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Abstract

Hybrid organic-inorganic nanomaterials for applications at

the biointerfaces
Patrizia Di Pietro

Abstract

In the last few years, the application of nanomaterials
(NMs) as theranostic devices, which combine diagnostic and
therapeutic features, has gained a tremendous interest and
development. Still, the major challenge is the understanding of
the many and often complex processes that occur during the
interaction of biological compounds with nanomaterials, in
order to modulate their responses to the fixed target. A fine
development of such smart nanosystems could occur only by a
critical control of chemical/physical properties of NMs at the
biological interfaces.

According to such premises, this thesis deals with the
investigation of NMs at the biointerfaces for potential
theranostic applications. Specifically, the work has been
addressed to the synthesis and characterization of several
inorganic and organic nanomaterials, including gold and silver
nanoparticles, hydroxyapatite, graphene and graphene oxide
nanosheets tailored at the surface with stimuli-responsive
polymers (polyacrylate and/or polyacrylamide) or specific
chemical functionalities (amine functionalisation, sulphur
functionalisation). As to the biomolecular counterpart, the

performed study involved proteins (ferritin and albumin), drugs



Abstract

(curcumin), peptides mimicking proteins of relevant biomedical
interest (such as RGD - the cell adhesive sequence of several
extracellular matrix proteins-, neurotrophin peptides, fragments
of the vascular endothelial growth factor), artificial membranes
(lipid liposomes and supported lipid bilayers), and cells
(neuroblastoma, endothelial cells, retinal pigment epithelial
cells).

The hybrid nano-bio-interface between the chosen NMs
and biomolecules was scrutinized by a multi-technique
approach, which relies on various physico-chemical
spectroscopic ~ (UV-visible, FT-IR, RAMAN, X-ray
photoelectron  spectroscopy), microscopic (atomic force
microscopy, scanning electron microscopy, transmission
electron microscopy, laser scanning confocal microscopy) and
spectrometric ~ (Time-of-Flight = secondary  ion  mass
spectrometry) methods. The research methodology used was
interdisciplinary as well as the performed research, also
including some biological assays on cell viability, nanoparticle
internalisation by cellular uptake and nanotoxicity.

The obtained results suggest promising applications for
further development of these smart nanosystems for theranostic

purposes.

Keywords: theranostics, hybrid bio-nanointerface, metallic
nanoparticle, graphene, lipid bilayers, peptides
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Chapter 1 - Introduction

1. Introduction

1.1 Overview and aim of this work

In last few years, nanoscience and nanotechnology have
raised significant developments thanks to the availability of new
strategies for the synthesis of nanomaterials (NMs) and new
tools for characterizations and manipulations at the nano- and
micro-meter scale. The “unique properties” of NMs, which
depend on their small sizes, arise a tremendous interest for
applications in many different science fields, e.g., physics,
chemistry, biology and medicine.

The application of nanotechnology to diseases treatment,
diagnosis, monitoring, and to the control of biological systems
has recently been referred to as “nanomedicine”.! Modern NMs-
based biomedical applications that combine both “imaging” and
“therapeutic” aspects are recognized as “theranostic” NMs.?
Since the new term “theranostic” was coined in 2002 by
Funkhouser,’ it has been increasingly recognized as a promising
approach for a wvariety of oncological, cardiovascular,
dermatological, and ophthalmic diseases.

However, the major challenge is the understanding of processes
involved during the interaction of biological compounds with

NMs and to modulate their responses to reach the fixed purpose.
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A fine development of such smart nanosystems could occur only
by a critical control of chemical/physical properties of NMs at
the biological interfaces.

According to such premises, the aim of this thesis work is the
investigation of NMs at the biointerface for potential theranostic
applications. Specifically, the research and study activity has
been addressed to the synthesis and characterization of different
nanomaterials belonging to the two wide classes of inorganic
(metal gold and silver colloids - chapter 2) and organic
(graphene and its derivatives - chapter 3) nanoparticles. This
study involved the use of different biomolecules, including
peptides mimicking proteins of relevant biomedical interest,
e.g., neurotrophic factors (Nerve Growth Factor, NGF, and
Brain Derived Neurotrophic Factor, BDNF) and growth factors
(Vascular Endothelial Growth Factor, VEGF), the cell adhesive
Arg-Gly-Asp (RGD) peptide selective for integrins, model
proteins (human serum albumin, HSA) and drugs (curcumin) as
well as artificial biomembranes that mimic the cell membrane
(e.g., lipid vesicles and solid-supported lipid bilayers). The
hybrid nano-bio-interface between the chosen NMs and
biomolecules was scrutinized by a multi-technique approach,
which relies on various physic-chemical characterization
methods such as spectroscopic (UV, FT-IR, RAMAN, XPS),
microscopic (AFM and Confocal fluorescence) and a surface

sensitive techniques as ToF-SIMS.
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This introductive chapter aims to review the NM properties
particularly focusing at the biointerfaces (Chapter 1). Chapter 2
widely discuss on the metallic nanoparticles as gold and silver,
and finally Chapter 3 give a description of organic nanomaterials

here afforded, the graphene and its derivatives
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2. Nanomaterials at the biointerfaces

NMs are defined as small materials having at least one of the
three dimensions. According to Siegel, * nanostructured
materials are classified as Zero dimensional (0-D), one
dimensional (1-D), two dimensional (2-D), three-dimensional
(3-D) nanostructures depending on their morphologies: single,
fused, aggregated or agglomerated forms with spherical, tubular,

and irregular shapes, respectively (Figure 1).

4]
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Figure 1. Different heterogeneous nanostructured materials based on
structural complexity. Adapted from ref. 5
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NMs have the structural features in between of those of atoms
and the bulk materials. While most microstructured materials
have similar properties to the corresponding bulk materials, the
properties of materials with nanometer dimensions are
significantly different from those of atoms and bulks materials.
Specifically, two different reasons confer them these unique
properties: i) a greater surface area-to-volume ratio than their
bulk that leads to a higher chemical reactivity; ii) quantum
effects leading to novel optical, electrical and magnetic

behaviours.

2.1 Physico/chemical properties of nanomaterials
at the biointerfaces

2.1.1 Size and shape properties

Nanometer-scaled dimensions influence drastically the
interaction of an artificial material with biosystems and therefore
its final fate for in vivo applications.®” NPs can be synthesized
into structures with a myriad of shapes and sizes, based on a
variety of synthesis methods. The shape of NMs has a direct
effect on how NPs function in vivo.® Also, researchers have
shown that NPs with a hydrodynamic diameter smaller than 5.5
nm effectively clear the renal system, providing a unique

opportunity for balancing efficacy with minimal toxicity.”!°



Chapter 2 — Nanomaterials at the biointerfaces

2.1.2  Electrical properties

Electrical properties of NPs encompass the properties of
electrical conductivity in nanotubes and nanorods, carbon
nanotubes, photoconductivity of nanorods, electrical
conductivity of nanocomposites, including the appearance of
new features in the electronic structure. The important point here
is that, with decreasing diameter of the system, the number of
electron wave modes contributing to the electrical conductivity
is becoming increasingly smaller by well-defined quantized
steps. The energy band structure and charge carrier density in
the materials can be modified quite differently from their bulk
and in turn will modify the electronic and optical properties of
the materials.'!

Bio-electronics faces challenges associated with the mismatch
between the hard, planar surfaces of conventional electronics
and the soft, 3-dimensional (3D) tissues of biological systems.
For example, the brain-machine interface presents the most
significant challenges, in that the brain is very soft (elastic
modulus <500 Pa) unlike rigid conventional electronics (>100
GPa).'? Another case is about graphene-based materials; superb
electromechanical properties of graphene, where more than 20%
of elastic deformation is achievable without perturbation of the
electrical properties, have been recently explored as flexible
electrode materials.'>!'* Practical applications, such as graphene-

based transparent electrodes, !° have been implemented,
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demonstrating potential for flexible touch screens. Such unique
electromechanical properties can be applied to biological
systems, in particular the biointerfaces, where mechanical
flexibility and electrical functions (e.g., stimulation and
detection) of graphene membrane can be fully utilized. Recently,
an unconventional approach for the single-step synthesis of
monolithically-integrated electronic devices based on graphene
and graphite for all-carbon bio-electronics have demonstrated.
These all-carbon structures were transferrable onto both rigid
and flexible substrates. The integrated transistor arrays were
used to demonstrate real-time, multiplexed chemical sensing,
and furthermore, flexible and conformal interface for bio-

electronic applications.'®

2.1.3 Mechanical properties

The mechanical behaviour of materials at the nanoscale is often
different from that at macroscopic scale. Indeed, the continuum
mechanics applies when sizes are above the 10 nm range,
whereas surface effects may control the deformation properties.
For structures with micrometer sizes, the mechanical properties
are controlled by the elastic strain energy. At the nanometer
length scale, due to the increasing surface-to-volume ratio,
surface effects become predominant and can significantly
modify the macroscopic properties. For the smaller diameters, in

the case of metallic nanowires and polymer nanotubes, the
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measured elastic modulus significantly differs from that of the
bulk materials. Calculation of an apparent elastic modulus
taking into account the surface effect shows that the observed
increase of the elastic modulus with decreasing diameter is
essentially due to surface tension effects.!” The typical observed
trend is the decreasing values of the mechanical parameters with
decreasing size of the nanostructure.

Carbon nanotube (CNT)-reinforced polymer composites have
been extensively studied for their applications as biomedical
materials but in the recent time the interest in graphene based
materials is growing more and more.'® The CNT-based scaffolds
are mechanically strong and electro-active and are useful for
stimulated/guided growth of cells. However, because of the
metal catalyst used in the fabrication of CNT can be trapped
inside carbon nanotubes, metal-free carbon nanotubes are only
obtained after extensive and time-consuming purification
processes. On the other hand, graphene platelets significantly
out-performed carbon nanotubes as a reinforced additive. For
instance, graphene sheets demonstrated ultra-strong and
biocompatible properties, which are highly desirable for
scaffolds in bone tissue engineering. Fan et al. measured the
mechanical properties of graphene/chitosan composite films by
the nanoindentation method and found that chitosan was
significantly reinforced upon the addition of a small amount of

graphene sheets. !’
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2.1.4 Optical properties

The optical properties need to be tuned in order to fit the narrow
window in which light is able to penetrate tissue, for in vivo
applications of NMs such as photothermal and photodynamic
therapies. The main challenge for successful intravital imaging
is achieving a better signal to noise ratio at greater depth. For the
best performance both the excitation and emission maxima of
the NM used should lie in the range of 650 to 900 nm, called the
“near—infrared optical window”, which is characterized by the
lowest tissue absorbance.?*?! Although this window often poses
a problem for effective excitation of organic fluorophores, the
use of NPs presents a versatile opportunity for exploiting this
spectral regime.

In general, inorganic NPs with optical properties can be divided
into two classes: semiconductor and metallic nanostructures. In
both cases, the physical confinement of the material on the order
of nanometers induces specific optical properties. For
semiconductor materials, this “quantum effect” can be described
by treating electronic excitation as a particle in a three-
dimensional box. Thus, a physical change in NP characteristics
directly changes its electronic structure, enabling highly
selective rational designs. The resulting change in absorption
also corresponds to a shift in its photoluminescence (PL),
allowing for effective “tuning” for a desired application.?? For

metallic nanostructures, the strong absorption of light is due to
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a quite different phenomenon known as the surface plasmon
resonance (SPR). In metals, the conduction electrons at the
surface of the NP collectively oscillate with a corresponding
excitation of a resonant wavelength of light. This collective
oscillation results in a strong absorption of typically 10° M cm
' OD for a 40 nm gold NP and ultrafast electronic relaxation.?
As the shape of the metal is extended, the radiation needed to
excite the SPR gradually shifts towards longer wavelengths.
Also, with an increase in NP size, the amount of light scattering
increases according to Mie theory,?* and variations in shape
(nanorods, nanocubes, nanocages, nanoplates, etc.) lead to
unique scattering properties. The scattering is coupled to the
unique SPR phenomenon of metallic nanostructures, resulting in
a dramatic enhancement, which can be used for biomedical

imaging applications.

2.1.5 Magnetic properties

Bulk gold and Pt are non-magnetic, but at the nanosize they are
magnetic. This phenomenon opens the possibility to modify the
physical properties of the NPs by capping them with appropriate
molecules. Non-ferromagnetic bulk materials can exhibit a
ferromagnetic-like behaviour when prepared in nanorange. For
example, one can obtain magnetic NPs of Pd, Pt and the
surprising case of Au (that is diamagnetic in bulk) from non-

magnetic bulk materials. In the case of Pt and Pd, the
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ferromagnetism arises from the structural changes associated
with size effects. Au NPs become ferromagnetic when capped
with appropriate molecules: the charge localized at the particle
surface gives rise to ferromagnetic-like behaviour. Thus, the
surface and the core of AuNPs of 2 nm in diameter show
ferromagnetic and paramagnetic character, respectively.> The
large spin-orbit coupling of noble metals can yield to a large
anisotropy and therefore high ordering temperatures. More
surprisingly, permanent magnetism was observed up to room
temperature  for thiol-capped Au nanoparticles. For
nanoparticles with sizes below 2 nm the localized carriers were
identified in the 5d band. On the other hand, for bulk Au an
extremely low density of states and diamagnetic properties were
determined, as is also the case for bare Au nanoparticles. This
observation suggested that modification of the d band structure
by chemical bonding could induce ferromagnetic like character
in metallic clusters. %

Due to the possibility of converting the dissipated magnetic
energy into thermal energy, the field of magnetic nanoparticles
(MNPs) has been the subject of deep investigations in
nanomedicine applications. MNP-based hyperthermia treatment
has a number of advantages compared to conventional
hyperthermia treatment. These are schematically summarised
here: 1) MNPs uptake by the cancer cells increases the

effectiveness of hyperthermia by delivering therapeutic heat
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directly to them; 2) MNPs can be targeted through cancer-
specific binding agents making the treatment much more
selective and effective; 3) the frequencies of oscillating
magnetic fields generally employed pass harmlessly through the
body, generating heat only in tissues containing the MNPs; 4)
MNPs can also effectively cross the blood-brain barrier (BBB)
and hence be used for treating brain tumours; 5) effective and
externally stimulated heating can be delivered at cellular levels
through an alternating magnetic field (AMF); 6) stable colloidal
nanoparticles obtained by using MNPs, can be administered
through a number of drug delivery routes; 7) MNPs used for
hyperthermia are only few tens of nanometres in size and
therefore, allow for easy passage into several tumours whose
pore sizes are in the range of hundreds of nanometres; 8)
compared to macroscopic implants, the MNP-based heat
generation is much more efficient and homogeneous; 9) the
MNP-based hyperthermia treatment may induce antitumor
immunity; 10) last, but most importantly, the MNP-based
hyperthermia can also be exploited for controlled delivery of
drugs. The first nano-construct of such a type was made by using

a layer-by-layer self-assembly approach.?’
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2.2 Fabrication methods of nanomaterials

The preparation of nanoscale structures and devices can be
accomplished through either “bottom-up” or “top-down”
methods. The difference between these two approaches can be
explained simply by using the example of powder production,
where chemical synthesis represents the bottom-up approach
while crushing and milling of chunks represents the equivalent
top-down process. On examining these technologies more
closely, the expression “top-down” means the starting from
large pieces of material and producing the intended structure by
lithographic techniques (e.g., UV, electron or ion beam,
scanning probe, optical near field), film deposition and growth,
laser beam processing, and mechanical techniques (e.g.,
machining, grinding, and polishing). As long as the structures
are within a range of sizes that are accessible by either
mechanical tools or photolithographic processes, then top-down
processes have an unmatched flexibility in their application.?®
In the bottom-up approach, small building blocks (such as atoms
or molecules) are assembled into larger structures to produce
NPs, nanotubes, nanorods, thin films or layered structures;
examples of this approach include chemical synthesis, laser-
induced assembly (i.e., laser trapping), self-assembly, colloidal
aggregation, and two-photon confocal processing.?’

While bottom-up techniques can provide access to extremely

fine features and state-of-the-art structures, the complexities
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associated with these techniques still limit large-scale
production. Ultimate physical limits may also be encountered,
such as perturbations (e.g., molecular vibrations) that disrupt the
smallest of nanoscopic structures. Many top-down techniques
have been developed on the industrial scale, and optimization of
this processes has produced well-defined structures on scales
previously thought unreachable. However, these techniques
have an inherent size limit that is larger than that of bottom-up
techniques. Thus, to produce devices with extraordinarily fine
detail on the molecular level, self-assembly and directed
assembly approaches must become integrated into the industrial

process.

2.3 Targeting strategies of nanoparticles.

Surface-functionalized NPs are able to specifically internalize
within cancer cells. This strategy represents an elegant solution
to the problem of non-specific biodistribution and poor
bioavailability of conventional drugs. Indeed, most
chemotherapeutic drugs target non-specifically within the body,
which account for much of their toxicity and side effects.

Generally, solid tumours contain leaky blood vessels with cell
junction gaps ranging from 100 nm to 780 nm, compared with
pore diameters of up to 20 nm in normal capillaries.>® This
phenomenon is known as enhanced permeability and retention

(EPR) effect and represents the passive targeting of NPs at the
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31 However, the sizes of these endothelial

tumour site.
fenestrations are known to vary with tumour type and
microenvironment.

On the contrary, an active targeting can help the NPs to
selectively recognize specific membrane receptors or antigens
on target cells when conjugated with specific molecules. Such
ligands can  also  facilitate @ the cell  surface
adsorption/internalization through specific interactions. Also,
the type of targeting molecule used will largely determine the
physicochemical properties of the NP-ligand conjugates in term
of stability, biocompatibility and prolonged circulation time.*
Among many kinds of targeting molecules employed, the most
used include proteins (mainly antibodies and their fragments),
nucleic acids (aptamers) and other receptor ligands (proteins,
peptides, small molecules, etc.) which is over-expressed in
cancer cells.*® For example, small peptide arginine-glycine-
aspartic acid (RGD) can bind to cell adhesion integrin receptor
avPs that is abundant on the surface of endothelial cells and other
various cancer cells, and thus can be used to specifically deliver

NPs to tumour (Figure 2).3*
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Figure 2. Confocal microscopy images of neuroblastoma cells after 2h of
treatment with 3 nM AuNPs functionalized through cysteine bonds with a
fluorescein-labelled RGD peptide (green). In the panel a): the correspondent
merge of the green fluorescence image and the optical bright field micrograph
(AuNPs aggregates are visible as dark spots); b): merged fluorescence
micrographs of nuclei (blue), lysosomes (red) and AuNP-peptide (green).
Adapted from ref. 35

Folate conjugation can significantly promote their targeted
delivery of NPs into cancer cells that overexpress folate

receptors.>®

2.4 Biosystems of interest at the hybrid interface
with NMs.

Different type of biosystems are involved in the interaction with
the NMs.?” Generally, it is possible to distinguish two different

level of interactions:

e Cellular interactions. NMs affect cell machinery

including cell surface molecules and intracellular

organelles.?®
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e Biomolecules interactions. NMs interact with proteins in

biological media,* modulate the biological activity of

growth factors in competition with antibodies.*

The biological identity of a nanomaterial is a function of its
synthetic identity (size, shape, and surface chemistry post-
synthesis), the physiological environment, and the duration of
exposure. Due to relatively large surface area compared to the
size and positive/negative surface charge, nanoparticles without
surface modification are an easy target of the proteins of the
biological media. Various types of intermolecular forces occur
between NMs and proteins: Van der Waals interactions,
hydrogen bonds, electrostatic forces, hydrostatic interactions, n—
7 stacking interactions, and salt bridges.*' These interactions
initiate and reinforce the binding between nanoparticles and
proteins.

The addition of ligands or receptors onto the surface of
nanoparticles enhances target-specificity. In this contest, well-
designed nanosystems modulate the biological response. Indeed,
physicochemical characteristics of NMs can affect cellular
uptake, biological distribution, penetration into biological
barriers, and resultant therapeutic effects.*>*’

In this context, in this thesis work several biosystems interacting
with NMs have been investigated. Firstly, peptides that mimic
specific biological activities as the receptors recognition (RGD-

peptide), growth factors (VEGF) and neurotrophic factors
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(NGF-BDNF). Secondly, a model protein that typically interact
by hydrophobic forces (HSA) and a natural compound with
antioxidative properties and low solubility in aqueous solution
(curcumin). Thirdly, phospholipid unilamellar vesicles that
mimic the cellular biomembranes for biosensors applications.
The following subchapters describe the principal characteristics,
and the possible main applications of these biosystems in hybrid
assembly with NMs as therapeutics and sensors.

Tumour early diagnosis, therapy, and imaging are main goals of
nanomedicine and theranostics. *4%°

The progression of a normal somatic cell to the metastasis state
involves many steps. *® The typical cancer growth is
characterized by a state of hypoxia when its dimension reaches
approximately 2 mm?>. At this stage, the inner high interstitial
pressure inhibits the diffusion of metabolites and nutrients
necessary for its development. Therefore, the formation of new
blood vessels from pre-existing vessels begin with the
degradation of the endothelial cell basement membrane and
extracellular matrix, a process regulated by the matrix
metalloproteinases (MMPs). After this degradation, endothelial
cells proliferate and migrate until they form unstable
microvessels. Mesenchymal cells differentiate into pericytes,
which allow the stability of new formatted vessels and the re-
established of blood flow.*” This phenomenon is named

angiogenesis, which is considered a key process for the
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development of tumor condition. *® Normal angiogenesis is
known as a vascular development for the essential process of
foetal, wound healing, ovulation and growth. On contrary, tumor
angiogenesis carries oxygen and nutrients to tumor cells for their
survival and proliferation. During this stage, the tumor is in a
“dormancy state”, meaning the tumor mass expands slowly,
resulting in an asymptomatic and non-metastatic state.*” The
develop of the tumor from a non-angiogenic to an angiogenic
phenotype is called the “angiogenic switch”, ° which is
characterized by signals such as metabolic stress (low pH, low
oxygen pressure), mechanical stress, inflammatory response,
and genetic mutations. These signals lead to increased
expression of angiogenic proteins by tumor cells (such as
VEGF), by stromal cells and a decreased expression of
angiogenic inhibitors by tumor cells and stromal cells (such as
thrombospondin-1), which directly governed the angiogenic
switch. However, after the angiogenic switch the tumor mass
expands rapidly.>! Various classes of adhesion molecules are
involved in tumor angiogenesis, such as the integrin, >3

cadherin, selectin, and immunoglobulin families.>*

2.5 Pathways of NPs Cellular Internalization

When NPs are incubated with cells in vitro, the serum proteins
(such as albumin, fibrinogen, globulins) supplemented to the

culture medium interact with the NPs. Such a process results into
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a non-specific adsorption of serum proteins on NPs, which
mediates the cellular uptake via receptor-mediated endocytosis
pathways. > The structure and composition of such protein
adlayer, named “protein corona”, depends on various
parameters: i) the physicochemical properties of the
nanomaterial (size, shape, composition, surface functional
groups, and surface charges); ii) the nature of the physiological
environment (blood, interstitial fluid, cell cytoplasm, etc.); iii)
the exposure duration.

The adsorbed protein molecules can change their conformation
due to interactions with the nanoparticle surface, which, in turn,
may affect the overall bio-reactivity of the nanoparticle, e.g.,
including the change in the hydrodynamic diameter of NPs
conjugates (that could affect extravasation); the interaction of
NPs with cells (uptake and intracellular trafficking
mechanisms); inflammation; accumulation; degradation and
clearance of the nanoparticles. Both phagocytic and non-
phagocytic cell types can capture the sizeable NP-protein
complexes.>®

Cells have a maximum receptor density on the membrane: the
unbound or available receptors determine whether and how
much a molecule or structure enters a cell via this mechanism.
Nanoparticle size and shape can mediate receptor-ligand binding
constants, receptor recycling rates, and exocytosis. Ligand

density, membrane adhesion areas, membrane stretching and
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bending are all factors potentially involved in the size (and
shape)-dependent uptake of NPs.

Generally, nanoparticles, in the size range from a few to several
hundreds of nanometers, not able to cross the cell membrane by
diffusion either can still internalized by cells through several
parallel series of routes, termed endocytosis.>’ Endocytosis is
involved in the cellular uptake of NPs for the majority of cases,
particularly for AuNPs.

Finally, it is noteworthy that the pathway of cellular
internalization strictly affects the cytotoxicity of metallic
nanoparticles. In particular, AuNPs and AgNPs, forced through
the cell membrane bypassing any forms of active mechanism
such as endocytosis, showed a different distribution within the
cytosol compared to NPs entering the cell by active endocytosis.
Specifically, they did not accumulate in lysosomes, suggesting
that intracellular accumulation of metallic nanoparticles into
endolysosomal compartments is the leading cause of
nanotoxicity.>®

The most relevant properties of GFNs for their biological effects
include surface area, layers number and lateral dimension. Small
nanoparticles theoretically have a significant surface area
exposed; monolayer graphene represents the optimum in which
every atom is surrounded by medium on two sides. Obviously,
the number of the layers in a GFNs is important because it

determines specific surface area and bending stiffness. The
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lower is the number of layers, the better is the adsorptive
capacity for biological molecules. On the contrary, multilayer
materials may act as rigid bodies during their cellular
interactions.

Moreover, lateral dimension determines the maximum
dimension of materials which is relevant for cell uptake, renal
clearance and blood-brain barrier transport. Particularly, lateral
dimensions should affect the type of receptors involved in the
uptake and also the size of the endosome or lysosome into which
the material must be packaged within the cell.”® Mu et al.®
demonstrated that the GO internalization was mediated by
clathrin endocytosis for dimension layers of = 500 nm, whereas
larger GO layers (= 1um) exhibited uptake by phagocytosis.
Furthermore, the internalization process of GNFs can directly
occur either the membrane damage or a potentially enhancement

of cell growth and shielding effect with no cell damage.®!

2.6 Nanotoxicity

When introduced within the body, nanoparticles are often
perceived by the cells as adverse agents, inducing the cell
generation of reactive oxygen species (ROS) and nitrogen
oxygen species (NOS) under irradiation.®? Generally, cells are
able to buffer small and transient increases of these reactive
species while an excessive increasing of them can lead the cells

to various negative effects. The creation of an oxidative
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environment drives cells to respond to the changes in order to
avoid oxidative stress death, for example by the formation of
autophagosomes.

The high surface area/volume ratio of nanoparticles, which is
their peculiar feature, seems to be the first cause of toxicity. Both
in vivo and in vitro, nanoparticles have a tendency to accumulate
within various types of cells, producing vary degrees of
bioaccumulation in such tissues as lymph nodes, spleen, bone
marrow, liver, adrenals and kidneys.®*

The NPs size plays an important role in avoiding immune
activation and renal clearance, thus enhancing their circulating
time and availability for effective therapy. NPs can stimulate
and/or suppress the immune responses and that their
compatibility with the immune system is largely determined by
their surface chemistry.®*

A third essential aspect to consider for toxicity is the
nanoparticles surface functionalization with biomolecules,
stabilizers, etc. The surface coating can contribute to unspecific
adsorption or specific recognition by the immune system, thus
generating toxicity effects.®

A general discussion on the toxicity of GFNs it is not possible,
since it depends on several parameters: dimensions and
concentration,® superficial coating,'>® type of cell target,*® and

so on.%’

23



Chapter 2 — Nanomaterials at the biointerfaces

Oxidative stress is considered one of the main causes of the
mechanisms involved in the toxic effects of carbon
nanomaterials.®® Also, due to its hydrophobic surface, graphene
can significantly interact with cell membrane lipids, causing
toxicity. Furthermore, cell membrane damage through physical
interaction with graphene sheets possessing sharp edges is
another possible mechanism of toxicity. ® Pristine graphene
seems to decrease cell adhesion, inducing cell apoptosis and
increasing the accumulation of these nanomaterials into various
cellular compartments. Moreover, biomolecular modification
plays an important role because it might reduce the strong
hydrophobic interaction of graphene or GO with cells and
tissues.

In vivo studies indicated chronic toxicity associated with GO.”
After intravenous injections, GO and functionalized GO seem to
deposit in the lung occurring inflammation in dose-dependent

manner,’! in the RES such as the liver and spleen.”?
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3 Metal surfaces at the biointerface with
neurotrophin peptides, vascular endothelial
growth factor peptides, RGD peptides.

3.1 Silver and Gold Nanoparticles in theranostics

Therapeutic uses of silver and gold are known since
ancient times.’”> Nowadays, these materials at the nanoscale
dimensions demonstrate further therapeutic properties
depending on several factors including their size, shape, particle
concentration and their superficial charge. Silver nanoparticles
(AgNPs) are known to have significant inhibitory effects against
pathogens and are used as antimicrobial agents in different
fields. Similarly, gold nanoparticles (AuNPs) are widely
employed in the treatment of bacterial infections, rheumatoid
arthritis, cancer.”*”>
Gold and silver are known to bind strongly to soft bases like
thiols and, moderately strongly, to amine functionalities.’® Such
affinities cause these NMs the selective binding to biomolecules
(e.g., proteins, DNA, etc.).

With the rapid development of nanotechnology, the application
of AuNPs and AgNPs have been further extended. In the last
decades, AuNPs and AgNPs nanoparticles have obtained a lot of
interest as smart devices in various fields ranging from chemical
sensing’’ to catalysis’® and optics.” These particles have also

gained many applications in the specific biomedical field such
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as for medical imaging,® nanocomposites®! and drug delivery®

(Figure 3).

410

Figure 3. A schematic view of the multimodal working principle of a
theranostic platform based on metal nanoparticle. Adapted from ref. 35

Although numerous studies collected in various recent

8333 the application of these nanoparticles in theranostic

reviews,
fields suffer of many opened questions, e.g., the nanomaterials
interaction with cells at the molecular level; their
biodistribution and pharmacokinetics; their actual therapeutic
efficacy, the mechanism of detoxification/clearance and the
potentially nanoparticle toxicity. AuNPs and AgNPs are
considered emerging theranostic agents for in vitro but also in
vivo applications.

The versatility in the metal surface functionalization for
immobilizing various drugs and targeting agents make AuNPs
and AgNPs innovative therapeutic nanoplatforms for drug

delivery® and gene silence®, reinforcing their well-known

intrinsic biological properties.
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Hyperthermia and photothermal therapies can be considered
potential therapeutic applications of NPs. In nanoparticle-
mediated hyperthermia for cancer, NPs heat up cancerous cells
beyond their temperature tolerance limits, which are lower than
normal healthy tissue due to their poor blood supply, killing
them selectively. ®*® Photothermal therapy (PTT) exploits the
hyperthermia phenomenon. In fact, when NPs are excited with a
precisely laser energy tuned to the specific surface plasmon
resonance (SPR) of the metal nanoparticle, surface electrons
become excited and resonate vigorously. When these electrons
return to the ground state, they emit energy in the form of heat
and the surrounding temperature is raised.®” This photothermal
reaction can be applied to kill cells within tumours, specifically
in places that are difficult to reach surgically or require a
palliative procedure.

Also, the plasmonic properties of silver and gold nanoparticles
as well as their extremely high extinction coefficients make them
anovel class of materials for biological sensing and colorimetric
sensors.®

The colorimetric approach is based on the shift of the optical
absorbance of nanoparticles in dispersion upon their
aggregation. For example, AgNPs change colour from yellow to
red and AuNPs from red to blue.®” It has been demonstrated as a

very simple method for the use of metal nanoparticles as sensors
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highly selective towards sulphur-containing compounds such as
cysteine.”

Furthermore, gold and silver nanoparticles are considered smart
sensors exploiting localized surface plasmon resonance (LSPR)
frequency shift, due to the interaction between nanoparticle and
target molecule.”!

In the electromagnetic mechanism, the surface plasmon
excitation enhance the local electric fields in the surroundings of
the metal nanoparticle, leading to more intense electronic
transitions in molecules located near the nanoparticle and
enhanced Raman scattering. This phenomenon is called Surface
Enhanced Raman Spectroscopy (SERS) effect. In the chemical
mechanism, the charge transfer interaction between electronic
states of the molecule and the metal nanoparticle surface
changes the polarizability of the molecule, which results in
increased Raman signals. This effect is exploited to well design
sensors. The most active metal in SERS 1is silver (with
enhancement factors as high as 10'4-10'), followed by gold and
copper, enabling detection limits as low as a single molecule.”?

Finally, metal nanoparticles are known to interact with nearby
fluorophores affecting their emission intensity. When this
interaction results in a fluorescence enhancement, the effect is
known as Metal Enhanced Fluorescence (MEF).?®  This
enhanced sensitivity has been recently applied to detect the

binding of different drugs to human cytochrome P450.*
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3.2 Synthetic strategies of Gold and Silver
Nanoparticles.

Metal NPs can be synthesized by different approaches classified
in three wide classes: chemical, physical and biological.

For many years, wet chemical methods have been the most
employed strategy for the synthesis of metal nanoparticles,
based on a “bottom up” principle process. In 1857, Michael
Faraday synthesized for the first time “fine gold particles”.”
From then on, many alternative methods were discovered. The
most popular was invented by Turkevich et al. in 1951.%° The
preparation regarded water dispersed AuNPs of 20 nm in
diameter after the reduction of AuCly™ in a boiling sodium citrate
solution. Since then, the Turkevich’s method has been improved
and extended to other metals, including silver.””-* Generally,
metal salts are reduced to give zerovalent metal atoms in the
embryonic stage of nucleation. These can collide in solution
with further metal ions, atoms, or clusters to form an irreversible
“seed” of stable metal nuclei. These clusters eventually lead to
formation of metallic colloidal particles. Furthermore, different
mechanisms of growth particles have been proposed depending
on the reduction method, e.g., La Mer’ growth;” Ostwald
ripening;'% Polte’s model;'®! Pong’s model.!??

The reducing agents can act both to reduce the metal cations and

as capping agent, preventing aggregation of the particles and
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stabilizing the resulting nanoparticles by electrostatic and/or
physical repulsion.

Using different reducing agents and stabilizers is possible to
tune the particle sizes and morphologies of metal nanoparticles;
also, small changes in synthetic factors lead to dramatic
modifications in nanoparticle stability, self-assembly patterns,
average size and size distribution width.!% It was showed that
strong reductants such as borohydride result in small
monodisperse particles, but also in the generation, difficult to
control, of larger particles; instead, weaker reductants, such as
citrate, result in a slower reduction rate, but a wide size
distribution. Also, a two-step reduction process has been
developed for the controlled synthesis of metal nanoparticles.!%
In order to stabilize and to prevent unwanted agglomeration of
the colloids during the synthesis, nanostructured colloidal metals
require protective agents. A large variety of stabilizers are used
to control the growth of the primarily formed nanoclusters and
to prevent them from agglomerating. The main classes of
protective groups are: polymers and block copolymers such as
poly(vinyl alcohol) (PVA), poly( vinylpyrrolidone) (PVP),
poly(ethylene glycol) (PEG), poly(methacrylic acid) (PMAA)
and polymethylmethacrylate (PMMA);! P, N, S donors (e.g.,

107 and

phosphines, amines, thioethers); ' surfactants
organometallics.!®® In general, lipophilic protective agents give

metal colloids that are soluble in organic media (“organosols™)
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while hydrophilic agents yield water-soluble colloids
(“hydrosols”). Several other methods based on wet chemistry
have developed to make stabilized nanoparticles of different
sizes and shapes. Among them, it is important to mention
electrochemical and sonoelectrochemical methods; ' polyol

119 and microemulsion techniques,'!! and so on.

methods
A wide variety of physical method synthesis of metal
nanoparticles have been also studied, including: thermal

2 radiolysis '* and

reduction and photochemical reduction, !
laser ablation. '

Biological methods are green approaches where nanoparticles
are synthesized by utilizing extracts from bio-organisms as
reductant, capping agents or both. Such extracts can include
microorganisms, proteins, amino acids, polysaccharides, and
vitamins.!'® These approaches have been suggested as possible
ecofriendly alternatives to chemical and physical methods, to

synthesize gold and silver nanoparticles without using any

harsh, toxic and expensive chemical substances.
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3.3 Surface functionalization of metal
nanoparticles.
The surface functionalization of AuNPs and AgNPs enables to
change their surface structures, morphologies and charges. All
these properties will affect the response of the NMs at the hybrid
biointerface with the biological environment."!® In general, the
strategies for nanoparticle functionalization with biomolecules
follow two main approaches: physical adsorption and

chemisorption (Figure 4).
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Figure 4. A schematic representation of different approaches for the metal
nanoparticle surface functionalization by physical adsorption (a: driven by
electrostatics; b) macromolecule adsorption) or by chemical adsorption (c:
direct chemisorption of thiol derivatives; d: covalent binding through
bifunctional linkers; e: binding by specific affinity interactions). Adapted
from ref. 35
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The physisorption method includes all forms of
functionalization that does not involve a direct chemical bond
between the biomolecule and the surface of the nanoparticles:
including hydrogen bonding, electrostatic and hydrophobic
interactions. Among all ligands, proteins and antibodies have
been used to functionalize nanoparticles. For example, gold and
silver nanoparticles produced by chemical, reduction have been
functionalized with IgG molecules exploiting the binding
capability of the positively charged amino acid side chains of the
protein to the negatively charged citrate groups on the
colloids.!”

The surface functionalization by chemisorption approach is
based on the formation of actual covalent bonds to graft ligands
to the nanoparticles. Some functional groups, such as cyano (-
CN), mercapto (-SH), and amino (-NH>) are known to have high
affinity for gold''® and silver'!” nanoparticles.

The non-covalent approach of surface functionalization has
several advantages with respect to the covalent grafting. Firstly,
the biomolecules to be physisorbed do not need derivatization
and therefore modification or alteration of their macromolecular
structure to proceed with the conjugation to the nanoparticles.'*°
Secondly, simple electrostatics and/or hydrophobic mechanism
can be used to trigger the adsorption/release of the biomolecules
on the material surface.!?! Thirdly, the material surface can be

tailored to finely tune the interactions with the biomolecule.'*
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Eventually, in the perspective of the controlled release of the
biomolecule used to functionalize the nanoparticles, strong
chemical stimuli (such as enzymes) are not necessary to break
the bonds, but typically mild conditions are sufficient, e.g., local
environmental changes of pH, temperature, ionic strength and so

0n.123
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3.4 Neurotrophin-mimicking peptides at the
biointerface with gold respond to copper ions
stimuli

The study of assembled hybrid nano-biointerfaces as metal

surfaces offers several advantages in the initial phases of design

and surface engineering for potential applications in theranostic
field. For these reasons, in this work we investigated the
interactions of the peptide fragments NGFi.14 and BDNF.i2,
encompassing the N-terminal domains respectively of the
proteins nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF), for the fabrication of a hybrid
gold/peptide biointerface. The results of this work were
published and here named PAPER L
A brief description of the biological importance of neurotrophic

factors was given in the following section.

3.4.1 Nerve Growth Factor (NGF) and Brain Derived
Neurotrophic Factor (BDNF)

Brain Derived Neurotrophic Factor (BDNF) and Nerve
Growth Factor (NGF) are recognised as important neurotrophic
trophic factors in adulthood as well as development, and each is
required by certain subsets of neurones for optimum function.
124
NGF is a secreted growth factor, important in survival, growth

and maintenance of specific types of neurons in the central and
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peripheral nervous system. It was first investigated in a series of
experiments, begun over sixty years ago, when a soluble growth
factor, released from sarcoma tissue, was found to be able to
cause outgrowth of fibres from sensory or sympathetic nerve
cells placed nearby.!?>:126

BDNF supports the survival and maintenance of sensory
neurons, retinal ganglia, certain cholinergic neurons, spinal
motor neurons and some dopaminergic neurons.'?’

The mature neurotrophins NGF and BDNF each bind with
picomolar affinity to their specific tyrosine kinase receptor TrkA
and TrkB, respectively. For each Trk receptor, only the domain
closest to the membrane (called d5 or Ig2) is required to bind to
its neurotrophin ligand (Figure 5).!2%!2 The binding to these
receptors initiates dimerization of two receptors and trans-
phosphorylation of certain tyrosine residues within the
intracellular domains. Adapter proteins which have
phosphotyrosine-binding motifs are then recruited to these sites
of phosphorylation. These initiate intracellular signalling

cascades which may lead to neuronal differentiation and/or

survival and gene expression.
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Figure 5. X-ray crystal structures of the neurotrophins and their receptors. (a)
The X-ray crystal structures of the neurotrophins. (a) NGF (cyan, on the left
side) and the BDNF (pink, on the right side). (b) Structures of receptors: TrkA
(pink)-NGF (cyan). Apart from TrkA, only the d5 (Ig2) domain of each of
the Trk receptors has been solved. However, it is assumed that the full 3D
structure of the other Trk extracellular domains will be similar to TrkA. The
extracellular region of the Trk receptors can be sub-divided (by amino acid
sequence) into different domains (d1-d3 is a leucine-rich, cysteine-rich
(LR&CR) region). Domains 4 and 5 are immunoglobulin-like domains. d5,
the domain closest to the membrane, binds the mature neurotrophin directly.
Dotted lines represent unknown protein conformation between the crystal
structure and the plasma membrane (~40 residues for TrkA).Adapted from
ref. 128,129
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A reduction in level of one or more of these proteins may be
responsible for at least some of the symptoms of neurological
diseases such as AD (Alzheimer’s Disease), PD (Parkinson’s
Disease), ALS (Amyotrophic lateral sclerosis), HD
(Huntington's disease) and Rett syndrome.!?*

Recently, the N-terminal domains of NGF and BDNF have
discovered to play a crucial role in the selective binding and the
activation of TrkA and TrkB, involved in triggering pro-survival
signals, respectively. *® Accordingly, NGFi.14 and BDNF.12
peptides, encompassing the N-terminal sequences, respectively,
of NGF and BDNF, designed and synthesized according to a
peptide-mimetic strategy for the NGF and BDNF, have been
reported to induce a cellular proliferation comparable to that
found by using the respective whole proteins.!3!:132

Forte et al.!3* addressed the immobilization of NGF;.j4 and
BDNF.12 peptides on gold surfaces by a simple approach of
spontaneous irreversible physical adsorption. Experimental
findings highlight the different interactions between each
peptide and the gold surface, which affect, in turn,
hydrodynamic thickness and related viscoelastic properties of
the adlayer. Moreover, the differences found under the two
different pH conditions (7.4 and 5.5) investigated, suggest the
possibility of fine tuning and triggering of the viscoelastic
properties of the peptide adlayers, including shear modulus,

viscosity, effective thickness and water content. In particular, a
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synergic play of the two peptides in the adsorption on the gold
1s found at physiological pH, mostly related to the strong
interaction between NGF .14 and BDNF.;> molecules in the bulk
solution, whereas a predominance of BDNF1.12 in the adlayer is
highlighted at the acid pH of 5.5, thus indicating a competitive

peptide adsorption process under these conditions.

3.4.2 Copper role in the neurotrophin bioavailability

Copper is an essential metal in living organisms and its dynamic

homeostasis, '**

i.e., the complex interplay of intra- and
extracellular metal distribution and trafficking processes, can be
a marker as well as a key regulator in different diseases such as
cancer and neurodegeneration. !>

Both NGFi.14 and BDNF .12 exhibit the capability of response to
the stimulus induced by copper addition. Noteworthy, a strong
decrease of the proliferative activity of both BDNF.12 and the
whole protein on a SY-SHS5H neuroblastoma cell line was found
after treatment in the presence of Cu®".!*% The effect of metal
addition is opposite to that observed for the analogous fragment
of NGF protein, highlighting the role of specific domains, and
suggesting that Cu?" may drive different pathways for the BDNF
and NGF in physiological as well as pathological conditions.

Accordingly, the combined action of copper and neurotrophin-

like peptides, not only might result either in physiological or
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pathological outcomes'*” but its understanding and modulation

can have a high potential in therapeutics.

In order to develop nanobiointerfaces using gold and NGF,
BDNF (or related peptides), we demonstrated the
maintenance of peptide-specific responses on different pH
values as well as in the copper binding also for the adlayers
formed upon physisorption at the gold surface. The results
obtained for the adsorption at the physiological pH (7.4)
were compared with those obtained at acid pH (5.5), the
latter taken as model microenvironment for pathological

conditions, including hypoxia, ischemia and cancer. '*®

3.4.3 Results and Discussion

In the first part of the study, we focused on the response in
solution towards copper ions of NGF1.14 and BDNF.12 in the pH
range of 3-8, to be compared with response of the hybrid solid-
liquid interface of peptide adlayer exposed to copper solution.
The distribution diagram in Figure 6 displays the competitive
binding to copper by the two peptides. In fact, at acid pH,
BDNFj.12 binds a single copper ion more tightly than NGFj.14.
Increasing the pH, there is an inversion trend, and the metal

binds prevalently to NGF;.14. Therefore, the relative weight of
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the formed complex species, for both NGFi.14 and BDNF.12,
depends on the pH range.
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Figure 6. Distribution diagrams for Cu?** complexes with NGF1-14 (=L’) and
BDNF1-12 (=L) peptides in aqueous solution at 1:1:1 molar ratio (1x10-> M).
Reproduced from Ref. 138 with permission from the PCCP Owner Societies.

These finding were also confirmed by far-UV CD spectra
reported in Figure 2 (PAPER I).

In order to study both the viscoelastic behaviour of the adlayer
and competitive vs. synergic interactions in sequential
adsorption processes, quartz crystal microbalance with

dissipation monitoring (QCM-D) were addressed.
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3.4.3.1 QCM-D analysis

QCM-D technique allows for in-situ monitoring of the
adsorption kinetics of biomolecules at a solid surface. The
principle of analysis of QCM is based on the resonance
frequency of a quartz crystal induced by applying an alternating
electric field across the crystal. Deposition of mass on the quartz
surface decreases the crystal’s oscillation frequency (negative
frequency shift). For thin, rigid, and uniformly distributed
layers, frequency shift is proportional to the mass change and
can be calculated using the Sauerbrey equation.!'** However,
when a soft or thick layer is bound to the crystal, there is also a
change of dissipation and when this dissipation is large enough
the mass can be underestimated by using only frequency and the
Sauerbrey relation. In fact, the combined information from
changes in frequency and dissipation is superior to frequency
measurements alone.'*’ Therefore, in all the other cases, which
are the most common in soft-wet biointerfaces, for a correct
determination of mass uptake, viscoelastic models (e.g., Voigt)
are used to take into account both viscous and elastic
contributions. !

In this study, the hybrid biointerface of Au/peptide/metal was
tracked through experiments of peptide physisorption at the gold
surface followed by the exposure of the peptides adlayer to

copper ions solutions at pH=7.4 and pH 5.5. A simplified
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scheme of various scenario which figured out from the QCM-D

experiments is given in the Scheme 1 (Schemel in the paper I).

M NGF.u4 A BDNF1.12 ® Cu®
steps 1-2 steps 3-4  steps 5-6 steps 7-8

= " a'y ‘bf/" Ky
= ' a4
pH sl NN :
7.4 A’v\' -.v 1y <‘4 oo
N =]
-'\. L) Av = o
- . w s
H o e - SRg - il
”e ‘p‘“\ TC % AR

Scheme 1. Graphical picture of the processes deduced from QCM-D study of
the sequential adsorption processes at the pH values of 7.4 and 5.5: Au->
NGF1.14->Cu2+-> BDNF,.1,-> Cu?* and Au-> BDNF1,12->Cu2+-> NGF.14>
Cu?". Reproduced from Ref.138 with permission from the PCCP Owner
Societies.

Accordingly, each QCM-D run consisted of the following the
four-macro steps at the two-different pH: i) single peptide
adsorption NGF.14 (or BDNF1.12) on Au surface (Step 1-2); ii)
addition of copper ions to the peptide adlayer (Step 3-4); iii)
addition of BDNFi.12 (or NGF1.14) (Step 5-6); iv) addition of
copper ions to the double peptide adlayer (Step 7-8).
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The response of Au/peptide systems to the addition of copper
ions for pH=7.4 and pH= 5.5 was respectively shown in Figure

7. (Figure 3 and 4 in the PAPER 1)

—8— /3 (pH=T &) —~C— D, {pH=T &)
al o uine i)}
) Lo
g 4 | & & &
= - g < vy !
- L™ ( g =
"y [=} - (=]
of ~ Jn" ‘1 3| F % 3
424 J o W oo
0 30 &0
-2 (pH=55 =D, (pH=5.13)

ne Lbatte [T T d)

= _ e fa | B
33 Los ,6 i 5 1' ¢ *-35 U
o W\ Loog M g m F-
3 L | 3 R TN T3
il W Ld Lo & 2 a2
0 30 60 0 30 60
time (rmun) ume (mir)

Figure 7. QCM-D curves recorded at the third overtone (n=3) of normalized
frequency (Af) and dissipation (AD) for experiments performed at pH 7.4 (at
the top) and at pH 5.5 (at the bottom) of sequential peptide additions (a, c:
first NGF1-14 and then BDNF1-12; b, d: first BDNF1-12 and then NGF1-
14). In between the two sequential peptide additions there are steps of buffer
rinsing and exposure to copper ions, respectively. Reproduced from Ref.138
with permission from the PCCP Owner Societies.

The figure above displays that the two peptides exhibited
significant differences in Af and AD, notwithstanding the
similarities in isoelectric points and molecular weights, as well
as the analogies in the C-terminus of the primary sequence

(scheme 2). In fact, at physiological pH, the adsorption of NGF.
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14 on gold resulted in a relatively viscoelastic adlayer, whereas

BDNF;.;» formed a rigid adlayer.
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Scheme 2. Primary sequence of NGF (1-14) and BDNF (1-12).

Interestingly, the trend of copper binding affinity for the two
peptides in solution discussed in Figure 7 was observed also at
the solid-liquid interface, after the exposure to copper ions of the
peptide molecules immobilized at the gold surface. Indeed, at
pH=7.4, a strong interaction of Au/NGF.14 with Cu** ions was
evidenced by visible changes in both dissipation and frequency
curves, while no significant shifts were observed for Au/BDNF.

12. Such a finding can be related to the high tendency of NGF.
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14, at pH 7.4, to complex Cu®" ions, favoured by a certain
mobility of the NGFi.14 molecules within the viscoelastic
adlayer. The curve trend is therefore interpreted as copper-
induced desorption of the NGF1.14 from the gold surface. At the
acid pH 5.5, the adsorption of NGF.14 was similar in frequency
and dissipation curves to what found at physiological pH (Step
3-4, Scheme 1).

On the other hand, the BDNFi.;» adsorption exhibited a
significant reduction both in the adsorbed mass and in the
rigidity of the adlayer, as deduced from the frequency and
dissipation shift values. As to the copper addition, shifts of both
frequency and dissipation curves were obtained for Au/BDNF;.
12 but not for Au/NGFi.14. This result is the opposite of what
observed at pH 7.4.

The addition of the second peptide (step 5-6, Scheme 1) to the
first adlayer (i.e., BDNFi.12 to Au/NGFi.14 and vice versa)
showed other interesting findings. For both the peptides and the
pH values scrutinised, although more than a monolayer coverage
is formed for the single peptide adlayer,'*? the addition of the
second peptide still induced a significant mass uptake. This
finding can be interpreted as the result of two opposite
contributions. On the one side, the strong binding of BDNF.1»
to the NGF .14, resulting in the formation of a heterodimer NGF ;.
14-BDNF .12, as previously demonstrated,'** which induces the

adsorbed NGF1.14 to detach from the gold surface. On the other
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side, the high affinity of BDNFi.12 to adsorb onto gold at pH
7.4'3 would likely result in the replacement of the formerly
adsorbed NGF1.14 peptide.

At pH = 5.5, the lower tendency of BDNF.12 to adsorb at the
gold surface!* compared to pH 7.4 prompts, upon its addition
to Au/NGFi.14, the almost complete detachment of NGFi.14
previously adsorbed, without any significant
competitive/replacement effect towards the gold substrate.

For both pHs of 7.4 and 5.5, the final addition of Cu®" ions (steps
7-8) did not produce any significant curve shift. This finding
points to a minimal perturbation of the resulting Au/NGF.14-
>BDNF|.12 adlayer to the copper stimulus.

The experiment of opposite sequential peptide adsorption, i.e.,
when NGF .14 was added to Au/BDNF.12, showed a final extra
mass uptake for both pH 7.4 and 5.5. Moreover, the following
copper addition induced noticeable shifts only in dissipation at
pH=7.4, and in both frequency and dissipation at pH=5.5. These
findings can be interpreted as due to either molecule
rearrangement within the adlayer'#? and their partial desorption
from the surface (most likely NGFi.14 peptide). Therefore, the
resulting Au/BDNF.12->NGF .14 adlayer was responsive to the
stimulus induced by copper ions addition much more than the
Au/NGFi.14->BDNF1.1; case.

The QCM-D experiments of simultaneous peptides adsorption
from the binary solution of NGFi.14 and BDNF.12 at both pH
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values (see Figure 5 in the PAPER I) showed the Au/peptide
interface exhibited a viscoelastic response. However, results at
acid pH differ from physiological pH, where a synergic
behaviour from both peptides contribute to the final properties
of the Au/NGF.14-BDNF .12 adlayer. Indeed, at physiological
pH, the Voigt modelling of QCM-D curves resulted in a
viscoelastic mass; on the other hand, at acid pH, the similarity
of QCM-D curves with those of BDNF;.;> at the same pH
suggests a predominant role played by this peptide in the mixed
Au/NGFi.14-BDNF.1, adlayer. According to these findings, the
second part of the experiment, i.e. the addition of Cu®" ions to
the Au/peptides adlayer suggested, at pH 7.4, a peptide
desorption and a lack of any apparent response at pH=S5.

The binding stability between the adsorbed peptide molecules
and the gold substrate were scrutinized also by molecular
dynamics calculations. In agreement with the QCM-D data, a
strong perturbative effect induced by addition of the copper ions
to the peptide adlayers for NGFi.14 at physiological pH and
BDNF;.12 at acid pH was found, respectively. Moreover, strong
similarities were found for the configurations Au/NGF.
14/copper in the interaction, at the two-different pH, with free
BDNFi.12. Specifically, the metal was always released from the
complex with the physisorbed peptide, owing to the NGFi.14-
BDNF /.12 heterodimer entanglement. The only slight difference
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with respect to Au/BDNF1.12/copper, was a weaker release of the

copper calculated at physiological pH.

3.4.3.2 Cellular response to the Au/peptide /copper systems.

The hybrid Au/peptide(s) systems assembled in the different
combinations of peptide, pH of the solution during the peptide
adsorption and sequence of peptide addition (for the sequential
adsorption), were investigated at the biointerface with
neuroblastoma cells. In this experiment the viability assay was
used as indirect parameter to assess the biological response to
the different hybrid biointerfaces for the various Au/peptide
substrates well characterised by QCM-D and MD studies.
Moreover, the cellular response to the various peptide adlayers
in the presence of copper ions was investigated by
supplementing the cell culture medium with a metal salt.

The results (in Figure 8 — PAPER I) pointed to significant
substrate-dependent features. For samples prepared at pH=7.4,
slight changes pointed to: (i) a general increase of viability
response by Au/NGFi.14+BDNFi.12 in comparison to the single
peptide adlayers (Au/NGF.14 and Au/ BDNFj.;2) and the binary
peptide adlayers prepared by sequential adsorption (Au/NGF.
14->BDNFi.12 and Au/BDNF1.12->NGF.14); (ii) in the presence
of copper, an increase of cells viability on single peptide, while

a decrease on the binary peptide adlayers.
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For Au/peptide samples prepared at pH=5.5 a significant
difference was observed in the cases of Au/NGF .14, Au/NGF .
14/Cu and Au/BDNFi.12/Cu samples, which showed a visible
decrease of cell viability in comparison with the control.

These findings could be related with the different scenarios of
the hybrid Au/peptide/copper interface figured out by QCM-D
and MD results, also if a direct correlation is not obvious.

In particular, the demonstrated maintenance, at pH=5.5, of
peptide copper binding affinity for Au/BDNFi.1> might explain
a resultant copper-induced release of BDNF .12 from the adlayer,
which was expected to decrease cell proliferation and then
viability, according to previous results in solution.!”

The present preliminary cellular results were, however, very
interesting on the way of a general modulation of the cellular
viability by an inorganic substrate.'* In fact, a viability increase
was observed at physiological pH, in the case of Au/peptides and
Au/peptide/copper, while a viability decrease was found at pH
7.4 for Au/peptides/copper and, at pH 5.5, for Au/peptide/copper

systems.

3.4.4 Conclusions.

Establishing the role of copper on the stability of these hybrid
material, as well as the effect of copper on the biological
property of the adsorbed biomolecule it was considered very

important. In fact, it is known that copper is very abundant in the
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extracellular space, and it is also released following activity
dependent biological process, such as neurotransmission and
neurorepair.' 4

In this study, we addressed the immobilization on gold surfaces
by physisorption of NGFi.14 and BDNFi.12 peptides, to
investigate their responsiveness to pH and Cu®* ions exposure.
Experimental findings by QCM-D and CD analyses, as well as
theoretical MD calculations, emphasised the different
interaction between each peptide and the gold surface. The
peptide-specific sensitivity during the adsorption process to two
different pH conditions (physiologic and slightly acid) as well
as to the exposure to copper ions, allowed for the tuning of
viscoelastic properties, including shear modulus, viscosity,
hydrodynamic thickness and water content. Preliminary cellular
assays demonstrated a certain maintenance of relevant
physicochemical and biological properties of the peptides

adsorbed on gold with respect to their behaviour in bulk solution.

3.4.5 Future perspectives

Further cellular experiments are necessary to fully elucidate on
the observed findings. For example, different peptide
orientations/conformations in the various Au/peptide interfaces
could be investigated by the use of receptor recognition
assays, '* thus allowing for a fine correlation between the

cellular response and the physicochemical properties of the
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neurotrophin-mimicking peptide adlayers at the gold surfaces,
including viscoelastic properties and pH-tuned copper binding
affinities.

Furthermore, the choice of the gold surface as substrate for the
peptide immobilisation offers many advantages in the
perspective of the drug delivery application, and, due to the
plasmonic properties of gold, is a promising platform to
implement, e.g., at the nanomaterial scale, for theranostic
application.

Results were very promising for the implementation of the
proposed approach and systems to nanoparticles loaded with
such neurotrophin-mimicking peptides, able to maintain

biological properties and metal ion binding capability
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3.5 Lipid bilayer-mediated immobilisation of
neurotrophin peptides on gold nanoparticles: a
new multipotential therapeutic nanoplatform
for CNS disorders.

3.5.1 The peptide-mimetic approach and the nanoparticle-
driven crossing of the blood brain barrier (BBB)

Neurodegenerative diseases represent a major socioeconomic
burden and unimaginable misery for millions of sufferers and
their families around the world. With an ageing population, the
number affected is set to rise even further, creating an urgent
need for therapeutic strategies which can reverse or halt the
degenerative process.

The neutrophic factors as NGF and BDNF have been used as a
neuro-restorative therapy in some form or other in clinical trials.
For examples intrathecally in ALS (Amytrophic lateral
sclerosis), NGF given in AD as an infused protein, and
implanted cells secreting NGF, or by AAV delivery (Adeno-
associated viral vector). '** As this regard, the delivery of
proteins into the human brain has inherent difficulties, and it is
likely that the low success rate has been largely due to the
protein not reaching the target at a sufficient concentration.

In fact, the blood brain barrier (BBB) is the essential interface
between the central nervous system and the periphery. In the
normal brain (as displayed in the figure 8), microvascular
anatomy results from the interactions of endothelial cells (EC)

146

with the basement membrane and neighboring cells, * such as
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pericytes (PC), astrocytes, neurons and microglia (neurovascular
unit).!*” All together, these cells contribute to create a selective
permeability for the entry of molecules between the systemic
circulation and nervous tissue, maintaining the homeostasis of
the CNS. Particularly, EC are connected by highly structured
tight junctions (TJs) and adherent junctions (Ajs),'*® which are
constituted by cytoplasmic and trans-membrane proteins
conferring either a very high trans-endothelial electrical
resistance (TEER) compared to peripheral capillaries and
rigorously narrow the passage of substances into the CNS.

Basement membrane Capillary lumen  Capillary wall
{40-80 nm) (2000-6000 mm) (100-150 nm)
i

Figure 8. Schematic representation of the neurovascular unit (NVU) at the
site of the brain capillaries. Adapted from ref. 149
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In some brain pathologies, such as neurodegenerative disorders,
tumours, bacterial infections, and stroke, the BBB is altered and
becomes more permeable allowing the entry of molecules that
can induce inflammatory responses and neuronal damage.'>
Actually, the mechanisms of transcytosis which occur in EC of
BBB are being currently explored in order to allow the transport
of therapeutic drugs into the brain. In fact, a considerable
number of drugs targeted for CNS  disorders,
neurodegenerations, certain types of epilepsy, brain cancer, and
neurological diseases have limited efficacy or even fail. For
these reasons, new strategies for the delivery of drugs,
neuroprotective and regenerative molecules that in normal
conditions cannot pass the BBB are going to be developed
nowadays. Perhaps the greatest potential that might be realized
through the use of nanotechnology is the capacity of NPs to cross
the BBB offering a new way for drug delivery into the brain.'!
NPs can transport drugs by adsorbing or bounding covalently to
them, in such a way as to allow the drug delivery, and the control
over their size, surface charge, hydrophobicity, shape, coating,
and chemistry can enhance the ability of NPs to enhance BBB
crossing efficiency.!>? NPs can be able to open TJs or induce
short toxic effects which leads to a temporary permeabilization
of the BBB, allowing the penetration of the drug,'> or can pass
through endothelium by transcytosis.!>* In this last case, several

receptors have been targeted by NPs including low-density
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lipoprotein receptors'>> and transferrin.!>® Moreover, they can
be transported through EC by endocytosis, so that their content

is released into the cell.'’’

In the present work, we move a step forward on the
fabrication and biological validation of the hybrid-nanobio
interface established between neurotrophin peptides and
gold nanoparticles (AuNPs), which represent an attractive
scaffold to construct a multifaceted drug delivery platform
(Scheme 3). To enhance the image-contrast capability of the
theranostic platform, the NGF- and BDNF-like peptides
were dye-labelled with carboxyfluorescein (Fam) through an
additional lysine (K) residue at the C-terminus, to obtain
SSSHPIFHRGEFSV-K-Fam (NGFpF) and
HSDPARRGELSV-K-Fam (BDNFpF), respectively.
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Scheme 3. Representative picture of the hybrid gold nanoparticle-peptide
interface for NGFpF (a) and BDNFpF (b) peptides.
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In fact, over the last decades, the interest of researchers has
shifted from the study of purely molecular aspects to
supramolecular architectures and nanostructures.
Multicomponent systems are, in fact, an ideal platform for
making nanosized functional photochemical systems that mix
elementary processes (light absorption and emission, energy
transfer and electron transfer) to obtain more complex processes
(directional excitation energy migration, or multielectron
photoinjection). In this contest, a new type of composite
nanomaterial, which is a hybrid between vesicles and
nanoporous silica NPs namely “protocells”, has been described

(Figure 9).18

T ——— Poly(ethylene glycol)

Targeting peptide

R ™ Fusogemic peptide
3 _9.?‘- — Cargo
‘h\ - ’ Manoparticles (for example, quantum dots) '
. Diphtheria toxin A-chain 'i;;‘&-
Supported y
lipid bilayer Small interfering RNA v

Chemotherapeutic drugs @i

Figure 9. The design of lipid-bilayer-wrapped nanoporous silica, termed
protocells. Adapted from ref. 158.
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Protocells are synthesized by liposome fusion to a spherical,
high-surface-area, nanoporous silica core (100 — 150 nm in
diameter after size separation) characterized by an isotropic,
wormlike nanoporosity to be loaded with multivariate drug
cargos. The drug-loaded core is then enveloped by a single lipid
bilayer (SLB), which 1is further functionalized with
poly(ethylene glycol) (to reduce nonspecific interactions with its
environment), ligands or peptides (to direct binding to distinct
target cells) and pH responsive peptides, which cause disruption
of endosomes and the bilayer coating on particle internalization
into acidic intracellular compartments, allowing drug delivery
into the cytosol of the target cell.!>® Theoretically, the protocells
can absorb combinations of diverse drug cargos (quantum dots,
small molecules and oligonucleotides) into their nanoporous
silica cores, with reversible binding to the silica providing the
means to soak up high levels of each drug cargo before
enveloping the particle with its lipid shell. Targeted delivery is
achieved by functionalizing the surface of NPs with ligands
(proteins, nucleic acids or small molecules) that will bind to
specific molecules on target cells while avoiding nonspecific
binding to other cells, blood or tissue components.'*°

Many applications of these nanostructures have developed as
potential application in theranostics fields. A study of hybrid
interfaces established between lipids vesicles, made of cationic,

anionic or zwitterionic lipids dye-doped by rhodamine and/or
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nitrobenzoxadiazole, and core—shell silica NPs, dye-doped in the
core with coumarin and functionalized on the outer shell with
polyethylene glycol (PEG), amino-PEG and carboxyl-PEG
derivatives, were prepared to scrutinize the energy-transfer
processes. Promising results for the potential application of
these systems as an implemented theranostic platforms have
obtained. ¢!

Recently, both planar silica and core—shell nanoparticles (NPs)
were used as polar hydrophilic substrates to form SLBs
functionalized with the NGF-14) peptide, mimicking nerve
growth factors. Accordingly, a model of predominant
electrostatic interactions, zwitterionic and anionic lipid vesicles
were used to optimize the peptide association with the lipid
membranes. Moreover, the implementation of the hybrid
nanoplatforms from planar silica surfaces to 3D silica
nanoparticles doped in the core with coumarin dye molecules
allowed to demonstrate, by energy transfer processes, the actual
wrapping of the nanoparticles by the peptide-associated

supported lipid membrane.'6?

Therefore, to modulate the peptide-metal surface
interaction, a dual approach was used: (i) the direct
adsorption and, (7i) a lipid-mediated interaction between the
peptide and the gold surfaces. In the latter case either

NGFpP or BDNFpF were loaded in small unilamellar lipid
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vesicles (SUVs) of zwitterionic 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphorylcholine (POPC), in order to obtain
NGFpF-PC and BDNFpF-PC, respectively.

In order to test the transport of our neurotrophin peptide-
functionalised gold nanoparticles across the BBB, a cellular
model of immortalized Human Brain Microvascular
Endothelial Cells iHBMEC) was used. The promising
potentialities in theranostics and the capability to cross the

blood brain barrier have been addressed in this work.163

3.5.2 Samples Preparation

3.5.2.1 Gold nanoparticle synthesis.

Gold nanoparticles were synthesized in a one-step aqueous
preparation by reduction method, starting from hydrogen
tetrachloroaurate (HAuCls) followed by the addition of
trisodium citrate dihydrate (Na3Ce¢HsO7). This preparation
yielded ~12 nm diameter particles with plasmonic peak at 520

nm.!'*165 Figure 10 show the fresh prepared AuNP dispersion.

Figure 10. Photograph of the AuNP dispersion obtained by a reduction
method.
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3.5.2.2 Lipid vesicle preparation.

Fluorescent vesicles-peptides (POPC-Rhod-peptides) were
prepared from chloroform solutions of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and as fluorescent probe,
rhodamine-DHPE (1,2-dihexadecanoyl-sn-glycero-3-
phosfoethanolamine) was added to solutions of lipid in a round-
bottomed flask. The solvent was evaporated under a flow of
argon, while rotating the round-bottomed flask, to form a film
on the wall of the flask. The lipid film was emulsified in a buffer
at room temperature, vortexed and extruded 13 times through a
100 nm polycarbonate membrane, followed by another 13 times

through a 30 nm membrane (Figure 11).
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Figure 11. Lipid vesicle (POPC- Rhod) preparation. Adapted from ref. 166

To prepare small unilamellar vesicles and neurotrophin-
peptides/SUV systems, the dried lipid film formed on the wall
of the flask was emulsified in PBS (to obtain SUV) or 0.5 mM
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peptide solution in PBS (to obtain N-Fam/SUV or B-Fam/SUV)
and vortexed. The lipid dispersions were therefore extruded 13
times through a 100-nm polycarbonate membrane, followed by
another 13 times through a 30-nm membrane (Avanti Polar
Lipids Inc., AL, US).

To remove unloaded peptide molecules from the peptide/SUV
systems, Amicon 0.5 ultracentrifuge filters (Sigma-Aldrich)!®’
were used to centrifuge (14,000 r.p.m. for 30 min at 25°C) and
the recovered solutions were characterized (Figure 13). The
SUV and peptide/SUVs were stored under Ar and used within
two weeks, according to an established protocol.!6®

Figure 12 show the obtained unloaded vesicles (in red) and the

peptide-loaded vesicles (in orange).

62



Chapter 3 — Metal surfaces at the biointerfaces

POFC-Rhed NGF,F-PC BDNF.F-PC
(a) BONE E-PC (b) Centr, TOP Centr. TOP Ceatr, TOP

NGF_F-PC
POPC SUV ! i |

'
_ POPC-Rhod NGF_F-PC BCNF F-PC
Cantr BOTTOM Centr. BOTTOM Centr BOTTOM

Figure 12. Preparation and optical characterisation of the Rhodamine
labelled-lipid small unilamellar vesicles (SUVs) and peptide-loaded NGF,F-
PC and BDNF,F-PC. In (a) and (b) are shown the photographs of the samples
before (a) and after (b) the centrifugation with Amicon® Pro Purification
System. The UV-vis spectra of the different samples are displayed in (c) for
NGF,F-PC and in (d) for BDNFF-PC, respectively. Submitted to Chem.Com.
Ref. 163.

3.5.3 Results and discussion: characterization of peptide-
AulNP nanoassemblies.

In order to study the interaction of a biomolecule with metallic
nanoparticle dispersion, the shift and the shape of the gold
plasmonic peak can be monitored by the UV-vis spectra as the

graph below described (Figure 13).1%°

63



Chapter 3 — Metal surfaces at the biointerfaces

Size-sensitive region

Shape-sensjtive region

% Abs

0 T T T T T .
400 450 500 550 600 650 700
Wavelength (nm)

Figure 13. Typical spectra of AuNPs upon increasing concentration of a
ligand which determin the changing of sizes and shapes. Adapted from
ref.169.

The UV-visible titration spectra in Figure 14 show that, by the
peptide addition at increasing concentrations, a red-shift of

plasmonic band associated with a hyperchromic effect is

obtained.
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Fig. 14 - UV-visible spectra of AuNPs (2.2 nM) before (in water and in
MOPS buffer) and after the addition at increasing concentrations (2x107 M—
1.2x10°° M range) of: (a) NGF,F; (b) BDNF,F; (c) NGF,F-PC; (d) BDNF,F-
PC. In the insets: AA-AL scatter plots, with arrows drawn to guide the eye to
subsequent adsorption steps (I, IT). Submitted to Chem.Com. Ref. 163.

The parallel occurrence of these two spectral features is
generally attributed to the size increase of the colloidal metal
owing to, e.g., the ‘decoration’ of the nanoparticle surface by
adsorption of molecules. Therefore, a hybrid assembly
comprising a metal core (AuNP) surrounded by a soft shell
(peptide molecules) can be figured out.

The saturation in the shifts of wavelength (AL) and absorbance
(AA) is reached at the peptide concentration of 0.5 uM for
NGF,F and 1 uM for BDNFyF, NGF,F-PC and BDNF,F-PC,
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respectively. The corresponding coverage, in terms of peptide
molecules for each gold nanoparticle, is calculated of about
1.2x107 for NGF,F and about 2.4x107 for BDNF,F, NGF,F-PC
and BDNF,F-PC, respectively.

As to the direct peptide-AuNP interaction (Fig. 14a-b), the plots
of AA versus AXA exhibit a direct one-step change for NGF,F but
a two-step change for BDNFyF (see insets). Therefore, for
NGF,F/AuNP and BDNF,F/AuNP, the measured curve shifts
likely depend on different stages in the peptide adsorption
process, in turn related to diverse orientation/conformation of
the molecules at the interface with the gold nanoparticle surface.
Such a finding is in agreement with dissimilar affinities of the
two peptides towards the Au surface, as demonstrated for NGF
and BDNF peptides at the interface with flat gold, resulting into
viscoelastic and rigid adlayers, respectively. !7%17!

By taking into account the ideal monolayer coverage,
‘disordered’ multilayers of NGF,F molecules in side-on/end-on
configuration (Scheme 3a) and more packed adlayers of
BDNF,F molecules most likely in side-on configuration can be
figured out at the interface with AuNP (Scheme 3b).

As to the lipid-mediated peptide/AuNP interaction (Fig.14c-d),
a significant synergic effects from each component, i.e.,
peptide/lipid/AuNP, is monitored at the hybrid nano-
biointerface. Firstly, for NGFpF-PC, the peptide concentration at

equilibrium, i.e., the value corresponding to the saturation in the
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plasmonic peak shifts, rises up to 1 uM. This fact suggests an
active role by the fluid lipid membrane in the confinement of
NGF peptide at the interface with the gold surface. Such an
effect would prompt a more ‘ordered’ interaction with AuNPs,
and therefore a higher number of molecules detected by the
plasmonic sensing. Secondly, the insets in Fig. 14c-d show also
a peptide-driven effect, because both AA and AA are narrower
for NGF,F-PC than for BDNF,F-PC, similarly to what observed
for NGFyF and BDNF,F, respectively. Thirdly, the UV-visible
spectra of pellets and supernatants recovered after centrifugation
demonstrate a lower nanoparticle aggregation for peptide-loaded
SUVs/AuNP in comparison with POPC SUVs (without
peptide)/AuNP systems.

The comparison between pellet and supernatant spectra of
peptide-functionalised AuNP shows similar band shapes;
therefore, at the used experimental conditions, an almost totally
irreversible adsorption can be deduced for NGF,F and BDNF,F
in the direct interaction with the AuNPs. On the other hand, for
the lipid-mediated interaction, the spectra of supernatants clearly
display the spectral features of free peptides and/or peptide-PC
systems, indicating that a partially reversible adsorption
occurred. This finding points to the possibility, through the lipid-
mediated interaction, to modulate the actual peptide coating onto

AuNPs.

67



Chapter 3 — Metal surfaces at the biointerfaces

Zeta potential (ZP) analyses confirm the full nanoparticle
coverage after the peptide adsorption process. Indeed, the bare
gold nanoparticles, negatively charged in water (ZP ~ - 60 mV),
and still anionic but less negative in MOPS (ZP ~ - 40 mV),
become even less negative after the interaction with the lipid
vesicles (ZP of POPC SUV/AuNP ~ - 13 mV). The ZP increase
for AuNPs in MOPS is explained in terms of the partial charge
neutralisation of citrate anions surrounding the metal core by the
Na" and K" ions used to fix the ionic strength of the buffer. In
the case of POPC SUV/AuNP, the ZP increase is a likely marker
of only a partial coverage, if any, of the gold nanoparticles by
the lipid molecules. On the other hand, all the other samples, i.e.,
those containing the peptides, exhibit an almost null surface
charge, thus confirming the complete nanoparticle coating.
Accordingly, atomic force microscopy (AFM) analyses of
NGF,F/AuNP and BDNF,F/AuNP samples (Figure 15) clearly
show a size increase for the peptide-functionalised AuNPs, with
a broader diameters distribution in NGF,F/AuNP than in
BDNF,F/AuNP samples, respectively.
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Height (nm)

Figure 15. AFM topography images and height section of: (a) bare AuNP;
(b), NGF,F/AuNP and (c) BDNF,F/AuNP. Z —scale = 20 nm. In the inset a
representative detail of the corresponding phase image for each sample.
Submitted to Chem.Com. Ref. 163.

Also dynamic light measurements (DLS) results point to diverse
increases in the hydrodynamic diameter, D: from 26+2 nm (bare
AuNP, both in water and in MOPS) to D=250+30 nm for
NGF,F/AuNP and D=75+3 nm for BDNF,F/AuNP.
Interestingly, NGF,F-POPC exhibit a higher average diameter
(D=122+2 nm) than BDNF,F-POPC (D=1044+3 nm), which
instead are comparable in size than the control SUVs without
peptide (D=108+5 nm). Such a finding confirms the NGFyF
tendency to ‘end-on’-like arrangement, whereas BDNFF is
more likely lying flat at the leaflet plane of the lipid membrane.
As to the peptide-PC/AuNP samples, D values respectively of
173434 nm for POPC SUV/AuNP, 172428 nm for NGF,F-
PC/AuNP and 8347 nm for BDNF,F-PC/AuNP, reveal
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comparable average size distributions of BDNF-functionalised
AuNP, both for direct and for lipid-mediated interaction. This
finding is in agreement with the similar saturation shifts in the
plasmonic shifts showed in Fig. 14b and 14d. On the other hand,
a significant particle aggregation can be deduced for NGFF as
well as bare AuNPs at the interface with the lipid membranes.

The physicochemical characterisation of NGF,F/AuNP and
BDNF,F/AuNP samples provided by X-ray photoelectron
spectroscopy (XPS) further confirms the picture figured out for
the hybrid interfaces formed for the two peptides (Figure 16).
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Figure. 16. XPS peaks of C 1s for: (a) NGF,F/AuNP, (b) NGF,F, (c)
BDNF,F/AuNP, (d) BDNF,F. Submitted to Chem.Com. Ref. 163.

For the peak fitting analysis of C 1s, the following four
components have been considered: C; (at binding energy, BE,
0f285.0 eV), due to C-C and C-H hydrocarbon bonds; C> (at BE
0f 286.240.2), assigned to heterocarbon C-O and C-N bonds; Cs3
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and Cy, at BE 0 288.24+0.2 eV and 289.0£0.2 eV, corresponding
to C=0 and C(=O)OH groups, respectively.

Intrinsic structural differences due to the primary peptide
sequence are clearly displayed in the carbon peak components
found for NGF,F (Fig. 16b) and BDNF,F (Fig. 16d). In fact, the
former exhibits a ratio of polar to apolar components
(C2+C3+C4)/C1 of 1.3 for NGFF, whereas of 3.2 for BDNF,F.
These finding is explained according to the two extra amino
acids in NGF,F, and also two more phenylalanine residues in
comparison with BDNF,F, which instead encompasses both one
carboxylic residue and one guanidine extra residue.
Interestingly, the comparison of C 1s spectra for NGF,F/AuNP
(Fig. 16a) and BDNF,F/AuNP (Fig. 16c) samples suggest that
the BDNF peptide molecules bind to the gold surface
predominantly through the guanidine, carbonyl and carboxyl
groups (i.e., strong decrease of Cz, C3; and Cs components,
respectively), according to the picture of molecules lying at the
interface in the extended side-on arrangement. In the case of
NGF peptide, a minor change in the peak shapes can be an
indicator of a more localised interaction among certain sites of
the peptide sequence and the gold nanoparticle, which results in
a less ordered hybrid interface.

In order to test the transport of neurotrophin peptide-
functionalised AuNPs across the BBB, a cellular model of

immortalized Human Brain Microvascular Endothelial Cells
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(1IHBMEC) was used. No toxicity was found up to 24 h of cell
treatments. Figure 17 shows representative images of laser
scanning confocal microscopy (LSM) for cells incubated for 2 h
with NGF,F and BDNFF (emitting in the green, due to Fam
moieties): free (Fig.17a), immobilised on AuNPs by direct
adsorption (Fig. 17b), loaded in rhodamine-labelled POPC
SUVs (emitting in the red) (Fig. 17c¢) and immobilised on
AuNPs by lipid-mediated adsorption (Fig. 17d).

A visible enhancement of peptide internalisation by the cells in
the functionalised AuNPs in comparison to both free peptides
and peptide-loaded SUVs was observed. Interestingly, for
NGF,F/AuNP a higher peptide uptake (displayed by a diffuse
green emission in the cytoplasm) and intracellular aggregation
of the gold nanoparticles (dark spots in the optical micrograph,
see open arrows in Fig. 17b), was found in comparison with
BDNF,F/AuNP. This latter exhibits a more localised
distribution (dotted green emission) with a preferential
localisation at the cell membrane (see solid arrow in Fig. 17b).
As to NGF,F-PC/AuNP and BDNF,F-PC/AuNP systems, the
cellular internalization is comparable for both peptides, with
green spots co-localising with the gold nanoparticles, also in the

nuclei.
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Fig. 17. LSM micrographs of iHBMECs incubated for 2 h (37°C, 5% CO,)
with: (a) NGF,F(or BDNF,F); (b) NGF,F(or BDNF,F)/AuNP; (c) NGF,F-
PC(or BDNFF-PC); (d) NGF,F-PC(or BDNF,F-PC)/AuNP. Scale bar =20
pm. For each sample: the merged fluorescence images of nuclei (blue, DAPI,
Aex/em=405/425-475 nm), peptides (green, Fam; Aeyem=488/500-530 nm) and
lipids (red, Rhodamine; Acxem=543/550-650 nm) (top); the merged DAPI
emission and optical bright field images (bottom). Submitted to Chem.Com.
Ref. 163.
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3.5.4 Conclusions.

In this work, we set up a new promising approach to develop a
‘tunable’ theranostic platform based on a neurotrophin-like
potential drug (NGF and BDNF peptides) and a
plasmonic/fluorescence image contrast working principle. A
modulation in the peptide immobilisation was demonstrated by
the comparative study (by UV-visible, AFM, DLS, ZP analyses)
of direct vs. lipid-mediated peptide-AuNP interaction.

3.5.5 Future Perspectives.

Further physicochemical and biological (including in vivo test)
works will be necessary on these hybrid nanobiointerfaces to
finely control the sub-cellular localisation of the drug and the

resulting efficiency in crossing the BBB.

74



Chapter 3 — Metal surfaces at the biointerfaces

3.6 An tunable anti-angiogenic nanoplatform
based on VEGF peptide and gold
nanoparticles: a physicochemical study of
covalent VvS. physical adsorption
immobilisation approaches.

3.6.1 The balance of pro-/anti-angiogenic properties of
gold nanoparticles functionalised with a VEGF
peptide.

The proliferation mediated by growth factors and, more in

general, angiogenesis has a central role in many pathological

conditions including neoplasia, rheumatoid arthritis, wound
healing, and chronic inflammation. Parental vascular endothelial
growth factors (VEGF-A) was discovered more than a decade
ago.!’”? They are known as key regulators of physiological
angiogenesis. >’ Among all conditions, hypoxia-inducible

factor (HIF) regulates the expression of VEGF-A (Figure 18).!7

Figure 18. Cristal structure of the mirror image form of VEGF-A. Adapted
from ref. 176
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The VEGF family of growth factors, including also VEGF-B,
VEGF-C, VEGF-D, placenta growth factor (PLGF) and platelet-
derived growth factor (PDGF), are polypeptides belonging to the
cysteine-knot superfamily of signalling proteins. All VEGFs
bind to and activate the VEGF receptors, i.e. VEGFR-1,
VEGFR-2 and VEGFR-3, mainly expressed by endothelial cells,
but displaying different and overlapping binding patterns.'”’

Four isoforms of VEGF-A, containing 121, 165, 189, and 206
amino acids, are produced from a single gene as a result of
alternate splicing.!”®!”” The most abundantly expressed splice
variant is VEGF16s: a heparin binding glycoprotein with a single
glycosylation site (at Asn75), secreted as a homodimer of
approximately 45 KDa and cleaved by plasmin to yield
VEGF 110, which is equipotent to VEGF. with respect to
mitogenic activity on endothelial cells.'"®® The 121 amino acid
form of VEGF induces the proliferation of endothelial cells but,
in contrast to VEGF¢s, lacks the heparin binding ability. Only a
small number of VEGF residues are important for the binding to
VEGF receptors. Particularly, the positively charged domain of
VEGF encompassing Arg82, Lys84 and His86, located in a
hairpin loop, and a negatively charged residues Asp63, Glu64
and Glu67 resulted responsible for the respectively binding of
VEGFR-1 and VEGFR-2 receptors, '8! and also for the

angiogenic response. '
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Many antiangiogenic approaches have been developed to block
the interaction of VEGFs with their receptors in order to inhibit
angiogenesis and tumor growth. Many VEGF mimetic peptides
with antiangiogenic activity have been described,'®* while very
few molecules with pro-angiogenic activity have been
reported. 34

Furthermore, angiogenesis may be influenced by the presence of
copper(Il) ions and many pro-angiogenic proteins have been
reported to be copper dependent. '% Copper regulates the
production of VEGF, not only via the activation of transcription
factor regulating its expression,'®® but also via the exploiting of
copper chelators in anti-angiogenesis therapy. '87 Recently,
Grasso et al. ' reported how Cu?" influence the biological
features of VEGF mimicking peptides, scrutinizing the
interaction between copper(Il) and VEGF peptide fragments as
VEGF73-101 and VEGF84-101.

Inorganic nanoparticles discovered to have anti-angiogenic
properties even if the mechanism is unknown. Different sizes
and surface charges influenced the intracellular signalling
events. Particularly, AuNPs and AgNPs seemed to inhibit the
function of pro-angiogenic heparin-binding growth factors (HB-
GFs), such as VEGF165 and basic fibroblast growth factor
(bFGF), etc.!® 1 VEGF121 does not have a heparin binding

domain and hence was not inactivated by gold nanoparticles.
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Therefore, AuNPs selectively inhibited VEGF165-induced
proliferation of HUVEC cells. !

In the present work, we studied the immobilization of
VEGF73-101 peptides labelled with 5,6-carboxyfluorescein
(VEGF-FAM) on AuNPs through i) indirect physisorption
of the VEGF73-101 peptide (VEGF-FAM/Au) and ii) a
direct chemisorption mediated by the mutated residue 88
with a cysteine (Cys) instead of the Glycine (Gly) in the
VEGF73-101 peptide (VEGFcysFAM/Au). To best of our
knowledge, this is the first work dealing with the
functionalization of gold nanoparticles with a VEGF peptide
as enhanced anti-angiogenic nanomedicine to trigger

uncontrolled neovascularization.

3.6.2 Results and discussion

The synthesis of gold nanoparticles, carried out by chemical
reduction method with citrate acting both as reducing and
stabiliser agent, results, at the used experimental conditions, in
a monodisperse colloidal solution of spherical nanoparticles
having diameter of 12 nm and a plasmonic band centered at 518
nm. 163

As described in Section 3.5.3, a red shift and broadening of the
gold plasmonic peak upon the addition of the peptides can be
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used to quantify the surface coverage and/or aggregation of the
metal nanoparticles.

Figure 18a-b displays the red shifts dominated in the 25 nM -
125 nM concentration range of added peptide, with total shifts
measured of 10 nm for VEGFgyFAM and 6 nm for
VEGFcysFAM, respectively.
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Figure 18. UV-visible spectra of 1.3 nM AuNPs by addition of
VEGFg,FAM (a) and VEGF¢yFAM (b) at increasing concentrations (from
2.5x10%M to 17.5x10¥M). In (c) and (d) are shown the spectra of bare and
peptide-coated AuNPs upon the addition of 56 uM NacCl.

In the concentration range between 125 nM and 175 nM, the
width of the plasmonic bands increase up to FWHM of 130 nm

compared to 81 nm for the bare AuNPs. Such findings were
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explained both in terms of a predominant particle coverage by
the peptide molecules in the lower concentration range, and a
predominant colloidal aggregation in the higher concentration
range, respectively. To confirm this hypothesis, the flocculation
assay by addition of an electrolyte solution (56 uM NaCl) has
been performed for the gold nanoparticle-peptide assemblies
formed in the 25-100 nM range of peptide concentration. Figure
18c-d show that the addition of 75 nM VEGFgiyFAM and 25 nM
VEGFcysFAM were enough to stabilise the gold colloids, which
exhibit a decrease in the intensity of the plasmonic intensity
respectively of 30%, 26%, and 9% for bare, VEGFsiyFAM- and
VEGFcysFAM-coated nanoparticles. It was therefore inferred
that the cysteine residue was more effective as anchoring site to
the metal nanoparticle surface than the glycine residue, thus
owing the chemisorption forces that complement the energy
balance of the peptide adsorption at the nanoparticle surface.

In order to remove the loosely bound and/or free peptide
molecules from the peptide-coated NPs, a centrifugation step
was performed and the supernatant and the pellet obtained were
characterized. The pellets were widely characterized by using
spectroscopic (UV-Vis, FT-IR, XPS), spectrometric (TOF-
SIMS) and microscopic (AFM, SEM) analyses. Moreover, the
hydrodynamic size and the surface charge of the hybrid peptide-
gold nanoparticles were monitored by DLS and Z-potential

measurements, respectively.
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Figure 19 shows the TEM images of the re-suspended samples.
The nanoparticles were well-dispersed with an average
dimension of 30 nm, as dynamic light scattering analysis
confirmed. Instead, the average size of hydrodynamic diameter
for functionalized AuNPs/VEGFcysFAM reached ~159.3+11.9
nm in comparison to AuNPs/VEGFGuFAM (~67.4+£0.8 nm).
Also, it was possible to note a shell around the grouped
nanoparticles suggesting the effectively coating of the peptide at
the  nanoparticles surface. On the other case,
AuNPs/VEGFgyFAM image did not clearly evidence the same

coating, but only a slight increasing of the average dimensions.
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Figure 19. TEM images (scale bar = 50 nm) of bare AuNPs (a),
AuNPs/VEGFcysFAM (b) and AuNPs/VEGFgy,FAM (c).

Other evidences of the effectively functionalization of AuNPs is
the changing of C-potential as the histogram below displayed.
Bare NPs indicated an average C-potential of ~ -46.6 mV that
were almost neutralised by peptides immobilization (C-potential
~77 mV and 44 mV for AuNPs/VEGFgyFAM and
AuNPs/VEGFcysFAM, respectively).
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FT-IR spectra were employed to detect the characteristic bands
of AuNPs before and after the peptide conjugations (Figure 20).
Both VEGFcysFAM and VEGFGyFAM peptides exhibited very
similar spectral features, with the characteristic vibrational
modes of amide I and II (1666-1450 cm™!), N—H (a sharp band
around 3276 cm ™), C=0 (1737 cm™), C-O (1245 cm™), aliphatic
CH: (1313 ecm™) and C-H (1278 cm™), respectively. However,
in the case of VEGFcysFAM did not evidence the characteristic
peak of thiol group related to cysteine residue as the inset shown.
FT-IR spectra were strongly affected after AuNP conjugation.
Particularly, the characteristic features were still visible but less
evidence; also, a shift in the position of COO" (asymmetric
~1629 cm™! and symmetric ~1405 cm™') and NH3" stretching was
likely due to a change in their dipole moment when peptides
physisorption or chemisorption on metal surface with high

electron density.
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Figure 20. FT-IR spectra of the bare gold nanoparticles (line black), the
unbound peptide (line green) and the AuNP/peptide systems (line red) for
VEGFGIyFAM (a) and VEGFCysFAM (b), respectively. In the inset: the
magnified 2750-2400 cm™! region.

In order to obtain information about the functionalization and
the chemistry of modified nanoparticles, XPS and ToF-SIMS
measurements were performed.

The atomic percentage composition of AuNPs before and after
the coating with peptides showed in Table 1, demonstrate that
the bare AuNPs a relatively high amount of Cls and Ols that
hide the Au4f signal. This finding was attributed to a thick
adlayer of citrate ions coating the metal core of the

nanoparticles.
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Table 1. Surface atomic composition of AuNPs before and after

the functionalization with peptides.

C1s (at.%) | O1s (at.%) [ S2p (at.%) [ N1s (at.%) | Au4f (at.%)
Bare AuNPs 54.6 34.3 - - 11.1
AUNPs/VEGF¢,FAM 8.0 3.6 1.0 0.0 87.4
VEGF,,FAM 66.7 18.5 2.0 12.9
AuNPs/VEGFG|yFAM 9.5 4.5 0.9 1.5 83.7
VEGFg, FAM 67.3 15.7 1.6 15.3

Accordingly, due to the replacement of the citrate shell by the
peptide molecules adsorbing at the interface, the atomic
concentration for Au4f increases. It must be noted that no traces
of N1s and S2p were detected at the surface of bare AuNPs,
whereas, after the coating by the peptides, comparable amounts
of sulphur were found for both AuNPs/VEGFGyFAM and
AuNPs/VEGFcysFAM.

The S2p high-resolution spectra of the two peptides, both free
and bound to the gold nanoparticles are shown in Figure 21. The
peak deconvolution has been performed according to the
presence of a doublet corresponding to the S2p3» and S2pi»
components, at a relative distance each from the other of 1.2 eV
and with an intensity peak ratio, S2p32/S2pi.2, of about 2:1. The
higher binding energy (BE) component S2p32 has been assigned
to the following chemical states of sulphur: S-Au bonds, at
BE=161.3 £0.2 eV!%!% (SO component); S-C bonds, e.g. in
cysteine and methionine residues, at BE=163.5 £0.2 eV'*(S1

component); S-O bonds, at increasing oxidation levels,

84



Chapter 3 — Metal surfaces at the biointerfaces

respectively at BE= 166.3 £0.2 eV'®? (S2 component); 168.4
+0.2 eV (S3 component) and 170.7 £0.2 eV (S4 component).'?>

AUNP/ VEGF-Cys-FAM | { VEGF-CysFAM
4 ? *
(@) —=simizen) S-Au (b) {—srimzen S-0,
-51(163.7 8V) J—s2(168.4eV) e
‘—33:1534:"; “ —S;HBE.BeV: -\ SC
/™
\

v A

Intensity {(a.u.)
| ntensity (a.u.)

B o
E=

172 170 168 166 164 162 160 174 172 170 168 166 164 162 160
— AUNP/ VEGF-Gly-FAM VEGF-Gly-FAM
(C) e 31 (153 EZ«,: (Cf) 51(1835 &V) ~
J—s2 (185 46V ..S-Au — 52 (1862 V)
—sS3 (168 3eV) . ot ] —s3 1688V} Jn
— 4 (1107 €W, A TN e < I

A

........

174 {72 170 168 166 164 162 160 174 172 170 168 166 164 162 160

BE (eV) BE (eV)

Figure 21. Representative high resolution spectra of S2p of bare AuNPs (a),
AuNPs/VEGFcysFAM (b), AuNPs/VEGFglyFAM (c) and VEGFcysFAM
(d), VEGFglyFAM(e) peptides, respectively.

Interestingly, although the free peptides exhibit different peak
shapes, the peak fitting analysis resulted in the same components
of'the S2p peak, i.e., S1, S2 and S3, at different relative intensity
ratio. Specifically, the S1/(S2+S3) ratio 1s 1.2 for VEGF-Gly-
FAM and 0.3 for VEGF-Cys-FAM. This finding can be
explained by the tendency of cysteine groups to oxidise in a non-
reducing environment!®® As to the peptides bound to the AuNPs,
for both AuNP/VEGF-Gly-FAM and AuNP/VEGF-Cys-FAM
the component SO of chemisorbed sulphur is found. In the case
of the peptide containing the cysteine such a component is
expected owing to the high binding affinity of thiol groups

towards metal surfaces.!®> On the other hand, in the methionine
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residue, the presence of electron pairs of the sulphur 2p orbitals
is likely to prompt, e.g., by coordinative binding, the formation
of S-Au bonds corresponding to SO component. It must be noted
that the relative intensity ratio between the components assigned
respectively to chemisorbed sulphur (S-Au) and S-C bonds,
correspond to the SO/S1 values of 3.1 for AuNP/VEGF-Cys-
FAM and 1.7 for AuNP/VEGF-Gly-FAM, thus confirming the
higher chemisorption process occurred in the presence of the
cysteine residue. As to the overall oxidation state of sulphur in
the AuNP/peptide assemblies, the values of the intensity ratio
S1/(S2+S3+S4) of 0.7 for AuNP/VEGF-Cys-FAM and 0.3 for
AuNP/VEGF-Gly-FAM point to a less extent of oxidation of the
sulphur moieties for the nanoparticle-bound peptide in
comparison to the free peptide in the case of VEGF-Cys-FAM.
The ToF-SIMS technique has been extensively used to study the
interaction of biomolecules with surfaces including nanofilms
and nanoparticles, often as complementary tool of XPS
studies.'”’

The Principal Component Analysis (PCA) method'”® used to
wisely analyse the ToF-SIMS spectra, and the corresponding
results are shown in Fig. 22. In this plot, each individual point
represents the ToF-SIMS spectrum acquired at a specific
location of the sample. PCI, represented on the vertical axis,
from the PCA study of positive ToF-SIMS spectra for AuNP,
AuNP/VEGF peptide and VEGF peptide samples reveals that
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the bare AuNP and the peptide-coated AuNP samples are clearly
discriminated, i.e. located in distinct regions (i.e., PC1<0) with
respect to the free peptide one (PC1>0). This results is found for
both for VEGFgiyFAM (left hand side panel) and VEGFcyFAM
(right hand side panel), respectively.
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Figure 22. Score Plot obtained from PCA analysis of positive ToF-SIMS
spectra (at least five spectra for each sample) of functionalized AuNPs with
VEGFgi,FAM peptide (on the right) and VEGFcysFAM (on the left).

In Fig. 23 is displayed a second PCA model, which takes into
account only the spectra recorded from bare and peptide-

functionalised AuNP samples.
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Figure 23. Score Plot obtained from PCA analysis of positive ToF-SIMS
spectra (at least five spectra for each sample) of bare and functionalized
AuNPs with VEGFgi,FAM peptide (left hand side panel) and VEGF¢FAM
(right hand side panel).
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The score plots showed in Fig 23 well discriminate between two
samples, and a higher separation is obtained for the ensembles
of PC1 values of AuNP vs. AuNP/VEGFgiyFAM than those of
AuNP vs. AuNP/VEGFcysFAM. According to the picture
figured out from UV-visible and XPS analyses, this finding is
explained in terms of the higher peptide coverage of the gold
nanoparticles by VEGFgyFAM with respect to VEGFcysFAM.
Preliminary experiments of cellular uptake of AuNPs, both bare
and peptide-functionalised, were performed in HUVECs by
confocal microscopy (LSM) in order to investigate the potential
application of these smart nanosystems as potential theranostic
nanoplatform. Figure 24 shows the highest cellular
internalisation of peptide for AuUNP/VEGFcysFAM, as visible by
the green emission of the FAM moiety covalently bound to the
peptide sequence; it must be noted that this fluorescence mostly
co-localises with the dark spots in the optical image (due to
metal nanoparticles aggregates), thus confirming the strong
chemisorption of the peptide containing the cysteine residue
onto the AuNPs. On the other hand, a lower green fluorescence
but still co-localised with AuNPs, is detected for
AuNP/VEGFaiyFAM, according to the weaker binding of this
peptide to the nanoparticle surface. No significant peptide
uptake could be detected for the free VEGFGyFAM (75 nM) nor
VEGFcysFAM (25 nM and 75 nM).
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Figure 24. LSM merged micrographs of fluorescence (blue: DAPI; green:
FAM) and optical bright field of HUVECs 24-hours treated with 2.5 nM bare
AuNP (a); (b) 75 nM VEGFg,FAM; (c) AuNP/VEGFg,FAM; (d) 25 nM
VEGFcysFAM; (e) 75 nM VEGF¢,sFAM; (f) AuNP/ VEGFc,FAM.

Moreover, the cells incubated for 24 h (37°C, 5% CO,) with 2.5
nM AuNP, 25 nM VEGFcysFAM, 75 nM VEGFGiyFAM and the

corresponding hybrid composites did not exhibit any toxicity.

3.6.3 Conclusions.

We were able to functionalize gold nanoparticles by the peptide
fragment VEGF73-101 by exploiting two different approaches
of adsorption, namely physisorption or chemisorption. The
peptide-functionalized AuNPs were scrutinised by different
spectroscopies (UV-visible, FTIR, XPS), spectrometric (ToF-
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SIMS) and microscopic (TEM, LSM) techniques. The
promising potentialities in the nanoparticle-driven cellular

uptake of the peptide were demonstrated.

3.6.4 Future work

We explained at the begging the importance of copper(Il) ions
in the angiogenesis development and as the copper can regulate
the production of VEGF. Further studies will carry out to
scrutinize the possible interaction of VEGF73-101
peptide/AuNP hybrid systems with the copper(Il) ions either in

solution or in vitro cellular environments.
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Silver nanoparticles functionalized with a
fluorescent cyclic RGD peptide: a versatile
integrin targeting platform for cells and
bacteria

In this paper, we addressed fabrication of a smart nanodevice to

specifically target cancer cells which are generally characterized

by an over-expression of specific receptors (Figure 26).
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Figure 26. Drug delivery strategy to target cancer cells. Adapted from ref.

199

Among them, integrins are well-known cell adhesion receptors

involved in several important functions for the survival of cells,

eg.,

receptor for extracellular matrix (ECM) proteins,

immunoglobulin, growth factors, cytokines, and matrix-
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degrading proteases. Integrins mediate adhesive events during
various cancer stages such as malignant transformation, tumor

growth and progression, invasion, and metastasis.>*’

3.7.1 Integrin receptors and targeting strategies

Integrins can be classified based on their properties or based on
their subunit composition. The integrin family comprises 24
transmembrane receptors: a divalent cation-dependent
heterodimeric membrane glycoproteins composed of non-
covalently associated a- and B-subunits (18 a- subunits and 8 -
subunits).?’! Each subunit is composed of (i) an extracellular
domain, (ii)) a single transmembrane region, and (iii)) a
cytoplasmic region.?? The combination of a- and B-subunits
determines the ligand binding specificity and signalling
properties of a given integrin.

Small protein-like chains designed to mimic a peptide and to
target receptors with a higher affinity than the natural ligand are
so called “peptidomimetics”. These compounds offer
advantages when compared to natural peptide such as increased
physiological half-lives and oral bioavailability. ?** Most
integrins recognize their respective ECM proteins through short
peptide sequences such as Arg- Gly-Asp (RGD), Glu-Ile-Leu-
Asp-Val (EILDV), or Arg-Glu- Asp-Val (REDV). The
discovery of the structural basis of the recognition between

integrins and their natural ligand have permitted the rational
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design of a selective integrin inhibitors without interfering with
normal tissues. This strategy called “tumour targeted drug
delivery approach” represents a promising strategy because
tumor vasculature and tumour cells display a well-differentiated
pattern of (over) expression of specific receptors (i.e., receptors
required for tumour angiogenesis).?%+?%

A wide variety of integrins are expressed on blood vessels of
human tumor biopsy samples but not on vessels in normal
tissues. For this reason, most of them are studied in various type
of cancer.?%® Specifically, ayBs; (vitronectin receptor) and aifs
(fibronectin receptor) integrins are studied to be selective toward
RGD tripeptide (Arg-Gly-Asp)**7-2%® and played a key role in
angiogenesis.?*

The RGD sequence was first discovered in the early 1970s by E.
Ruoslahti as a cell attachment site in fibronectin.?!® Nowadays,
the RGD sequence is currently the basic module for a variety of
molecules designed for the preferential binding to o.f3 integrin
and other integrins.?!! The affinity of RGD peptides for their
ligands may be modulated by, e.g., steric conformation, the
cyclization and linear conformation of the peptides, that could
influence receptor affinity, receptor selectivity, and other
biological properties.?!'

PEGylated RGD-containing peptides have been successfully
functionalized in AuNPs to target specifically cancer cells.?!?

The peptide encompass the sequence glycine-cysteine (GC) has
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been reported to stabilize gold nanoparticles by cross-linking.?!*
Therefore, the design and the synthesis of AuNPs capped by a
chimeric peptide named RGD-(GC)., have recently described.*
Similar to gold, AgNPs elicited a lot of interest as theranostic
platform.’> 215 Nevertheless AgNPs exhibit several more
attractive features in comparison to AuNPs: i) a narrower
plasmon bandwidth that permits more accurate measurements of

216

the local surface plasmon shift, “'® ii)) known anti-bacterial

217 and low propensity to induce bacterial resistance,'®

activity
and iii) availability of green synthetic approaches assisted by
biomolecules.?!” The few works reported on silver nanoparticles
conjugated to RGD-containing peptides, include the
demonstration of programmed cell death in carcinoma cells by

220 and the active

nuclear-targeted RGD-conjugated AgNPs
conjugation of silver nanoparticles with c-RGD, which rapidly
induced endosome formation and minimized nonspecific
interactions in comparison to passive PEGylation. %!
Promisingly, poly gamma glutamic acid-capsulated AgNPs
conjugated to c-RGD, carried out a sustained controlled release
specifically targeting the neovascularization cells and induced
apoptosis  unaffecting the normal retinal cells, thus
demonstrating potential applications as a boon to ocular

therapies.???
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The goal of this work was the comprehensive
physicochemical characterization of a hybrid peptide-metal
nanoparticle biointerface fabricated by the immobilisation,
through thiol chemistry, of a fluorescent cyclic RGD peptide
(See Scheme 4) onto AgNPs of 13 nm of diameter.
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Scheme 4- Structures of the fluorescent peptides FITC-(GC); (a) and FITC-

RGD(GC); (b) used for this paper. Reproduced from Ref. 223 with
permission from The Royal Society of Chemistry.

RGD peptide-functionalised AgNPs were investigated by a
multi-technique including spectroscopic (UV-visible, FTIR
and XPS), spectrometric (ToF-SIMS) and microscopic
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(SEM, TEM, AFM) techniques as well as dynamic light
scattering and (-potential measurements. Results were
indeed very promising, with proof-of-work confocal
microscopy imaging experiments on neuroblastoma and
K562 cell lines, which overexpress respectively the avf3 and
asP1 integrins, validating the assembled systems as versatile
and multifunctional theranostic nanoplatform.

To the best of our knowledge, this is the first work that deals with
RGD peptide-silver nanoparticles, with a comprehensive
physicochemical study of the hybrid biointerface, in view of its

application at with cells and bacteria.’*

3.7.2 Synthesis of Fluorescent RGD peptide-functionalised
silver nanoparticles.

Spherical AgNPs were prepared by sodium borohydride
reduction method.?** The obtained bright yellow dispersion of
AgNPs were characterised of 13 nm in diameter, as expected by
the plasmon band centred at 389 nm of wavelength. The Figure

27 display the obtained colloidal dispersion.
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Figure 27. Image of AgNPs dispersion obtained from borohydride reduction
method.

3.7.3 Results and discussion

3.7.3.1 Physicochemical characterisation of RGD-
functionalised AgNPs.

A spectroscopic study by UV-vis spectroscopy of AgNPs
dispersions was carried out to observe the plasmonic shifts,
which are a straight marker of size and/or shape modifications
of the nanoparticles, upon the addition of peptides (as we
demonstrated in this thesis in the previous chapters). To
scrutinize whether the introduction of the FITC group in the two
peptide sequences (GC), and RGD(GC); altered the adsorption
process onto the metal nanoparticle, both fluorescent and non-

fluorescent sequences were investigated. Figure 28 (reported
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also in the PAPER IV) show the spectra of the silver
nanoparticles in the titration experiments carried out by addition

of peptides at increasing concentrations.

Abs
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Figure 28. UV-visible spectra of silver colloids (4.6x10% NP/mL) upon the
addition of increasing concentrations of: (GC), (a), RGD(GC): (b), FITC-
(GC): (¢), FITC-RGD (GC); (d). Reproduced from Ref. 223 with permission
from The Royal Society of Chemistry.

All spectra showed an overall trend of absorbance decreasing
and red-shifts in the plasmonic peak but with different trends for
each peptide. An explanation of these different behaviours was
inferred due to other type of binding not only the mere

chemisorption interaction of the cysteine groups to the metal

surface but also other specific contribution, e.g., electrostatic
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attraction between the anionic silver nanoparticles and the
cationic guanidine side chain of arginine in the RGD sequence.
It is to note that the spectral modification for all the
peptide/AgNP assemblies studied was concomitant with the
enhancing of brightness of the silver colloidal dispersion,
explained in terms of stabilization towards aggregation, due to
the nanoparticle coating by the biomolecules. Indeed, the freshly
prepared dispersion of bare AgNPs was pale yellow and turned,
at the used experimental conditions, to brown-grey after few
hours. Conversely, the hybrid peptide/metal nanoparticle system
was much more stable, with the yellow colour retained on a time
scale of days.

To discriminate between the two possible processes responsible
for the observed plasmonic shifts, i.e., particles aggregation
and/or actual surface adsorption, the flocculation assay, where
an electrolyte solution (NaCl) was added to the colloidal
dispersion to disrupt the electrostatic mechanism of stabilisation,
was used (see Figure S1 in PAPER IV). The obtained results
indicated that the electrolyte neutralized the surface charge of
the AgNPs, i.e., the borohydride ions used both to reduce the
ionic silver and to stabilize the formed nanoparticles, carrying
colloidal dispersion to the aggregation. On the contrary, an
almost negligible stabilization in term of absorbance intensity of
the plasmonic peak was measured in the peptide-added NPs. On

the basis of these data the actual formation of a peptide coating
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was inferred. Such an adlayer, adsorbed both chemically and
physically, acted as a shell around the metal core thus drastically
decreasing the colloidal aggregation. According to the spectra
(reported in Figure 1 and S1 PAPER 1V), the coverage of AgNPs
was calculated to be of about 1.6x10'? peptide molecules/NP for
both (GC), and RGD(GC), and of about 6.6x10° peptide
molecules/NP for both FITC-(GC), and FITC-RGD(GC),
respectively.

In order to remove the loosely bound and/or unbound peptide
molecules, centrifugation step occurred and the collected
supernatant and pellets (as displayed in the Figure 29) were
characterised by UV-Vis spectroscopy (Figure 2 — PAPER 1V).
The spectra of pellet recovered after the centrifugation of hybrid
peptide/silver nanoparticle exhibited a red-shifts in comparison
to as prepared dispersion of 14 nm for FITC-(GC); and 11 nm
for FITC-RGD(GC).. A contribution to these spectral features
could be attributed to a partial aggregation.

Figure 29. Peptide/AgNP dispersion after the centrifugation step. In the red
circle is highlighted the collected pellet.
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DLS analyses confirmed the increase of the hydrodynamic
diameter to ~ 60 nm for the re-suspended pellet of Ag/FITC-
(GC)2 and a minor size change to ~ 29 nm for that of Ag/FITC-
RGD(GC): (Fig 2 c-d, PAPER 1V).

The characterization by C-potential of the bare and peptide-
coated NPs indicated that the anionic bare AgNPs (ZP ~-20 mV)
were neutralised by FITC-(GC). peptide immobilization (ZP ~
0) and exhibited a further increase of the surface negative charge
after the functionalisation with FITC-RGD(GC), (ZP~ -30 mV).
A likely explanation of such a finding, according to the titration
experiments discussed above, was given in terms of the
preferential orientation of anionic carboxylic groups (in the
aspartic acid residue) and of the cationic guanidine group (in
arginine) respectively outwards and towards the AgNP surface.
It is to note that the charge neutralization of the nanoparticle
upon the immobilisation of FITC-(GC). was in agreement with
the observed aggregation effect, owing to the predominance of
dispersive Van der Waals attraction forces compared to the
electrostatic repulsions among the AgNPs.

AFM results (Figure 3 - PAPER 1V) further confirmed the
aggregation effect for AgNPs functionalised with (GC); peptide
and clearly showed a different morphology of the nanoparticle
surface, with the increase of average size after the peptides

adsorption. Noteworthy, the phase images displayed a soft shell
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(brightest areas) in the RGD peptide-coated compared to the
bare nanoparticles.

The characterization by SEM of re-suspended pellets evidenced
the presence of dimer aggregates, with average dimensions of
about 20 nm with no significant different among all samples.
On the other hand, the TEM micrographs (See Figure 30)
displayed the successful peptide coating of the nanoparticles, as
evidenced by the appearance of a uniform shell around the core

metal (also confirmed by AFM results).
(a) (b) (c)
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Figure 30. TEM (bottom; scale bar = 50 nm) micrographs of AgNPs from
the re-suspended pellet after centrifugation: (a) bare AgNPs; (b)
AgNP/FITC(GC)y; (c) AgNP/ FITC-RGD(GC).. Reproduced from Ref. 223
with permission from The Royal Society of Chemistry.

FT-IR spectra of hybrid AgNP/peptide systems, compared to the
reference peptides and bare AgNP samples, showed very similar
spectral features (as Figure S2 reported in PAPER 1V) but the
whole spectra were strongly affected. For our purpose, the most
characteristic features were two visible weak peaks at 2450 and
2650 cm’!, due to the free cysteine (-SH), which were not any

more visible in the case of AgNP/peptide systems, indicating
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that an actual chemisorption process occurred via the thiol
moieties.

The quantitative XPS analysis, show in Table 2, confirmed the
presence of the peptide in the hybrid peptide/ AgNP assemblies
by the detection of nitrogen and sulphur signals, not found in the
bare AgNPs (Table S1 in PAPER IV). Bare AgNPs showed an
actual surface atomic composition consistent with a metal
substrate covered with an organic overlayer, according to the
carbon and oxygen contents respectively of about 74% and 23%.
The peptide molecules are expected to replace the shell of
stabilisers ions wrapping the metallic core. Accordingly, the C/O
ratio changed from ~ 3.2 in uncoated Ag NPs to ~ 2.6 in FITC-
(GC)2/AgNP and ~ 23 for FITC-RGD(GC)./AgNP,

respectively.

Table 2. Surface atomic composition of bare and peptide-functionalized
AgNPs.

C ls(at. %) | N ls(at. %) | O Is(at. %) [S 2p (at. %) [ Ag3d (at. %)
Bare AgNP 74.2 - 23.2 - 2.6
FITC-(GC),/AgNP 65.4 22 28.4 0.8 3.2
FITC-RGD(GC),/AgNP 65.1 2.6 253 1 6.1

Representative high resolution XPS spectra (in Figure 5 -
PAPER IV), displayed the Ag3d and S2p spectra for the peptides
as well as the peptide-AgNP systems, confirmed the results
obtained. In fact, the adsorption/chemisorption of peptide on
AgNPs surface is inferred by either (i) the shift of Ag3d peak to
higher binding energies in the peptide-coated AgNPs samples,
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due to charge-transfer effects from the metal to the peptide
molecules; and (i) in the case of peptide-coated AgNPs samples,
the presence of a weak but visible component around 162-163
eV in the S2p signals assigned to sulphur atoms chemisorbed to
the silver surface.

ToF-SIMS together with PCA analysis helped to further
chemically characterize peptide/silver nanoparticles. Positive
ToF-SIMS spectra in Figure 31 (Figure S3 in PAPER 1V) of
AgNPs, AgNP/FITC-(GC). and AgNP/FITC-RGD(GC):
samples exhibited many peaks, as typical in ToF-SIMS spectra
of peptides and proteins, globally similar but with some

differences in their relative intensities.
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Figure 31. Positive ToF-SIMS spectra of AgNPs, AgNP/FITC-(GC), and
AgNP/FITC-RGD(GC); (from the top to the bottom). Reproduced from Ref.
223 with permission from The Royal Society of Chemistry.
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PCA method was used to wisely analyse the ToF-SIMS spectra
obtained (see Figure 6 — PAPER IV). PCA analysis was able to
discriminate the bare AgNP samples from the peptide/AgNP
samples.

The loading plots collected the most significant peaks which
explained the PCA model. In particular, we found characteristic
ionized fragments associated with the peptides reference
samples such as various carbonaceous fragments, including the
fragment CoH oSN" which is characteristic of the cysteine, and
CH4N", which is encountered in most of the amino acids.
Moreover, the negative ion ToF-SIMS spectra were relevant to
the characterization of Ag-S interfacial bonds, because of
sulphur atoms that give rise to intense S™ ions. The score plot
obtained from PCA analysis discriminated from AgNP and
peptide/AgNP as before (Figure 6b - PAPER IV).

The characteristic ionized fragments listed in the loading plot
(Table S2 in PAPER 1V) displayed two fragments of CN™ and
CNOr, characteristics respectively of amine and amide moieties
were found, and S” and HS™ ions, characteristic of the cysteine
amino acid.

In conclusion, ToF-SIMS analysis could not detect a clear
evidence of Ag-S bonds (at the near-surface region). This fact
can be explained by differences in the ordered arrangement of

the peptide molecules at the nanoparticle surface, with a
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thickness of the adlayer higher than the = 1 nm (top-surface
region), which is the depth probed by the ToF-SIMS technique.
It is noteworthy that the ToF-SIMS technique presents a
sensitivity of 1-2 order of magnitude higher than the XPS
technique. Indeed, XPS analyses discussed above clearly
revealed signals from sulphur moieties in the hybrid
AgNP/peptide samples but with a very low intensity of the S2p

line related to thiolate bound to silver.

3.7.3.2 Cellular Experiments

Proof-of-work cellular experiments of confocal microscopy
imaging were performed to assess the capability of the
AgNP/peptide hybrid systems to be internalized by two different
cell lines, awf3 and asP1 integrins, respectively.

avB3 integrin is expressed at low levels on mature endothelial
cells and epithelial cells, conversely it is highly expressed on the
activated endothelial cells of tumor neo-vasculature and other
tumor cells, including osteosarcomas, neuroblastomas,
glioblastomas, melanomas, lung carcinomas, and breast
cancer. > Undifferentiated and differentiated neuroblastoma
SH-SYS5Y cells have been shown to express ai, o3, and P
integrin subunits, as well as concentrations of a2, a4, 0s, o6, and
o integrin subunits.?%

While the a3 integrin cooperates with certain growth factors,

potentiating their effect on cells, the asP1 integrin appears to be
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a growth-suppressing integrin, and it protects cells from
apoptosis when growth factors are absent.??’ It is also to note
that several pathogens utilize ECM protein fibronectin as a
molecular bridge, indirectly linking the bacterial surface with
the aspi integrin. >® An important feature that makes cell
adhesion receptors prime targets for bacterial adhesion and
invasion is their functional connection to the intracellular
cytoskeleton whose rearrangements can lead to cellular
invasion. A non-peptide antagonist of integrin asfi, able to
inhibit internalization of streptococci by primary human
tonsillar epithelial cells, increased the extent of bacterial killing
by antibiotics. > A cellular model which overexpress the
fibronectin receptor is the K562 cell line, which endogenously
express asPi, with oyf3.2%°

Neuroblastoma cells treated with free peptide and peptide/ AgNP
systems were reported in the Figure 32 (Figure 7 — PAPER IV).
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(a) (b) (c)

(d) (e) (f)

Figure 32. Bright field optical and fluorescence confocal (DAPI, blue; FITC,
green) merged micrographs of neuroblastoma SH-SYS5Y cells untreated (a)
and 2-hours treated with: 5 puM peptides (b: FITC-(GC),, c: FITC-
RGD(GC),); 3 nM AgNP (d); nanoparticle/peptide systems at 3 nM
nanoparticle concentration (e: AgNP/FITC-(GC);, f: AgNP/FITC-
RGD(GC),). Reproduced from Ref. 223 with permission from The Royal
Society of Chemistry.

The comparison with cells treated with the free peptides (Figure
32d) evidences slight differences in the cellular uptake of the
two peptides, in terms both of different sub-cellular localization
and of intracellular accumulation, e.g., a less spread and more
intense green fluorescence for cells treated with FITC-(GC)
than those treated with FITC-RGD(GC),. For cells incubated
with AgNP/FITC-(GC), (Figure 32¢) and AgNP/FITC-
RGD(GC); (Figure 32f), the trend displayed was similar to that

found in cells incubated with the free peptides, but an amplified

fluorescence was visible. Therefore, the peptides immobilized
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onto the AgNPs exhibited a higher internalization, due to the
sum of passive transport, related to the nanoparticle carrier, and
the active transport, related to the specific peptide sequence. The
observed differences, i.e., lower cellular uptake when RGD is in
the peptide sequence, can also be related to steric hindrance
effects.

As to leukaemia K562 cells, figure 33 (Fig. 8 — PAPER 1V)
shows that unbound FITC-(GC). (Figure 33b) and FITC-
RGD(GC), (Figure 33c) peptides were not internalized by the
cells at the used experimental conditions. However, there was a
visible uptake of AgNPs (Figure 33d, dark spots) and also, for
the cells treated with the hybrid AgNP/peptide systems, a slight
intracellular green fluorescence, which revealed the actual
peptide molecules internalization. Such a fluorescence was
mostly confined at the cell membrane, visibly lower for cells
incubated with AgNP/FITC-(GC), (Figure 33e) than those
treated with AgNP/FITC-RGD(GC); (Figure 33f).
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(b)

Figure 33. Bright field optical and fluorescence confocal (DAPI, blue; FITC,
green) merged micrographs of leukaemia K562 cells untreated (a) and 2-
hours treated with: 5 uM peptides (b: FITC-(GC),, ¢c: FITC-RGD(GC),); 3
nM AgNP (d); nanoparticle/peptide systems at 3 nM nanoparticle
concentration (e:  AgNP/FITC-(GC),, fi AgNP/FITC-RGD(GC),).
Reproduced from Ref. 223 with permission from The Royal Society of
Chemistry.

Therefore, the AgNP/peptide platform was effective to achieve
a cellular uptake of the peptides that could not be reached, at the
same experimental conditions, with the free peptides. Moreover,
also in this case, some peptide-specific differences in the cellular
uptake occurred, therefore suggesting that the peptide
immobilized at the surface of the silver nanoparticle still

maintained its activity towards the specific integrin receptor.
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3.7.4 Conclusions

The obtained results clearly demonstrated that the hybrid
peptide/AgNPs assemblies keep some specific activities in the
uptake by neuroblastoma SH-SY5Y and leukemia K562 cells,
likely related to the specific peptide sequence. Moreover, the
different cellular uptake showed by the two cell lines pointed to
certain cell selectivity towards the uptake of the peptide-coated
nanoparticles. It is to note that the effects of the binding to aisf:
and ovfB3 depend on signaling specific pathways for these
integrins. Moreover, integrins require activation from the inside
of the cell to be able to bind their ligand outside the cell. High
asP1 expression and abundant matrix formation also suppress
tumorigenicity in vivo, whereas perturbing the function of asf1
with peptides that block its ligand binding suppresses
experimental metastasis.?*® Effecting these changes in tumor
cells by a theranostic platform such as the AgNP/RGD-peptide
assembly may provide new potentially highly effective cancer

therapies.

3.7.5 Future Perspectives

Further experiments, by staining cellular organelles such as
lysosomes, mitochondria and Golgi with the respective dyes, are
planned to map precisely by co-localization analysis the fate of

the peptide-conjugated AgNP nanoplatform inside the cells.
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4 Graphene oxide and its derivatives at the
biointerface with curcumin-loaded lipid
bilayers, albumin and doxorubicin.

4.1 Graphene and Graphene oxide nanomaterials
in theranostics

Carbon nanomaterials, such as graphene (G) and graphene oxide
(GO), have been at the focus of recent investigations for
potential applications in various areas ranging from
nanoelectronics, composite materials, energy technology,
sensors, and catalysis, which have been summarized by several
review articles.?3!232

G is a material composed by sp’>-bonded carbon atoms. As a
basic building block of other carbon allotropes, G can be
wrapped to generate 0D fullerenes, rolled up to form 1D carbon
nanotubes, and stacked to produce 3D graphite.?** Particularly,
the intensive research on the bio-applications of G and its
derivatives is due to many fascinating properties, such as high
specific surface area (2630 m?/g), exceptional electronic
conductivity (mobility of charge carriers, 200,000 cm? V! s1),
thermal conductivity (~5000 W/m/K) and mechanical strength
(Young’s modulus, ~1100 GPa).?!

After the observed micromechanical exfoliation of G by
Novoselov et al. in 2004,%** various methods for the design of

new synthetic routes have been developed, such as chemical
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exfoliation of graphite, 2> chemical vapor deposition (CVD)

h?*¢ and chemical synthesis.?*’

growt
Moreover, beyond the applications aforementioned, the
biomedical application of G and its derivates is a relative new
area with significant potential.>*® Even though G surfaces have
successfully found many applications,* its poor solubility and
difficult processability in water make it a less than ideal material
to work in biomedical fields. Instead GO sheets, which exhibits
hydroxyl and epoxy groups on its basal planes and carbonyl
groups at the edges, not only readily swell and disperse in
aqueous media, but also provide an optimal nanoplatform for the
interaction with biomolecules.**

In the last years, carbon-based nanomaterials have found many
applications as potential drug delivery systems. The delocalized
n-electrons on graphene plane enable the binding of various
drugs via non-covalent interactions; also, the conjugation
through specific chemical bounds with selective drugs can be
realized. Therefore, graphene and graphene oxide for drug and
gene delivery have been extensively discussed in many
reviews,?*!?*2 for in vivo promising application.

One of the possible therapeutic applications of graphene family
nanomaterials (GNFs) include photo-therapies, mainly

photothermal therapy (PTT) and photodynamic therapy

(PDT).?**2* These strategies are able to destruct cancer cells
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upon specific light irradiation specifically targeting cancer
without significant damage to normal organs in dark.

The GO-based nanomaterials have been extensively explored to
develop sensitive biosensors. >4 - 2% Exploiting the efficient
fluorescent quenching ability of graphene, novel fluorescent
resonance energy transfer (FRET) devices have been
developed.?*” The unique electronic properties of G were also
applied to directly detect bio-signals from living cells based on
Field Effect Transistor (FET) devices.>*® Moreover, the hybrid
nanocomposites composed by graphene and noble metals have
been widely utilized as Raman signal enhancing substrate in
various SERS-based biosensors. 2 These systems showed
synergistically enhanced sensing performance compared to the
typical systems with one kind of metal.

Finally, a matrix for detection of molecules graphene-based
nanoplatform for matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) has been

reported.>’

4.2 Synthetic strategies for the synthesis of GO
and its derivatives.

GO sheets have a history that extends back many decades to

some of the earliest studies involving the chemistry of graphite.

The first well-known example came in 1859 when British

chemist B. C. Brodie performed a reaction adding potassium
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chlorate (KClO3) to a slurry of graphite in fuming nitric acid
(HNOs).?! Brodie determined that the resulting material was
composed of carbon, hydrogen, and oxygen, dispersible in pure
or basic water, but not in acidic media, which prompted him to
term the material “‘graphic acid”’.

L. Staudenmaier improved Brodie’s preparation by adding the
chlorate in multiple aliquots over the course of the reaction and
concentrated sulfuric acid to increase the acidity of the mixture.
This slight change in the procedure resulted in an overall extent
of oxidation.>?

After Staudenmaier, Hummers and Offeman developed an
alternate oxidation method by reacting graphite with a mixture
of potassium permanganate (KMnQO4) and concentrated sulfuric
acid (H2SOs), again, achieving similar levels of oxidation
(Figure 34).>>3 After Hummers and Offeman synthesis, many
other versions have been proposed, but in reality, little changing
have been applied. »** Some differences can be obtained
changing the type of oxidants used, the graphite source and
reaction conditions. Also, other discriminating characteristics of
GO are the number of layers, surface chemistry, purity, lateral

dimensions, defect density and composition.
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Figure 34. Scheme of graphite oxidation using Staudenmaier method
with subsequent thermal exfoliation. Adapted from ref. 255.
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GO produced by rough oxidation of crystalline graphite and
followed by dispersion in aqueous medium through sonication
or other processes is obtained as multilayers. In fact, the basal
plane of GO contains free surface n-electrons from unmodified
areas of G, which are hydrophobic and capable of n—n
interactions  for drug loading and  non-covalent

functionalization.  2°

However, repeated  treatment,
centrifugation and harsh environment lead to production of
monolayer oxidized graphene. The presence of functional
groups creates high defect density due to their disrupted sp*-
bonding networks in GO thereby reducing its mechanical,
electrical and thermal properties.?’

Reduced graphene oxide (rGO) belongs to the GFNs. rGO is
mainly produced to recover the electrical, thermal, and
mechanical properties of G, restoring the m-network and
reducing the oxygen content, surface charge, and

hydrophilicity. »°® rGO can be obtained following different

reaction processes ranging from chemical to physical methods.
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Scalability is a fundamental requirement of a useful synthetic
protocol if graphene wants to be broadly utilized.

Among chemical reduction reactions, the most common is
certainly the reaction with hydrazine monohydrate.*> One of the
disadvantages of using hydrazine, or in general chemical
methods of reduction, is the introduction of heteroatom
impurities. While effective at removing oxygen functionality,
nitrogen tends to remain covalently bound to the surface of GO,
likely in the form of hydrazones, amines, aziridines or other
similar structures.?®® Residual C-N groups have a profound
effect on the electronic structure of the resulting graphene,
functioning as n-type dopants.?®!

Other reducing agents are lithium aluminium hydride (LAH),
but the major challenge is the dispersion of the reagent in

water; 262

sodium borohydride (NaBHs), more effective than
hydrazine as a reductant of GO;*®® hydroquinone,?®* gaseous
hydrogen (after thermal expansion),?¢* and strongly alkaline
media.?®> Sulfuric acid or other strong acids can also be used to

6

facilitate dehydration of the graphene surface.?®® “Green”

reducing agents can be utilized as vitamin C or ascorbic acid,?®’
bovine serum albumin (BSA)*%® and bacterial respiration.*’

Electrochemical reduction is considered an alternative method
to produce rGO.?’° In principle, this could avoid the use of
dangerous reductants (e.g. hydrazine) and disposing of the by-

products. After depositing thin films of GO on a variety of
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substrates (glass, plastic, ITO, etc.), electrodes were placed at
opposite ends of the film and linear sweep voltammetry was run
in a sodium phosphate buffer.

Even if chemical reduction is the most common methods to
produce rGO, physical approaches can also generate exfoliated
and reduced GO. Thermal exfoliation and reduction of GO
happens by directly heating.?’! The by-products caused by
heating leaves behind vacancies and topological defects
throughout the plane of the reduced GO platelets, which
inevitably affect the electronic (and probably the mechanical)
properties of the products by decreasing the ballistic transport
path length and introducing scattering sites.?’>

Other physical reduction methods can be mentioned are
photothermal reduction®’® and sonolysis.?”*

Recently, “green” approaches to produce rGO sheets have been
developed as microwave-assisted reduction *”° and UV-
irradiation. 2’® Also, a laser-assisted synthesis of rGO at the

water-air interface was demonstrated by Compagnini et al.?”’

4.3 Covalent or non-covalent functionalization
strategies of graphene.

Functionalization of GFNs with small molecules, polymers,

nanoparticles is a strategy widely used to enhance or alter the

properties required for specific application. It is well known that

the surface chemistry of nanomaterials is the key to improve the
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biocompatibility of nanomaterials and control their behaviour in
biological systems. Depending on different application
purposes, various surface coating strategies of GO and rGO,
including covalent and non-covalent approaches, have been
designed to engineer functionalized graphene-based materials
for use in biological application.

Theoretically, owing to the rich chemistry of hydroxyl,
carboxyl, and epoxy groups, GO has been used very often as the
starting materials for the formation of graphene derivatives
through the covalent attachment of organic groups on its
surface.?’

GO can react with polymeric chains that have reactive groups
such as hydroxyls and amines. The conjugation with polymers
confers to GO new reinforcement characteristics as
dispersibility, mechanical strengthening, and several
morphological characteristics. For example, poly(ethylene
glycol) (PEG) can be grafted onto GO nanoplatelets for different
reasons: i) to enhance their dispersible in water (also, in several
biological solutions such as serum or cell medium) and their
biocompatibility; ii) to reduce their non-specific binding to
biological molecules and cells and iii) to improve their in vivo
pharmacokinetics for better tumor targeting. This important
characteristic makes PEGylated GO an important candidate for
the delivery of hydrophobic drugs in biological systems.?”
Besides, other polymers have anchored to GO. Polyacrylic acid
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(PAA) and poly(N-isopropylacrylamide) (PNIPAM) have used
to modify graphene based nanocomposites to be environmental
pH-responsive and thermal-responsive, respectively.?*°

The residual oxygen-containing groups give to the rGO a weaker
chemical reactivity as regards organic groups that can be grafted
onto the graphene surface through oxygen linkers. The first
strategy to chemical functionalize RGO using residual oxygen
groups has been presented by Hsiao et al.?®! Moreover, the
solubility of rGO in aqueous solutions usually becomes worse
because of the loss of oxygen-containing hydrophilic groups.
Some examples of the possible covalent polymer
functionalizations on rGO can be the bounding with poly(L-
lysine) (PLL) to make dispersible devices in biological solution
and useful for theranostic applications,?®? as well as, polystyrene
(PS) chains to improve the mechanical properties of tGO.?%3
Apart from conjugated polymers, simple organic chromophores
such as porphyrins, phthalocyanines, and azobenzene with very
interesting optoelectronic properties have been covalently
attached on graphene nanoplatelets.?®*

Besides covalent chemical reactions, graphene can also be non-
covalently functionalized by polymers or biomolecules via
hydrophobic interactions, n—r stacking, or electrostatic binding.
Via non-covalent interactions, G and GO can be stabilized by a

surfactant or amphiphilic polymers to improve their stability in

aqueous solutions. However, for biomedical use, biocompatible
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polymer coatings are usually preferred. In fact, non-covalent
coating of PEG grafting was developed using rGO with
excellent physiological stability and ultra-long blood circulation
half-life useful for photothermal cancer treatment.*®

The non-covalent functionalization method is essentially based
on hydrophobic interactions between the graphene surface and
amphiphilic polymers. Since GO sheets are highly negatively
charged, a positively charged polyelectrolyte can bind GO via
electrostatic interactions. For instance, this approach can be

exploited for gene transfections 2%

and drug delivery. For
example, in this last case, doxorubicin (DOX) was loaded on GO
using positively charged folate conjugated chitosan.®’

Furthermore, natural reducing agents as curcumin was also used
to both reduce and functionalize GO through n-n attachments

onto its surface.?®®
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4.3.1 The hybrid nanobiointerface between nitrogen-
doped graphene oxide and lipid membranes: a
theoretical and experimental study.

The functionalization of graphene using organic moieties
constitutes an affordable way to modulate its physical and
chemical properties, especially at the interface with
biomolecules. The large surface area and the combination of
hydrophobic character and n—n stacking interaction with drug
molecules are some reasons for the interest of graphene
application in theranostics.?*" 2%

On the other hand, GO with a number of hydroxyl, epoxy and
carboxyl groups is hydrophilic, with an excellent solubility in
water. In particular, the introduction of amino groups at
graphene surface is one of the most attractive approaches to
control the charge-potential landscape at solid-liquid
interfaces, for engineered novel devices for applications in
catalysis and energy conversion as well as sensing and
biodevices.?*'*?*? For example, a theoretical study about the
thermal stability and thermodynamics of amino- and
ethylamino-graphene found that more amino groups stabilize the
functionalized graphene thus favouring further amination,
whereas a small concentration of amino groups is unstable in
many cases.>”?

Because of the gained importance in the application of GO at the
biointerfaces, the study of the engineered nanomaterial

interactions with the biological membranes***°° have increased

122



Chapter 4 — Graphene and its derivatives at the biointerfaces

to scrutinize the possible mechanisms of the cytotoxicity of
GO.?*° In fact, lipid vesicles as small unilamellar phospholipid
vesicles (SUVs), spontaneously adsorb and subsequently
rupture under appropriate conditions and on a hydrophilic
surface. ?” This spontaneous phenomenon to form planar
membrane is exploited to the formation of so called supported
lipid bilayers (SLBs) on solid substrates.>*® SLBs (Figure 35) are
bilayer membranes existing at the solid liquid interfaces which
are used to mimic the fundamental physicochemical properties
of lipid bilayers and also as cell membrane model systems in

vitro.*®®

Figure 35. Representative supported lipid bilayer at the solid liquid interfaces.

Different parameters are involved during the formation and
control of the properties of SLBs. Among them, the fabrication
techniques, the physical/chemical properties of the substrate
surfaces can influence the formation, the stability and the
behaviour of SLBs.*” A hydrophilic surfaces is a prerequisite

for the spontaneous SLB formation from
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adsorption/rupture/fusion processes of lipid vesicles. Thus,
mica, glass, silica, quartz and TiOs are generally used.**! For
example, Satriano et al. demonstrates a SiO2 coating made from
poly(hydroxymethylsiloxane) (PHMS) that reproducibly
allowed for SLB formation from vesicles. The surface of PHMS
films was converted, via plasma oxidation, into a SiO,- like,
stable, very hydrophilic and smooth overlayer.?*

Other parameters for the interaction between lipid bilayer
membranes and solid substrates include the lipid composition,*®
the size of vesicles and temperature.%*

The most common in situ label-free methods for the
characterization of SLB interfaces are: quartz crystal
microbalance with dissipation monitoring (QCM-D),*% due to
its unique ability to distinguish between intact vesicle adsorption
and SLB formation on the surface; surface plasmon resonance
(SPR),*% ellipsometry,**” and AFM.3%®

The fluidity of cell membranes is another important factor for
biological reactions, many of which include the lateral
molecular diffusion as a fundamental process for the lateral
molecular transportation and formation and/or dissolution of
two-dimensional domains.>*® The fluidity of SLBs is evaluated

by fluorescence recovery after photobleaching (FRAP), 3!°

fluorescence correlation spectroscopy (FCS) 3!

and single
molecule tracking (SMT). 32 Generally, diffusion in a

macroscopic area on the order of several micrometers to 100 um

124



Chapter 4 — Graphene and its derivatives at the biointerfaces

i1s evaluated with FRAP, while it is possible to detect the
diffusion at a narrower region with FCS and SMT in principle.
Specifically, in the FRAP technique, a small spot on the
fluorescent surface is photobleached by a brief exposure to an
intense focused laser beam, and the subsequent recovery of the
fluorescence is monitored by the same, but attenuated, laser
beam. Recovery occurs by replenishment of intact fluorophore
in the bleached spot by lateral transport from the surrounding
surface. The lateral molecular diffusion in SLBs is always under
the effect from substrates. It is reported that the diffusion
coefficient (D) of lipids in SLB is calculated by using the
Axelrod's algorithm®'® Deoerr = 0.88w?/411/2, where w is the
radius of the bleached area and 112 describes time for 50%
recovery.

Finally, various kinds and sizes of domains and clusters exist in
cell membranes and play key roles in signal transportation and
molecular recognition through and on cell membranes. A
representative example is the concept of “raft domains”, but the
relation between the properties of such domains and biological
functions are still to be elucidated. SLBs will be also valuable as
artificial reaction fields to study how two-dimensional
assemblies of lipids and proteins affect biological functions. For
instance, the adhesion of lipid vesicles having controlled
chemical and physical structure to polymer supported human

serum albumin (HSA) thin layers was investigated, at varying
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parameters such as the chemical composition of lipid bilayer,
suspending solution and protein film.*!*

Also GO induces the rupture of pre-adsorbed liposomes and the
formation of a nanocomposite, bio-nonbio multilayer structure,
consisting of alternating graphene oxide monolayers and lipid
membranes, with an important role played by electrostatic
interactions between graphene oxide and lipid headgroups.®!>
Recently, Wu et al., provided evidence that overcoming the
electrostatic repulsion of phosphate group, its hydrogen bonding
attraction as well as the electrostatic and hydrophobic interaction
of choline group are the driving forces for the effective
adsorption of GO on lipid membrane.>!®

However, a comprehensive understanding about the nature of
the interaction between GO and lipid membrane still remains
challenging. As this regard, we address a comparative
investigation of GO and nitrogen-doped GO (N-GO) at the
hybrid nano-biointerface with lipid bilayers at the two pH of
7.4 and ~6. This study provides the first investigation, both
theoretical and experimental, of the interaction between N-
GO and lipid membranes. The effect of the graphene-lipid
biointerface for drug delivery applications was scrutinized

by using the case study of curcumin (Curc).
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4.3.2 Curcumin

Curcumin (Curc), bis(4-hydroxy-3-methoxyphenyl)-1,6-diene-
3,5-dione, is a low molecular weight polyphenol yellow
compound derived from the rhizome of the plant Curcuma
longa. It has been widely used in traditional Ayurvedic and
Chinese medicine since the second millennium BC.3!” Curc has
a wide range of pharmacological applications such as anti-
inflammation, antihuman immunodeficiency virus, anti-
microbial, anti-oxidant, anti-parasitic, anti-mutagenic and anti-

cancer with low or no intrinsic toxicity (Figure 36).!®

Figure 36. Representative images of Curc powders for pharmacological
application (a); chemical structure of Curc (b).

Despite all these extraordinary anti-cancer properties, curcumin
suffers from low solubility in aqueous solution (=20 pg/mL) and
undergoes rapid degradation at physiological pH, which results
in low systemic bioavailability, poor pharmacokinetics, and

greatly hampers its in vivo efficacy.’!”
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To improve Curc application as an anti-cancer agent, it is
necessary to improve its stability and bioavailability. At this
regard, numerous formulations based on Curc encapsulation in

321 and

polymer nanoparticles or nanogels, **° liposomes,
conjugates **> have been generated. These systems not only
improve drug solubility and stability but also provide drugs to
the cancer cells in their active form.

Among the natural agents, Curc is known as one of the effective
natural antioxidants. There are also some recent reports
concerning application of curcumin in synthesis and
functionalization ~of nanoparticles having antioxidant
properties. > Moreover, it was found that some natural
compound having aromatic structures can not only reduce GO
(rGO) sheets, but also functionalize the rGO ones through n-n
attachment of the reductant molecules onto the rGO surface.
Newly, CURC was also utilized for simultaneous reduction of
chemically exfoliated GO sheets and functionalization of the
rGO ones through =n-m attachment. Also, the potential
concentration-dependent  cytotoxicity of the curcumin-
functionalized rGO sheets was investigated against two human
breast cancer cell lines and a normal mouse cell line using

viability assay.***

In this study, we demonstrate that a controlled modification

of the GO surfaces by introducing amino-containing groups
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at different oxidation level, can modulate the surface
termination and, in turn, the release of Curc at the graphene

surfaces from lipid vesicles loaded with the model drug.’*

4.3.3 GO fabrication and N-GO preparation.

Graphene sheets were deposited on glass or silica by mechanical
exfoliation of graphite and successively exposed to UV-ozone
(UVO) irradiation for 1 h.>*¢ Alternatively, GO was synthesized
from graphite powder using a modified Hummer’s method.*?’
Graphene oxide sheets were thus obtained.

According to Ren procedure,*?® the amino-derivatisation of GO
samples was studied by using two different approaches of wet

chemistry reduction (Figure 37).
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Figure 37. GO and amino-GO after the treatment with amino-compounds.
Adapted from ref. 329.
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4.3.4 Preparation of the Lipid Vesicles.

Zwitterionic small unilamellar vesicles (SUVs) were prepared
from a chloroform solution of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) added with rhodamine-DHPE (1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine) to obtain
dye-labelled POPC-Rhod. To prepare the curcumin loaded
vesicles (POPC-Rhod-Curc), Curc was dissolved into the lipid
solution in chloroform. The solvent was evaporated under Ar
flow, to obtain lipid films adsorbed on the wall of a round-
bottomed

flask. The film afterward was emulsified in phosphate buffer
saline solution (PBS) at room temperature, vortexed, and
extruded 13 times through a 100 nm polycarbonate membrane,
followed by another 13 times through a 30 nm membrane. In
order to remove the unloaded curcumin, the vesicles were
centrifuged 15 min at 8,000 r.p.m. and the supernatant recovered
and stored under Ar at 4 °C. Figure 38 display the photographs
of the obtained lipid vesicle samples.

(a) POPC-Rhod POPC-Rhod-Curc (b)
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Figure 38. (a) Photographs of POPC-Rhod (on the left) and POPC-Rhod-
Curc (on the right); (b) representative lipid vesicles loaded with curcumin
molecules.
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4.3.5 Results and discussion

In the first approach, N-GO in dispersion was produced by
adding the reductant agents (N:Hs, DDA or DDA/N:H4
mixtures) to the aqueous dispersion of the graphene oxide. In the
second approach, N-GO solid was obtained by deposition,
through exfoliation of graphite, of numerous sheets of graphene
on a silica substrate, then oxidising graphene to graphene oxide
by UVO treatment and eventually dropping the reducing
solutions at the top surface of the GO solid samples.
Representative images for the obtained graphene derivatives

were shown in the Figure 39.

Figure 39. A schematic view (and photographs of the prepared samples) for
the three different N-doped GO obtained by GO treatment with: (a) DDA, (b)
N>H4, (c) DDA/N>Hs. Reproduced from Ref. 325 with permission from
AIMS Materials Science.

131



Chapter 4 — Graphene and its derivatives at the biointerfaces

The reduction of GO by dodecylamine is expected to introduce
amino functionalities at the near interface with the graphene
sheet, thus resulting in N-GO samples with an outward
orientation of alkyl groups, e.g., C(graphene sheet) = NH-
(CH2)11CHs. In the case of hydrazine, the bifunctional character
of the molecule is likely to prompt the formation of N-GO
aggregates, with diazo moieties (e.g., C(graphene sheet 1) = N—
N = C(graphene sheet 2) bridging between two or more graphene
sheets. When both DDA and N>Hjy are used, the dodecylamine
molecules may play a spacer role between the graphene sheets,
and therefore the presence of amino-terminated graphene sheets
can be figured out, e.g., C(graphene sheet) = N-NH; (Figure 39).
It must be noted that while hydrazine is a known reductant of
GO, the interaction between GO and DDA has three
possibilities: hydrogen bonding, electrostatic attraction between
carboxylic group and protonated amine and, most
predominantly, the nucleophilic substitution between epoxy and
amine, which result into the grafting of the long hydrocarbon
chain of the octadecylamine onto GO sheets.*3%3!

The GO and GO-N samples were characterized by Raman, XPS
and UV-vis spectroscopies. The Raman spectra of the solid-state

samples used in the second approach are shown in Figures 40.
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Figure 40. Raman spectra of a few layer-thick graphene sample before (black
line) and after (red line) oxidation by UVO (treatment time = 1 h).
Reproduced from Ref. 325 with permission from AIMS Materials Science.

The spectra of a few-layers thick (~5 layers) graphene (FLG)
sample, before and after exposure to UVO, demonstrates the
effectiveness of 1h treatment for the conversion of the original
graphitic structure to an oxidised form (Figure 40). Indeed, the
spectrum of untreated graphene shows a unique peak, at about
1590 cm ™!, characteristic of sp? carbon (G band), whereas for the
UVO-treated graphene two new peaks are visible, at ~1350
cm !, typical of sp® carbon (D band), and at ~1620 cm ™!, due to
carbonyl stretches.**? The shape and the position of the 2D band

that usually can be used to determine the stacking order in a
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FLG, can also be related to the possible stress and defects
induced by the UVO treatment. There is no significant change
in spectral shape of the 2D band but only a negligible decrease
in the peak intensity. Furthermore, the in-depth effect of the
UVO-induced oxidation of the graphene sheets for samples at
different thicknesses were analysed by Raman spectroscopy.
The Raman spectra (See supplementary information of the paper
VI) evidence the signals of sp>-bonded carbon layers at about
1590 cm™! and 2700 cm™!, assigned respectively to the doubly
degenerate zone centre Ez; mode (G band) and to the second
order (2D band) of zone-boundary phonons. According to their
relative intensities, the shape and the frequency position, such
peaks are assigned to double layer graphene (DLG), few-layer
graphene (FLG), and multi-layer graphene (MLG). The
comparison with the spectra recorded for UVO-treated graphene
samples indicates that the conversion to GO actually involves
only the top surface of the graphene sheets. This finding
validates the used approach as an efficient methodology to
fabricate a thin overlayer of graphene oxide onto a graphene
substrate.

The Raman spectra of N-GO samples, obtained with the
different approaches were displayed in Figure 41.
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Figure 41. Raman spectra of GO (aqueous dispersion) (a) and G/UV-ozone
treated (b) after functionalisation with DDA. Reproduced from Ref. 325 with
permission from AIMS Materials Science.

A visible enhancement of the D peak is visible in the Figure 41a.
These findings point to the increase of graphitic-defective sp
domains likely due to the grafting of the amine molecules at the
graphene surface. The hydrocarbon CH; and CH3 stretches in
the 2800-3200 cm™' region, clearly visible in the DDA
spectrum, are instead absent in the N-GO spectrum, probably
because they are hidden by the second order graphene signals.
For N-GO solid samples (Figure 41b) both the increase of D
band and the appearance of CH, and CHj3 stretching are
observed. Raman spectra of the N-GO samples functionalised by
N2H4 or DDA/N2H4 did not exhibit detectable Raman signals
owing to fluorescence interference.

The optical characterisation of GO and of N-GO samples in
dispersion prepared by reduction with DDA, N>Hs4 and
DDA/N>H4 shows, for all the N-GO samples, a bathochromic
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shift of the GO characteristic spectral features, which are the
peak around 230 nm (n-n* plasmon peak)*** and the shoulder
around 300 nm. Similar trends are found both in water (pH: ~6,
Figure 42a) and in PBS buffer (pH: ~7.4, Figure 42b). In
particular, the peak at 230 nm exhibits a red shift of about 29 nm
in GO+N>Hy4 sample, both in water and in buffer. In GO + DDA
sample such a peak disappears in water and broadens in PBS. As
to the sample GO+DDA/N2H4, a sum effect of contributions of

the GO+DDA and GO+N;Hj4 spectra is observed.
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Figure 42. UV-Vis spectra in ultrapure water (a) or PBS buffer (b) of GO
and N-GO samples obtained by treatment with dodecylamine (GO + DDA),
hydrazine (GO + N;Ha) or the mixture (GO + DDA/N,H4). Reproduced from
Reproduced from Ref. 325 with permission from AIMS Materials Science.

In the m-m* plasmon peak two kinds of conjugative effect
coexist, related to nanometer-scale sp” clusters and linking

chromophore units such as C=C, C=0 and C—-O bonds.*** The
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UV-Vis spectral changes in N-GO samples in comparison to GO
can be related to the introduction of defects in the sp> domains
by the formation of new C=N bonds, as well as conjugative
effect of chromophore aggregation, which influences the n-n*
plasmon peak.

The deconvolution obtained from XPS analysis of Cls and N1s
peaks (Figure 43) confirm the considerations inferred from the
UV-Vis spectra. Indeed, the relative intensity ratio C1/C2/C3 of
the different components of carbon peak in GO, respectively at
284.6 eV (C1, C—C and C-H bonds), 286.7 £ 0.2 eV (C2, C-O
bonds) and 288.7 + 0.2 eV (C3, C(=0)O bonds) of binding
energy (BE), change differently in the different GO-N samples,
which all exhibit a new C=N component (C4, at 285.7 + 0.2
eV).33* Compared to the spectrum of GO, the decrease of peak
intensity of C2 component in GO+DDA (Figure 43) and
GO+N2Hs (Figure 43c) indicates that the grafting mainly
occurred through the reaction of the epoxide functional group in
GO. In the case of GO+DDA, a component related to the
carbonyl groups is found (C5, at 288.2 £ 0.2 eV) instead of the

carboxylic C3 component.
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Figure 43. XPS spectra of Cls (left panels) and N1s (right panels) regions
for: (a) GO; (b) GO + DDA, (c) GO + NoHs, (d) GO + DDA/N,H,.
Reproduced from Ref. 325 with permission from AIMS Materials Science.
As to the nitrogen XPS spectra of the different nitrogen-doped
GO surfaces, the broad N1s peak could be deconvoluted into
four chemically shifted components: at 398.8 + 0.2 eV (N1),
399.6 £ 0.2 eV (N2), 400.7 £ 0.2 eV (N3) and 402.1 £ 0.2 eV
(N4) of binding energy, respectively.

These peaks are assigned respectively to: hydrogen-based
interactions between the amino groups and the oxygen
functionalities (N1), C-N linkages as a result of covalent
interactions of amino groups with GO (N2), charge-induced
interactions between the protonated amines and weakly acidic

sites of GO (N3), and C-N" (from quaternary nitrogen) or NHs"
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(N4).%° The N2 component is therefore an indicator of the
effective grafting of the n-alkylamines on the basal plane of GO
through covalent interactions, whereas the structurally strained
epoxy groups are unzipped by the nucleophilic substitution of -
alkylamines.**® Some of the amines interact with the oxygen
functionalities via hydrogen bonding as supported by the
appearance of the N1 component. The weak acidic sites such as
the carboxyl and phenolic groups interact with the amino groups
through columbic interactions, induced by the transfer of H', as

revealed by the N3 component.

The recovery of fluorescence after a laser photobleaching
(FRAP) analysis was performed to assess whether the drug
incorporation into the membrane could affect its fluidity. In fact,
the lateral mobility of the lipid molecules within the membrane,
quantified by the diffusion coefficient D at the solid interface, is
an 1mportant indicator of the drug loading and release
capabilities by the lipid bilayer platform. Supported lipid
bilayers of rhodamine labelled POPC (PC-Rhod) and curcumin-
loaded POPC (PC-Rhod-Curc) lipids were obtained by physical
adsorption of the lipid vesicles on a hydrophilic glass followed
by spontaneous rupture/fusion of the vesicles and the formation
of the supported membranes.**” FRAP results showed that both
vesicles formed fluid supported membranes with a good

mobility of lipids in both cases, since an almost complete
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recovery of fluorescence after photobleaching was observed

(Figure 44).
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Figure 44. Confocal microscopy and FRAP analysis of rhodamine-labelled
POPC without and with the loading of curcumin. Representative micrographs
for FRAP experiments on: (a) POPC-Rhod; (b) POPC-Rhod-Curc. In (c): the
curves of normalized emission intensity of rhodamine (Aexem = 543/550—650
nm) before and after photobleaching (POPC-Rhod = line; POPC-Rhod-Curc
= line + symbol). Reproduced from Ref. 325 with permission from AIMS
Materials Science.

Figure 44 show the representative micrographs of the FRAP
experiment for PC-Rhod (Figure 44a) and PC-Rhod-Curc
(Figure 44b), as well as the curves of normalized intensity before

and after the photobleaching (Figure 44c). It must be noted that
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the minimum, which corresponds to the first scan immediately
after the bleach, is less pronounced for the Curc-loaded lipid
membrane. This indicates a higher fluidity than the bare SLB.
However, the diffusion coefficients, calculated by using the
Axelrod’s algorithm (D = 0.88w?/411/2, where w is the radius of
the bleached area and 11,2 describes time for 50% recovery)®*® is
about 1.6-1.7 (£0.2) pm?/s for both PC-Rhod and PC-Rhod-

Curc.

4.3.5.1 The Interaction of GO and N-GO Derivatives with

Curc-loaded Lipid Membranes: Theoretical

Calculations.

Molecular dynamics (MD) simulations were carried out to study
the different interactions of amino-GO derivates at the interface
with Curc-loaded biomembranes at pH values of 7.4 and 5.5,
respectively. The distance between GO surface and the phenolic
oxygen of curcumin was taken as a reference for this type of
study. Figure 45 show the process below described.

Firstly, the loaded-Curc in lipid vesicles at the interface with
amino-GO derivatives at the two pHs were investigated. In
particular, at pH 7 the studies showed that the Curc remained
inside the bilayer even if the molecule was subjected at wide
fluctuations with the -OH groups facing the water layers and

interacting, through electrostatic force and H-bond, with
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phosphate, carbonyl groups of POPC and water molecules. Also,
at this value of pH, a random orientation of the water molecules
was found (Figure 45). Indeed, at pH 5 the fluctuations and the
absolute distance curcumin-surface are smaller in comparison to
pH=7. This means that mobility of Curc into the double layer is
reduced and phenolic hydroxyl is kept away from the layer of

water.
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Figure 45. Curcumin intercalated in the POPC bilayer (a; carbon atoms are
shown in grey, nitrogen atoms in blue and oxygen atoms in red spheres,
curcumin molecule atoms are in yellow) and calculated distance between the
amino-terminated N-GO surface and the phenolic oxygen of curcumin
floating within the top and bottom leaflets of the lipid bilayer: (b) pH = 7; (c)

pH = 5. Reproduced from Ref. 325 with permission from AIMS Materials
Science.
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Moreover, it i1s to note that the orientations of water
molecules seem to be influenced by positive charges (GO-NH3")
located on the surface (Figure 46). Since long range electrostatic
interactions, the negative side of the dipole associated to the
water molecules mostly point toward the surface giving rise to a
“V” prevailing orientation. As a consequence, the positive
charge of the dipole, characterized by the hydrogen atoms, repels
the partially positive charged hydrogen atom of the phenolic
group (Ph-OH) pushing away the curcumin inside the double
layer. Being due to the GO-NH;3" surface, such arrangement is
not present in the water layer placed above the double layer. In
fact, a random orientation of the dipoles is found in this layer
therefore any repulsive effects, with respect to the Ph-OH group

is observed.

Figure 46. Statistically orientation of water influenced by electrostatic
interaction at the GO interface. Reproduced from Ref. 325 with permission
from AIMS Materials Science.
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Finally, the mobility of curcumin within the POPC bilayer at the
interface with N-GO samples obtained by GO+DDA treatment

as well as with GO is represented in Figure 47a-b.
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Figure 47. Calculated distance between the phenolic oxygen of curcumin
floating within the top and bottom leaflets of the lipid bilayer and: (a, b)
methyl-terminated N-GO surface; (c¢) hydroxyl-terminated GO surface at pH
=7 (d) and pH = 5 (e). Reproduced from Ref. 325 with permission from
AIMS Materials Science.

In these cases, the effect of a pH variation is negligible. In fact,
the layer of water and the nitrogen atoms in dodecylamine,
which are directly bound to GO, are separated by a large
distance. Simulation results show in both neutral and acid pH, a

very low affinity between the functionalized surface and water
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layer, which give rise to desorption of the entire system from the
surface.

At neutral pH, the -OH groups in GO were considered
deprotonated (GO-O") (Figure 47c). The overall effect is that the
dipole associated to water molecules is oriented in a opposite
way if compared to GO-NH3". In the layer between surface and
POPC water, molecules are mainly oriented with the positive
side of the dipole toward GO-O". It follows that phenolic
hydrogen atom of curcumin undergo an attractive interaction
and, at the end of the side, its distance from the surface remains
constant for a while (Figure 47d). Any relevant effect is
observed in the proximity of the layer above POPC. At acid pH,
the picture is essentially similar to GO-NHz. Also in this case, a
random orientation of dipole moment is detected and the
mobility of curcumin is characterized by wide fluctuations

(Figure 47e).

4.3.5.2 The Interaction of GO and N-GO Derivatives with

Curc-loaded Lipid Membranes: Experimental Results

An experimental validation of theoretical calculations, discussed
in the previous section, on the mobility of the curcumin within
the POPC lipid bilayer at the interface with the different GO

substrates was performed by confocal microscopy.
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The confocal microscopy images for POPC-Rhod or POPC-
Rhod-Curc adsorbed onto the different GO and N-GO
substrates, prepared by the approach with GO solid, are shown
in Figure 48.

The inhomogeneous distribution of red emission from the
POPC-Rhod lipids highlights the graphene sheets (see the
contrast in the merged fluorescence and optical images, ch02 +
BF) in the hybrid glass-GO samples. The curcumin fluorescence
is clearly visible on the different GO and N-GO sheets, with a
particular enhancement of the green fluorescence on the top
surface of the N-GO sheets prepared by dodecylamine reduction
(Figure 48c, see the merged fluorescence and optical images,
chO1 + ch02 + BF). This finding could be explained by the
higher affinity of the hydrophobic curcumin towards the methyl-
terminated N-GO sheets in comparison to the hydrophilic GO.
According to that, the much larger regions with evident darker
contrast in the red emission (Figure 48c, image ch02 + BF) fit
well with a less favoured process of supported lipid bilayer
formation from the spontaneous adsorption-rupture-fusion

processes, as expected on a hydrophobic substrate.**
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Figure 48. Confocal micrographs and bright field (BF) optical images of
POPC-Rhod adsorbed on GO (a) and POPC-Rhod-Curc adsorbed on GO (b),
methyl-terminated NGO (c), amino-terminated N-GO (d). The arrows point
to some GO and N-GO sheets. Reproduced from Ref. 325 with permission
from AIMS Materials Science.
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Interestingly, for the amino-terminated N-GO surfaces the
transfer of the drug to the substrate seems even more efficient,
as demonstrated by the extensive green fluorescence (Figure
48d, see image ch01). Moreover, an effect similar to the reported
formation of curcumin—induced lipid domains, **° with the
localization of the drug at the domain boundaries, is also visible

(see inset in Figure 48d).

4.3.6 Conclusions

In summary, in the present work we investigated two
functionalization strategies for graphene oxide in aqueous
dispersion and for solid graphene, to prepare N-doped GO with
different surface termination (e.g., outward exposure of methyl
or NH2 groups). The experimental characterisation by Raman,
UV-visible and XPS spectroscopies demonstrated the actual
modification of the GO, and allowed for the N-doping
quantification. The interfaces established between such systems
and curcumin-loaded lipid membranes was scrutinised by means
on theoretical calculations, to elucidate both on the actual
surface termination of the various GO samples at the interface
with the lipid-curcumin system and on the pH-triggered release
process of the curcumin. Experimental results validated the
calculations as far as concerns the fluidity of the lipid bilayer
(and the consequent freedom degrees of the curcumin

intercalated within the membrane) and the promising
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potentialities for the drug-release at the GO-lipid membrane
interface, as demonstrated by the confocal microscopy studies.
Further studies will elucidate on the impact of the used strategy
for the modulation of the curcumin delivery at the graphene
surfaces and the advantages of using the hybrid graphene
oxide/lipid bilayer assembly for the release of the hydrophobic

drug driven by specific chemical or physical stimuli.

4.3.7 Future Perspectives

Further GO functionalisation studies at the interfaces with
biomolecules are actually in progress. In this context, the
grafting of sulphur moieties at the GO surface (GO-XSH) has
considered an interesting strategy for the fabrication of smart
bio-sensing devices. **! - 3*? Until now, only plasma thiol-
functionalization on carbon nanotubes and sulphur dioxide on
GO were effectively investigated.>**4** Our purpose is the study
of GO-XSH obtained by radiofrequency plasma source in a
H>S/Ar gas mixtures. Preliminary results are not shown in this

thesis, but they are collected in a manuscript for the submission.
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4.4 Lateral-size controlled graphene oxide
functionalised by polyacrylate grafting: an
experimental and theoretical study for
applications in theranostics.

An advanced application of GO nanosheets as theranostic
platforms requires their surface engineered to get smart stimuli-
responsive materials, e.g., towards pH changes which are local
environmental chemical markers of the tumour.

In the last few years a great number of reports focused on the

fabrication of GO grafted with polyacrylic acid (PAA), for well-

controlled mechanical characteristics and unique multiple pH
response.>*’

Moreover, the lateral dimension of GO sheets is relevant for

many biological phenomena on particle size, such as cell

adhesion and spread on large sheets, cellular uptake of small GO
sheets and cell deformation caused by interacting with GO.

Furthermore, the antibacterial activity of GO has been related to

the actual lateral dimension of GO sheets in various suspensions,

which is strongly correlated with their dimension.>*® Therefore,
the dimensions seem to regulate the differences in the toxicity of

GO sheets functionalized with various molecules**” due to the

differential composition of the protein corona formed at their

surfaces that determine their cell membrane interaction and

cellular uptake.
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The biomedical applications of GO derivatives as a drug
delivery system need to investigate GO interactions with

proteins in term of their structures and activities.

4.4.1 Plasma protein interactions: serum albumin.

Proteins are considered complex amphiphilic biopolymers,
featuring hydrophobic and hydrophilic patches on their surfaces,
which makes them well-known for the adhesiveness to solid
surfaces. **® Among biomacromolecules, serum albumin is the
most soluble abundant protein in plasma. It has 585 amino acid
residues that are arranged in three domains (I, II, III), each
containing two subdomains (A, B). **° It can bond to
hydrophobic molecules and transport them to target tissues.
Further, it commonly serves as a depository and a transport
molecule for many exogenous compounds. Studies on the
binding of drugs with plasma proteins will facilitate the
interpretation of the metabolism and transport processes of such
substances, and the binding of small molecules with bovine
serum albumin (BSA) is a typical example of such interactions
because of its hydrophilicity, biocompatibility, biodegradability
and safety.*>° External stimuli (e.g., pH) have also been reported
to regulate the controlled release of drugs.®*! Thus, it is an
appropriate protein to use for such investigations, partly because

of its structural homology with human serum albumin (HSA).>*2

151



Chapter 4 — Graphene and its derivatives at the biointerfaces

Generally, when an artificial biocompatible material is set in
contact with circulating blood, the first step is the deposition of
plasma proteins, mostly albumin, over its surface. Then, BSA
can accumulate and stay in tumor tissues for a long time due to
passive targeting by enhanced permeable reaction (EPR) effects
and active targeting by gp60 receptors on the membrane of the
cancer cells.*>* Moreover, BSA is also used as a good reductant
due to its Tyr residues.’** BSA proteins reduce and stabilize GO
sheets to prepare BSA-GO/rGO conjugates with pH dependent

solubility,*>

which can load drugs.

Doxorubicin hydrochloride (DOX) is an effective anticancer
agent for leukemia chemotherapy but its clinical use has been
limited because of side effects; thus, its delivery by various
nanoparticles has been largely investigated. GO and reduced GO
(rGO) have been already demonstrated to be promising
nanocarriers for DOX.%*® Recently, Cheon et al. showed a NIR-
mediated drug release of DOX from DOX-loaded bovine serum
albumin-functionalized rGO  nanosheets for chemo-
photothermal therapy of brain tumor cells. **’Also, DOXs were
also linked to PAA-GO sheets which were internalised by cells,

hence improving the loading efficacy of drugs in the delivery

system.*®

In this work, the fine lateral size control and the related

surface charge of the GO sheets were found to be crucial for
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the application of the GO at the (bio)interface. Specifically,
pH-responsive GO-PAA, both at low (GO-PAAthin) and high
(GO-PAAmick) acrylate grafting ratio, were synthesized and
scrutinised by a combined theoretical and experimental
approaches.

Moreover, implementing the concept of a DOX-albumin-GO
assembly, recently demonstrated to exhibit an increased
biocompatibility as well as promising features for NIR-
mediated DOX release in photothermal therapy of
tumours,’**3%0 we further functionalised GO and GO-PAA
nanosheets with both fluorescein-labelled albumin (emitting
in the green range of wavelengths) and DOX (intrinsically
fluorescent in the red). The graphene-mediated interaction
between the two fluorophores was monitored in terms of
fluorescence resonance energy transfer (FRET) processes at
the GO(-PAA)/albumin/DOX interface, both in solution and
in vitro intracellularly. Confocal microscopy confirmed the
differential cellular uptake in neuroblastoma SH-SYSY cells
of these hybrid nano-bio-platforms.

Results showed the relevance of the GO lateral size for a
reliable and reproducible derivatisation and to trigger the
response at the liquid interface. A great potential of GO-
PAA derivatives as tunable FRET and drug release platform

for application in theranostics is demonstrated.3¢!
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4.4.2 Results and discussion

4.4.2.1 Nanosheets of GO and their characterization.

The GO sheets with different lateral sizes were prepared by
sonication for 30, 80 and 120 min using a titanium cup-horn
sonicator and centrifugation step to separate nanosheets (sub-
micron lateral size) from bulky large sheets (up to several um of

lateral size), most likely assembled in the pellet (Figure 49).
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Figure 49. Nanosheets of GO obtained after sonication and centrifugation
step.

The zeta potential of a colloidal dispersion is a marker of its
stability, providing a quantitative measure of the effective
surface charge associated with the double layer around the
particles or the sheets, as in the case of GO. It is well known that
GO forms a stable dispersion at pH >4, related to the presence
of polar oxygen-containing groups at the sheets surface,
especially concentrated along the edges.*¢

Figure 50 show the zeta potential (ZP) and the atomic force
microscopy (AFM) results for graphene oxide pristine and

sonicated in a time range from 30 minutes to 2 hours.
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Figure 50 - (a) Zeta potential values measured for GO, pristine and sonicated
for 30 min, 80 min and 120 min. AFM height images in AC mode in air of
GO pristine (b) and GO sonicated for 120 min (c); bar = 2 um; z-scale = 5
nm. Submitted to RSC Advances, ref. 361

The measured ZP value of pristine GO (~ -30 mV) was
consistent with water soluble and dispersible GO sheets (Figure
50a).°%* The corresponding AFM topography image (Figure
50b) displays a distribution of micro- and nanosheets largely
heterogeneous in the lateral size, with an average diameter of
458 +484 nm (Figure 50b). A progressive decrease in the ZP
values is measured for the GO sheets sonicated at increasing
times until a ZP of ~ -90 mV was reached after a sonication time
of 120 min. This effect was explained by the higher
concentration of negatively charged groups at sheet edges as the
lateral size of the sheet decreases. Indeed, a smaller and more

homogeneous lateral size distribution (253 +£128 nm) of the GO
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sheets sonicated for 120 min was found (Figure 50). These
results were also confirmed by thermogravimetric analysis
(TGA).

Another significant difference related to the lateral size of the
GO sheets was found in the optical properties. Figure 51 show
the UV visible spectra of GO, both pristine and sonicated
samples, which exhibit the characteristic GO features: a band at
230 nm, corresponding to n-n* plasmon peak, and a shoulder at
~310 nm, corresponding to a n-m* plasmon peak.*** The m-n*
plasmon peak depends on two kinds of conjugative effect: one
is related to nanometer-scale sp® clusters, and the other arises
from linking chromophore units such as C=C, C=0O and C-O
bonds.3% If all sp? clusters are treated as a single phenyl ring,
spectral changes in GO should depend only on the effect of
chromophore aggregation. Based on these considerations, that
spectral shift of about 5 nm and the change of the UV-vis
absorption intensity observed for sonicated GO (see insets in
Figure 51) with respect to pristine GO can be explained in terms
of the different number of linking chromophore units such as C—
O and O=C, as indicated by ZP measurements before.
Noteworthy, the curves recorded at two different pH values, 4
and 7.4, did not show any significant difference thus indicating
that both pristine and sonicated GO are not sensitive to pH

stimulus at the experimental conditions employed.
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Figure 51. UV-visible spectra of aqueous dispersions of GO samples:
pristine (a) and 120 min sonicated (b) at pH 4 and 7.4. Submitted to RSC
Advances, ref. 361

In order to visualize GO-cell interaction, both pristine GO and
120 min sonicated GO were dye-labelled by adsorption of
fluorescein-albumin and administered to human neuroblastoma
cells by 1 and 2 hours of incubation in the culture medium
supplemented with GO, either pristine or nanosheets.

Confocal microscopy results (Figure 52) show that, at short
incubation times, pristine GO sheets as large as the size of the
cells remained confined at the cell membrane whereas the
nanosheets of the sonicated GO sample accumulated at the cell

membranes (Fig. 52a).
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(a)

(b)

Figure 52. Merged optical bright field micrographs and fluorescence
confocal images of nuclei (in blue, Aexem = 405/425 475 nm) and fluorescein-
albumin labelled graphene (in green, Acxem = 488/500-530 nm) in SY-SH5H
neuroblastoma cells incubated with 10 pg/mL of GO pristine (left panels) or
GO nanosheets obtained by 120 min sonication (right panels) for 1 hour (a)
and 2 hours (b). A detail corresponding to the dotted squatted area of
reconstructed 3D images from xyz confocal scans is shown in the insets.
Scale bar = 10 um. Submitted to RSC Advances, ref. 361

After 2 hours of incubation (Fig. 52b) the larger GO sheets were
still predominantly localised at the outer cell membrane,
whereas GO nanosheets could reach a sub-cellular localisation
including the nuclei (see the 3D image in the insets). Therefore,
a fine tuning of the GO lateral size would be significant for
specific cell targeting in the extracellular or intracellular

environment, respectively.
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4.42.2 PAA-GO derivative synthesis and characterization.

The dispersions of GO nanosheets which was homogenous in
lateral size distribution (as obtained by 120 min of sonication)
were used as substrate for the polyacrylate grafted-GO samples
prepared at two different polymer chain lengths, namely an
oligomeric PAA (henceforth named GO-PAAwin) and a longer
PAA chain (henceforth named GO-PAAuick), depending on the
AA monomer/GO ratio.

The effective functionalization and the different coverage of the
GO sheets obtained for two different grafting ratios were
determined by microscopy (AFM), mass spectrometry (ToF-
SIMS and ESI-MS), thermogravimetry (TGA) and surface
charge (ZP) measurements, and different spectroscopies (ATR-
FTIR, Raman and XPS).

The results of AFM analysis of GO and PAA-grafted GO figured
out a typical thickness of about 1.3 nm for GO (Fig. 53a). GO-
PAAwmin sample exhibited a non-uniform height, generally ~2—-6
nm in thickness (Fig. 53b), whereas a more homogeneous
polymer coating is obtained for GO-PAAmick, With thickness
rising up to ~20 nm, together with a distinct propensity towards
aggregation of the colloidal graphene sheets (Fig. 53c).
Moreover, significant changes in roughness were measured,
from Rq = 0.09£0.02 nm in GO to Rq=1.2+0.3 nm and
Rq=4.942.3 nm for GO-PAAnin and GO-PA Amick, respectively.
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Figure 53. AFM section analysis and 3D height (xy scale = 1x1um?; z scale
= 20 nm) (top) and phase (bottom) images of: (a) GO; (b) GO-PAAin; (¢)
GO-PAAmick. Submitted to RSC Advances, ref. 361.

It is to note that the phase images showed darker regions at the
sheet edges of GO but distributed in rounded-shaped flange
features onto the sheet surface of GO-PA Awin, respectively.
Such regions could be assigned to the polar oxygen-containing
moieties and the resulting specific tip-surface interaction. This
was expected to differ for the case of the longer polymer chain
of GO-PA Atick, where a major contribution from dispersive van
der Waals forces could be invoked, and explained the
aggregation effect discussed above. Accordingly, GO-PA Amick
exhibited brighter area in the phase image corresponding to the
rounded shapes protruding from the sheet surface.

These results revealed that in the hybrid graphene-polymer
system, the polyacrylate grafting onto GO sheets did not change
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the average size of the sheets, still ranging from few hundreds to
about 1 micron, but increased the thickness of GO at different
levels of heterogeneities. In particular, in GO-PAAwin, the
polymer left surface areas of the substrate uncovered, with
preferential growth at the GO edges. Therefore, the grafting of
PAA thin films was not expected to considerably inhibit the
access of foreign molecules/particles close to the graphene
surface and this could be a significant advantage for optical
sensing and drug loading/release based applications.

XPS analysis of GO and GO-PAA samples allowed for the
characterisation of the surface oxidation as well as of the
efficiency of PAA grafting. The average atomic composition
shows that both GO-PAAmin and GO-PAAmick exhibit surface
amounts of carbon and oxygen comparable to those of GO, with
respectively 68.3 at.% of C and 31.0 at.% of O, and additional
traces of sulphur (0.4 at.%), owing to the synthesis procedure of
colloidal graphene oxide. 3

For the PAA-functionalized GO samples, a small amount of Ce
(~1 at. %), which is the catalyst used for the acrylate monomer
polymerization reaction, was found. The curve fitting analysis
of C Is and O 1s peaks (Figure 54) and the overall ratio
calculated between the deconvoluted components provided
quantitative indications on the possibility to tune the number of
polar groups outwards exposed by the lateral size of the

nanosheets (i.e., sonicated surface vs pristine) and by the
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acrylate grafting ratio (i.e., GO-PAAwmin and GO-PAA thick vs.
GO).
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Figure 54. High resolution XPS spectra of C 1s and O 1s regions (solid line,
experimental curves) with curve fitting (scatter points=convolution curve;
dashed lines=peak components) of: (a) GO pristine; (b) GO sonicated; (c)
GO-PAAhin; (d) PAAmick.- Submitted to RSC Advances, ref. 361.

Peak fitting analysis was performed according to the peak
components assignation described as follows. The C 1s peak
component at binding energy (BE) around 284.5 eV was
assigned to CC/CH bonds (C1); those at 286.4 eV (C2), 288.0
eV (C3) and 290.0 eV (C4) are typically attributed to C-O, C=0,
and O=C-O groups, respectively. *®” Most structural models of
GO also include an epoxide group (C-O-C), which should be
centred at BE similar to that of C-OH. The O1s peak component
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at 532.8 eV (O1) was assigned to C-O single bonds, the 532.0
eV (02) component to C=0 and O=C—-OH groups>®® and that at
533.4 eV (03) to O=C—OH and C-OH groups. **

The sonication process of GO samples produce a significant
change in Cls peak shape, with the relative decrease of C2/Cl1,
that was the area ratio between the C components attributed to
ether groups and the hydrocarbon CC and CH bonds of the sp?
domains, respectively. Similarly, in the Ols peak the
(02+03)/01 ratio increase. These two findings, taken together,
indicate that the sonication-induced decrease of lateral size in
GO was also associated to a partial oxidation of the CO bonds.
As to GO-PAA samples, it is known that C 1s peak of sp carbon
becomes asymmetric and broadened towards the high binding
energy side as the amount of polar functional groups
increases. >’’ Accordingly, a significant modification of Cls
peak shape for GO-PAA samples (Fig. 54c-d) in comparison to
uncoated GO (Fig. 54) pointed toward the increase of relative
contributions from carbon-oxygen double bonds (C3 and C4
components) and the decrease of carbon-oxygen single bonds
(C2 component) with respect to graphitic (sp?) and hydrogen-
bonded carbon (C1 component). This decrease was especially
evident for GO-PA Amick than in GO-PA Ain, in agreement with
what expected by the different grafting ratios used. In the same
way, the Ols peaks of GO-PAA samples exhibited the relative

increase of contribution assigned to carbonyl (02) and hydroxyl
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(O3 component) groups with respect to the CO single bonds (O1
component). Both GO-PAAwmin and GO-PAAmick exhibited
similar spectra, and a comparable C1:C2:C4 area ratio of
~10:6:1. This value differed from the ratio of ~4:1:1 from
standardized XPS studies of polyacrylic acid.*”! Such a finding,
together with the presence of carbonyl-related components C3
and O1, which were not present in the standard PAA spectra,
suggested that the samples showed polymer-uncovered GO
areas. It has to be noted that the XPS samples were prepared by
depositing concentrated films of GO-PAAmin and GO-PAAmick
dispersion to obtain a thickness equal at least to the XPS
sampling depth (i.e., about 6 nm at the applied experimental
conditions, as confirmed by the absence of signals from the
silicon substrate).

Mass spectrometry analysis by both ToF-SIMS and ESI-MS
were used to take advantage of their specific features, namely
the sampling depth confined to the outermost surface (~ 1 nm)
of ToF-SIMS, and the large molecules detection capability of
ESI-MS, respectively.

ToF-SIMS positive ion spectra do not visibly show significant
differences between GO, GO-PAAumin and GO-PAAmick
regarding expected fragments originating from the PAA
monomer (Figure 55). However, the PC1-PC2 score plots
obtained from PCA interpretation of the three samples showed

that these ones were well discriminated (Fig. 55d).
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In fact, PC1 explained 55.2% of the variance, and this one

enables assessment of spectral differences between all three

samples, because GO-PAAwmick were located at PC1>0, GO

samples were located at PC1<0, while GO-PAAwmin samples

displayed intermediate PC1 scores (= 0). In this way, we might

intuitively understand that the PC1 scores increasing was

associated with the coverage degree of GO samples by the PAA

layer.
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Figure 55. Positive ToF-SIMS spectra of GO (a), GO-PAAunin (b), GO-
PA Auick (¢) and corresponding score plot (d) obtained from PCA analysis (at
least five spectra for each sample). Submitted to RSC Advances, ref. 361.
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The analysis of most significant peaks extracted by PCA points
to the predominance of hydrocarbon fragments (CxHy") in
comparison to oxygenated hydrocarbon (CxHyO,") species in the
ToF-SIMS spectra GO-PA Awick (PC1>0). This observation was
in line with the expected increase in hydrocarbon composition
of PAA in comparison with the highly oxygen-functionalized
GO substrate. Moreover, XPS results display a significant
increase in the CC/CH bonds component in the Cls spectra, in
comparison to the Cls spectrum of GO. In this way, the
interpretation of PC1 was further validated with support of XPS
data.

In addition to PCI, the second principal component was
mandatory to consider, as it captured 37.1 % of the variance.
This one helped to further discriminate the three samples,
particularly GO-PA Amin and GO. By examination of the most
significant peaks related to PC2 > 0, we noticed a number of
hydrocarbon peaks (CxHy") which was still significant
comparatively to the oxygenated hydrocarbon peaks (CxHyO,"),
but lower than what was observed for the interpretation of PC1.
We might tentatively interpret these data by the ToF-SIMS
detection of uncovered area in the case of GO- PAAwmin samples.
Regarding on the ESI-MS analysis, although this was the first
time that a mass spectrometric characterization for the

functionalized GO was carried out, in the mass spectra it is
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possible to recognize some features that are specific for the PAA
polymer.

The spectroscopic characterisation by UV-visible confirmed the
responsiveness to the pH and ionic strength stimuli in water of

GO-PAA samples (Figure 56).
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Figure 56. Plot of the normalized absorbance (AAbs = Abs() — Abs(=0) at 310
nm) vs. time of GO-PAAuin aqueous dispersions prepared at different pH
(left). Images of GO-PAAwmin samples, prepared at different pH, collected at
different time intervals (right). Submitted to RSC Advances, ref. 361.

Moreover, the ATR/FT-IR and Raman studies demonstrated the
actual PAA grafting (Figure 57). In particular, the GO
characteristic stretching modes of OH (at 3300 cm™), C=0 (at
1725 em), C-O (at 1050 cm™) and C-OH (at 1220 cm')
moieties, reduced in intensity for GO-PA Awin and GO-PA Aick.
The analysis of Raman spectra indicated that both the lateral size

decreasing effect due to ultrasonication and the polymer grafting
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induced an increase of the defects, in turn related to the Ip/lg
ratio increase in the in-plane crystallite, which can be attributed

to a decrease of the sp® regions.
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Figure 57. ATR/FTIR (a) and Raman (b) spectra of GO, GO-PAAwi» and
GO-PAAick samples. The asterisk in (a) points to the peak at 1622 cm™,
typical of skeletal vibration in unoxidized graphitic domains, used for spectra
normalisation. Submitted to RSC Advances, ref. 361.

GO nanosheets surface successfully tailored by the PAA
grafting with the related ratio of oxygenated to non-oxygenated
groups, was, in turn, expected to significantly affect the optical
response at the interface with water. These findings were
confirmed both with theoretical calculations and spectroscopic
analysis.

Particularly, UV-visible and fluorescence spectra of GO-PAA

samples dissolved in ultrapure water (pH ~5) or in PBS buffer

168



Chapter 4 — Graphene and its derivatives at the biointerfaces

(pH 7.4) (Figure 58) confirmed the strong interaction with the
water molecules of the carboxylate groups at the surfaces of GO-
PAA, not only for the pH-dependent aggregation but also for the

optical properties at the aqueous interface.
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Figure 58. Comparison of UV visible (a) and fluorescence (b; excitation
wavelength =275 nm) spectra in water (pH <6) and in PBS buffer (pH = 7.4)
of GO, GO-PAAin and GO-PA Apick. Submitted to RSC Advances, ref. 361.

The absorption spectrum of GO-PAAwmin with carboxyl groups
protonated (i.e., in water) exhibited a significant increase of the
peak at ~310 nm in comparison to GO, likely due to the
increased role of n-n* transition of the C=0O bonds of the PAA
chains grafted at the GO surface. For GO-PAAwmin in PBS, both
the n-* plasmon peak at 230 nm and the shoulder at 310 nm

decrease. This effect was related to the ionized carboxyl acid
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groups, which influenced the electronic conjugation between the
GO sheets. In the case of GO-PA Auick, the m-n* plasmon peak
at 230 nm decreases and no differences are observed for the
different pHs. This might be attributed to the lowering of sp?
domain size with the increased PAA grafting ratio, defect level

2 which influenced the

transition, and structural changes, 3’
electronic structure of the GO nanosheets.
As to fluorescence spectra, it is to note the absence of

emission at 443 nm 373

in uncoated GO, according to the
presence of many oxygen-containing polar moieties such as
epoxy, carboxyl, and hydroxyl groups causing a greater
proportion of nonradiative decay of excitons. Similarly, a weak
emission of GO-PAA was found at pH >6, where ionization of
carboxylic acid groups likely causes an increase of the
accessibility of electrons responsible for nonradiative
recombination of holes of GO. A broad emission band was
instead observed for GO-PAA at pH <6, with protonation of
carboxyl groups and therefore a reduced role of nonbonding
electrons responsible for nonradiative exciton recombination. It
is to note that GO-PA Auick yields a lower fluorescence intensity
than GO-PAAuin. This was attributed to the increased disorder
of the graphitic structure due to grafting of higher amount of
PAA on the GO surface.
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4.4.2.3 Studies of GO and GO-PAA at the biointerface with

albumin, doxorubicin and cells (theranostic target).

The potential theranostic platform assembled by GO (or GO-
PAAwmin) with BSA-FITC (imaging factor) and DOX (drug
factor) was scrutinised both in solution, by fluorescence
spectroscopy, and in cells, by confocal microscopy. Figure 59
shows the two relevant steps in the assembling of the GO(-
PAA)/albumin/DOX system. Specifically, Fig.59a-b displayed
the graphene-induced quenching of fluorescein emission, 3’

when the protein was put in contact either with GO or GO-PAA.
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Figure 59. (a-b): Emission spectra (Aex=488 nm) in PBS of GO (18 pg/mL,
a) and GO-PAAmin (13.4 pg/mL, b) at the interface with FITC-BSA (23
pg/mL), before and after centrifugation. (c-d) Fluorescence titration
experiments in PBS for GO/FITC-BSA (c) and GO-PAA/FITC-BSA (d) by
the addition of DOX at increasing concentrations (2.5-10 uM). In the inset of

(c) the reference emission spectrum of 10 uM DOX in PBS is showed.
Submitted to RSC Advances, ref. 361.
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It must be noted that the fluorescence quenching was more
effective for GO than for GO-PAA, likely due to hindering
effects by the polymer coating.

After the centrifugation step, performed to remove unbound
and/or loosely bound protein, the collected pellet, resuspended
in PBS to a dilution factor of 1 to 2000, exhibited an almost
complete recovery of fluorescence for GO/FITC-BSA (Fig.
59a). This finding cannot be attributed to the detachment of the
protein from the GO surface, since a protein coating of ~46%
was estimated by XPS analysis, according to a detected Nls
concentration of ~6.1 % in comparison to ~13.2 % of bulk
albumin (Table 3). On the other hand, the fluorescence recovery
of GO-PAA/FITC-BSA, where the estimated protein coverage
1s ~15%, was less evident (Fig.59b). These results could be
explained by the different average orientation and/or distance of
the fluorescein-albumin with respect to the GO substrates. The
emission spectra in solution of the GO/BSA-FITC system by
addition of DOX at increasing concentration (Fig. 59¢) show the
typical trend of the energy transfer processes, with the decrease
in intensity of the fluorescein peak at 530 nm (donor) and the
corresponding increase of DOX emission (acceptor). Excitation
spectra confirmed that an actual FRET process occurs, since the

emission intensity were corrected for inner filter effects and
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concentration changes.®> Marked differences in the
photophysical processes of energy transfer in the case of GO-

PAA are instead found (Fig. 59b).

The drug delivery capability of the GO/albumin/DOX
assemblies were assessed by a proof-of-work confocal
microscopy study of the uptake in neuroblastoma cells after 2 h

of incubation (Figure 60).

.
..

Figure 60. Merged optical and fluorescence confocal microscopy
micrographs (FITC-BSA in green: ex/em = 488/500-530 nm; DOX in red:
ex/em = 543/550-650) of neuroblastoma cells incubated 2 h with: (a) GO; (b)
GO-albumin; (c) GO-PAA-albumin; (d) DOX; (e) GO-albumin-DOX; (f)
GO-PAA-albumin-DOX. Bar =20 um. Submitted to RSC Advances, ref. 361

Both GO/FITC-BSA (Fig. 60b) and GO-PAA/FITC-BSA (Fig.

60c) were clearly internalised by the cells.
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The polyacrylate-grafted GO exhibited a more inhomogeneous
sub-cellular distribution than GO, as marked by the spotted
green emission of the fluorescein-labelled albumin coating the
nanosheets. The DOX uptake is shown in Fig. 60d-e for the free
drug (10 uM) and DOX loaded in GO-albumin (2 uM) or GO-
PAA-albumin (5 pM), respectively. The graphene oxide
platforms, both uncoated (Fig.60e) and polyacrylate-coated
(Fig. 60f), were effective in the delivery of DOX into the
nucleus, as deduced from the comparison to control cells after
the drug administration at a concentration five times higher than
in the case of GO-PAA (Fig. 60d). The brighter green emission
of GO-PAA/FITC-BSA within cells (Fig. 60f) in comparison to
GO /FITC-BSA (Fig. 60e) demonstrated also the fluorescence
imaging capability of this platform that, coupled to the drug
release properties, demonstrated its promising potentialities for

theranostics.

4.4.3 Conclusion

In this work, we studied PAA-grafted graphene oxide
nanosheets of suitable and homogeneous lateral size with a
specific focus on the optical response at the aqueous interface.
Indeed, the sub-micrometer-large GO exhibited a more negative
surface charge, a blue-shift of the n-n* plasmon peak and a more
diffuse cellular uptake, which extends also to the nuclei. The

grafting ratio of acrylate monomer was found crucial not only to
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provide the pH-responsiveness character but also for the actual
surface termination of the PAA-coated GO substrates, which in
turn affected their optical response at the water interface.

Fluorescence resonance energy transfer experiments in solution
demonstrated the different fluorescence imaging capability of
GO and GO-PAA in the graphene oxide/fluorescein-labelled
albumin/doxorubicin hybrid assembly. The drug delivery and
imaging capabilities were validated by confocal microscopy
experiments that therefore confirmed the promising

potentialities of the developed nanoplatform for theranostics.

4.4.4 Future perspectives.

Further GO functionalization with copolymers sensitive to both
temperature and pHs will be synthesized and characterized to

scrutinize potential theranostic applications.
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(AAV)  Adeno-associated
viral vector

(AD) Alzheimer’s Disease
(AFM)  Atomic  Force
Microscopy

(AgNPs) Silver
nanoparticles

(Ajs) Dherent junctions
(ALS) Amyotrophic lateral
sclerosis

(AMF) Alternating
magnetic field

(BBB) Blood-brain barrier
(BDNF) Brain Derived
Neurotrophic Factor

(BE) Binding energy
(bFGF) Basic fibroblast
growth factor

(BM) Basement membrane
(BSA) Bovine  serum
albumin

(CD) Circular dichroism
(CNS) Central nervous

system
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(CNT) Carbon nanotube
(CUR) Curcumin

(CVD) chemical vapor
deposition

(Cys) cysteine

(DHPE) 1,2-
dihexadecanoyl-sn-glycero-
3-phosfoethanolamine
(DOX) Doxorubicin
(DOX-BSA-rGO) DOX-
loaded BSA-functionalized
rGO

(EC) Endothelial cells
(ECM) Extracellular matrix
(EILDV) Glu-Ile-Leu-Asp-
Val

(EPR) Enhanced
permeability and retention

(EPR) Enhanced permeable

reaction
(FAM) Carboxyfluorescein
(FCS) Fluorescence

correlation spectroscopy



(FET) Field Effect
Transistor

(FRAP) Fluorescence
recovery after
photobleaching

(FRET) Fluorescent

resonance energy transfer
(G) Graphene

(GC) Glycine-cysteine
(Gly) Glycine

(GNFs) Graphene family
nanomaterials

(GO) Graphene oxide
(GO-DDA) GO-
dodecylamine

(GO-N2Hs) GO-hydrazine

(HSA) Human  serum
albumin

(HAuCl4) Hydrogen
tetrachloroaurate

(HB-GFs) Heparin-binding
growth factors

(HD) Huntington's disease
(HIF)  Hypoxia-inducible

factor
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(HSA) Human  serum
albumin
(IHBMEC)

Immortalized Human Brain
Microvascular Endothelial
Cells

(LSPR) Localized surface
plasmon resonance
(MALDI-TOF/MS) matrix-
assisted laser
desorption/ionization time-

of-flight mass spectrometry

(MD) Molecular dynamics

(MEF) Metal Enhanced
Fluorescence

(MMPs) Matrix
metalloproteinases
(MNPs) Magnetic
nanoparticles

(NGF) Nerve  Growth
Factor

(NMs) Nanomaterials
(NOS) Nitrogen oxygen
species

(NPs) Nanoparticles



(NVU) Neurovascular unit
(PAA) Polyacrylic acid
(PC) Pericytes

(PD) Parkinson’s Disease
(PDGF)  Platelet-derived

growth factor

(PDT) Photodynamic
therapy

(PEG) Poly(ethylene
glycol)

(PHMS)

Poly(hydroxymethylsiloxan
e)

(PL) Photoluminescence
(PLGF) Placenta growth
factor

(PLL) Poly(L-lysine)
(PMAA) Poly(methacrylic
acid)

(PMMA)
Polymethylmethacrylate
(PNIPAM) Poly(N-

isopropylacrylamide)
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(POPC) 1-palmitoyl-2-
oleoyl-sn-glycero-3-
phosphocholine

(PS) Polystyrene

(PTT) Photothermal
therapy

(PVA) Poly (vinyl alcohol)
(PVP)
Poly(vinylpyrrolidone)
(QCM-D) Quartz crystal
microbalance with
dissipation monitoring
(REDV) Arg-Glu- Asp-Val
(RGD) Arg-Gly-Asp

(rGO) Reduced graphene
oxide

(ROS) Reactive oxygen
species

(SERS) Surface Enhanced
Raman Spectroscopy
(SLBs) Supported lipid
bilayers
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Single molecule

tracking



(SPR) Surface plasmon
resonance

(SUVs) small unilamellar
phospholipid vesicles
(SVLs) Supported vesicular
layers

(TEER) Trans-endothelial
electrical resistance

(TGA) Thermogravimetric
analysis

(TJs) Tight junctions
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The peptide fragments NGF;.;, and BDNF;.3,, encompassing the N-terminal domains respectively of the proteins nerve
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growth factor (NGF) and brain-derived neurotrophic factor (BDNF) respectively, were used in this study for the fabrication

of a hybrid gold/peptide biointerface. These peptides mimic the Trk receptor activation of the respective whole protein -

with a crucial role played by copper ions — and exhibit, in bulk solution, a pH-dependent capability to complex copper. We

demonstrate here the maintenance of peptide-specific responses on different pH values as well as in the copper binding

also for the adlayers formed upon physisorption at the gold surface. The physicochemical properties, including viscoelastic

behavior of the adlayer and competitive vs. synergic interactions in sequential adsorption processes were addressed both

experimentally, by quartz crystal microbalance with dissipation monitoring (QCM-D), circular dichroism (CD), and

theoretically, by molecular dynamics (MD) calculations. Proof-of work biological assays with the neuroblastoma SY-SH5H

cell line demonstrated that the developed hybrid Au/peptide nanoplatforms are very promising for the implementation

into pH- and metal-responsive systems for application in nanomedicine.

1. Introduction

The assembling of hybrid nano-biointerfaces is very promising
for biomaterial science, nanomedicine and biosensors.™?

In particular, the use of a metal surface at the biointerface®
offers several advantages in the initial phases of design,
surface engineering4 and then the investigation of the
material-biological environment interactions.’

Gold surfaces are extensively used as biomaterial for
(bio)molecule immobilization, via either covalent or non-
specific  physisorption interactions.® Additionally, gold
nanoparticles are a great promise as therapeutic delivery
vectors and intracellular imaging agents.7’8
Neurotrophin proteins are essential for the
maintenance and to modulate synaptic transmission.’ Among
them, Nerve Growth Factor (NGF) and the Brain-Derived
Neurotrophic Factor (BDNF) are the most studied and have

neuronal
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recently gained interest as therapeutic agent for neurological
pathologies, such as schizophrenia and Alzheimer’s disease.'”
11

The N-terminal domains of NGF and BDNF are critical for the
selective binding and activation of their cognate TrK receptor,
TrkA and TrkB, respectively. These receptors are involved in
triggering pro-survival signalling cascade. ™

Following a peptidomimetic approach,14 we use herein two
peptides, NGF;,, and BDNF;,,, which encompass the N-
terminal sequence of their respective whole protein, and
mimic their biological activity.

For example, NGF,_14 has been recently demonstrated to have
an effective and specific NGF-like action on some crucial
intermediates of the whole protein intracellular targets, such
as Akt and the transcription factor cAMP response element-
binding protein (CREB).15 The aptitude of NGF1,1416 and
BDNFHZ17 peptides to specifically bind TrK receptors suggests
their potential use as drugs, to overcome the current
pharmacological limits and side effects of the related NGF and
BDNF whole proteins, including the activation of p75 receptor
and its pro-apoptotic signalling cascade, and the painful
administration.™®

Another interesting property that both NGF;,4 and BDNFq_;;
exhibit is their capability of response to the stimulus induced
by copper addition."® "’

Noteworthy, a strong decrease of the proliferative activity of
both BDNF;;, and the whole protein on a SY-SH5H
neuroblastoma cell line was found after treatment in the
presence of cu®.Y The effect of metal addition is opposite to
that observed for the analogous fragment of NGF protein,

PCCP, 2016, 00, 1-3 | 1
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In this work we demonstrate, for the first time, an efficient and
tunable approach for the functionalisation of gold nanoparticles
with  neurotrophin-mimicking  peptides; the  promising
potentialities in theranostics and the capability to cross the blood
brain barrier are addressed.

Nanoparticle-based platforms are nowadays attracting a great
deal for the delivery of drugs and molecules with
neuroprotective and regenerative activity that, in normal
conditions, would not be able passing the blood brain barrier
(BBB). Neurotrophin proteins, produced by cells of the central
nervous system (CNS), are growth factors regulating the
neuron division, survival, and neurite outgrowth.® 2 A forefront
research area deals with making neurotrophins a clinical
realness for people suffering from disorders involving neuronal
degeneration (such as Alzheimer’s, Huntington's, and
Parkinson's Disease)3, and physical trauma resulting in the
severing of nerve connections (i.e., accidents and sports-
related injuries).* Some neurotrophins are already licensed for
use in humans, for administering opioids for chronic pain
management and in antisplasticity drugs for spinal cord injury.*
Notwithstanding their great potentialities in the therapeutic
action, their clinical application has been limited owing to their
poor plasma stability and penetration in the BBB, and serious
side effects, such as pain.>®

A promising strategy involves new hybrid systems comprising
both peptides able to mimic neurotrophins by retaining the
functionality of neurotrophic action,” and nanoparticles that
can transport the drugs adsorbed or bound covalently to
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therapeutic nanoplatform for CNS disorders
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them.8 In such a way the drug delivery and the ability to cross
the BBB can be finely controlled over their size, surface charge,
hydrophobicity, shape, coating, and chemistry.%-11

We recently demonstrated that peptide sequences
encompassing the N-terminal domain of nerve growth factor
(NGF) and brain-derived neurotrophic factor (BDNF) exhibit
neurotrophin-mimicking capabilities also upon immobilisation
on solid gold surface.12 13 n the present work, we move a step
forward on the fabrication and biological validation of the
hybrid nanobio interface established between neurotrophin
peptides and gold nanoparticles (AuNPs), which represent an
attractive scaffold to construct a multifaceted drug delivery
platform (Scheme 1).

AuNPs have intrinsic anti-angiogenic and anti-inflammatory
activities;1* owing to their plasmonic properties, they are
suitable for light-triggered response (e.g., hyperthermia in
tumour treatment) and optical imaging (biosensing).14
Moreover, drug-functionalised AuNPs might be able to cross
the BBB and to allow for a target-specific delivery of the active
molecules to the neurons of the CNS.1! To enhance the image-
contrast capability of the theranostic platform, the NGF- and
BDNF-like peptides were dye-labelled with carboxyfluorescein
(Fam) through an additional lysine (K) residue at the C-
terminus, to obtain SSSHPIFHRGEFSV-K-Fam (NGFpF) and
HSDPARRGELSV-K-Fam (BDNFpF), respectively.

Scheme 1- Representative picture of the hybrid gold nanoparticle-peptide interface for
NGF,F (a) and BDNFF (b) peptides.

Chem. Comm., 2016, 00, 1-3 | 1
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The arginine—glycine—aspartic acid (RGD) peptide sequence is known to specifically interact with integrins,
which are chief receptors participating at various stages of cancer disease and in bacterial adhesion/invasion
processes. In particular, vitronectin receptor (a,B3) and fibronectin receptor (asB;) integrins are involved
respectively in tumour cell targeting and bacteria internalization inhibition. Silver nanoparticles (AgNPs)
have elicited a lot of interest as a theranostic platform, owing to their unique optoelectronic as well as
self-therapeutic properties as bactericides. The goal of this work was the comprehensive
physicochemical characterization of a hybrid peptide—metal nanoparticle biointerface fabricated by the
immobilisation, through thiol chemistry, of a fluorescent cyclic RGD peptide onto AgNPs of 13 nm
diameter. RGD peptide-functionalized AgNPs were investigated by a multi-technique approach,
including various spectroscopic (XPS, FTIR and UV-visible), spectrometric (ToF-SIMS) and microscopic
(SEM, TEM, AFM) methods as well as dynamic light scattering and {-potential measurements. Proof-of-
work experiments by confocal microscopy imaging of the cellular uptake by human neuroblastoma SH-
SY5Y and chronic myelogenous leukaemia K562 cells, overexpressing respectively a,fs and asf
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1 Introduction

Multifunctional nanoparticles (NPs) offer great promise for
early diagnosis and targeted therapy, which is a hot area of
nanomedicine." Nanomaterials, owing to their extremely high
surface-to-volume ratio, offer an ideal versatile platform for
polyvalent presentation on account of their tunable size and
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make them very promising as a multifaceted platform in applications with cells and bacteria.

shape, surface chemistry, biocompatibility and, in general, non-
toxicity. Furthermore, an increased ability of targeting and
efficiency of drug loading/release as well as image contrast
capability, for instance, due to their optical or magnetic prop-
erties, are major advantages of nanoparticles for theranostic
applications.*?

An enormous research effort has been devoted to the search
for suitable materials to achieve targeted delivery, for example
polymers/inorganic mesoporous nanoparticles,* hollow nano-
capsules based on polymers,>® liposomes,” inorganic metals
and oxides.®

In particular, metal NPs, with their unique optoelectronic
properties® as well as their self-therapeutics features, including
anti-angiogenic gold nanoparticles (AuNPs) and antibacterial
silver nanoparticles (AgNPs),' attract a large interest as ideal
candidates for tumour diagnosis and therapy.>**

Different functionalization and/or surface modification
strategies, including the surface-anchoring of protein-
mimicking peptides as bioactive moieties,"””™* can be used to
trigger the response of a solid surface at the hybrid biointerface,
thus modulating the interaction with lipid membranes," "’
mammalian cells**?° or bacteria.

Surface-engineered nanoparticles may intrude cells by active
targeting but also by passive penetration of the plasma
membrane.” Nanoparticles adhere to and penetrate cell
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The hybrid nanobiointerface between nitrogen-doped graphene oxide

and lipid membranes: a theoretical and experimental study
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Abstract: In this study, we present a comparison between graphene oxide (GO) and nitrogen-doped
GO (N-GO) in terms of spectroscopic properties and biomolecule-binding potentiality features.
Specifically, GO nanosheets, both in aqueous dispersion and in solid state, were successfully
modified with different amino-containing moieties, in order to obtain graphene-based nanostructures
able to respond to chemical stimuli (e.g., pH) and with tunable surface properties. The physisorption
of dye-labelled lipid vesicles loaded with curcumin, was scrutinised both theoretically and
experimentally. The energetics of the hybrid lipid membrane-curcumin-GO interface at different pH
values, representative respectively of physiological (7.4) and pathological (5.5) environment, were
estimated by molecular dynamics (MD) simulations. The GO and GO-N samples characterization by
Raman, fluorescence, and UV-vis spectroscopies, as well as confocal microscopy demonstrated
promising features of the (N-)GO/lipid platforms for fluorescence imaging and drug delivery
applications.

Keywords: 2D nanomaterials; supported lipid bilayers; surface functionalisation; molecular
dynamics; confocal microscopy
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A facile strategy of polyacrylate (PAA) grafting was used to develop a pH stimuli-responsive theranostic platform based on
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graphene oxide (GO) nanosheets of homogeneous size. Indeed, the GO lateral size was found to significantly affect its

surface charge, optical properties as well as the cellular uptake. The actual surface termination of the GO/polymer hybrid,

prepared at two different acrylate grafting ratios, was scrutinised by a multitechnique approach, including spectroscopic

(UV-visible, fluorescence, Raman, ATR-FTIR, XPS), spectrometric (ToF-SIMS and —for the first time- ESI-MS) and microscopic

(AFM, confocal microscopy) methods. Both theoretical and experimental investigations on the optical response of

water/GO and water/GO-PAA interface, at different pH values, showed that the platform could be used not only to exploit

a pH-triggered drug release but also for a modulation of the GO intrinsic emission properties. Fluorescence resonance

energy transfer (FRET) experiments in solution of the graphene oxide/fluorescein-labelled albumin/doxorubicin assembly

showed significant differences for GO and GO-PAA, thus demonstrating the occurrence of different electronic processes at

the hybrid nano-bio-interfaces. Confocal microscopy studies of cellular uptake in neuroblastoma cells confirmed the

promising potentialities of the developed nanoplatform for theranostics.

1. Introduction

The main text of the article should appear here with headings
as appropriate. Two-dimensional graphene-related materials
biomedical engineering
applications, especially bioimaging! and tissue engineering,?

have shown great potential for

due their unique physicochemical characteristics, including
optoelectronic  properties, mechanical strength, and
biocompatibility.3

In particular, graphene oxide (GO) is increasingly used in
biomedical applications because it possesses not only the
unique graphene properties of large surface area and flexibility
but also hydrophilicity and dispersibility in aqueous solutions.*
GO has been proposed as an effective antibacterial agent in

commercial packaging,® capable of generating synergistic

topographical stimulation to enhance integrin clustering, focal
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adhesion, and neuronal differentiation in human neural stem
cells,® as electrochemical biosensor for cancer diagnosis’ and
as alternative to metal nanocarriers® for targeted drug
delivery® and tumour microenvironment-responsive triggered
drug release.10

Doxorubicin hydrochloride (DOX) is an effective anticancer
agent for leukemia chemotherapy but its clinical use has been
limited because of side effects; thus, its delivery by various
nanoparticles has been largely investigated.!®13 GO and
reduced GO (rGO) have been already demonstrated to be
promising nanocarriers for DOX. Thermodynamic studies
indicated that the adsorption of DOX on GO is spontaneous
and endothermic in nature.13

Recently,
dendrimers capped with amino groups and loaded with DOX

a prostate cancer-targeted GO, grafted with

was demonstrated very effective for magnetic resonance
imaging and drug delivery.1# Also, in vitro cell cytotoxicity and
cellular uptake studies of folic acid-albumin/GO/DOX assembly
suggested that the nanohybrids significantly
enhanced the anticancer activity.s

Another popular strategy for the imaging properties of GO is
fluorescence, which arises from the radiative recombination of

construct

electron-hole pairs among the confined cluster originating
from the small and isolated sp? carbon domains embedded in
the sp3
graphene oxide loaded with DOX was internalised by cells, as

matrix.’6  Poly(N-isopropylacrylamide)-grafted

evidenced both from optical and fluorescence imaging of live

cells, with a significant improvement of the efficiency of drug
in the loaded system.” In the same work the authors explain
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Abstract: Noble metal nanomaterials, such as gold or silver nanoparticles, exhibit unique
photonic, electronic, catalytic and therapeutic properties. The high versatility in their
synthesis, especially size and shape features, as well as in the surface functionalization
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of noble metal nanoparticles by chemical, physical and biological/green processes; (3)

by, e.g., physisorption, direct chemisorption of thiol derivatives and covalent binding
through bifunctional linkers or specific affinity interactions, prompted their widespread
and rising use as multifunctional platforms for theranostic purposes. In this paper, the
recent developments of gold and silver nanoparticles for application in biosensing, medi-
cal imaging, diagnosis and therapy is reviewed from the following five aspects: (1) the
gold and silver nanomaterials intrinsic properties of biomedical interest; (2) the synthesis

Cristina Satriano

the applications of gold and silver nanoparticles in imaging, diagnostic and therapeutic mode; (4) the surface
functionalization processes for targeting, controlled drug loading and release, triggered pathways of cellular
uptake and tissue distribution; and (5) nanotoxicity. The historical developments and the most recent applica-

tions have been focused on, together with suggested strategies for future more efficacious, targeted delivery.

Keywords: Drug delivery, Imaging, Metal nanoparticle, Nanomaterial synthesis, Nanotoxicity, Plasmonics, Surface function-

alization.

1. INTRODUCTION

Recent advances in nanotechnology have stimulated huge
advances in nanomedicine, where nanoparticles (NPs) are
employed as versatile platform with a variety of biomedical
applications, such as highly sensitive diagnostic assays [1,2]
thermal ablation and radiotherapy [3], non-toxic carriers for
drugs and gene delivery [4-6]. Often, the goal is to construct
multifunctional structures that simultaneously combine the
therapeutic capability with imaging and sensing properties,
known as “theranostics”™ [7].

Noble metal NPs, particularly gold (AuNP) and silver
(AgNP), have elicited a lot of interest as model theranostic
platforms owing to their apparently low toxicity [8], ease of
synthesis [9] and versatility in functionalization with various
moieties [10] (including antibodies [11], peptides [12] and
DNA/RNA [5]) to get specific cell targeting [13] or coating
with biocompatible polymers such as polyethylene glycol
(PEG) to prolong in vivo circulation [14]. Recent investiga-
tions are demonstrating another promising application of
gold and silver nanomaterials as self-therapeutics [3].

Nanomaterials exhibit completely new or improved
properties, compared to bulk of the same chemical composi-
tion. Their extremely small size and the higher surface-to-
volume ratio with decreasing the size lead to chemical,
physical and biological differences in their properties [15].

*Address correspondence to this author at the Department of Chemical
Sciences, Catania University, P.O. Box: 95125, Catania, Italy; Tel/Fax:
++39-095-7385136; +39-095-580138; E-mail: csatriano@unict.it
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Metal nanoparticles exhibit size and shape-dependent prop-
erties [16] that are of interest for applications ranging from
chemical sensing [17] and biosensing [18] to catalysis [19],
optics [20], antimicrobial activity [21], computer transistors
and wireless electronic logic and memory schemes [22-23].
These particles have also many applications in the specific
biomedical field such as for medical imaging [23], nano-
composites [24], drug delivery [25], and hyperthermia of
tumours [26]. In particular, the unique modification of the
metal surface reactivity by changing the surface-to-volume
ratio makes them very attractive for application in the clini-
cal field for cancer therapy [27]. For example, the specific
surface area is especially relevant for catalytic reactivity and
other related properties, including the antimicrobial activity
in silver nanoparticles: as specific surface area of NPs aug-
ments, their biological effectiveness normally rises, owing to
the increase in surface energy [28].

Site-specific drug delivery is a topic of considerable sig-
nificance for achieving enhanced therapeutic efficacy and
mitigating the adverse side effects. Noble metal NPs can
provide theranostic performances, owing to their unique
properties for better penetration of therapeutic moieties and
tracking within the body, a guided release and a more effi-
cient therapy (with reduced risks) in comparison to conven-
tional therapies [21]. Furthermore, AuNPs and AgNPs are
particularly interesting due to their size and shape dependent
optoelectronic properties [29,30]. These properties can be
easily tuned to desirable wavelengths according to their size
(e.g, 1 to 100 nm), shape (e.g., nanospheres, nanowires,
nanoshells, nanorods, etc.) and composition (e.g., core/shell
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