface
plasmon band” (SPR), and is influenced by size, shape, solvent, surface
ligand, temperature and it is also sensitive to the proximity of other
NPs [46, 114] (Figure 2.5 a). The binding between analytes and gold
NP can alter the SPR absorbance band, leading to a detectable response
[115, 116]. Thus, the SPR is very sensitive to any surface adsorption of
compounds and to the physicochemical characteristic of the medium.
In detail, adsorption of proteins lead to a small increase of the intensity
of the SPR absorbance peak and a read shift of the peak position, as
exemplify by the red line in Figure 2.5 b).
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Figure 2.4: Colors of various sized monodispersed gold NPs.

Physiologically relevant buffer usually contain a relevant amounts of
salts. When an excess of salt is added to the gold NP solution, the
surface charge of the NP becomes neutral, causing aggregation of NPs.
The aggregation of NPs results in the significant red-shifting of SPR
frequency, the broadening of surface plasmon band and changing the
solution color from red to blue due to the interparticle plasmon coupling
[117].



2.1. Introduction 23

Absorbance (a.u.)
e

080030 300 60700 800
Wavelength (nm)

Figure 2.5: Optical properties of gold NPs. a) collective oscillations of free
electrons in gold when interacting with light; b)UV-Vis absorption spectra
of gold NPs showing the change in the SPR intensity and peak position
due to absorption of analytes.

In this work, gold NPs were synthesized according to the method de-
veloped by Bastus et al. [118]. This method is based on the classical
Turkevich/Frens reaction system [119], by reduction of chloroauric acid

(HAuCly) with sodium citrate.

Proteins

IgG and HSA proteins have been used for bioconjugation, as they repre-
sent the majority of the protein molecules in serum. The consequence
of the adsorption regarding the functionality of these proteins has not

been investigated. Thus, just a brief explanation of their role in human

body is presented for completeness.
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Immunoglobulin G

Immunoglobulins (Ig) are heterodimeric proteins composed of two
heavy (H) and two light (L) chains [120]. They can be separated func-
tionally into variable (V) domains, that binds antigens, and constant
(C) domains, that specify effector functions (for example activation of
complement). There are five main classes of heavy chain C domains.
Each class defines the IgM, IgG, IgA, IgD, and IgE isotypes. IgG can be
split into four subclasses, IgG1, IgG2, IgG3, and IgG4, each with its own
biologic properties [120]. IgG is the predominant isotype found in the
body. It has the longest serum half-life of all immunoglobulin isotypes
and contribute directly to an immune response including neutralization

of toxins and viruses [120].

Human serum albumin

Human serum albumin (HSA) is the most abundant protein in human
serum with a molecular weight of 66.437 Da. Albumin functions primar-
ily as a carrier protein for steroids, fatty acids, and thyroid hormones

and plays a role in stabilizing extracellular fluid volume.

Human serum

Human serum is generally obtained from blood plasma after fibrino-
gen and other clotting factors have been removed. It is an aqueous
solutions (about 95% water) containing a variety of substances includ-
ing proteins and peptides (such as albumins, globulins, lipoproteins,
enzymes and hormones), nutrients (such as carbohydrates, lipids and
amino acids), electrolytes, and variety of other small organic molecules
[121]. In this complex mixture of proteins and electrolytes, albumin and
immunoglobulins account for approximately 75% of the total protein
weight [90].
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2.2 Materials and methods

2.2.1 Synthesis of gold NPs

In this work, gold NPs were synthesized according to the method devel-
oped by Bastus et al. [118], which is a seeded growth strategy for the
synthesis of size- and shape-controlled large citrate-stabilized gold NPs

based on the classical Turkevich/Frens reaction system [119].

Reagents

Gold(III) chloride trihydrate HAuCly - 3 H,O (Sigma 520918) and sodium
citrate tribasic dihydrate (5-4641) were purchased from Sigma Aldrich
(St. Louis, MO). Deionised water with resistivity ~ 18.2 M() has been
used in all the experiments. All glasswares were firstly immersed in
acidic bath, then abundantly rinsed in deionised water, and succes-
sively immersed in basic bath overnight. Before the use glasswares were

abundantly rinsed in deionised water.

Synthesis and characterization of gold NPs

This strategy is focused on the inhibition of secondary nucleation dur-
ing the homogeneous growth process, allowing the enlargement of
presynthesized gold NPs via the surface-catalyzed reduction of Au>* by

sodium citrate [118].

The initial step of this multiple-step process is the oxidation of citrate,
that yields dicarboxy acetone. Thus, an aqueous solution of 150 ml
volume of sodium citrate 2.2 mM were boiled under reflux and under
vigorous stirring for 15 min. Then, 1 ml of a 25 mM Gold(III) chloride
hydrate (HAuCly) solution was rapidly added by a syringe into the

boiling solution. In this step, auric salt is reduced to aurous salt and Auy,
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and the aurous salt is assembled on the Aug atoms to form the AuNP
(Figure 2.6).

o)
O OHO ® 00o®
H,0 W~

o}
HAuCl, + - . ~.@ SJo) R

. + C a
Na Na Na / NaN ® 00 @Na o

CH,—
R = CcC=—0

CH,—

Figure 2.6: NP synthesis by the Turkevich method. In the Turkevich-Frens
method, the actual gold NP stabilizer is dicarboxy acetone resulting from
the oxidation of citrate, rather than citrate itself [122].

The color of the solution rapidly changed from transparent to dark gray
and then to red in 2 minutes. The resulting NPs size is «~ 10 nm and the
concentration is ~3 x 10'2 NPs/mL. The NPs are coated with negatively
charged citrate ions and hence are stable in H,O (Figure 2.6). After 5
min the solution was cooled down until 90 °C. Then 1 ml of 60 mM
sodium citrate and 1 ml of 25 mM HAuCly were sequentially injected. To
avoid the second nucleation, the ratio between seeds and gold monomer
should be kept into a certain value. Thus, before any precursor addition,
a dilution is performed. The NP size and concentration is controlled by
the number of precursor addition. 20 nm gold NPs at a concentration of
~3x 10'2 NP/ml have been used. The desired size has been obtained by
two precursor injections into the 90°C solution. Figure 2.7 summarizes

the strategy of the synthesis.

Figure 2.8 represents the size distribution of the NPs used for the experi-

ment, extrapolated from TEM images represented in Figure 2.9.
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Figure 2.7: Strategy used for the synthesis of 20 nm gold NPs [118].
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Figure 2.8: Size distribution of the NPs used for the experiments derived
from Transmission Electron Microscopy.

Figure 2.10 shows the absorbance spectra of the 20 nm NPs used for the
experiments. The SPR is characterized by the presence of the SPR peak
at ~ 522 nm, corresponding to a ~ 20 nm gold NP, according to the size

distribution derived from TEM images.
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Figure 2.9: TEM images of 20 nm gold NPs.
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Figure 2.10: Absorbance spectrum of the 20 nm NPs: SPR exhibit the peak
at ~ 522 nm.

Figure 2.11 represent the physicochemical characteristic of the 20 nm

citrate-stibilized gold NPs synthesized by this method.
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Figure 2.11: Physicochemical characteristic of the synthesized gold NPs. a) DLS
measurement by intensity; b) DLS measurement by number, c) Z-Potential.

2.2.2 Proteins

Human serum (HS) from human male AB plasma(H-4522), albumin
(HSA) from human serum (A-9511) and IgG from human serum (I-4506)
were purchased from Sigma Aldrich (St. Louis, MO). All the proteins
and NP stock solutions were prepared in 10 mM Phosphate Buffer,
pH 7.4. Sodium phosphate dibasic (5-5136) and Sodium phosphate

monobasic (71496) were also purchased from Sigma Aldrich.

2.2.3 Bioconjugation protocol

The calculation of the dependence of the hydrodynamic radius on the
number of protein molecules bound to a spherical NP has been done

assuming that the protein-coated NP can be approximated by a sphere.
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The hydrodynamic radius of the NPs-protein complexes, Ry, is derived

from equation 2.1.

4
ENR% = Vnp + NymaxVeror (2.1)

Where Vyp is the volume of the NP, Ny 4x is the maximum number
of bound proteins and Vpror is the molecular volume of the protein
molecules [68, 123-125]. Figure 2.12 represents the model used for the

determination of the maximum number of bound protein molecules.

Figure 2.12: Schematic representation of the model used for the determi-
nation of the maximum number of bound proteins molecules.

A typical density of the protein solution of about 1.35 mg/ml has been
assumed [126]. Protein size has been estimated by bioinformatic tool
from protein molecular weight [127]. The calculation estimates the
molecular weight as 120 g/mol per amino acid residue, and diameter
from empirical results of several model proteins. For the HS, the protein
size is an average value of all the proteins present [128]. Table 2.1 reports
the maximum number of bound proteins per NP, assuming just one

layer of bounded protein per NP.

This calculation doesn’t take into account the hard spheres factor, which
refers to the occupancy of a sphere taking as a model a random close

packing system. The hard spheres factor can be estimated as 0.65. The
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Protein Rpror (nm) Ryp (nm) Npyax

HSA 3 10 114
HS 32 10 102
IgG 4 10 75

Table 2.1: Calculation of the maximum number of bound proteins per NP,
assuming just one layer of bounded protein per NP.

calculation of the maximum number of bound proteins per NP taking

into account the hard spheres factor is reported in table 2.2.

Protein Rpror (nm) Ryp (nm) Npax

HSA 3 10 74
HS 3.2 10 66
IgG 4 10 49

Table 2.2: Calculation of the maximum number of bound proteins per
NPtaking into account the hard spheres factor.

table 2.3 reports the NP to protein ratio used in the experiment. The

protein final concentration is 5 uM for all the samples, and corresponds
to 3x 10" molecule/ml.

[Proteins] [NPs]
(molec/ml) (NP/ml)

HSA 3 x 101 3 x 101! 1 x 10*
HS 3 x 10%° 3x 10" 1x10
IgG 3x10®  3x101  1x10

Protein Prot/NPs

Table 2.3: NP to protein ratio.
The bioconjugates were obtained by adding a 100x excess of proteins to
ensure a complete surface coverage, as indicated in Table 2.4.
The protocol used for the bioconjugation is illustrated in Figure 2.13.

The centrifugation parameters for the purification has been determined

according to Stokes law reported in equation 2.2 which govern the
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Protein Npyax Prot/NPs Excess of protein

HSA 74 1 x 10* 135
HS 66 1 x 104 151
IgG 49 1 x 10* 204

Table 2.4: Excess of proteins per NP

AuNPs 10% vol
‘ «_
1 ml Alig. ' Directly Measure
Protein solution 5uM
Buffer PB 10mM purif. 10’ Resusp. 1mL

Room Temperature 5000g & SC2.2mM <

No agitation S o
1 ml Alig. \' = T [ 2 ' Measure

\/

Figure 2.13: Protocol for the protein corona formation.

sedimentation process of colloidal particles.

v = EPZJ_Pngz

5 (2.2)

In the equation 2.2, p, is the density of the particles material, pf is the
density of the fluid, g is the gravitational acceleration, R is the radius of
the spherical particle and u the dynamic viscosity. According to Stokes
law, the sedimentation velocity of a colloidal particle which undergoes
the gravitational force g can be calculated knowing the diameter of the
particle, the density of the particle, the fluid density and the fluid viscos-
ity. Defining a reasonable multiplication factor for g, the sedimentation
time can be calculated from the calculated sedimentation velocity. At
different time point, an aliquot of the sample is purified to remove the
unbound protein excess and then resuspended in sodium citrate (SC)
2.2 mM and measured. The buffer conductivity is 0.8 mS/cm, which
provide a reliable value of the Z-Potential electrophoretic mobility. The
purification control is performed to verify the effectiveness of the wash-

ing cycle and consisted in the direct measurement of the NP-protein
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complexes without purification.

2.2.4 Characterization techniques
UV-Visible Spectroscopy

UV-Vis spectra were acquired on a Agilent Cary 60 UV-Vis Spectropho-
tometer. A total volume of 1 ml of the analysed sample was placed in
a plastic cell and the spectral analysis was performed between 300 nm
and 800 nm at room temperature. Cary WinUV software by Agilent has

been used to collect the spectrophotometer output.

DLS and Z-Potential measurements

The hydrodynamic diameter and the surface charge of the colloids
were measured by Dynamic Light Scattering (DLS) and Z-Potential
on a Malvern Zetasizer Nano Z590 which incorporates a Z-potential
analyser (Malvern Instruments Ltd, Worcestershire, UK). The samples
were prepared at an average concentration of ~3 x 10'! NPs/mL in SC
2.2 mM (pH 7.8) and were allowed to equilibrate at 25 °C for 30 seconds

before the analysis.

Transmission electron microscopy

Gold NPs were visualized using a 80-keV transmission electron micro-
scope JEOL 1010 equipped with a Orius (Gatan) CCD Camera. TEM
grids are represented in Figure 2.14 and consist on a ultrathin-formvar
coated 200 mesh copper grid covered with a layer of carbon (ted-pella,
Monocomp, Madrid, Spain). The heat and electrical conducting proper-
ties of carbon help stabilizing the Formvar films when exposed to the

electron beam.
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The TEM grids were prepared by the dipping procedure, which consists
in the direct immersion of the grids in the NP solution an letting them

dry in open atmosphere overnight.

Carbon—___
Formvar,
Grid

200 Mesh

Figure 2.14: Representation of TEM grids. Images from http://www.
tedpella.com/.

Gel Electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) at 16% acrylamide concentration was used to visualize the pro-
teins recovered from hard corona samples. Proteins were detached
from the NP surface by boiling 5 min in SDS sample buffer (2% w/v
SDS) [129]. The electrophoresis was performed according to SDS-PAGE
original protocol, on a Mini-PROTEAN Tetra cell for 1-D vertical gel
electrophoresis apparatus for Bio-Rad minigels. Molecular-weight stan-
dards consisting in a mixture of ten blue-stained recombinant proteins

(10-250 kD). Finally, gels were stained in Coomassie blue.

Reagents and buffer formulation

Sodium dodecyl sulphate (L-3771), 2-Mercaptoethanol (M-7154), trizma
base (T-1503), glycerol (G-5516), bromophenol blue sodium salt (B-8026),
ammonium persulfate (A-3678) and hydrochloric acid (30721-M) were
purchased from Sigma Aldrich (St. Louis, MO).

40% acrylamide/bis-acrylamide solution, 37.5:1 (161-0148), Coomassie
blue (BIO-RAD 161-0786) and molecular-weight standards (161-0373)
were purchased from BIO-RAD.
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The buffers were prepared by following the formulation reported in
Figure 2.16.

[ Temed 100% |
| Ammonium Persolphate AP (Vi=5ml) 10% in Water (0.5 g) |
. TrisCl 1.5M pH 8.9 (36.34 g)
R 1 buffer 4X (V=200 ml
unning gel buffer 4X (Vr ml) 0.4% SDS (8 ml SDS 10%)
. TrisC1 0.5M pH 6.7 (12.42 g)
Stacking gel buffer 4X (V¢= 200 ml
acking gel buffer 4X (Vr ml) 0.4% SDS (8 ml SDS 10%)
Tris 250mM (30.28 g)
Running buffer 10X (Vr=1L) Glycine 1.92M (144.13 g)
SDS 10% (10 )

TrisC1 250mM pH6.8
Glycerol 50%

SDS Sample buffer SX (Vi=10 ml) SDS 10%
2-mercaptoethanol 5%
Bromophenol Blue 0.02%

Figure 2.15: Formulations for the preparation of the basic reagents.

In the preparetion of polyacrylamide gels, the ammonium persulfate
(AP) and N,N,N’,N’-tetramethylethylenediamine (TEMED) form the
free radicals needed for polymerization. TEMED accelerates the decom-
position of persulfate molecules into sulfate free radicals and these in

turn initiate the polymerization.

Gels for electrophoresis are composed of two part, which differs in
the acrylamide percentage. The lower part of the gel is called running
gel, where separation by molecular mass takes place. The upper part
is the stacking gel. Samples initially are loaded on the gel trough the
pockets created in the stacking gel. Formulations for the stacking gel
and the running gel are reported in Figure 2.16. The concentrations of

acrylamide determines the pore size of the polymer, which consequently
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affects the migration rate of the proteins. Small size pores slow down
the migration rate. Slowing down the migration rate is useful in case
of small proteins or when better separation/resolution is needed (for

example the case of complex mixtures of proteins).

Stacking Gel Running Gel
5% 10% 12% 16%
Mix Acrylamide/Bis 40% 0.6 ml 3ml 3.6 ml 4,8 ml
Stacking gel buffer 4X 1.2 ml
Running gel buffer 4X 3ml 3 ml 3ml
AP 48 ul 120 ul 120 pl 120 pl
TEMED 6 pul 12 ul 12 pl 12 pl
dH>0 3ml 6 ml 5,4 ml 42 ml
Vit 4.8 ml 12 ml 12 ml 12 ml

Figure 2.16: Formulations for stacking and running gels. The red square
indicate the percentage of acrylamide used for the digestion experiments.

Assembling the gel The first part to be added into the gel plates is
the running gel. Isopropanol (Sigma 1-9516) was added on the top of
the running gel to obtain a flat surface of the polymer. Polymerization
of running gel takes about 20 minutes. Successively, isopropanol is
discarded and the stacking gel is added on the top of the running gel.
Finally, a comb is rapidly inserted to generate the pockets in the stacking
gel. Polymerization of the stacking gel take about 30 min. Gels can be

stored at 4°C up to 1 week.

Sample preparation Samples for SDS-PAGE were prepared according
to original Laemmli procedure [129] in diluted gel buffer (SDS sample
buffer) containing sodium dodecyl sulphate (SDS), 2-mercaptoethanol,
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glycerol, and bromophenol blue tracking dye. Proteins were boiled in
SDS sample buffer containing 5% (v/v) 2-mercaptoethanol, which is a
thiol reducing agent, and 2% (w/v) SDS, which is an anionic detergent.
The treatment simultaneously breaks disulfide bonds and dissociates
proteins into their constituent polypeptide subunits. SDS monomer
binds to the polypeptides and causes denaturation. For most pro-
teins, the binding ratio is approximately one SDS molecule per two
amino acids [130]. Because of the anionic detergent, the charge densi-
ties are independent of pH in the range from 7 to 10 [130] and, most
significantly, the SDS binding-polypeptides assume the same hydrody-
namic shape [130, 131]. Glycerol is added to facilitate sample loading,
while bromophenol blue facilitates both sample application and the
electrophoretic run to be monitored (it migrates with the ion front).
Complete dissociation of proteins is achieved by heating in SDS sample

buffer samples to 99°C for 5 minutes.

Running the gels The procedure for running the gel is:
1. Assemble the electrophoresis apparatus and insert the gels.

2. Place the gel assembly in the lower-electrode buffer tank and

completely immerse the gels in buffer.

3. Remove the combs from the gels and rinse the wells with running
buffer.

4. Fill the upper reservoir of the electrophoresis cell so that running
buffer fills the wells.

5. Load the protein standards and the samples in the wells of the gels.
Sample volumes depend on the sample preparation and the size
of the sample wells. Volumes loaded into the wells are normally

of the order of tens of microliters.
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6. Put the lid on the tank and connect the leads to the power supply.

For most gel types, the anode (+) is indicated by the red lead, while
the cathode (-) by the black lead.

. Turn on the power supply and set it for the electrical conditions,

i.e. 200 V constant voltage.

. Allow the run to proceed until the blue tracking dye from the

sample buffer reaches the end of the gel (about 30 min for Laemmli

gels in the Bio-Rad minigels apparatus system).

Staining the gel The procedure for staining the gel is:

1. Remove SDS-PAGE gels from glass and rinse four times in dH,O

(every 15 minutes) in a suitable container on a rocking table.

. Add enough Coomassie Stain to completely cover the gel.

. Incubate the gel in the Coomassie stain for for at least 1 hour on a

rocking table.

. Pour off the Coomassie Stain.

. Rinse in dH,O until the background color of the gel is colourless.

2.2.5 Digestion of protein constituting the hard corona

Optimal conditions for free Bovine Serum Albumin (BSA) digestion

by trypsin enzyme (SIGMA T-1426) have been identified in a previous

work. Firstly, the enzyme-to-protein ratio was adjusted to the most

favourable for digestion, maintaining the time of reaction constant. The

digestion time was also explored by fixing the enzyme-to-protein ratio.

The optimizal enzyme-to-protein ratio for the digestion of the free BSA

was found to be 1:5 and the digestion time 1 hour. In this work the same
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conditions for the digestion of free and bound HS and HSA have been

used.

Digestion of free proteins

The amount of the loaded reference proteins was 5 ug. For serum pro-
teins an average mass value has been used according to the literature
[128]. In general, detection requires on the order of 1 yg of protein for
easy visualization of bands by coomassie staining . An excess of material
is needed, since protein will be fragmented by trypsin. Stock solutions
of 1 mg/ml Trypsin, HSA and HS have been prepared. Proteins were
dissolved in water, while trypsin was dissolved in HCl1 1 mM, pH 3, to
prevent autolysis. Trypsin in 1 mM HCI (pH 3) solutions is stable for
approximately one year when aliquoted and stored at -20°C. A fresh
aliquots have been used for each experiment. The ideal operating con-
ditions for sample digestion is at pH 7-9 at 37°C [132]. Thus, 50 mM
ammonium bicarbonate (NH4HCO3), pH 8 was employed as operating
buffer for the trypsin digestion. Ammonium bicarbonate was freshly
prepared before each use. Samples were digested in a thermoblock at 37
°C for 1 hour. The digestion reaction was stopped by the addiction of 1
uL of HCI. The digested sample were visualized by SDS PAGE. For this
purpose, SDS sample buffer 4 x was added. SDS sample buffer contain
bromophenol blue, which is a pH indicator. Acidic pH turn the SDS
sample buffer yellow-coloured: 2 uL of Tris 1 M pH 8.8 were then added
to adjust the pH conditions to the optimal operating pH. Samples were
then boiled at 99°C for 5 min. Afterwards pockets of the gel were filled

and the gel was run.
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Digestion of the hard protein corona

Monodisperse citrate-stabilized gold NPs with a uniform quasi-spherical
shape of ~ 20 nm were conjugated to HS and to HSA following the pro-
tocol described in section 2.2.3. After 24 hours of incubation time the
samples were centrifuged and resuspended three times (5000 x g for 10
min) in order to remove unbound proteins and the hard corona samples
were obtained. The concentration of protein in the protein corona has
been theoretically calculated assuming that just a monolayer of protein
covering the NP and knowing the NPs final concentration and the di-
mension of NPs and proteins. For HS proteins an average molecular
weight value has been used. The calculated number of attached protein
molecules per NP is between 75 albumin/NP and 115 albumin/NP and
between 66 serum proteins/NP and 101 serum proteins/NP. Consid-
ering an average value, the protein concentration in the hard corona is
0.03 uM, corresponding to 2 ug/ml protein concentration. Considering
a loss of NPs-protein complexes during centrifugation corresponding
to a 10% of the total and the excess of 5 ug used for the digestion of the
free proteins, the protein corona samples were concentrated 5 times to
obtain a comparable intensity band. Digestion of the protein corona was
compared to the free protein digestion at the same enzyme to protein
ratio and at the same digestion time (enzyme to protein ratio 1:5, T =
37°C, t =1 hour).
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2.3 Results and discussion

2.3.1 Hardening of the nanoparticle protein corona

Purification is crucial to study the hardening process of the protein
corona since it is indispensable to remove the unbound excess of proteins.
The black line in Figure 2.17 represent the SPR absorbance spectrum
of the non-purified HS corona, while the purified HS corona spectra
is represented by the red line, as example of the effect of purification.
The peak at 280 nm in the non-purified sample is associated to the

absorbance of excess of the free protein in solution.

Not purified serum corona

o
o

—— Purified serum corona

o
~

o
N

Absorbance (a.u.)

300 400 500 600 700 800
Wavelength (nm)

Figure 2.17: Purification effect on the the absorbance spectra of HS corona.

Furthermore, without purification the bioconjugates are not forced out
the dynamic equilibrium between soft and hard corona. For this reason,
measuring the properties of the non-purified sample could be mislead-
ing from the point of view of the hardening process: the evolution
towards a more stable (hard) protein corona is masked due to the pres-
ence of the soft corona surrounding the NPs, which stabilize the colloids
at any time. However, measuring the non-purified samples is useful

to follow their evolution in terms of both corona: soft and hard, e.g.
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monitor the aggregation state of the NP-protein complexes at different

incubation time.

Hardening of the HS protein corona

In this subsection are reported the results of the incubation of 20 nm
gold NPs with HS in PB 10 mM, pH 7 4.

An aliquote of the original sample is measured at variable incubation
time and results are reported in Figure 2.18 a). The increase in ab-
sorbance intensity and the red shift of the SPR peak compared to the
NP control (i.e. absorbance spectra of as synthesized NPs diluted in PB
10 mM) is observed as effect of the bioconjugation. Besides the change
due to the conjugation and represented by the red-shift of the SPR peak
position and by the little increase of the intensity in Figure 2.18 a), no
time evolution of the SPR absorbance spectra has been observed.
Figure 2.18 b) shows the SPR absorbance spectra of the HS corona after
24 hours of incubation. The SPR peak shifts towards higher wavelength
(AA = 8.5), while the intensity of the peak increase (AI = 0.14).

Figure 2.18 c) shows the absorbance spectra of the HS corona samples
purified at different incubation time. As it can be observed, the increase
of the absorbance intensity and the red-shift of the SPR peak compared
to the NP control (i.e. the absorbance spectra of the purified NP) is
due to the bioconjugation. Despite the similarity on the final conse-
quence for the SPR absorbance on both samples, the SPR absorbance
of the non-purified samples follows a markedly different trend over
time: at time O the SPR peak strongly red-shifts followed by a blue-shift
of the SPR peak position. Meanwhile the intensity increases over time
reaching a stable maximum value after 4 hours of incubation time. The
strongly red-shift observed at time 0 is due to colloidal aggregation of
the purified samples. This is consistent with the hardening process of

the protective layer of proteins surrounding the NPs. As exposition time
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gets longer, a layer of strongly adsorbed protein surrounding the NPs
is formed, resulting in a stabilization of the NP surface. Figure 2.18 d)
reports the absorbance spectra of the HS corona purified after 24 hours
of incubation. The red shift of the SPR peak corresponds to 8 nm, while

the increasing in intensity corresponds to 0.07.
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Figure 2.18: Absorbance of the HS bioconjugated for all the measured samples.
a) absorbance spectra of the HS corona samples measured at different
incubation time; b) absorbance spectra of the HS corona after 24 hours of
incubation time (AA = 8.5nm, Al = 0.14); c)absorbance spectra of the HS
corona samples purified at different incubation time; d) absorbance spectra
of the HS corona purified after 24 hours of incubation time (AA = 8nm,
Al =0.07).

The time evolution of the SPR peak position (Aj4x) reported in Figure
2.19 a) has been extrapolated from the data in Figure 2.18 a) for the
non-purified sample and from Figure 2.18 c) for the purified samples.
The evolution of the non-purified samples is represented by the red dots
connected through the red line in Figure 2.19 a), while the black squares

connected through the black line represents the evolution of the purified
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samples. The non-purified samples exhibit an initial red-shift of the SPR
peak position with respect to the NP control. Successively, no further
change in the peak position is measured, which means that no time
evolution of the non-purified SPR peak position has been observed. On
the opposite, the SPR peak position of the purified samples shows an
evolution over time, which supports the observations associated to the
absorbance spectra of the purified samples showed in Figure 2.18 c). For
the purified samples, the SPR peak position reported in Figure 2.19 a)
originally experience a large red-shift followed by blue-shift and stabi-
lization. All the above results regarding NPs surface evolution highlight
the importance of the time in protein corona formation: at initial time
aggregation is observed, whereas, successively, the hardening of the
protein corona stabilizes the NP surface.

Figure 2.19 b) reports the time evolution of the Z-Potential for the same
non-purified samples (red dot connected through the red line) and pu-
rified samples (black square connected through the black line). The
Z-potential of the non-purified samples is principally dominated by
the free protein in solution. For this reason it remains stable at the HS
reference value in PB 10 mM, which is v~ —20 mV. The Z-potential of the
purified samples shows an initial rapid decrease followed by a surface
charge stabilization. The final value approach the HS reference value.
After the 6! hour, no significant changes have been measured.

The time evolution of the intensity of the SPR absorbance peak reported
by the Figure 2.19 c) has been extrapolated from the data represented in
Figure 2.18 a) for the non-purified sample and from Figure 2.18 c) for the
purified samples. The gradual increase of the absorbance intensity with
respect to the sample purified at time 0 has been observed. The intensity
increases up to the 6!" hour, when it reaches his maximum value. This
evolution over time also indicates the gradual stability acquisition of the
colloids connected to the hardening of the protein layer on the surface
of the NP and it is in agreement with the SPR and Z-Potential evolution
(Figure 2.19 a) and 2.19 b)). The differences in the SPR intensity between
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the non-purified and the purified samples are attributed to material loss
during the purification procedure. As previously discussed, purification
conditions by centrifugation have been determined by the Stokes law,
which allows the identification of the optimal centrifugation conditions
that do not affect the material stability. This does not means that the
yield on NPs collection is 100%, which results in a the general loss of

absorbance intensity compared to the non-purified samples.
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Figure 2.19: Time evolution of a) SPR peak position , b) Z-Potential and c)
intensity of SPR peak for both purified and non-purified HS corona.

Figure 2.20 reports the measured DLS by intensity evolution of the non-
purified and purified HS protein corona samples. The non-purified
samples maintain their equilibrium and their monodispersity over time,
while purified samples show the presence of multiple peaks in DLS
spectra until the 8 hours of incubation time, confirming the aggregation

due to the purification process.
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Figure 2.20: Time evolution of the intensity peak of the DLS for the non-
purified and the purified HS corona.

Hardening of the HSA protein corona

In this subsection are reported the results of the incubation of 20 nm
gold NPs with HSA in PB 10 mM, pH 7.4.

The SPR absorbance spectra of the HSA corona samples directly mea-
sured at different time without performing purification is reported in
Figure 2.21 a). Once more, it can be observed the increases in absorbance
intensity and the red-shift of the SPR peak compared to the NP control,
as effect of the bioconjugation. Any subsequent changes has been ob-
served and no time evolution of the SPR peak has been registered for
the non-purified samples.

Figure 2.21 b) reports the absorbance spectra of the HSA corona after 24
hours of incubation. The SPR peak shifts towards higher wavelength of
a value corresponding to 5.5 nm, i.e. red-shift of the SPR peak, while the

SPR intensity increases of a value of 0.07.
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Figure 2.21 c) shows the SPR absorbance spectra of the HSA corona
samples purified at different incubation time. The decrease of the SPR
intensity and the big red-shift of the SPR peak is a consequence of the NP
aggregation. Thus, consistently with what observed for the HS corona
samples, and contrary to the non-purified HSA corona samples, strong
aggregation of the protein corona samples in the initial part of the kinetic
is observed. Figure 2.21 d) reports the absorbance spectra of the HSA
corona purified after 24 hours of incubation. The red-shift of the SPR

peak is 8 nm, while the intensity increasing is of 0.07.

a) 04 C) 04
——AsyntNPs —— NPsafter pur.
- —Puif. @0
— 5 ——Puif. @15
0.3 0.3t —— Purif. @ 30"
= = Purif. @ 1h
3 = —— Purif. @2h
=~ —— Purif. @ 4h
8 02 8 0.2t —— Purif. @8h
_§ 8 — Purif. @ 10h
g % —— Purif. @ 24h
8 o1l | ———Purif. @48n |
=< 0.1 -2 0.1
0.0 . . . ’ 0.0 , \ )
300 400 500 600 700 800 300 400 500 600 700 800
b) 04 Wavelength (nm) d) 04 Wavelength (nm)
| m=55nmm —— Assynt NPs | sr=8nm —— NPs after pur.
AIABS =0,07 —— 24 h dbumin corona AIABS =0,07 Purif. @ 24h abumin corona
0.3} / 0.3
El S
8 8
8 02 8 02
£ 5
3 3
Qo
= 0.1 -2 0.1
0.0 . . . ’ 0.0 , \ ,
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 2.21: Absorbance of the HSA bioconjugated for all the measured samples.
a) absorbance spectra of the HSA corona samples measured at different
incubation time; b) absorbance spectra of the HSA corona after 24 hours of
incubation time (AA = 5.5nm, Al = 0.07); c)absorbance spectra of the HSA
corona samples purified at different incubation time; d) absorbance spectra
of the HS corona purified after 24 hours of incubation time (AA = 8nm,
Al =0.07).

The time evolution of the SPR peak position (Ap4x) reported in Fig-

ure 2.22 a) for the non-purified corona and for the purified corona are
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extrapolated from the data in Figure 2.21 a) and 2.21 c).

The evolution of the non-purified samples is represented by the red dots
connected through the red line in Figure 2.22 a), while the black squares
connected through the black line represent the trend of the purified
samples. Analogously to the HS protein corona sample, the non-purified
sample shows the red-shift of the SPR peak position with respect to NP
control. Successively, no further changes have been detected, indicating
that there is no evolution over time of the non-purified SPR. On the other
hand, the SPR peak position of the purified samples reported in Figure
2.22 a) experience a large red-shift at time 0 followed by blue-shift and
stabilization. As observed for the HS corona, after an initial stage where
purification induce strong colloidal aggregation, these reaches stability
over time.

In Figure 2.22 b) is reported the time evolution of the Z-Potential for
the same samples. The Z-Potential of the non-purified HSA corona in
the initial part of the kinetics remains constant at the HSA reference
value in PB 10 mM (~10 mV). As incubation time gets longer, Z-Potential
matches the value of the purified HSA corona. This observation suggests
that, once formed, the hard corona governs the electrophoretic mobility
of the collidal sample. Contrary, the time evolution of the Z-Potential for
the same purified samples shows an initial exponential-like decreasing
approaching the HSA reference value in PB 10 mM. After 8" hour, the
value remains constant until 48 hours of incubation time. The minimum
value of Z-Potential has been measured after 10 hours of incubation

time.

The time evolution of the intensity of the SPR absorbance peak is repre-
sented by the Figure 2.22 c). The decreases of the intensity with respect
to the purified NP control is due to the strong sample aggregation in-
duced by purification in the initial part of the kinetic. Successively, the
intensity gradually increases as incubation time gets longer, reaching

its maximum value after 8 hours of incubation time. This tendency
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Figure 2.22: Time evolution of a) SPR peak position , b) Z-Potential and c)
intensity of SPR peak for the purified and the non-purified HSA corona.

confirms the gradual stability acquisition over time (Figure 2.22 a)).

DLS by intensity measurements for both non-purified and purified
samples at different incubation times is depicted in Figure 2.23. The non-
purified samples maintains their equilibrium and their monodispersity
over time. On the other hand, the purified samples reaches the stability
after 8 hours of incubation time, consistently with the time stabilization

effect due to protein adsorption.
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Figure 2.23: Time evolution of the intensity peak of the DLS for the non-
purified and purified HSA corona.

Hardening of the IgG protein corona

In this subsection are reported the results of the incubation of 20 nm
gold NPs with human IgG in PB 10 mM, pH 7.4.

Figure 2.24 summarizes the results of the incubation of 20 nm gold NPs
with human IgG for all the measured samples: both the non-purified
samples measured at different incubation time and those purified and

measured at different incubation times.

The SPR absorbance spectra of the non-purified samples depicted in Fig-
ure 2.24 a) evolve towards an agglomerated state, as it can be observed
by the red-shift of the SPR absorbance peak together with the diminu-
tion of its intensity (Figure 2.24 a)). Purification induces aggregation at
all measured times (Figure 2.24 b)). This observation is confirmed by

the DLS results reported in Figure 2.25 for both samples.
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Figure 2.24: Absorbance of the human IgG bioconjugated for all the measured
samples. a) absorbance spectra of the human IgG corona samples measured
at different incubation time; b) absorbance spectra of the human IgG
corona samples purified at different incubation time; c)time evolution of
the Z-Potential for both the IgG corona.
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The trend of the non-purified samples indicates a temporal evolution
of the colloids towards an agglomerated state, probably driven by the
low IgG affinity for the NPs surface under this experimental conditions.
The time evolution of the Z-Potential for all the IgG corona samples is
reported in Figure 2.24 ¢). In this case, the Z-potential is not an useful
parameter to evaluate the evolution of the protein corona due to the

aggregation.

Discussion

The interaction between NPs and proteins in a physiological medium
is immediate. Protein rapidly adsorbs onto the NP surface generating
a new entity in which the NP surface properties are altered by the ad-
sorbed protein. The incubation of NPs with HS proteins and HSA in
PB 10 mM, pH 7.4, progressively evolve over time towards a stabilized
colloidal state, i.e. hardening of the protein corona. Contrary, conjuga-
tion of NPs with human IgG lead to NP aggregation under the same
experimental conditions. The stabilization effects by protein adsorp-
tion has been studied by aggregation-induced effect. This effect can be

rationalize as represented in Figure 2.26.

Initially only a weakly bound layer of proteins (blue proteins) adsorb on
the particle surface, stabilizing the colloids in the saline physiological
medium but being in dynamic equilibrium with the unbound proteins
in solution. These proteins form the so-called soft corona. As an effect of
longer incubation time, the corona progressively stabilizes the surface
through different mechanisms, including possible structural reorganiza-
tion of adsorbed proteins, leading to a stronger attachment of proteins
onto the particles surface (red proteins): hardening of the protein corona.
Thus, when purified through centrifugation and re-suspension in protein-
free media, protein-coated NPs display different colloidal stabilities de-

pending on the duration of the incubation. After short incubation time,
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Figure 2.26: Effect of centrifugation and re-suspension in protein-free medium.
After short incubation time, loosely bound proteins immediately detach
from NP surface inducing irreversible NP aggregation in the saline phys-
iological medium. After long incubation time, proteins rigidly bound
to NP, protecting them from aggregation induced by centrifugation and
re-suspension.

loosely bound proteins immediately detach from NP surfaces inducing
irreversible NP aggregation in saline physiological medium. After long
incubation time, proteins are stably bound to NP, protecting them from

aggregation induced by centrifugation and re-suspension.

Figure 2.27 shows the results of the NP incubation with HS (black square
connected by black line) and HSA (red dot connected by red line). IgG-

conjugated NP aggregates under these experimental conditions.

Aggregation has been observed for all the analysed samples, depending
on the incubation time. Incubation with IgG lead to NP aggregation,
while HS corona and HSA corona samples aggregate only in the initial

part of the kinetic. Aggregation is represented by the large red shift of
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Figure 2.27: Results of the NP conjugation with HS and HSA. a) time evolu-
tion of the SPR peak position, b) time evolution of the Z-Potential, c) time
evolution of the intensity of the SPR peak.

the SPR peak position reported in Figure 2.27 a) and by the decrease
of the intensity reported in Figure 2.27 c) with respect to NPs control.
As incubation time gets longer, the SPR peak blue-shifts and the SPR
intensity increase. This observation is consistent with the formation
of a protective layer of proteins surrounding the NPs which stabilized
the NP surface. The Z-Potential of the bioconjugates approaches the

characteristic protein value over time.

Figure 2.28 depict the time evolution of the hydrodynamic diameter
measured by DLS for HS and HSA. As previously reported for SPR
and Z-Potential, sample purification after short incubation time clearly
induces aggregation (represented by the multitude of peaks in the mea-
sure). As incubation time gets longer, the DLS peaks evolve towards the

rising of a single monodisperse peak. HS proteins stabilize the surface
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of NP in 8 hours, while HSA stabilizes the surface of NP in 4 hours.
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Figure 2.28: DLS time evolution of the hydrodynamic diameter towards stabil-
ity measured by intensity for a) HS and b) HSA. Measurements have been
performed in triplicate and each colour correspond to a single DLS mea-

surement on the analysed sample.

For HS and HSA conjugated samples, the colloidal stability increases

gradually with longer expositions to proteins, which becomes more

and more tightly adsorbed onto NP surfaces and do not get lost with

purification.

HS corona The SPR displays little aggregation between 0 and 2 hours,

followed by a sample stabilization up to the 8" hours. After 8 hours

the absorbance intensity gets its maximum. The Z-Potential displays a

decrease of the overall charge approaching the HS reference value in PB

10 mM. The hydrodynamic radius measured by DLS evolves towards a

stability after 8 hours.
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HSA corona The SPR displays strong aggregation between 0 and 4
hours, followed by a little aggregation and a general sample stabilization
until the 8" hour. After 8 hours the absorbance intensity reach its
maximum, as well. The Z-Potential displays a progressive decrease
of the overall charge, which get to its equilibrium after 8 hours. The
hydrodynamic radius measured by DLS evolves towards a stability after
the 4" hours.

IgG corona The SPR of the not purified samples displays an evolu-
tion towards an agglomerated state. Sample centrifugation and re-

suspension always leads to strong aggregation at every measured time.

All these observations are visually summarized in Figure 2.29.

0O 5 10 15 20 25 30 35 40 45 50
Time (h)

Figure 2.29: Schematic representation of the kinetic of hard corona formation.
Purification of IgG samples always lead to agglomeration of the complexes:
red-coloured part. Purification of HS corona and HSA corona lead to
aggregation in the very first part of the kinetic: red-coloured part. Time
stabilization effect of the NP surface associated to the protein adsorption,
i.e. hardening of the protein corona, is represented by the red-to-yellow
coloured part. Fully formed hard corona: green coloured part.

HS and HSA corona show different kinetic behaviour of the studied
kinetic, i.e. the time evolution is different. Despite this difference in
the evolution over time, the temporal pattern is similar for both corona,

with an initial aggregation stage followed by stabilization. Contrary, IgG
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shows little affinity under this experimental conditions, leading to NP
aggregation at every temporal point. From the 8" hour, the Z-potential
of the resulting HS and HSA hard corona display the same value of -23
=+ 2mV. The SPR absorbance intensity of the resulting HS and HSA hard
corona is analogous, while the SPR peak position values deviate by ~ 1
nm. This is probably related to the presence of some different molecular
compounds adsorbed on the NP surface.

Finally, the adsorption kinetic of HS protein on 20 nm NPs evokes the
kinetic of HSA adsortpion under these experimental conditions, consis-
tent with a final composition of the hard corona resulting from the NP
incubation in HS rich in albumin. This is also supported by the similar
SPR and DLS properties of the two hard corona.

Mass spectroscopy measurement after tryptic digestion of the HS-hard
corona by MALDI-TOF is reported in Figure 2.30, confirming the pres-
ence of albumin inside the HS hard corona together with some trace of
the heavy chain of the IgG.
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Figure 2.30: Mass spectroscopy measurement after tryptic digestion of the HS-hard corona by MALDI-TOF confirming the
presence of albumin inside the HS hard corona together with some trace of a region of the IgG.
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2.3.2 Altered digestion of proteins constituting the hard pro-

tein corona

Protein forming the hard corona can undergo induced structural changes
that can affect their biological function [94]. Limited proteolysys is a
simple biochemical method which provides information regarding the
protein conformation in the adsorbed state [133, 134]. Trypsin is one of
the most widely used serine proteases. The principle of limited prote-
olysys is that a protein, incubated with a relatively low concentration of
enzyme, undergoes fragmentation at specific recognition sites through-
out the polypeptide chain. Normally trypsin cleaves peptides on the
C-terminal side of lysine and arginine amino acid residues at exposed
regions [65, 135-140]. Thus, regions with enhanced flexibility and acces-
sibility are more prone to digestion by trypsin than protected or static
regions. After tryptic digestion, samples are analyzed by SDS PAGE to
identify the cleavage products. The appearance of low molecular weight
bands denotes digestion of the full length protein. The intensity and
the appearance/disappearance of bands can be monitored and quanti-
fied [135]. Variables that can optimize the digestion effect are protease

dilution, temperature and incubation time.

Here, tryptic digestion is used to monitor the flexibility and the accessi-
bility of cleavage sites in the protein bound to the surface of NPs with

respect to the free protein.

Thus, trypsin was employed to partially digest HS protein and HSA,
both in solution and adsorbed onto gold NPs. The fragments were then
visualized by SDS-PAGE. Polyacrylamide gels 16% were employed for
the visualization of the product segments. Different protein segments
after digestion with trypsin are expected depending on the residue avail-
ability on the NP surface, which can be related to the conformational
state and accessibility of adsorbed proteins. Figure 2.31 schematizes the

rationale of the tryptic digestion.
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Figure 2.31: Schematic picture of the rationale of the protein metaboliza-
tion of free proteins or hard corona proteins. Red protein: free protein
generating digestion products; blue proteins: different fragment as a con-
sequence of the digestion.

The digestion conditions used are:
e protein to trypsin ratio 1:5
e digestion time 1 hour 37°C

The hard corona samples were prepared as described in the subsection
2.2.3. After 24 hours of incubation time, the hard corona is fully formed.
Figure 2.32 reports the properties of the hard corona samples. The
formation of the hard corona is confirmed by the red-shift of the UV-Vis
spectra of the purified bioconjugates and the decrease of the negative
charge in the Z-Potential values from -41 mv + 0.3 to -25 4 0.4 for HS
hard corona and from -41 mv =+ 0.3 to -20 £ 0.4 for HSA hard corona
(Figure 2.32).

The samples were washed before digestion by three centrifugation and
resuspension cycles in 2.2 mM SC, pH 7.8. The effective removing of the
protein excess has been investigated by loading the supernatant of each
centrifugation step on a 16% polyacrilamide gel. Figure 2.33 reports the
protein depletion of the supernatants as a result of the centrifugation
and resuspension cycles for the HS hard corona (Figure 2.33 a)) and for
the HSA hard corona (Figure 2.33 b)).
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Figure 2.32: Properties of the digested NP-hard corona. a) Normalized SPR
absorbance of HS hard corona b) Normalized SPR absorbance HSA hard
corona. The blue line represents the purified NPs control. c) Z-Potential of
the HS and HSA hard corona.

After the second centrifugation cycle, the supernatant can be considered
protein-free and the hard corona completely washed (see lane 4 in Fig-
ure 2.33 a) and b)). Thus, the hard corona samples, together with the
controls, were digested and the results are shown in Figure 2.34. In this
experiment, the controls consisted in the digestion of the free proteins.
Hard corona samples without undergoing tryptic digestion were also

loaded in order to visualize the protein constituting the hard corona.

The loading order, as well as the sample preparation, is reported in table
2.5. The number in the first column corresponds to the number of the

lane in Figure 2.34.
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b)

200 kDa __
150 kDa —

15kDa —

Figure 2.33: Sample purification of the hard corona samples before the digestion
protocol. a) purification of the HS hard corona. Loading order: 1. Protein
Marker; 2. Trypsin; 3. Supernatant of the first wash; 4. supernatant of
the second wash; 5. supernatant of the third wash; b) purification of the
HSA hard corona. Loading order: 1. Protein Marker; 2. HSA reference;
3. Supernatant of the first wash; 4. supernatant of the second wash; 5.
supernatant of the third wash.

Lane 6 and lane 8 in Figure 2.34 confirm the presence of protein inside

the hard corona for both samples.

A different pattern is observed between Lane 3 and Lane 7, which
respectively correspond to the free HS protein digestion and to the
digestion of the adsorbed HS protein, as well as between Lane 5 and
Lane 9, which respectively correspond to the free HSA protein digestion
and to the adsorbed HSA protein digestion.

The coloured bands in the lanes can be interpreted in terms of a gel
densitometry, which represents the relative density of the contents of
each lane. The profile plot of the lanes 3, 5, 7 and 9 have been obtained
from Figure 2.34 and compared in Figure 2.35. From the profile plot, a
different digestion pattern is clearly observed when comparing the free

protein and the protein constituting the hard corona.
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10 kDa —

Figure 2.34: Samples digestion and relative control. Lane 1: protein marker;
lane 2: free HS proteins; lane 3: digested free HS protein; lane 4: free HSA;
lane 5: digested free HSA; lane 6: HS hard corona; lane 7: digested HS
hard corona; lane 8: HSA hard corona; lane 9: digested HSA hard corona.

a)

b)

Lane 3: digested free human serum

Lane 5: digested free human albumin

Figure 2.35: Profile plot of digested sample. a) profile plot of Lane 3 and 7 of
the gel in Figure 2.34, b) profile plot of Lane 3 and 7 of the gel in Figure

2.34.

For HS samples, the main differences between the digested free HS

protein (lane 3) and the digested adsorbed HS proteins (lane 7) are:
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e presence of two new band between 50 kDa and 75 kDa in Lane 7

compared to lane 3;

e lack of 50 kDa band and presence of 45 kDa band in Lane 7 com-

pared to lane 3;

e different band intensities between 25 and 37 kDa ion lane 7 com-

pared to lane 3;
For HSA samples, the main differences are:

e absence of low molecular weight band between 10 kDa and 25

kDa in Lane 9 compared to lane 5;

The experimental results indicate that protein digestion generate differ-
ent patterns depending on the state of protein (free or adsorbed on gold
NPs).

For the HSA, the free protein is more prone to digestion by trypsin
with respect to the adsorbed HSA. This can be related to a decrease of
exposed regions to trypsin digestion of albumin inside the hard corona.
Consequently, less fragments are generated after trypsinization of ad-
sorbed HSA with respect to its corresponding free proteins. An altered
digestion pattern has been also observed for the adsorbed HS proteins
with respect to free HS proteins. The increase of the intensity of the low
molecular weight band, in the region between 25 and 47 kDa, indicates
that digestion events can occur, resulting in a generation of more frag-
ments and low molecular weight bands with respect to the digested free

proteins.

Concluding, protein metabolization is extremely connected to the state
of the proteins: proteins in free state and protein in adsorbed state
generate different digestion patterns. For HSA the adsorbed state can be
described as a more static conformation with respect to the free state. In
the adsorbed conformation some residues of the protein are less exposed

resulting in a general protection of the protein under digestion. The
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adsorbed state of HS proteins is more accessible to digestion compared
to the HSA in the adsorbed state. This can be related to the presence of
some different molecular compounds adsorbed on the NPs surface with
respect to the HSA hard corona, which exhibit different behaviour when

exposed to tryptic digestion.
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2.3.3 Parameters affecting the hard corona formation

Many parameters such as NP size, shape, curvature, solubility, surface
properties, buffer composition and incubation time affect the stability,
composition, thickness, and conformation of the protein corona [19,
41, 81, 141]. Importantly, Maiorano et al. [18] studied the interactions
between commonly used cell culture media and differently sized citrate-
stabilized gold NPs by different spectroscopic techniques (including
DLS and UV-Vis). They studied the influence of the media composition
on the formation of NP-protein conjugates. They demonstrated that
the interactions are differently mediated by Dulbecco’s Modified Eagle
Medium (DMEM) and by Roswell Park Memorial Institute medium
(RPMI) supplemented with the protein source from Fetal bovine serum
(FBS). DMEM and RPMI are exploited for most cell cultures and strongly
vary in amino acid, glucose, and salt composition. A range of spectro-
scopic, electrophoretic, and microscopic techniques were applied in
order to characterize the colloids formed by dispersing NPs with differ-
ent size in these cellular culture media. They reported the formation of a
large time-dependent protein corona in DMEM and RPMI with different
coating dynamics. SDS-PAGE and MS have revealed that the average
composition of protein corona does not reflect the relative abundance of
serum proteins. They also found that DMEM induced a more abundant
and quite stable protein corona on different sizes of gold NPs com-
pared to RPMI. Understanding the different formation of NP-proteins
complexes mediated by liquid environment is crucial to reach a deeper

understand of the cellular response [18].

In this section, the results of the investigation of some experimental
parameters on the kinetic of hard corona formation are reported. Better
understanding of the role of each parameter is of major importance for
the design of targeting nanomaterials, long-circulating drug carriers, or

for decreasing the toxicity. Specifically, the kinetics of the protein corona
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formation by changing the temperature and stirring conditions together
with the effect of the presence of impurity in the protein preparation

and the effect of the buffer composition, is investigated.

The bioconjugates were obtained as illustrated in subsection 2.2.3.

Temperature effect

The time evolution of the 20 nm conjugated NPs with HSA at different
temperature in 10 mM PB, pH 7.4, is reported. Specifically, the tested
temperature condition for the conjugation are 4°C and and 25°C (Room
Temperature RT). Figure 2.36 and Figure 2.37 report the results of the
conjugation at different temperature. Data represented in Figure 2.37 a)

are extrapolated from data represented in Figure 2.36 a) and b).
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Figure 2.36: Absorbance spectra of the purified sample at different incuba-
tion time for: a) 4°C, b) RT.

When NPs are incubated at 4°C, their correspondent SPR (Figure 2.37
a)) shows an immediate 4 nm red shift, while, no time evolution of the
SPR peak position has been measured. The Z-Potential (Figure 2.37 b))
decreases over time, approaching the HSA reference value. The average
hydrodynamic radius (Figure 2.37 c)) measured by DLS shows an initial

aggregation, followed by a stabilization from 8 hours of incubation time.
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The RT-conjugated samples represented in Figure 2.36 b) exhibit a
marked time dependency, which is better showed by Figure 2.37. The
SPR and the Z-Potential evolves with time (Figure 2.37 a) and b)). The
hard corona is fully formed when the SPR peak position, the average
hydrodynamic radius and the Z-Potential, stabilize with time. The aver-
age hydrodynamic radius (Figure 2.37 c) is constant after conjugation

and no aggregation effect of the colloids is registered.
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Figure 2.37: Effect of temperature on the formation kinetic of HSA corona:

a) time evolution of the SPR peak, b) time evolution of the Z-Potential, c)
time evolution of the hydrodynamic radius.

Thus, the reported time needed for the hard corona to be completely
formed is 24 hours and it is not temperature-dependent. The final
hard coronas are characterized by a similar Z-Potential value: -31 mV
for the 4°C-conjugated and -29 mV for RT-conjugated. The red shift
is 4 nm for both samples, while the hydrodynamic radius is ~60 nm

for the RT-conjugated and ~ 67 nm for the 4°C-conjugated. These
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observations suggest that temperature affect the kinetic of the hard
corona formation, but not affect the resulting hard corona. Concluding,
the physicochemical characteristic of the two hard corona conjugated at

different temperature are comparable.

Stirring effect

The time evolution of the 20 nm conjugated NPs with HS (Sigma H-
4522) was studied under stirring conditions and without stirring at RT
in 10 mM, pH 7.4. Figure 2.38 and Figure 2.39 report the results of the
conjugation at different stirring conditions. Data represented in Figure

2.39 a) are extrapolated from data reported in Figure 2.38 a) and b).
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Figure 2.38: Absorbance spectra of the purified HS corona sample: a)
conjugation without stirring, b) conjugation under stirring conditions.

As it can be observed in Figure 2.39 a), NPs get stabilize by protein
adsorption: at short incubation times NPs exhibit a strong red-shift of
the SPR peak which is followed by a blue-shift and a stabilization with

time.

Z-Potential of the bioconjugates (Figure 2.39 b)) without stirring expo-
nentially decay over time,reaching the HS reference value after 24 hours

of incubation time. Z-Potential approximates to the HS reference value
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Figure 2.39: Effect of stirring conditions on the formation kinetic of HS
corona: a) time evolution of the SPR peak, b) time evolution of the Z-
Potential, c) time evolution of the hydrodynamic radius.

quicker when stirring is used in the incubation process compared to

conjugated without stirring. In 2 hours it reaches the HS value.

The influence on the average hydrodynamic radius is reported in Figure
2.39 ¢). The under stirring-incubated samples show clear aggregation
starting after 5 hours of incubation time. The hydrodynamic radius has
an extremely high value after 24 hours of incubation time compared
to the 24 hour-radius of the sample conjugated without stirring. The
measure could be reasonably affected by the induced denaturation and
aggregation of proteins due to the mechanical stress induced by the
stirring conditions [142]. The protein destabilization drive NP aggrega-
tion, leading to an increase of the bioconjugates average hydrodynamic
radii. Denaturation could influence also the charge of the conjugated,

affecting the Z-Potential measurement. Therefore, stirring conditions
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induce strong protein destabilization, which clearly affect the kinetic of
the protein corona and the resulting physicochemical properties of the

hard corona.

Purity of the original protein preparation

It is reported the time evolution of the 20 nm conjugated NPs with HSA
from two different suppliers characterized by a different purity degree,
in 10 mM PB, pH 7.4, at RT, without stirring conditions. HSA from
EMD Millipor (12668-10GM) is characterized by a degree of purity of
> 95%, while HSA from Sigma Aldrich (A-9511) is characterized by a
degree of purity of > 97%. When dissolved in a reference buffer, proteins
with different purity levels might lead to a different buffer composition,
due to the presence of some compound in different concentration in
the original preparation. Since the nature of the buffer could affect the
bioconjugation, the presence of these compounds, although in small
quantity, could affect the formation of the protein corona. Data repre-
sented in Figure 2.41 a) are extrapolated from data represented in Figure
2.40 a) and b).
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Figure 2.40: Absorbance spectra of the purified human albumin corona
sample: a) conjugation with HSA from Sigma Aldrich (A-9511) with a
degree of purity of > 97%, b) conjugation with HSA from EMD Millipor
(12668-10GM) with a degree of purity of > 95%,.
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The presence of the impurity on the conjugation influence the surface

protection effect against aggregation induced by purification, as shown
by Figure 2.40 and by Figure 2.41 a).
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Figure 2.41: Effect of the presence of impurity on formation kinetic of
the human albumin corona: a) time evolution of the SPR peak, b) time
evolution of the Z-Potential, c) time evolution of the hydrodynamic radius.

The evolution of the SPR peak position of the more pure HSA indicates
strong aggregation when purified after little incubation time. As it can
be deduce by the red-shift of the adsorbed peak in Figure 2.40. The same
conclusion is derived from Figure 2.41 a). However, at longer incuba-
tion times, the hardening of the protein corona stabilize the samples.
Time evolution of the SPR peak position using the less pure protein ex-
hibit an exponential-like increase in the first part of the kinetic followed
by stabilization of the SPR peak position at ~4 hours of incubation
time. Instead, the Z-Potential (2.41 b)) exponentially decrease for both
HSA protein corona approaching their correspondent free HSA refer-

ence value, which is different for the two different HSA. Z-potential
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is also affected by the purity degree of the protein. The evolution of
the hydrodynamic radius reported in Figure 2.41 c) is consistent with
the evolution of the SPR absorbance peak: at small incubation times
purification induce aggregation, as it can be deduced by the high value
of the average hydrodynamic radius. Stabilization of the NP surface

takes place after 8 hours of incubation time.

Thus, the level of purity affect the kinetic of protein adsorption and the
physicochemical characteristic of the resulting hard corona. The results
shows that the presence of minor compounds protect the surface of the
NP from aggregation induced by purification at small incubation times.
The Z-Potential value for the two hard corona is comparable, and it is ~
-25 mV =+ 2 mV, while the SPR shift is different: 3 nm for the less pure

albumin, 7 nm for the more pure one.
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Chemical composition of the buffer

The time evolution of the 20 nm conjugated NPs with different protein,
namely BSA, HSA, IgG and HS, dissolved in different media: 2.2 mM
sodium citrate (SC), DMEM, PBS and PB 10 mM. The conditions and

results are summarized in Table 2.6.

Protein Buffer Effect on the colloids
SC2.2mM Protein corona formation
BSA DMEM Aggregation
PB 10 mM Protein corona formation
SC2.2mM Protein corona formation
HSA DMEM Aggregation
PB 10 mM Protein corona formation
PBS Protein corona formation
SC2.2mM | Aggregation/protein denaturation
HS DMEM Protein corona formation
PB 10 mM Protein corona formation
SC22mM Aggregation
e DMEM Protein corona formation
PB 10 mM Aggregation
PBS Aggrergation

Table 2.6: Effect of tested buffer on protein corona formation.

Bovine Serum Albumin Figure 2.42 reports the results of the conjuga-
tion of NPs with BSA in 2.2 mM SC, pH 7.8.

The SPR absorbance peak and the hydrodynamic radius reach the sta-
bility after 16 hours of incubation time. The Z-Potential (Figure 2.42 c))
needs almost 48 hours to reach the BSA reference value in SC 2.2 mM,
which is ~-20 mV + 1.7 mV.

On the other hand, NPs incubated in a solution of BSA in DMEM 100%
lead to colloids aggregation as it can be observed in Figure 2.43 a) by
the intensity decrease together with the appearance the peak at 670
nm correlated to the appearance of a new NPs population. Z-Potential

decrease with time, getting closer to the BSA reference value after 48
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Figure 2.42: Conjugation of NP with BSA in SC 2.2 mM buffer: a) SPR
absorbance spectra of the purified samples, b) time evolution of the SPR
peak position, c) time evolution of the Z-Potential, d)time evolution of the
hydrodynamic radius.
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Figure 2.43: Conjugation of NP with BSA in DMEM 100%. a) absorbance
spectra of the purified samples, b) time evolution of the Z-Potential.

hours of incubation time, although in this case the Z-Potential can not
be considered as an indicator of the evolution of the protein corona due

to the sample aggregation.
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Human Serum NPs incubation in SC 2.2 mM supplemented by HS,
leads to NP aggregation (Figure 2.44).
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Figure 2.44: NP incubation in SC 2.2 mM buffer supplemented by HS. a) SPR
absorbance spectra of the purified samples, b) time evolution of the SPR
peak position, c) time evolution of the Z-Potential, d)time evolution of the
hydrodynamic radius.

Using long incubation time , as it can be observed in the SPR absorbance
spectra of the purified sample in Figure 2.44 a) by the decrease of the
intensity of the peak and by the increasing of intensity at wavelength
700 nm. The hydrodynamic radius after 48 hours of incubation time

highly increase due to aggregation and Z-Potential shows instability.

Figure 2.45 report the results of NPs incubation in DMEM 100% sup-
plemented with HS. Under these experimental conditions it has been
observed the quick formation of the HS hard corona. The SPR and the
Z-Potential, reported in Figure 2.45 a), b) and c), reaches their stability
after 8 hours of incubation. Starting from 24 hours no changes in the

hydrodynamic radius have been measured (Figure 2.45 c)).
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Figure 2.45: NP incubation in DMEM 100% supplemented by HS. a) SPR
absorbance spectra of the purified samples, b) time evolution of the SPR
peak position, c) time evolution of the Z-Potential, d)time evolution of the
hydrodynamic radius.

Immunoglobulin G Time evolution of the IgG protein corona in PB 10
mM, pH 7.4 has been deeply investigated, and the results are reported in
the subsection 2.3.1 and discussed in section 2.3.1. Here, it has been ex-
plored the NPs conjugation with IgG dispersed in DMEM 100%. Due to
the increasing interest in the conjugation of gold NPs with antibody, for
example in rapid diagnostic application [143-145], this part is described

more in detail in the next section.

NP-IgG conjugation in 100% DMEM physiological media

IgG is an antibody isotype fundamental for immune system function [56].
In this context, IgG binds pathogens resulting in their immobilization,

coats the pathogen surfaces (opsonization) allowing their recognition
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and phagocytosis, and binds and neutralizes toxins [56]. Despite its
important role in the immune system and in many medical applications,
IgG is still rarely used as a model protein in protein-NP interactions.
Since IgG is the second most abundant protein in human blood plasma
[90], a better understanding of the behaviour of the NP-IgG bioconju-
gated under physiological conditions is needed for understanding NPs
fate when they are dispersed in HS. The protocol for the formation of

the IgG corona is represented in Figure 2.46.

AuNPs 10% vol.

{

Purif. 10° Resusp. 200uL
IgG 5uM - " ﬁ
Iml Alig.  4s__ 10000g %« SC22mM
Buffer DMEM 100% - = > Measure
Room Temperature | ",;'

No agitation

Figure 2.46: Protocol for the formation of the IgG corona in DMEM 100%.

The incubation was performed directly in 1 ml cuvette. Different cu-
vettes were prepared corresponding to different incubation times. The
volume of NPs added to the protein solution has been kept constant and
it is 10% of the total volume. The final NPs concentration is ~ 3 x 101!
NPs/ml, while the IgG concentration is 5 M, corresponding to 3x10'
prot/ml. The purification protocol consisted in the centrifugation of the

sample at 10000 x g during 10 minutes.

The results for the time evolution of the IgG conjugation are reported in
Figure 2.47.

Figure 2.47 a) shows the normalized absorbance spectra of the IgG
corona samples purified at different time, up to 1 week of incubation
time. The red shift of the SPR peak compared to the NP control spectra
is observed as effect of the bioconjugation. A stabilization effect of the
SPR peak over time is observed: there is strong aggregation until 4
hours of incubation time, followed by a general sample stabilization.

After 8 hours the SPR absorbance spectrum mainly recover his shape.
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Figure 2.47: Conjugation of NP with Imunoglobulin G in DMEM buffer:
a) absorbance spectra of the purified samples, b) time evolution of the SPR
peak position, c) time evolution of the Z-Potential, d)time evolution of the
average hydrodynamic radius.

Figure 2.47 b) shows the time evolution of the maximum of the SPR
peak position extrapolated from the spectra in Figure 2.47 a), confirming
similar considerations. After 24 hours of incubation time sample reach
stability and the adsorbed protein stabilizes the NP surface protecting
them from aggregation induced by purification. Figure 2.47 c) reports
the time evolution of the Z-Potential for the same purified samples. After
an initial exponential-like decreasing, Z-Potential reach its minimum
value after 8 hours of incubation time. Between 8 and 24 hours Z-
Potential oscillate between -11 mV and -14 mV, probably as an effect of
stabilization of the surface charge. The Z-potential value after 48 hours
of incubation time remain constant at-13 £ 1 mV . Figure 2.47 d) reports
the time evolution of the average hydrodynamic diameter D;,. The

strong aggregation at shots time is confirmed by the DLS measurements.
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The sample gets stabilized after 8 hours of incubation time. Resuming:

e SPR: strong aggregation until 8 hours of incubation time, followed

by a general sample stabilization up to the 24 hour.

e Z-Potential: progressively decrease of the charge, which reaches

its equilibrium between 8 and 48 hours.

e DLS: the average hydrodynamic diameter Dy shows aggregation
of the samples followed by a sample equilibration after 8 hours of

incubation time.

Figure 2.48 show the time evolution of the DLS by intensity.
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Figure 2.48: Time evolution of the DLS by intensity of the IgG-conjugated
NPs.

Aggregation is observed at every purification time. Also when the
shape of the SPR absorbance peak is mainly recovered, after 24 hours
of incubation time, the DLS show the presence of a second polpulation

ascribable to NP agglomerates. This is related to the lack of optimal
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conditions for obtaining monodisperse, colloidal IgG-conjugated NPs in

complete physiological buffer.

Concluding, it is worth to note that, although the number of samples
and replication are homogeneous for all the reported measurements,
DLS and Z-Potential measurements, often return error bars which are
different from point to point. This effect have been associated to the
multiple sources of experimental errors which normally affect the mea-
surements independently from how the operator handle the samples
and operate trying to maintain their integrity. These errors are various
and include the presence of micro-scratches on the optical surfaces or
cell coating damage, small air bubble in the solution, temperature gra-
dients, burned electrodes and contamination from previous samples.
Thus, together with sample dispersity, which critically affect the mea-
surement dispersion and, therefore, the error bars, some other operating
and instrumental issue have to be considered as a source of experimental

errors.
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Chapter 3

Conformational properties of

the hard corona

3.1 Introduction

As discussed in the general introduction, proteins absorb onto NPs sur-
faces, forming a layer of tightly attached molecules, the hard protein
corona, and an external layer of weakly bound and rapidly exchang-
ing molecules, the soft protein corona [81, 146]. From these interac-
tions can arises structural rearrangement of protein forming the hard
corona which can alter the subsequent protein biological responses in a
physiological environment. Thus, the detection of these induced con-
formational changes is of paramount importance to understand the
physiological fate and function of the nanoconjugates, as well as for

designing new nanomedicine based technologies [63, 147-149].

The biophysical investigation of the hard protein corona structure at the
nanoscale level is challenging due to the multiple factors affecting the
interaction, comprising scattering, aggregation and interference with
NP [94, 149], which might lead to a specific conformational changes

driven by specific conjugation conditions.
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Several procedures have been developed for the investigation of NP-
protein bioconjugates by different biophysical techniques. For example,
Norde and Favier [48], in a pioneering work, reported that BSA and
lysozyme undergo structural alterations when adsorbed onto finely
dispersed silica (5iO,) particles, investigating protein structure by CD.
Cinar and Czeslik [51] presented a study of pressure-and temperature-
dependent unfolding of lysozyme and bovine ribonuclease A (RNase)
using FTIR spectroscopy. They found that secondary structures of both
proteins do not change significantly when they are adsorbed onto SiO,
NPs. Vertegel et al. [147] showed that the structure and the function
of lysozyme upon adsorption onto SiO, NPs is strongly dependent on
the size, and hence curvature, of the NPs, evidencing that NPs with
dimension of 4 nm and 20 nm retained native-like protein structure and
function when compared to less curved, 100 nm NPs. The effects of
the size of the S5iO, NPs were further investigated by Lundqvist et al.
[63]. They analysed the conformational stabilities of variants of human
carbonic anhydrase on the surfaces of SiO, NPs, with different diameters
(6,9, and 15 nm). They monitored the structure of the adsorbed protein
by CD and nuclear magnetic resonance (NMR) showing that NPs with a
higher diameter cause larger perturbations on the proteins secondary
structure upon interaction with NPs. In contrast, the effects on the
tertiary structure seems to be independent of the particles curvature [63].
Gagner et al. demonstrated that the morphology and atomic structure
of the surface of gold NPs affect the structure and function of adsorbed
lysozyme and chymotrypsin (ChT) [72, 150]. Lysozyme lost respectively
10% and 15% of secondary structure when adsorbed onto 10 nm gold
nanospheres or 36 nm gold nanorods. On the other hand, ChT retained
most of its secondary structure at low surface coverage. A 40% loss in
secondary structure and 86% loss of activity was observed. Wang et
al. [151], using H/D exchange of amide protons monitored by NMR,
reported the structural perturbations occurred upon adsorption on 15

nm gold NPs for GB3 protein and ubiquitin. They found that exchange
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rates are very similar in the presence and absence of NPs, supporting a
model where the adsorbed protein remains largely folded on the NPs
surface [151].

Summarizing, CD [152], FTIR spectroscopy [52], NMR [151, 153], H/D
exchange coupled to NMR [151] or MS [154], SANS [155], UV-Vis [151],
covalent footprinting [148], partial proteolysis [156] and dual polar-
ization interferometry [157] have been applied so far to the structural
investigation of standard globular proteins. The emerging picture is
that folded, globular proteins tend to adsorb onto NPs in a native-like
state, although some structural perturbations have been reported. In
particular, conformational changes induced by interactions with NPs
have been described for lysozyme [48, 147, 158-161], albumin [48, 65,
162], a-chymotrypsin [150], Apolipoproteins A-I and B100 [65], ubiquitin
and GB3 [151], transferrin [41], carbonic anhydrase II [63], Myoglobin
[154].

As a matter of fact, despite the progress on the investigation of structure
of protein inside the hard corona, most studies focused on the behaviour
of globular proteins, characterized by a high level of structural stability.
A different interesting structural class is offered by intrinsically disor-
dered proteins (IDPs) [163-167]. IDPs lack an ordered three-dimensional
structure and exist in solution as heterogeneous and dynamic conforma-
tional ensembles [34]. They are often involved in the process of forming
amyloid aggregates, which are the hallmark of systemic and neurode-
generative disorders, also known as amyloidoses [168]. In this context,
the potential effect of the NPs surface is still almost unexplored. Parveen
et al. [169] reported that NPs can induce or inhibit amyloid aggregation
of IDPs, depending on the protein and surface properties. However,
it is not clear if these effects are mediated by conformational changes
or not. Other mechanisms arising from the protein-NPs interactions
could involve changes in local protein concentration and/or competition

between bulk and surface, resulting in eliciting amyloid aggregation
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[166]. IDPs show the tendency to undergo disorder-to-order transitions
upon binding to physiological partners and similar transitions can be
induced by interactions with surfaces. Understanding the mechanisms
controlling the conformational changes and the conformational stability
of IDPs is of paramount importance in order to explain their biological

activity.

One of the most intensively studied IDP, in its interactions with NPs is
o-synuclein. Yang et al. [164] reported that the CD spectra of the free
a-synuclein in solution and the synuclein adsorbed onto gold NPs are
almost identical, suggesting that bioconjugation under those conditions
does not affect the degree of structural disorder that characterizes a-
synuclein in the absence of interactors. In addition, they determined by
limited proteolysis experiment that a-synuclein binds to the surface of
gold NPs via the N-terminus, while the C-terminus is projected outward
from the NP surface, leaving the protein free to undergo conformational
transitions [164, 165].

3.1.1 Goals and strategy

The goal of this study is to investigate the changes on the secondary
structure of IDPs when adsorbed onto NPs surface. 50 nm SiO, NPs
were employed. Three different IDPs, namely o-casein, Sic142!4-Hisy
and a-synuclein, were selected to investigate structural properties of
IDPs forming the hard corona on SiO; NPs, together with lysozyme, as
a model globular protein, which interactions with SiO, NPs are already
well characterized [48, 73, 147, 148, 158, 160, 161, 170, 171]. Far-UV, CD
and FTIR were applied to secondary-structure analysis of the free and

surface-adsorbed proteins.

It is shown that IDPs constituting the hard corona are mainly unstruc-
tured, but exhibit a small protein-specific conformational change. A

minor increases in helical content is observed for casein and o-synuclein.
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This transition on a-synuclein is consistent with the IDPs tendency to
undergo disorder-to-order transitions. The bound proteins are blocked
in their largely disordered conformation and do not undergo folding
induced by dehydration, in contrast to their free forms. Furthermore,
the hydrodynamic diameter of lysozyme in solution approaches the
thickness of the hard corona, while IDPs show a lower diameter com-
paring to their respective hydrodynamic diameter, suggesting a protein
collapsed form. Finally, the tendency of a-synuclein aggregation in the
presence of NPs was tested. The reported results showed that NPs pro-
mote a-synuclein aggregation in a concentration-dependent manner: the

presence of increasing concentrations of NPs promoted aggregation.

Additionally, another set of experiment focuses on the conformational
and spectroscopic properties of the globular protein transferrin (Tf)
forming the hard corona on the same 50 nm SiO, NPs. Tf is an abundant
serum metal-binding protein best known for its role in iron delivery
[172]. The influence of these conformational rearrangements on the
function of metal-bounding proteins has been investigated as a model
of protein biological activity influenced by conformational changes in-
duced by the interaction with NP surface. In a previous work it has been
shown that terbium (Tb) can bind to Apo-Tf at the two iron-binding sites
with lower affinity than iron [173]. The presence of Tb confers specific
fluorescent emission properties detectable by fluorescence resonance
energy transfer (FRET) with tryptophan residues.

All these features were studied by comparing the structural and spectro-

scopical properties of:
e Apo-Tf, the metal free protein
e Holo-Tf protein bound to iron
e Tb-Tf, protein bound to terbium instead of iron

It is shown that Tb-induced fluorescence properties are maintained

inside the hard corona, while apo-Tf undergoes dramatic structural
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rearrangements upon binding.

Here, I would like to highlight that this part of the work has seen the

essential contribution by the master student Valentina Rigamonti.

3.1.2 Scientific relevance of the selected materials

In this section, a brief general description of the selected materials and
their biological importance is supplied for a better understanding of the

following sections.

Silica NPs

Silica (SiO») is a versatile material, with a large potential for chemical
and physical modifications and high level of biocompatibility [174].
Moreover, SiO, NPs exhibit good chemical and mechanical stability.
They are characterized by negative surface charges and a relatively high
hydrophilicity promoting protein-NP interactions mainly by electro-
static forces [174-176]. In this work, the Stober process [177] is used for
the preparation of monodispersed SiO; colloids, by means of hydrolysis
of alkyl silicates and subsequent condensation of silicic acid in alcoholic
solutions using ammonia as catalyst [177] (Figure 3.1). The hydrolysis
and condensation reactions provide precursor species and the necessary
supersaturation for the formation of particles. Additionally, the size of
silica NPs can be modulated by changing TEOS and ammonia relative

concentrations.

Intrinsically disordered proteins

Intrinsically disordered proteins (IDPs) lack persistent structure. They
are challenging to structural biology, due to the inapplicability of stan-

dard methods for characterization of folded proteins, as well as for their
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Figure 3.1: Stober synthesis. Mono-dispersed spherical silica NPs synthe-
sized following the Stober-Fink-Bohn method, starting from tetraethyl
orthosilicate (TEOS), water, ammonia, and absolute ethanol, as precursor.

deviation from the dominant structure/function paradigm. IDPs exist
in solution as heterogeneous and dynamic conformational ensembles
[34]. IDPs are widespread in nature and they are importantly involved
in a variety of biological function. Thanks to their high surface availabil-
ity, IDPs show the tendency to quickly bind to interactors of different
nature, assuming different conformational properties depending on the
interactor. It has been shown that structural destabilization of IDPs leads
to the formation of amyloid fibrils, which, in turn, are associated with a
variety of neurodegenerative diseases, including Alzheimer’s, Parkin-
son’s and prion diseases [178, 179]. Amyloid fibrils are insoluble internal
B structure fibers [180]. Amyloid formation has been rationalized as
a nucleation-dependent polymerization process [181-192] consisting
of two phases: (i) a nucleation/lag phase, in which the perturbations
in the protein structure produce partially folded intermediates, with a
high propensity to aggregate, and (ii) an elongation/growth phase, in
which the nuclei grow by further addition of monomers to form larger
polymers/fibrils. The kinetics of amyloid formation is well represented
by a sigmoidal curve with a lag phase followed by rapid growth phase
and a plateau (figure 3.2).

Understanding the mechanisms controlling conformational changes and
conformational stability of IDPs is important to explain their biological

and pathological activity.

The typical disorder-to-order transitions of these proteins upon binding
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Figure 3.2: Schematic diagram showing the nucleation-dependent poly-
merization model of amyloid fibril formation [193].

to physiological partners can be induced by interactions with surfaces.
Adsorption to NPs offers the possibility to investigate IDP interactions
with surfaces in a colloidal state, exploring the structural effects of

adsorption under specific conditions of solvent, surface chemistry and

topology.

a-synuclein

a-synuclein is an IDP (14 kDa ,140 amino acids) characterized by an
amphipathic lysine-rich amino terminus, which mediates the interac-
tions with membranes, and a disordered, acidic carboxy-terminal tail,
which has been implicated in interactions with metals, small molecules
and proteins [194]. In this context, the interactions with NPs can mimic
the effect on the natural interactor. After interaction with membranes,
monomeric o-synuclein predominantly adopts an o-helical conforma-
tion, but at high concentrations the protein undergoes conformational
changes, either before or together with its oligomerization, to form

B-sheet-rich structures, which leads to the formation of intracellular



3.1. Introduction 91

inclusions called Lewy bodies [194-196]. It has been shown that the
accumulation and redistribution of a-synuclein aggregates in specific
brain regions is strictly connected to various synucleinopathies, includ-
ing Parkinson’s deseas (PD) and PD with dementia (PDD) [194]. In
PD, the accumulation of these amyloid fibrils affect the regulation of
dopamine release and transport, leading to the loss of dopaminergic

neurons with the effect to reduce the neuronal responsiveness [195].

a-casein

The casein milk proteins have been described as natively unfolded with
random-coil structure [197]. While their function is presumed to be pri-
marily nutritional, increasing the solubility of calcium and phosphate,
caseins also have a remarkable ability to stabilize proteins, i.e. to in-
hibit protein aggregation and precipitation, by an activity comparable
to molecular chaperones [198]. o-casein (22.9 kDa, 214 amino acids)
comprise two distinct gene products, designated ag1- and os,- casein,
which are unrelated in sequence but have very similar physicochemical
properties. It has been shown that upon incubation at neutral pH and
37°C, the typical spherical particles of as- casein rapidly converted to
twisted, ribbon-like fibrils 12 nm in diameter, which occasionally formed
loop structures (fibrils) [198]. Thus, as-casein is particularly susceptible
to fibril formation under physiological conditions. However, this fibril

formation is mainly inhibited by - casein [198].

Sicl

In Saccharomyces cerevisiae, the IDP Sicl is an inhibitor of the cyclin-
dependent kinase (Cdk), which blocks the activity of S-Cdk1 (Cdk1 /
Clb5,6), playing an essential regulatory role in cell cycle progression

kinase essential for DNA replication. Sicl dysfunction can affect the
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cyclin A

cyclin A

Figure 3.3: Structural prediction of p27 and Sicl. In red the inhibitory
domain is indicated.

DNA replication, leading to an alterate cell growth and proliferation.
Interestingly, Sicl possess a human homologue, the protein p27Kip1,
both having a structurally conserved inhibitory domain (figure 3.3) with
the difference that p27Kip1 inhibits G1 cyclins and not cyclin B [199].

Sic14214_His, (9.3 kDa, 70 amino acids) corresponds to the last His tagged
Kinase-Inhibitory Domain, which is the minimum domain for the inhi-
bition of Clb5/6-Cdk1 [200, 201].

Globular proteins

Globular proteins, compared to IDPs, are characterized by ordered struc-
ture. Their conformation can accurately determine by crystallography,
NMR or bioinformatics. Globular proteins are often used as model pro-
teins and offer a reference for the investigation of NP-induced structural

effects.
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Lysozyme

Lysozyme (14.3 kDa, 129 amino acids) is an enzyme that posses pri-
marily a bacteriolytic function by attacking the peptidoglycan bacte-
rial cell walls. Peptidoglycan is composed of the repeating units of N-
acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), crosslinked
by peptide bridges. Lysozyme acts by hydrolyzing the bond between
NAG and NAM, increasing the bacteria’s permeability eliminating the
bacteria [202, 203]. In human, lysozyme is expressed in the mucous
membranes of the nasal cavity and tear ducts. It is also found in saliva,
tears, milk, cervical mucus, leukocytes, and kidney tissue. The majority
of the lysozyme used in research is purified from hen egg white. Under
physiological conditions, lysozyme is folded into a compact, globular
structure (figure 3.4) with a long cleft involved in binding to the bacterial

carbohydrate chain and hydrolysis.

B - structure

Figure 3.4: Lysozyme structural prediction.

Transferrin

Transferrin (Tf) is a powerful iron chelator, capable of binding iron
tightly but reversibly [204]. A molecule of Tf can bind two atoms of fer-
ric iron (Fe3*) with high affinity (K; = 102 M~1), which is higher in the
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extracellular pH of 7.4 and decreases in the acidified endosomes, allow-
ing the dissociation of Fe [204, 205]. Serotransferrin belongs to a family
of homologous iron-binding glycoproteins that encompasses lactoferrin
(found both intracellularly and in secretions, including milk), melan-
otrasferrin (present on melanoma cells) and ovotransferrin (present in
egg white). They are all monomeric proteins of 76-81 kDa and consist of
two structurally similar lobes, namely N- and C-lobes, each containing
one iron-binding site (figure 3.5) [206]. The N-lobe (336 amino acids)
and C-lobe (343 amino acids) are linked by a short spacer sequence.
Each lobe contains two domains (N1-N2 and C1-C2) comprising a se-
ries of a-helices, which overlay a central 3-sheet [206] (Figure 3.5 a)).
The domains interact to form a deep, hydrophilic metal-binding site.
The binding sites posses four amino acids including two tyrosines, one
aspartic acid and one histidine [173]. These residues are arranged in
a distorted octahedral arrangement [173] (Figure 3.5 b)). In addition,
the binding site requires two oxygen molecules donated by a carbon-
ate molecule to stabilize the iron atom. The surrounding amino acid
residues are thought to further stabilize the metal-binding site, and they

have crucial roles in iron release [173].

X-ray studies revealed that in the apo form of Tf (apo-Tf, the iron-free
form of Tf), the iron-binding cleft in the N lobe is wide open when com-
pared to the closed holo-structure [206]. The resulting crystal structures
shows that the two domains of each lobe are closed over a Fe3' ion.
Thus, upon uptake or removal of the iron ion, the domains rearrange
their conformation, rotating as a rigid body around a rotation axis [173,
206]. The holo-Tf shows a much higher affinity for the transferrin recep-
tor than the apo-form, suggesting that iron-dependent conformational

arrangement is important for the cellular uptake of iron [173].

Protein function: focus on iron chelation Iron is important for all

living organisms and plays a central role in many biological processes
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Figure 3.5: Tf binding Fe>*. a) Stereo Ca plot of holo-ovotransferrin. N1
and N2 represent domains N1 and N2, while C1 and C2 domains C1 and
C2 respectively. Wite balls are Fe3*. The figure was produced using cristal-
lographic data [206]. b) For Fe** the co-ordination sites are octahedral,
with four ligands supplied by the protein, i.e. two from tyrosinate residues,
one from an aspartate residue and one from a histidine residue, plus two
ligands supplied by an exogenous, bidentate carbonat [173].

[207]. The adult human body contains approximately 3-5 g of iron and
more than two thirds of this iron (>2 g) is incorporated in haemoglobin.
However, free iron is found to be toxic, promoting free radical formation
resulting in oxidative damage to tissues [204, 205, 207]. For these reasons,
it is vital that iron is transported in an inactive. The primary role of
transferrin is therefore to transport iron safely around the body to supply
cells. Plasma concentration of Tf is stable from birth, ranging from 2
mg/ml to 3 mg/ml, and the in vivo half-life of this protein is eight days
[204]. Thus, iron bound to plasma Tf corresponds to less than 0.1% of
total body iron (~3 mg), but it represents the most active pool in kinetic
terms [205]. The binding and release of iron by Tf involves several
factors, including pH, temperature and protein and ionic concentrations
[204, 206].
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Figure 3.6: Cellular uptake of iron through the Tf system via receptor-mediated
endocytosis.

The transferrin receptor system Iron-loaded Tf (holo-Tf, Tf(Fe), in
Figure 3.6) binds transferrin receptors (TfR) on the surface of actively
dividing cells [204, 206] (1 in Figure 3.6 ). Subsequently, the Tf-TfR
complex is internalized and transported to endosomes (2 in Figure 3.6).
ATP-dependent proton pumps then force H+ ions into the endosomes
reducing the pH to 5.5, promoting iron release (3 and 4 in Figure 3.6)
[204, 206]. Under low pH conditions, the TfR alters its conformation
to enable apo-Tf to remain bound to the receptor. Once the complex
reaches the cell surface, the TfR changes again its conformation due to
pH increases, causing the realise of the apo-Tf (5 in Figure 3.6). The
apo-Tf molecules then circulate until they become in contact with free
iron again, and the cycle of Tf-mediated iron redistribution is continued.
TfR is an attractive molecule for the targeted cancer therapy since it is
upregulated on the surface of many cancer types. Additionally, TfR is
efficiently internalized, allowing the use of Tf as a therapeutical delivery

agent in cancer cells [208].
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3.2 Materials and methods

3.2.1 Synthesis of silica NPs
Reagents

Tetraethyl orthosilicate (TEOS) (Sigma 520918), absolute ethanol and
aqueous ammonia (28%) were purchased from Sigma Aldrich (St. Louis,
MO). Deionised water with resistivity ~ 18.2 M() has been used in all
the experiments. All glasswares were firstly immersed in acidic bath,
then abundantly rinsed in deionised water, and successively immersed
in basic bath overnight. Before the use glasswares were abundantly

rinsed in deionised water.

Synthesis and characterization

Colloidal, negatively charged SiO, NPs of ~ 50 nm diameter were
prepared by hydrolysis and condensation of tetraethyl orthosilicate
(TEOS) in the presence of ethanol and ammonia, according to the Stober
methodology [177, 209].

To obtain 50 nm SiO, NPs aqueous ammonia (28%) (1.827 g) was added
to absolute EtOH to a total volume of 50 ml and rapidly stirred. 1.99
ml of TEOS was then rapidly added to this mixture. The reaction was
sealed and stirred at room temperature for a further 20 hours. The NPs
were then centrifuged at 2000 x g for 10 minutes for removing large ag-
gregates. The ethanol excess in the supernatant was then eliminated by
evaporation using a rotary evaporator under aspirator vacuum. Further
purification was achieved by centrifugation (2000x g for 10 minutes)
and filtration, in order to remove all the present aggregates. The final
concentration was measured by drying an aliquot of the NP solution at

90°C for ~2 hours. The concentration of the final NP stock is ~3 mg/ml.
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The Z-Potential of the NPs is ~-35 mV. Figure 3.7 shows a representative
DLS measure by intensity of the as synthesized 50 nm SiO, NPs. The
NP dimension was further investigated by TEM. Figure 3.8 report the
size distribution of the NPs. Data reported in figure 3.8 are extrapolated

from TEM images represented in figure 3.9.
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Figure 3.7: Representative DLS by intensity results of the synthesis of 50
nm SiO, NPs
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Figure 3.8: Representative size distribution of synthesized 50 nm SiO,
NPs extrapolated from TEM images.
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Figure 3.9: Representative TEM images of synthesized 50 nm SiO, NPs

3.2.2 Proteins

Chicken egg-white lysozyme (L-6876) and bovin a-casein (C6780) were
purchased from Merck (Darmstadt, Germany). Human a-synuclein and
yeast Sic14?'4-Hiss were expressed in Escherichia coli and purified as
previously described respectively by Latawiec et al. [210] and by Brocca
et al. [200]. Human a-synuclein nucleotide sequence was cloned into
the pET11a expression vector and introduced into Escherichia coli strain
BL21 (DE3). Expression of o-synuclein was obtained by growing cells
in 100 ug/mL ampicillin containing Luria-Bertani broth at 37°C until
an OD600 of about 0.6, followed by induction with 0.6 mM isopropyl
B-thiogalactopyranoside for 5 hours [210]. All the proteins and NP stock
solutions were prepared in 10 mM phosphate-buffered saline (PBS), pH
= 7.4. The final composition of the buffer is 137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO4 and 2 mM KH>POy. Protein concentration was
assessed by absorbance at 280 nm, employing the following extinction

coefficients:

e 36000 M~! cm™! for lysozyme [211]
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e 1490 M1 cm ™! for Sic14%14-Hisg, calculated from the aminoacid

sequence by ExPASy ProtParam tool [212]

e 25900 M~ cm™! for a-casein, calculated from the aminoacid se-
quence by ExPASy ProtParam tool [212],

e 5120 M~ em~! for a-synuclein [213]

e 85240 M~ ! cm™! for apotransferrin and holotransferrin, deter-

mined by sigma datasheet.

Sic14?14-Hisg production and purification

Yeast Sic14214-Hiss was cloned and expressed in E. coli according to
Brocca et al. [200]. Pre-cultures were inoculated from a single-cell colony
from a fresh selection plate. Preparative cultures were obtained in shak-
ing flasks by 1:20 dilution of pre-cultures in fresh Luria-Bertani broth
supplemented with 50 mg/1 ampicillin. Thus, the volumes were scaled
from 20 to 200 ml and the cultures were grown at 37°C and 220 rpm to
an optical density at 600 nm (OD600) between 0.5 and 0.7. Cultures were
then transferred to 30°C to reduce the risk of proteolytic degradation
and induced with 200 uM isopropyl-3-d-thiogalactopyranoside (IPTG)
to an OD600 of 1.3.

Induced cells were then collected by centrifugation at 9400 g at room
temperature for 15 min. The supernatant was discard and the pellet
resuspended in the extraction buffer. Lysated cells were then disrupted
by french press. The cell suspension was collected and exposed to
denaturing thermal treatment by incubating the suspension at 95°C for
5 minutes. An intrinsically disordered protein might be enriched in the
soluble fraction of heat-treated crude extracts based on their resistance
to heat treatment. The IDP-enriched-crude-extracts were then cooled
in ice for 10 minutes and centrifuged for 10 minutes at 10000xg to

collect cellular debris and the insoluble protein fraction. Finally, the
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protein was purified by Immobilized-Metal Affinity Chromatography
(IMAC) schematically represented in Figure 3.11 [200]. The chemical
affinity between Ni?* and the His-Tag promotes binding of the protein
to the resin, which, is then eluted by the application of the elution
buffer containing 50 mM sodium phosphate, 300 mM NacCl, 250 mM
imidazole, pH 8.0. The eluted fraction corresponds to the purified
protein. The typical concentration value of purified protein obtained by

this procedure is 0.3 mg/ml.
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Figure 3.10: Immobilized-metal affinity chromatography IMAC. a) Representa-
tion of the Ni>* resin; b) Representation of the IMAC procedure.

Figure 3.11 report the SDS-PAGE analysis of the all the passages of
Sic142!4-His, expression and purification. The loading order of the lanes
is indicated in the caption. Particularly, lane 8 and lane 9 confirm the

final purified sample by the characteristic bands at ~9200 kDa.

The secondary structure of the purified Sic14?'4-Hiss has been inves-
tigated by CD after further protein purification for desalting by gel
filtration chromatography on PD-10 columns. This step allows the sepa-
ration of high molecular weight substances from small molecules like

salts and buffer components. The PD 10 final buffer was Ammonium
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Acetate 200 mM. The resulting CD of the PD 10-purified Sic14?'4-Hiss is
reported in figure 3.12.

1 2 3 4 5 6 7 8 9

Figure 3.11: SDS-PAGE analysis of Sic1?'4-Hisg purification. The loading
order of the lanes is: lane 1 protein-marker, lane 2 total fraction of ex-
pressed protein; lane 3 not soluble fraction of expressed protein; lane 4
flow-through fraction of expressed protein; lane 5 soluble fraction of ex-
pressed protein; lane 6 first washed fraction; lane 7 second washed fraction;
lane 8 Eluate 1; lane 9 Eluate 2. Lane 8 and lane 9 correspond to the eluate
with higher purified protein concentration.
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Figure 3.12: Circular dichroism of the PD-10-purified Sic142!4-Hisg.

The CD spectra was collected after lyophilization of the protein solution

and powder resuspension in PBS. The presence of the peak at ~ 200 nm
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is consistent with a mainly random coil secondary structure of Sic142!4-
HiS6.

3.2.3 Hard corona preparation

The hard corona samples were prepared by incubating 10 mg/mL NPs
with 150 uM protein solution (final concentrations in a final volume
of 100 uL). The corresponding protein/NP molar excess is ~8-9 x 102.
The mixed solution has been kept under mild agitation for 1 hour at
4°C. The temperature of 4°C has been chosen in order to prevent any
possible temperature perturbation of the protein structure. After in-
cubation the nanoconjugates are collected and washed by four cycles
of centrifugation and resuspension in fresh buffer at 17000x g for 10
minutes. Resuspension has been performed by 30 seconds sonication
in 1 mL of fresh PBS buffer. The final pellets were resuspended in 100
uL of fresh PBS for biophysical analyses. The controls were prepared by
the same procedure using either protein solution without NPs or NPs

dispersion without protein

‘g_&[

10 mg/ml NPs

. Centrifugation
Incubation 1 h'T=4°C
’ - u:der m]i]d agitation % iSepinieDelle i
150 mM protein & supernatant
. : . . 3X Pellet washing:
B phys . . . |
fuchemical and bigphysical <— centrifugation, separation,

characterization .
resuspension

Figure 3.13: Protocol for hard corona preparation.

The protein concentration inside the hard corona was not directly de-
termined by measuring the sample absorbance at 280 nm due to NP
scattering which interfere with the direct mesure. Alternatively, pro-
tein concentration in the hard corona was calculated by the difference

between the initial protein amount and that removed by washing step.
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3.2.4 Characterization techniques
DLS measurements

The hydrodynamic diameter of NPs was measured by dynamic light
scattering (DLS) on a Malvern Zetasizer Nano Z5S90 (Malvern Instru-
ments Ltd, Worcestershire, UK). The samples were prepared at an aver-
age concentration of 100 ug/mL in PBS and were allowed to equilibrate

at 25°C for 30 seconds before the analysis.

CD measurements

CD spectra were acquired in the range of 260-190 nm on a J-1500 spec-
tropolarimeter (JASCO Corporation, Tokyo, Japan), equipped with a
Peltier system for temperature control, in a 1 mm-pathlength cuvette
containing 100 uL of sample, using 1-nm bandwidth and 20 nm/s scan-
ning speed. Spectra were subtracted by the blank and baselines were

aligned at 260 nm.

TEM analysis

TEM images were acquired on a FEI Tecnai G2 Spirit BioTWIN instru-
ment (Hillsboro, Oregon, USA) operating at 120 kV. For this purpose,
a 1 uL drop of NPs was deposited on a formvar-coated, copper grid
and allowed to dry overnight. For observation of the protein Corona,
the samples were negatively stained using 2% uranyl acetate staining
solution in PBS. To this purpose, the grids were put on the staining
drop for a few minutes, the excess of staining was dried by filter paper
and the grid was allowed to dry on air overnight. NP size distribution
was investigated using the MeasurelT software (Image Processing and

Analysis in Java), taking into consideration 200 NPs per sample.
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FTIR measurements

For Fourier-Transform Infrared (FTIR) measurements, 2-4 uL of the sam-
ples were deposited on a BaF, infrared window and dried at room
temperature, in order to obtain a solid film. The FTIR absorption spectra
were then acquired in transmission mode by means of a Varian 670-IR
FTIR spectrometer coupled to the Varian 610-IR infrared microscope
(both from Varian, Mulgrave VIC, Australia Pty Ltd) equipped with a
mercury cadmium telluride nitrogen-cooled detector [214]. Measure-
ments were performed at 2 cm ™! spectral resolution, 25 kHz scan speed,
512 scan co-additions, and triangular apodization. The variable micro-
scope aperture was adjusted to 100 um x 100 um and 5-10 areas for
each sample were measured to verify the reproducibility of the results.
Only spectra with the Amide I band intensity below 0.8 were considered

reliable.

For H/D exchange, the protein film on the BaF, window was rehydrated
by the deposition of 8 uL of D,O around the dried films. The chamber
was then tightly closed by a second window using a flat O-ring [215]
and incubated for 5 hours at room temperature to allow an extent of
exchange comparable to that obtained by conventional transmission-
mode measurements on protein solutions in D,O [201, 216, 217]. The
FTIR spectra of the D,O-rehydrated samples were collected as described

above.

The protein spectra were obtained by subtraction of the proper reference
spectra, strictly collected under the same conditions, by adjusting the
subtraction factor until a flat baseline was obtained in the 2200-1750
cm ! region. In this region, NPs displayed the typical bulk SiO, bands at
~1978cm~! and at ~1872 cm~! [218]. Figure 3.14 report a representative
subtraction procedure for lysozyme. The blue spectrum is related to the
protein constituting the hard corona and is obtained by subtracting the

NP signal from the measured spectrum. In the spectrum obtained by
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subtraction, the SiO, bands at ~1978 cm~! and at ~1872 cm ™! are not

present, highlighting a successful subtraction procedure.
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Figure 3.14: FTIR spectra: representative subtraction procedure for
lysozyme hard corona.

Absorption spectra were normalized by the Amide I band area, to com-
pensate for possible differences in the protein content, and the second-
derivatives [219] were calculated following the Savitsky-Golay method.
Data collection and analysis were performed using the Resolutions-Pro

software (Varian, Mulgrave VIC, Australia Pty Ltd).

SDS PAGE analysis

For the extent explication of SDS PAGE refer to the material and methods
section of Chapter 2. SDS PAGE at 16%-18% acrylamide concentration
(depending on the molecular weight of the examined protein) was used
to visualize the proteins recovered from hard corona samples. Proteins
were detached from the NP surface by boiling 5 min in SDS sample
buffer (2% w/v SDS) [129]. The electrophoresis was performed ac-
cording to SDS PAGE original protocol [129], on vertical 1-D minigels
(Mini-PROTEAN 1V, Bio-Rad laboratories, Hercules, California, U.S.A.).
Broad-range, pre-stained molecular-weight standards from 11 kDa to

180 kDa (GeneSpin, Milan, Italy) were used for gel calibration. Gels were
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stained in Coomassie blue (Bio-Rad laboratories, Hercules, California,
U.S.A).

Study of a-synuclein aggregation in the presence of NPs

The aggregation reactions were carried out in a 96-well View Plates
(Perkin Elmer, Waltham, MA) in a total volume of 100 yL. Each well
contained recombinant human o-synuclein at constant concentration of
0.5 mg/mL in 0.1 M NaCl, 20 mM Tris pH 7.4 and 10 yuM Thioflavin
T (ThT). The aggregation reactions were performed in the presence of
increasing NPs concentrations at the follow o-synuclein to NPs ratios:
1:0.1; 1:0.5, 1:1, 1:2 and 1:5. The ratios here are expressed in terms of
mg/mL. Reactions were performed at 37°C under constant shaking
and in the presence of one 3-mm glass bead. The fluorescence was
read every 5 min on Spectramax M5 fluorescence microplate reader
(Molecular Devices, Sunnyvale, CA) by bottom reading at excitation of
444 nm and emission of 485 nm. Each sample analysis was performed

in four replicates.

These experiments were performed in collaboration with the group of

Prof. Giuseppe Legname in Trieste (SISSA).

Fluorescence emission analysis

The detection of the Tb(III)- Transferrin fluorescence was performed on a
Cary Eclipse (Varian - California, USA) fluorescence spectrophotometer
coupled with a Cary Temperature Controller (Varian - California, USA)
temperature control system. Samples were analyzed in 1 cm-pathlength
cuvette at 25°C. The spectra were acquired by excitation at 295 nm,
monitoring the emission in the range 310-575 nm. Ammonium Acetate
(CoH7NO,) supplemented with ammonium bicarbonate (NH4HCO3)

at respectively final concentration of 100 mM and 25 mM, pH 8.1, was
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used for fluorescence measurements (AAB buffer). The complexes were
formed by incubation for 10 minutes of a 25 uM apo-Tf solution with an
excess of terbium chloride (TbCl3 3 mM). Each spectrum was subtracted
by the blank, consisting of the only AAB bulffer.



3.3. Results and discussion 109

3.3 Results and discussion

3.3.1 Hard Corona preparation
UV-Vis and SDS-PAGE of the hard corona samples

Figure 3.15 reports the trend of the protein concentration in the su-
pernatant of the first four centrifugation cycles, determined by UV ab-
sorbance at 280 nm. Concentration was calculated by the lambert-Beer
law, knowing the molar absorbance coefficient of all the proteins. The
trend of the plots in Figure 3.15 clearly shows the progressive protein
depletion in the supernatants. The red line in figure 3.15 represents
the evolution of the protein concentration in the supernatant of each
centrifugation step in the presence of NPs, while the black line shows
the evolution of the protein concentration in the supernatant of each
centrifugation step in the absence of NPs. The free protein concentration
is already negligible after the first step. The pellet of the fourth cycle has
been resuspended and the hard corona sample is considered formed.
The hard corona samples prepared as described have been used in all

the following experiments.

Figure 3.16 reports the SDS PAGE analysis of the material recovered
from the bioconjugates. By comparing the supernatants of the first
centrifugation step in the absence (lane 2) or presence of NP (lane 3) it
is possible to appreciate the amount of adsorbed protein onto the NP
surfaces, by the difference in intensity of the two lanes. The presence of
the protein in the final hard corona sample is confirmed by the presence
of the characteristics band in lane 6, corresponding to the pellet of the
fourth centrifugation cycle of the protein + NP sample (the hard corona
sample). On the contrary, no protein band is detectable in the final pellet
of the control samples with either protein only (lanes 4) or NPs only
(lanes 5).
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Figure 3.15: Protein concentration in the supernatant of each centrifuga-
tion step in the presence (red line) or absence (black line) of NPs. a-Cas,
a-casein; o-Syn, a-synuclein; Lyz, lysozyme; Sicl, Sic14214_His,; Holo-Tf,
holotransferrin; Apo-Tf, apotransferrin.



3.3. Results and discussion 111

25 kDa—
20 kDa —
17 kDa—
11 kDa—

2 3 4

Sic1

25 kDa—
20 kDa—
17 kDa—
11 kDa—

2 3 4 5 6

Apo-Tf
100 kDa — Holg-Tt 100 kDa — P

75 kDa — 75 kDa —
63 kDa— 63 kDa—
48 kDa— 48 kDa —
36 kDa—b 35 kDa— &

2 3 4 56

2 3 4 5 6

Figure 3.16: SDS PAGE. Lane 1, molecular-weight markers; lane 2, super-
natant of the first centrifugation step (protein only); lane 3, supernatant
of the first centrifugation step (protein + NPs); lane 4, pellet of the fourth
centrifugation step (protein only); lane 5, pellet of the fourth centrifu-
gation step (NPs only); lane 6, pellet of the fourth centrifugation step
(protein+ NPs). o-Cas, o-casein; o-Syn, a-synuclein; Lyz, lysozyme; Sicl,
Sic14214_Hjs,, Holo-Tf, holotransferrin; Apo-Tf, apotransferrin.

IDPs are known to migrate slower in SDS PAGE compared to globular
proteins with the same molecular mass as a result of their enrichment
in charged amino acids and pourly hydrophobic residues [220]. For
this reason, in figure 3.16 the IDP characteristic bands are found not to
correspond to their molecular weight. Finally, it is also shown that holo-
and apo-Tf hard corona undergo degradation to lower molecular weight
products. This effect is more pronounced in the case of the apo-Tf, and
it could be due to the proteolytic cleavages by traces of contaminant

proteases. Since susceptibility to partial proteolysis is strongly affected



112 Chapter 3. Conformational properties of the hard corona

by protein conformation, this result suggests that apo-Tf undergoes

significant structural rearrangement in the presence of silica NPs.

The absorption yield has been calculated by subtracting the protein
concentration in the supernatant in the presence of NPs from the protein
concentration in the supernatant in absence of NPs as indicated by
equation 3.1, where Cp is the protein concentration in the hard corona,
CLroten <5 4 the protein concentration in the supernatant in absence of
NPs and Cé\ﬁggﬁfé‘ﬁ ¢4 the protein concentration in the supernatant in

the presence of NPs.

__ ~Protein NP+ Protein
CHC—C51+52+S3+S4 C51+52+S3+54 (3.1)

Table 3.1 shows the results of this calculation. The data have been
extrapolated from figure 3.15. For this calculation it has been assumed

that no loss of NP takes place during the washing cycles.

DLS analysis

For all the investigated samples, a significant increase in NP dimensions
has been observed (Figure 3.17 and Table 3.2). The average hydrody-
namic diameter shifts from the 50 nm of the as synthesized fresh NPs,
to over 300 nm. In particular, in the case of lysozyme and Sic142!4-Hisg
the hydrodynamic diameter has been detected in the micrometer scale,
while for o-synuclein and holo-Tf aggregates are detected. For lysozyme,
this detection is in agreement with some previous observation suggest-
ing that this protein induce strong aggregation of silica, polystyrene, and
gold NPs [65, 70-73]. Additionally, DLS measurements of the Sic1A214.
Hise in absence of NP indicate a diameter which is discrepant from the
expected size value for Sic14214-Hisg, which is a ~9000 kDa protein (see

Table 3.3). This observation is consistent with an intrinsic instability
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Figure 3.17: Distributions of the hydrodynamic diameter measured by DLS. A
representative profile is reported for each hard corona sample, for the
naked original NPs (called Fresh NPs), and for naked NPs treated by
the same steps as the hard corona samples (called Control NPs). a-Cas,
o-casein; 0-Syn, a-synuclein; Lyz, lysozyme; Sicl, Sic14214_His,; Holo-Tf,
holotransferrin; Apo-Tf, apotransferrin.
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Sample Dy PDI

NP control 393.7 £58.2 0.336 &+ 0.016
NP + Lysozyme 2973 £ 261.7 0.252 +0.014
NP + o-casein 126.9 £2.80 0.233 £ 0.007
NP + Sic14214_-His, 2144 +2429 0.277 £ 0145
NP + o-synuclein 172.5 £30.00 0.225 £ 0.008
NP + Holo-Transferrin 241.3 +=55.50 0.221 4 0.016
NP + Apo-Transferrin ~ 375.6 £ 13.40 0.146 £ 0.055

Table 3.2: DLS measure of all the hard corona, compared to the NP control.

under these experimental conditions (PBS, pH 7.4) as reported by Brocca
et al. [200].

The high increase in NP dimension after the hard corona formation
indicated by the DLS analysis is not attributed to the formation of several
layers of proteins on the NP surface. This observation is confirmed by
TEM images reported in the following subsection, where only a thin
layer of protein is visible. SiO, NPs undergo aggregation after the
centrifugation steps even in the absence of protein. For this reason, the
DLS measurement cannot be used to evaluate the morphology of the

hard corona layer, as well as the presence of the protein corona.

TEM analysis

NP size was measured by TEM before and after hard corona formation
implementing the negative staining by uranyl acetate technique. The
uranyl acetate staining allow for the direct visualization of the adsorbed
protein and the size determination of the hard corona. The hard corona
thickness was estimated according to a simple core-shell model, with

protein molecules surrounding the NPs (figure 3.18).

Images of naked and coated NPs are reported in figure 3.19, while

figure 3.20 shows the size distribution of the colloids derived from 200
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Figure 3.18: Core—shell model with proteins surrounding NPs for the
estimation of the protein layer thickness. NP radius of NP;A/2 radius of
protein, NPyc=NP + A/2

randomly picked NP. The as synthesized fresh NPs shows an average
size of 47.3 + 3.1 nm with a narrow size distribution. The control
NP sample (the sample treated by the same procedure as the hard
corona samples in the absence of any protein) display similar features.
As a result of incubation with proteins and after the washing cycles,
NPs acquire a larger diameter and appear surrounded by a light halo,
ascribable to the hard corona. The hard corona thickness was thus
calculated by the size difference of coated and naked NPs. The inset
shows a single enlarged NP, in order to appreciate the effect of the
staining on NPs.

The thin layer surrounding the SiO, NPs derive from protein adsorption
and it is clearly showed by the selected TEM images in Figure 3.19. This
adsorbed protein layer completely coats the NPs, also in the case of

aggregates of NPs, and its thickness is highly regular.

In order to estimate how many layers of protein are adsorbed on the
NP surface, the theoretical hydrodynamic diameter of each protein
was calculated according to the relation with chain length, specific for
globular or disordered proteins [33, 201] and respectively depicted by
the equations 3.2 and 3.3:



3.3. Results and discussion 117
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Figure 3.19: TEM analysis. A representative TEM image is reported for
each hard corona sample, for the naked, as synthesized NPs (Fresh NPs),
and for NPs treated by the same steps as the hard corona samples (Control
NPs). Scale bars for 100 and 50 nm are given. o-Cas, a-casein; o-Syn,
a-synuclein; Lyz, lysozyme; Sicl, Sic14214_Hisg; Holo-Tf, holotransferrin;
Apo-Tf, apotransferrin.
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Intensity (%)

.

Figure 3.20: Size distribution. Size distributions derived from 200 randomly
picked NPs from each sample. a-Cas, a-casein; a-Syn, a-synuclein; Lyz,
lysozyme; Sicl, Sic12214-Hiss; Holo-Tf, holotransferrin; Apo-Tf, apotrans-

ferrin.
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log(R3!™") = 0.525 + 0.358l0g(N) (32)
log(RIPP) = 2.49NV (3.3)

Where N is the residues number and v is a factor equal to 0.509. These
equations are simple fits of empiric data deriving from the analysis of
the hydrodynamic dimensions of globular proteins in different confor-
mational states and on the hydrodynamic behaviour of 60 IDPs under
conditions of neutral pH and physiological salt concentrations, and are
not based on a theoretical physical model [33]. In the case of IDPs, a
range of values is indicated. The maximum and minimum value rep-
resents the limit cases of molten-globule or native-coil conformation
[33].

Table 3.3 reports the diameter values for the hard corona samples (NPpc)
and the control sample of NPs (NP) in absence of proteins obtained by
TEM. DLS measurements of the hydrodynamic radius is also reported
(DLS measurements of Rp). The experimental estimation of the hard
corona thickness is given by the half the difference (A/2) between the
hard corona samples (NP ) and the control sample of NPs (NP). Thus,
this value is compared to the diameter of the free protein in solution,
determined by the relation to chain length [33] and calculated by equa-
tions 3.2 and 3.3. This value match the thickness of the hard corona
for lysozyme and transferrin, indicating that the two hard corona are
formed by a monolayer of natively folded protein molecules, stably
adsorbed to the surface of NPs. Contrary, for IDPs the hard corona thick-
ness assessed by TEM is smaller than expected, even in the hypothesis of
a molten-globule state. This observation suggests that IDP are collapsed
on the surface of the NPs. This phenomena could be due to the extensive

interactions with the NP surface or can be induced by dehydration on
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. NPy NP A/2 Calculated Ry DLS measurements of Ry
Protein
(nm) (nm) (nm) (nm) (nm)

Lysozyme (129) 5408 £498 4771+3 3.18 3.8 3.54 £+ 0.09
a-casein (214) 5355+ 3.60 47.71+£3 292 5.1-8.02 12.6 +£1.18
Sic14214-His (77) 5282 +445 47714+3 255 3.64-4.84 347.8 + 3.80
o-synuclein (140) 5274 +£2.70 4771+3 251 444-71 791 £1.02
holo-Transferrin (678) 56.47 £5.80 47.71 +£3 4.38 4.53 7.26 £0.19
apo-Transferrin (678) 57.37 £895 47.05+3 5.16 453 5.82 +0.14

Table 3.3: Calculation of the hard corona thickness

. Diameter values are obtained by TEM analysis for the hard corona samples
(NPyc) and the control sample of naked NPs (NP). Half the difference (A/2) is compared to the diameter of the free protein
in solution derived by the relation to chain length (N) for globular proteins or IDPs depending on the type of protein. DLS
measurements are also reported. The value are expressed in nm
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TEM grids. Anyway, the hard corona thickness is consistent with a
monolayer of bound molecules also for IDPs. The conformation of the
globular proteins and of the IDPs inside the hard corona was further
analyzed by CD and FTIR.

3.3.2 Secondary structure by CD

The hard corona samples were analysed by far-UV CD in PBS buffer,
in order to determine protein secondary structure in the adsorbed state

and the results are reported in figure 3.21.

The red line represents the results for each hard corona sample, which is
compared to the original protein solution (black line) and to the negative
control (blue line). The negative control corresponds to a sample in
which the protein has been subjected to the same steps as the hard
corona sample, in the absence of NP. For better comparison, the spectra
have been normalized by the maximum of the intensity . The insets
show the difference spectra, calculated by the difference between the
hard corona spectra and the original protein spectra (red line minus
black line).

The presence of CD protein signals in the final hard corona sample
depends on the presence of NPs (the negative control does not return
any CD protein signals). Thus, the signal can be ascribed to NP-bound

protein exclusively.

The shape of the CD spectra of the adsorbed proteins reported in fig-
ure 3.21 are similar to the reference spectra of the original solutions
for lysozyme, Sic14214_Hisg and holo-Tf, suggesting that no major con-
formational changes take place during formation of the hard corona.
For a-casein and a-synuclein, a shift of the absolute minimum towards
higher wavelengths and appearance of a shoulder around 222 nm is ob-
served for the bound protein compared to the reference. Apo-Tf inside

the hard corona displays different spectral features relative to the free
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Figure 3.21: Far-UV CD spectra. Representative, normalized by maximal
intensity, results reported for each hard corona sample (red), in comparison
to the original protein solution (black) and the negative control (blue), in
which the protein has been subjected to the same steps as the hard corona
sample, in the absence of NPs. The insets show the difference spectra
(hard corona minus free protein). a-Cas, a-casein; o-Syn, a-synuclein; Lyz,
lysozyme; Sicl, Sic14214-Hisg.
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protein, with a broad single minimum around 220 nm rather than the

double minimum at 222 and 208 nm.

These changes are highlighted by the difference spectra in the insets
of figure 3.21. In the case of a-casein and a-synuclein a typical a-helix
profile is obtained. Thus, an increase of the helix component results
from adsorption of these proteins. It is worth noting that this effect
recalls the membrane effect on a-synuclein. These results suggest that
the interaction with SiO, NPs induces formation of helical segments in
these IDPs.

For apo-Tf, the difference spectrum suggest the features of a 3-structure,
with a minimum around 225 nm. This result indicates that the apopro-
tein undergoes a major conformational transition while binding to the
NPs, characterized by a-to-f conversion. This evidence also suggests
that iron contributes to the Tf structure stability, since the holo-Tf largely

maintains its secondary structure.

Finally, the raw far-UV CD spectra normalized by the protein concen-
tration and protein length indicates a general important losses of signal
intensity throughout the entire wavelength range (data shown in figure
A.1, Appendix A). This behaviour is probably ascribable to sample ag-
gregation and scattering [221]. Indeed, this effect is more pronounced
for lysozyme and Sic14214_Hise, which are the samples that aggregate

the most.

The quantitative estimates of secondary-structure composition by CD
are normally critically connected to precise estimates of protein concen-
tration, which is not straightforward for bio-nanoconjugates. In this case,
it is still useful considering qualitative spectral features of the collected
CD spectra. Thus, since the presence of aggregation and scattering make
the quantitative interpretation of CD spectra intricate, the results have
been complemented by FTIR measurement. This technique is less af-

fected by aggregation and scattering phenomena, being very sensitive to
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protein conformational changes [51] also in the presence of these events.
Here, FTIR has been used for further precise secondary-structure inves-
tigation of the bound protein. As summarized in the introduction of this
chapter, FTIR has already been successfully applied to the investigation
of the protein corona, on several different proteins and NPs [51, 52,
222-224]. In particular, data collected after H/D exchange permit the
discrimination of the contributions of a-helix and random coil, which

otherwise overlap in FTIR spectra [217, 225].

3.3.3 Secondary structure by FTIR Spectroscopy

For a more detailed analysis of the NP-bound protein secondary-structure
composition, the samples were investigated by FTIR microspectroscopy
[214, 217, 225]. As anticipated, compared to CD, FTIR spectroscopy
is less affected by the light-scattering phenomena induced by sample
aggregation. Therefore, this technique is particularly suited to the in-
vestigation of nanoconjugate structure [221, 226, 227]. Furthermore,
second-derivative analysis of the collected FTIR spectra allows the di-
rect determination of the distinct secondary-structure components and
the quantitative assessment of spectral changes. This is possible after
the normalization over the area of the Amide I band, which is is mainly
due to the stretching vibration of backbone carbonyls and, thus, offers
an internal reference for the total protein content of the samples. For this
reasons, the absorption spectra have been normalized at the Amide-I

band area, to compensate for possible differences in the protein content.

Figure 3.22 reports the FTIR data for all the samples considered and
compares the free protein, represented by the black line, and the protein
constituting the hard corona, represented by the red line. The absorp-
tion spectra of the dehydrated protein film is reported on the left panel,
while the absorption and second-derivate spectra of the D,O-rehydrated

protein film are reported respectively in the middle and right panels.
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The absorption spectra of the dehydrated and D,O-rehydrated protein
films display minor differences in the Amide I region, which can be
better evaluated and interpreted by the second-derivative analysis.

In every following subsection, an interpretation of each systems is re-

ported.

Secondary structure of the adsorbed Lysozyme

In the case of lysozyme, the free protein displays the typical peaks of
o and B structures, according to previous assignments [228]. These
peaks are clearly altered in the second-derivative spectrum of the hard
corona, with a remarkable reduction of the o-helical content. This result
is indicative of structural perturbation of the protein in hard corona,
with loss of helical segments. This finding is consistent with previous
analyses of lysozyme showing a consistent perturbation of the native

protein structure inside the hard corona [51, 229].

Secondary structure of the adsorbed o-Casein

o-Casein does not show induced conformational changes by FTIR, even
by the analysis of the second-derivative spectra. The spectra are domi-
nated by the peak at 1644 cm~!, which can be assigned to disordered
structures [217, 225]. In contrast, minor conformational changes are
detected by CD, as illustrated above. This discrepancy can be due to the
difference in the molecular properties giving rise to CD and Amide-I
FTIR signals, which respectively are related to the far-UV electronic
transitions of the peptide bond and to the stretching vibration of the CO
group. The different molecular properties involved in the measure, to-

gether with the different sensitivity of the methods towards the changes
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Figure 3.22: FTIR spectra in the Amide I band. Representative results are
shown for each hard corona sample (red line), in comparison to the orig-
inal protein solution (black line). The absorption spectra of the dehy-
drated protein film (left panel) and the absorption and second-derivate
spectra of the D,O-rehydrated protein film (middle and right panels) are
shown. Absorption spectra have been normalized at the Amide-I band
area. The peak position of selected spectral components is indicated. o-Cas,
a-casein; a-Syn, a-synuclein; Lyz, lysozyme; Sicl, Sic14214_His,; Holo-Tf,
holotransferrin; Apo-Tf, apotransferrin. This figure is reproduced with
kind permission of Antonino Natalello.
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in secondary structure can affect the resulting spectra. Thus, it is possi-
ble that minor structural perturbations are detected by only one of the

two methods, although both probing protein secondary structure.

Secondary structure of the adsorbed Sic142'4-His,

The Sic14214-Hisg spectra reported in the panel of the protein film sug-
gest that the free protein acquires ordered [ structure after the formation
of the protein film by dehydration. This observation is supported by
the appearance of Amide I shoulders at ~1638~! and 1689 cm !, which
is the spectral range where both intra- and intermolecular -sheets can
adsorb [217, 225]. The observed transition does not take place in the
NP-bound protein suggesting that conformational changes due to sol-
vent evaporation are prevented in the case of adsorbed protein. Finally,
upon rehydration in D,0O, the free protein reverts to the typical spectrum
of Sic14?14_His, in bulk solutions [201] with a broad minimum in the
second derivative at ~1640 cm !

[200, 201, 217, 225].

, assigned to random-coil structures

Secondary structure of the adsorbed «-Synuclein

a-Synuclein displays a behaviour similar to Sic142'4-Hiss, with a strong
effect induced by dehydration on the free protein. The positions of the
induced bands at ~1627 cm ™! andat ~1696 cm ! are characteristic of
intermolecular (3-sheets [217, 225], indicating that the process is mediated
by protein aggregation.

Analogously to Sic14214-Hiss, conformational changes elicited by solvent
evaporation are prevented inside the hard corona, suggesting that bound
protein molecules impede the protein-protein interactions, probably
by either extensive contacts with NPs and/or structural/topological

constraints. Also for a-synuclein, rehydration in D,O restores the typical
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solution spectrum [216] with a broad minimum in the second derivative
at ~1642 cm™!, assigned to random-coil structures [216, 217, 225]. A
minor shift of the main second-derivative peak of the bound protein
is observed. This effect could be ascribed to the formation of either 3
structures or hydrated helices inside the hard corona [230]. According
to the CD spectra reported in figure 3.21, which suggests the acquisition
of a-helix structure, we assign these spectral changes to a partial coil-
to-helix transition with the formation of bifurcated H-bonds involving

backbone atoms and water molecules [230].

Secondary structure of the adsorbed holo- and apo-Tf

The free proteins displays the typical peaks of « and B structures. These
peaks are clearly altered in the second derivative spectra of the hard
coronas, with a remarkable decrease in the a-helical component, as
indicated by the band at ~1655 cm~! and an increase in 3-sheet/(-turn
content as indicated by the signals at ~1680 cm~! and ~1670 cm ™.
Additionally, for the apoprotein only, the increase of the peak at ~1631
cm ! indicates a more remarkable increase in the B-structure component.
These results confirm the observations from CD and indicate that non-
native 3 structure is formed upon apo-Tf binding to the NP surface.
Thus, although apo- and holo-Tf have the same structure in solution, the
formation of the hard corona induces major structural rearrangements
in the apoprotein, characterized by a-to-f conversion, likely due to a

reduced conformational stability in the absence of bound metal.
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3.3.4 Effect of NPs on o-synuclein aggregation

The effect of SiO, NPs on a-synuclein aggregation to form amyloid fibrils
has been investigated. The experiments were performed in collaboration

with Prof. Giuseppe Legname, Laboratory of Prion Biology, Trieste, Italy.

The aggregation of the unstructured a-synuclein protein may be linked
to the pathogenesis of Parkinson’s disease [194]. Here, we tested how

SiO; NPs affect the aggregation of a-synuclein in vitro.

Generally, the aggregation of a-synuclein follows a nucleation-dependent
polymerization profile, composed of an initial lag phase, where no fibrils
are detected, an exponential phase where fibril concentration rapidly
increases, and a final plateau phase. The aggregation process can be
monitored in real time by Thioflavin T (ThT) fluorescence enhancement
upon binding to amyloid fibrils. Practically, the ThT Assay measures
changes in fluorescence intensity of ThT upon binding to amyloid fibrils.
The enhanced fluorescence can be observed by fluorescence microscopy

or by fluorescent spectroscopy.

Contrasting data on the effect of NPs on the aggregation process of amy-
loidogenic proteins have been reported. It has been shown that NPs of
various nature, including gold and polystyrene, enhance a-synuclein fib-
rils formation in vitro [166, 231]. Moreover, in vivo studies have shown
the induction of a-synuclein aggregation in PC12 cells after exposure
to SiO, and titanium dioxide NPs [232, 233]. On the contrary, different
generations of PAMAM dendrimers inhibited a-synuclein aggregation
in vitro [234, 235]. Similarly, gold NPs inhibit aggregation of HSA [67].

The aggregation reactions were performed in the presence of increasing

NPs concentrations at constant a-synuclein concentration.

Figure 3.23 reports the results of the ThT assay. In the absence of NPs,
the aggregation followed the expected [210] nucleation-dependent ki-

netics, with a lag phase of about 6 hours. The presence of increasing
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concentrations of NPs promoted aggregation by boosting the kinetics
and shortening the lag phase apparently to complete suppression. These
results indicate that NPs exert a major influence on the onset of the
aggregation process and fibril-elongation kinetics. These effects display

a clear concentration dependence on NPs concentration(figure 3.23).
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Figure 3.23: Effect of NPs on the aggregation kinetics of a-synuclein. ThT
fluorescence signal is reported as a function of incubation time, for 0.5
mg/mL a-synuclein samples in the presence of increasing concentrations
of NPs (black, 0 mg/mL; red, 2.5 mg/ml; green, 1 mg/mL; purple, 0.5
mg/mL; blue, 0.25 mg/mL). Each curve represents the mean of four
replicates.

This result supports previous data suggesting that NPs may promote
the nucleation process, accelerating the rate of fibril formation by locally
increase protein concentration. As shown in the previous section, a-
synuclein inside hard corona does not increase its 3 structures when
adsorbs onto NP surface. Thus, the mechanism does not seem to be the
direct stabilization of an amyloidogenic conformer by the NP surface
[236]. Indeed, an indirect effect involving the soft corona seems to plays

a key role in promoting amyloid aggregation.
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3.3.5 Spectroscopic properties of transferrin hard corona
Tb3* complex of the iron-transport protein transferrin

Tb3* is often selected as a luminescent label for proteins because its
emission can be easily sensitised by energy transfer (Fluorescence Res-
onance Energy Transfer) from the intrinsic protein fluorophores of the
aromatic amino acids, tyrosine, tryptophan, and phenylalanine [173].
The efficiency of this transfer in Tb®>*—protein complexes depends on the
distance between the sensitising amino acid and the coordinated metal
ion. However, when Tb** is directly co-ordinated to a tyrosinate residue,
highly efficient sensitisation of the lanthanide ion emission takes place.
Tt binds much more weakly to lanthanide ions than to Fe3+ (by a factor
of ca. log K = 13.24 [173]).

In general, Tb>" luminescence is characterised by seven narrow emission
bands at ca. 490, 545, 585, 623, 651, 670, and 681 nm corresponding to
transitions from the 5D, excited state to the “Fg, “Fs, “F4, "F3, ’Fy, 7F

and the “Fy components of the ground states, respectively [173].

Here, the Tb-Tf complexes were formed by incubating the apo-Tf (25
uM) with an excess of TbClz (3mM) in AAB bulffer.

Figure 3.24 shows emission spectra of 25 uM apo-Tf, with and without 3
Mm TbCl; and of the Tb>* at an excitation wavelength of 295 nm (which
matches an absorption maximum of the protein). Apo-Tf (figure 3.24
a)) shows one broad emission band centred at 330 nm, attributed to the
fluorescence of the aromatic amino acids. The excitation of the TbCls
solution at 350 nm results in the two characteristic Tb peak at 490 nm at
545 nm (figure 3.24 b)). The formation of the Tf-Tb complex is detected
upon excitation at 295 nm (figure 3.24 c)) by the two transitions at 490
nm at 545 nm in the presence of TbCl;. Transition at 490 nm is split
into two minor peaks, as a consequence of metal complexation by the

protein [173]. This emission profile matches that previously reported
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Figure 3.24: Fluorescence emission spectra of the analysed samples. a) 25 uM
apo-Tf, excitation wavelength 295 nm; b) 10 mM TbCl; excitation wave-
length 350 nm; c) Tb-Tf complex, excitation wavelength 295 nm; d) compar-
ison of apo-Tf in presence and absence of Tb (red and black respectively).

one for Tb>*-Tf complexes [173]. Figure 3.24 d) show the comparison
between the apo-Tf and Tb-Tf. The protein fluorescence intensity at 330
nm decreased as Tb®" was added to Tfr. Concluding, it is interesting to
note that despite the extremely high concentration of Tb* in solution,
the unbound Tb excess does not generate any signal since the excitation

wavelength does not correspond to a maximum in absorption of Tb.

Effects of metal binding on Tf hard corona on SiO; NPs

The ability of Apo-Tf to bind Tb inside the hard corona was investigated.
For this purpose, the same excess of TbCl3 (3 mM) was added to the

already formed Apo-Tf hard corona. The hard corona samples were
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prepared in AAB buffer and the fluorescence emission after excitation at

295 nm was measured.
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Figure 3.25: Fluorescent emission spectra of the analysed sample after excitation
at 295 nm. a) Black line: Tb-free Apo-Tf hard corona (Apo-Tf hard corona);
red line: hard corona with the already formed Tb-Tf complexes (Tb-Tf
hard corona); blue line: Apo-Tf hard corona + Tb(III); b) NPs fluorescent
emission spectra; c) Difference spectra between the Tb-Tf hard corona and
the Apo-Tf hard corona (red line minus blue line).

The Tb fluorescence emission at 549 nm is clear in the case of the pre-
formed Tb-Tf hard corona (red line in Figure 3.25 a)). This peak is absent
in negative control of apo-Tf hard corona (black line figure 3.25 a)). To
the same Apo-Tf hard corona, TbCl3 (3 mM) was added and the fluores-
cence emission evaluated (blue line in Figure 3.25 a)). The appearance
of a peak at 549 nm indicates that Tb binds to Apo-Tf even when it is
already bound to the NPs. However, the intensity of the peak is not
comparable to the intensity of the Tb peak in the case of the Tb-Tf hard

corona. This difference might be related to the reported conformational
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rearrangement of the apoprotein inside the hard corona and/or a re-
duce accessibility to the metal binding sites. The peak at ~489, which is
present in all spectra, origins from NPs, as indicated by the fluorescent
emission spectra under the same conditions reported in figure 3.25 b).
Thus apo-Tf can still bind Tb after hard corona formation, but with less
apparently affinity.

Finally, Figure 3.25 c) reports the difference spectra between the emission
spectra of the Tb-Tf hard corona obtained by later addition of Tb and
the apo-Tf hard corona. The characteristic Tf-bounded Tb>* peak are
clearly visible at the 590 nm and 448 nm. It is interesting to note that, al-
though Tb* affinity is much lower than Fe3*, the complex is maintained
throughout the four washing cycles performed during preparation of
the hard corona samples ((red line figure 3.25 a)). Tb®>-bound Tf largely
maintain its fluorescent properties also when adsorbed on NP surface.
In conclusion, the Tb-Tf complex reconstitution should precede the for-
mation of the hard corona to obtain a native like structure and good

fluorescence properties.
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Chapter 4

General Conclusion

In the first part of this thesis dissertation it is reported a simple but
efficient and reliable protocol to study the formation and the evolution of
the NP-protein corona heading towards the formation of the stable hard
corona in physiological media. Here, proteins form transient complexes
with NPs, which are mediated by competitive binding between proteins

and NP surfaces, leading to the formation of the hard protein corona.

e short incubation time leads to absorption of loosely bound pro-
teins, which are easily removed by centrifugation, resulting in NP
aggregation. As incubation time get longer, due to the harden-
ing of the protein corona, protein stably attach to the NP surface
affecting centrifugation-induced aggregation. Adsorption of HS
proteins and HSA results in stabilization, while IgG adsorption
onto the NP surface promotes NP aggregation under the same

tested experimental conditions.

e The time evolution of the protein corona in the case of the conju-
gation with only one specific protein, i.e. NPs incubated with only
HSA or only IgG, can be understood as a fingerprint of the adsorp-
tion of that specific protein. The kinetic evolution of the protein
corona deriving from incubation with HS reveals the physicochem-

ical dominance of the HSA, with some minor difference probably



136 Chapter 4. General Conclusion

connected to the presence of minor compounds in the HS hard
corona. MALDI-TOF confirmed that the resulting HS hard corona

is albumin-rich.

e The resulting HS and HSA hard corona are stable entities which
maintain their conjugation properties over time, at least up to three

days.

e Digestion experiments, by exposing the HS and HSA hard corona
samples to strong etching agent NaCN and to the strong acidic
condition of the HNO3, indicate that the protein layer protect the
NPs surface, preventing either dissolution of the metal core or
NPs aggregation. As a result, both hard corona exhibits enhanced
biocompatibility as effect of the presence of the protein layer, al-
though HSA hard corona is found to be more protective against
the NaCN etching.

e Limited proteolysis of the hard protein corona indicates altered
degradation of protein constituting the hard protein corona with
respect to the free protein, probably related to an altered and more

static conformation in the adsorbed state

¢ Different experimental parameters, such as temperature, buffer
composition and the related protein stability, affect the time evolu-

tion of the protein corona, as well as the resulting hard corona.

The NPs surface effect on protein structure and functionality is discussed
in the second part of the thesis . In particular the conformational re-
sponse of IDPs has been investigated in comparison to lysozyme as a
model of globular protein. Additionally, the structural and spectroscopic
features of transferrin inside the hard corona as a model globular protein

have been further investigated.
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e CD and FTIR analyses show that IDPs adsorb onto silica NP pre-
serving their high degree of structural disorder, with a light in-
crease in ordered secondary structure content. On the contrary,
lysozyme inside the protein corona tends to loose some secondary
structure upon adsorption to NP surfaces, with reduction of helical

content and formation of unstructured regions.

e FTIR experiments showed that bound proteins are stabilized against
further conformational transitions, such as those induced by dehy-

dration, observed instead in their respective free forms.

e NP enhance a-synuclein aggregation propensity since structure
acquired in the hard corona is helical rather than 3-type structure.
Probably the soft corona plays a role in promoting and modulating

amyloid aggregation, by increasing local protein concentration.

e Upon binding to the NP surface, metal-free Tf changes its confor-
mation acquiring f structure. On the contrary, the holo-Tf mainly
conserve it structure, suggesting that metal plays an important

role in maintaining the secondary protein structure.

e The Tb-Tf complex maintains its fluorescent properties upon ad-
sorption onto NP surface, indicating that the protein keeps the
metal bound even during the preparation of the hard corona. On
the contrary, a significant loss of Tb binding capacity is observed
when Tf is already immobilized on the NPs. This can be attributed
to the partial structural loss when the protein is adsorbed in the
NPs.

For all the characterized proteins, the development of experimental
methodologies to investigate the effect of these reported structural
changes on their activity, is needed. In particular, the investigation of the
cellular uptake of the NP-Tf complexes through the specific recognition
by the Tf receptor, over-expressed in cancer cells, will open attractive

approach on the cancer treatment by targeted drug delivery methods.
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Summarizing, inorganic NPs surfaces have strong affinity for proteins.
This strong affinity can compensate the destabilization forces that col-
loidal NPs experience in high-ionic-strength media and help to stabilize
them. This interaction is immediate but evolves with time. Moreover,
this evolution affects the pharmakokinetis and biodistribution of NPs,
which ultimately defines their potential therapeutic effect and toxicity.
The protein-NP surface interaction leads to protein structure reorganiza-

tion inside the hard corona.

In this work, I investigated the consequences of NP protein corona
formation providing a simple and reliable approach for biochemical,
biophysical and physicochemical characterization of the hard corona,
including implication for protein structures. Finally, it is worth to note
that the interactions of NP and proteins in physiological media offer
a unique opportunity to mimic interactions with biological partners.
The fast development of biophysical approaches for the investigation of
protein-NP interactions will provide crucial information for improved
drug delivery by targeting nanoparticle, and resolution of the potential

threat of nanotechnological devices to organisms and environment.
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Appendix A

Raw data from far-UV CD
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Figure A.1: Far-UV CD spectra-raw data. Representative results are re-
ported for each hard corona sample (red), in comparison to the original
protein solution (black) and the negative control (blue), in which the pro-
tein has been subjected to the same steps as the hard corona sample, in
the absence of NPs. The spectra have been normalized by the protein con-
centration and protein length (mean residue ellipticity). «-Cas, a-casein;
a-Syn, a-synuclein; Lyz, lysozyme; Sicl, Sic14?14-Hiss. Consistent with
aggregation and scattering phenomena, the effect of loss of signal intensity
is more pronounced for the two proteins that aggregate the most, lysozyme
and Sic12?14-His,, based on DLS consideration.
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