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Abstract

In this Ph.D. thesis we investigate macro and nano-hydrogels for controlled drug
delivery. In particular, we first focus the attention on macro hydrogels physically
functionalized with graphene, and then we consider nanogels chemically functional-
ized with different aromatic groups.

Indeed, new trends in drug delivery strategies have seen lately a considerable
interest in the synthesis of graphene-based materials in order to design biomateri-
als promoting tunable drug release via electric or stretching stimuli. However, the
design of a thermosensitive scaffold using pristine graphene has not been invest-
igated yet, and it can be considered a promising approach for several therapeutic
treatments, including hyperthermia. We present the fabrication of thermosensitive
hydrogels where pristine nano-layered graphene (few layered graphene, FLG) is used
as a nanofiller to investigate the graphene thermal effect in the drug release scenario.
Hydrogels are synthesized in two steps: i) esterification between polyacrylic acid and
agarose, under microwave irradiation, to activate the sol gel transition, and ii) incor-
poration of drug loaded FLG during sol-gel transition. Following a first check over
hydrogel non-toxicity, according to ASTM 10399-5 standard, the drug release profile
of the gels at different temperatures is investigated. The chosen drug is Diclofenac,
an anti-inflammatory molecule used to treat musculoskeletal inflammations. The
drug release profile is investigated at three different temperatures: 25, 37 and 44
°C. Results show that is possible to tune diclofenac release over time by modifying
temperature. This response is not observed in polymeric scaffolds without FLG,
suggesting that pristine graphene, due to its thermal conductivity and pi-conjugated
chemical structure, is able to generate electronic interactions with both the polymeric
matrix and the drug molecules, modulating the release profile of diclofenac.

Moreover, the anti-inflammatory performance of the released drug is evaluated
in terms of cyclooxygenase (COX) inhibition, resulting in an efficiency comparable
to the administration of free diclofenac in aqueous medium, which proves that the
graphene interactions do not affect the therapeutic properties. Furthermore, the high
biocompatibility of the synthesized graphene-laden hydrogels confirms their potential
use as 3D scaffolds for thermally triggered drug release.

Regarding NGs the goal is to evaluate how NGs with different aromatic coat-
ings may affect biocompatibility, chemical-physical properties, drug loading, drug
release and cell uptake in a specific disease scenario. In particular, NGs are tested
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on representative renal cell carcinoma T-786O in order to evaluate NGs cellular in-
ternalization with the purpose of developing an innovative approach based on the
microfluidic system to mimic the effective condition on a potential in vivo adminis-
tration. In detail, NGs synthesis is performed in batch by cross-linking reaction via
emulsion-evaporation method and subsequently an aromatic surface functionaliza-
tion is realized by three different aromatic layers. The obtained NGs are compared
in terms of size, polydispersity index, biocompatibility and drug encapsulation effi-
ciency. Regarding the latter, NGs are tested as nanocarriers for drug delivery using
Sunitinib malate an FDA-approved drug for the treatment of kidney cancer. The
NGs-drug interaction is investigated in terms of drug release varying the aromatic
coating. In particular, different drug release profiles are obtained for each aromatic
coating confirming the possibility of using the nanomaterial for intracellular con-
trolled drug delivery. On the other hand, the NGs internalization, following a pre-
liminary evaluation through the conventional flow cytometry analysis, is evaluated
in vitro using the microfluidic system. The microfluidic-assisted NGs cell uptake is
evaluated with two different approaches: static and dynamic conditions. In the first
instance, NGs internalization is performed in static conditions to compared it with
the conventional approach due to cell seeding occurs in a different environment and
then under dynamic to estimate cell uptake in injection-like condition. The collected
results showed how the selected aromatic coatings on NGs surface ensure a tun-
able drug delivery of Sunitinib and modulate the cellular internalization in T-786O
cell line. Regarding the latter, the evaluation of NGs cell uptake in flow condition
through the microfluidic system has revealed a different trend from the traditional
approach, more similar to the effective injection-like conditions, suggesting the po-
tential of this approach. Overall, these results demonstrated that through surface
decoration with specific aromatic moieties it’s possible to tune NG-cell interactions
and the drug delivery performances, designing versatile nanosystems suitable for the
definition of future therapeutic approaches.

The present thesis is divided into two different parts:

• Part I consists of three chapters and it focuses on the current state of the art on
hydrogel for drug delivery (Chapter 1), on hydrogels with graphene (Chapter
2) and on nanocarriers for drug delivery (Chapter 3).

• Part II is devoted to the research activities, presenting the experimental meth-
odology conducted for hydrogel with physical functionalization (Chapter 4)
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and Nanogels with chemical functionalization (Chapter 5). Finally, the last
Chapter 6 sums up and collects all the conclusions and proposes future devel-
opments to the present work.
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Chapter 1

Hydrogels for drug delivery and drug
Release mechanism

1.1 Drug delivery

Drug delivery is becoming a whole interdisciplinary and independent field of research
and is gaining the attention of pharmaceutical makers, medical doctors and industry.

The term "drug delivery" means the development of technologies for the transport
of drugs, the drug delivery systems (DDS) [1]. DDS represent a milestone in the
development of efficient therapeutic strategies for the modern healthcare scenario
given their capacity to:

• target the release in a specific area of interest,

• improve effectiveness,

• reduce potential cytotoxic effects,

• check the times of administration of the drug,

The crucial role of DDS, is to convey the active agent to the target without vari-
ations in terms of structure and function and maintaining drug concentration into
the therapeutic window to guarantee a therapeutic effect. The therapeutic window
is defined between the minimum effective concentration (MEC) and the minimum
toxic concentration (MTC). When a drug is administered in a single large dose, the
level of the drug exceeds the MEC, causing toxic side-effects, and then rapidly falls
below the MEC (Figure 1.1.1).
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Figure 1.1.1: Plasma drug concentration profile obtained by single dosing, multiple
dosing and zero order controlled release. The therapeutic window is where drug is
effective without displaying toxicity. [2]

Undoubtedly multiple dosing with a certain interval can reduce the fluctuation
of drug levels, but it may not be patient-compliance. Therefore, it is desirable
to develop drug-carriers that provide sustained or controlled drug release with a
low frequency. To this end, a constant drug release rate (zero order drug release
profile) is often pursued [2, 3]. On the other hand, excessive attenuation in drug
release can compromise the therapeutic efficacy. Controlled release systems have
been proposed to improve drug efficacy. In these systems, drugs can be protected
from premature elimination, facilitated to cross physiological barriers, and released
in a controlled manner to maintain their effective concentration; therefore, pulsatile
or stimuli-responsive drug release [4] is also used to achieve timely drug release.

Therefore, controlled drug delivery represents one of the most relevant opportun-
ities for drug administration aiming to overcome the limitations of conventional drug
somministration. In particular, the advantages of a DDS are:

• the protection and the stability of bioactive substances,

• the control of the kinetics and of the quantity released,
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• the possibility of having a cellular selectivity,

• the reduction of side effects (invasiveness and overdose),

• the possibility of directing the release of the drug in a specific area avoiding
contact between the drug and organs not involved, also known as "drug target-
ing": the drug is conveyed exclusively to the site of interest. In drug targeting,
nanometric-sized devices, such as nanogels, are of particular interest, as they
can identify the pathogenic cells, avoiding the healthy cells and tissues.

1.2 Hydrogels for drug delivery

Studying the DDS, researches have focused on systems allowing tunable pharma-
cokinetics and the efficacy of released active principles, generating a wide range of
polymer-based biomaterials, such as hydrogels.

Hydrogels are commonly recognized as tailored three-dimensional (3D) cross-
linked polymer networks. Their unique physical-chemical properties are essentially
correlated to the porous structure and the high-water imbibing capacity: they guar-
antee the diffusion of drug payload and the exchange of ions and metabolites with
tissues to maintain the biological chemical balance with the surrounding environment
[5].

Hydrogels are made up of a cross-linked network of hydrophilic polymers chains
that chemically bind to create a three dimensional structure, obtained from the
simple reaction of monomers, forming a polymeric crosslink [6, 7]. They have been
successful as drug delivery systems thanks to their swelling behaviour, their porous
structure, high water imbimbing capacity, which allows an excellent ability to en-
capsulate hydrophilic drugs, and the introduction of filler materials in the polymer
matrix, that improve their functions and properties. Most of them are non-toxic and
biocompatible [8].

Their large water imbimbing capacity is due to terminal groups (e.g. −OH,
−CONH−, −CONH2, and −SO3H) present in their structure [9].

Also, hydrogels are known as stimuli-responsive materials (SRMs), thanks to their
tendency to modify their structure in response to external stimuli, such as exposure to
magnetic fields, light, pressure, pH or temperature variation. Such stimuli-sensitive
materials find applications in electrochemical, biomimetic, sound-absorbing devices,
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actuators and sensors, smart medicine instruments. Several factors, such as the loss
of hydrogen bonds and the progressive ionization in the polymeric matrix, influence
the responses of hydrogels to external stimuli [10]. For biomedical applications, these
materials must be biocompatible, biodegradable and must not cause any immune
response under biological conditions [11].

1.2.1 Physico-chemical properties

The distinctive features of these smart materials are correlated to their physical-
chemical properties that characterize them.

1.2.1.1 Swelling behaviour

The ability of hydrogels to absorb water derives from the hydrophilic functional
groups, while their resistance to dissolution derives from the cross-linking between
the network chains [12]. The high water content (typically 70-99%) provides a phys-
ical resemblance to human tissue, and can give hydrogels excellent biocompatibility
and the ability to easily encapsulate hydrophilic drugs. Furthermore, the risk of
drug denaturation and aggregation causing exposure to organic solvents is minim-
ized [13]. The remarkable swelling capacity of hydrogels has been attributed to the
disruption of hydrogen bonds between the polymeric matrix, resulting in increased
chain mobility and network expansion [7].

1.2.1.2 Mechanical properties

Another attractive aspect of hydrogels is that the crosslinked chains in the gel are
linked together to form a large molecule on a macroscopic scale. The gel is in a
state that is neither completely liquid nor completely solid. These intermediate
properties are responsible for many interesting behaviours not found in either a pure
solid or liquid [12]. The stiffness is adjustable, and can vary [14] from 0.5 kPa to
5 MPa, allowing to exploit their physical properties to different soft tissues in the
human body [15]. Furthermore, the mechanical and structural properties of hydrogels
provide protection for drugs, preventing the penetration of various proteins [16] that
could prematurely degrade the bioactive molecules.
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1.2.1.3 Sensitivity to external stimuli

Hydrogels show changes in their volume in response to specific external stimuli,
both physical and chemical. Among the physical ones we find temperature, electric
or magnetic field, light, pressure and sound. While chemical stimuli include pH,
solvent composition, ionic strength, molecular species, etc. (Figure 1.2.1). They have
the capability of detect small changes in environmental conditions and they respond
to the latter with a consequent swelling and de-swelling [17], through reversible
changes in volume. Such volumetric variation behaviours of hydrogels have attracted
considerable interest in the last three decades [12]. Functionalization is often required
to increase the responsiveness of hydrogels to stimuli.

Figure 1.2.1: Volumetric response to physical and chemical stimuli of a hydrogel. [6]

1.2.1.4 Shape and size

Hydrogels differ in size and function; together, these characteristics determine how
drugs are delivered. The hydrogels dimensions range from centimeters to sub-
nanometers (Figure 1.2.2). Depending on their size, they can be classified in three
categories: macroscopic hydrogels, microgels and nanogels. Microgels and nanogels
are hydrogels with dimensions in the order of micrometers and nanometers, respect-
ively. They can be designed in almost any size and shape. Micro-pores, with pore
sizes of 10–500 μm, will greatly affect the physical properties (e.g., deformability)

14



(Figure 1.2.2A), while allowing the transport of drugs. The polymer network can
have different mesh sizes, adjustable from about 5 to about 100 nm. Importantly,
the mesh size regulates drug diffusion within the hydrogel network (Figure 1.2.2B).
Finally, at the molecular and atomic scales, various chemical interactions can occur
between drugs and polymer chains (Figure 1.2.2C). Polymer chains can have numer-
ous sites for drug binding, and these can be functionalized using a variety of physical
and chemical methods. The characteristics of the mesh scale and the molecular and
atomic scale are essential for the controlled release of drugs. This multiscale nature
can serve as a versatile platform to meet specific requirements based on the desired
application [13].

Figure 1.2.2: Multiscale properties of hydrogels. A: Macroscopic design: size and
porous structure; B: Mesh size; C: Molecular (or atomic) scale [13]

1.2.2 Polymeric matrix composition

Different classes of hydrogels are distinguished depending on polymerization method.
These can be divided into:

1. Homopolymer hydrogels : the polymeric matrix derived from a single monomer
species, which is a basic structural unit constituting all the polymeric network
[18]. The crosslinked structure of homopolymers is influenced by the nature of
the monomer and the polymerization technique;
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2. Copolymeric hydrogels. They are composed of two or more different monomer
species with at least one hydrophilic component, arranged in a random, blocky
or alternating configuration along the polymer network chain [19];

3. Hydrogels with interpenetrating polymer network (IPN). They are a kind of
hydrogel which includes two or more polymeric units in the network in which
the polymers are cross-linked with each other. In the semi-IPN hydrogel, one
component is a crosslinked polymer and another component is a non-crosslinked
polymer [20].

1.2.3 Hydrogel functionalization

Hydrogel functionalization offers new tools to both tune the mechanical properties
and tailor the biomimetic properties, which is useful for tissue engineering, regener-
ative medicine and other applications.

In their natural environment, cells are surrounded by an intricate network of
extracellular molecules, called the Extracellular Matrix (ECM), that ensures cell ad-
hesion, functionalization, proliferation, morphology and gene expression. Hydrogel
networks have attracted a greatest interest to mimic the ECM. Owing to their high
water content, as well as their amenability to mechanical and biochemical optimiza-
tion, hydrogels lend themselves as excellent microenvironments for cell colonization.
However, before their applications may be expanded, some limitations of hydrogel
properties remain to be overcome, including the fact that they are still far from
the mechanical or biological properties of native tissues. For innumerable biological
applications, such as for example to favour the interaction between the polymeric
chains and the cellular component, a functionalization of the hydrogel is required, in
order to emulate the behaviour of the ECM and to guarantee the vitality of the cells
[21]. Functionalization consists in the introduction of protein or peptide sequences
into the matrix structure. The technique can be done with physical or chemical
methods. The most common procedure involves the addition of bioactive binding
sites in synthetic hydrogels through the encapsulation of extra-cellular matrix pro-
teins (such as collagen, fibronectin, etc.) within the polymeric structure. Among
the complications that may occur, we find the denaturation of the hydrogel after the
introduction of proteins, or a non-uniform distribution of the polypeptides within
the matrix [22]. The functionalization of a hydrogel has proved to be a promising
technique also with regard to drug targeting. The term active targeting refers to the
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functionalization of the drug carrier surface with ligands that are selectively recog-
nized by receptors located on the surface of the target cells. In this way, the drug
release, in not just controlled but will also take place exclusively at the site of interest
[23]. These prevent side effects such as dispersion of the drug to areas of no interest
during transport through the mechanism of endocytosis. For example, to combat a
tumor, the effectiveness of this technique relies on the antigen-antibody interaction,
or on the addition of thermosensitive or pH sensitive functional groups, depending
on the biological characteristics of the tumor tissue.

1.2.3.1 Problems related with Polymer functionalization

Post-polymerization modification is an attractive approach for the synthesis of func-
tional polymers that overcomes problems related to the limited functional-group
tolerance of a number of polymerization strategies. Polymer functionalization can
be applied in bulk materials (like hydrogels) and in colloid ones with the main aims
to allow biomaterial tracking, cell adhesion and improve drug delivery performances.

Two main problems can take place when polymer functionalization is applied in
drug delivery field:

1. the use of precursors or catalysts or initiator or solvent that can compromise
materials biocompatibility, leading to various adverse effects such as cytotox-
icity and inflammation;

2. chemical functionalization that can reduce or change the activity of the solute
loaded within the polymeric network.

One of the primary concerns when using polymer functionalization in drug delivery
is the use of precursors, catalysts, initiators, or solvents that can be toxic or lead to
the formation of toxic by-products. For example, some of the commonly used cross-
linking agents, such as glutaraldehyde and formaldehyde, are known to be cytotoxic
and can cause allergic reactions in patients [24]. Also other commonly used precursors
and initiators such as azo compounds and peroxides can produce toxic by-products
that can compromise the biocompatibility of the resulting polymers [25]. Moreover,
the use of solvents such as chloroform, tetrahydrofuran (THF), dimethyl sulfoxide
(DMSO) and dimethylformamide (DMF) can cause hemolysis, cytotoxicity, and af-
fect the viability of cells [26, 27, 28]. Several studies have reported that the use of
toxic precursors, catalysts, initiators, or solvents during polymer functionalization
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can lead to adverse effects on biological systems [29]. To address this issue, research-
ers have explored alternative and safer precursors, catalysts, initiators, or solvents
for polymer functionalization [30, 31, 32].

The loaded solute within the polymeric network can also be affected by chemical
functionalization in different ways. In fact the activity of the solute is dependent on
its interactions with the polymer matrix, and any modification to the polymer can
affect these interactions. For instance, the introduction of functional groups on the
polymer surface can alter the surface properties, such as hydrophobicity, which can
affect the adsorption of drugs onto the polymer matrix [33, 34, 35]. Additionally,
chemical functionalization can lead to changes in the chemical environment of the
solute, which can affect its stability and release profile, impacting its efficacy [36].
Moreover, the introduction of reactive functional groups on the polymer surface can
cause undesired chemical reactions with the loaded solute, leading to a decrease in its
activity [37]. To address this issue, researchers have explored alternative approaches
for polymer functionalization that do not affect the activity of the loaded solute
[38, 39, 40]. Moreover, the use of responsive polymers that can respond to specific
stimuli, such as pH or temperature, can be an effective strategy to avoid the undesired
chemical reactions between the polymer and the loaded solute.

In summary, polymer functionalization is an important technique in the drug de-
livery field, but it is important to carefully consider the precursor, catalyst, initiator,
or solvent used to ensure biocompatibility of the resulting materials. Additionally,
chemical functionalization can affect the activity of the solute loaded within the poly-
meric network, and this should also be considered when selecting a functionalization
method. As the field of drug delivery continues to evolve, it is important to continue
to explore new methods of functionalization that are both effective and safe for use
in clinical settings.

1.3 Drug release mechanism

Several approaches can be induced on hydrogel to release the drug in a controlled
manner. Drug release is influenced by drug type, hydrogel chemical composition,
hydrogel functionalization, physical interaction between drug, matrices and release
environment or can be mediated by stimuli. In general, more than one mechanism
contributes to the drug release from the matrices, although one may be more influ-
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ential than the other. For instance, in drug-loaded hydrogel coated with a polymer
membrane, drug release is controlled by swelling as well as diffusion through the
membrane [41].

According to the mechanism by which a drug is released, it can be classified into
four categories: diffusion, solvent, degradation and stimuli-controlled release.

1.3.1 Diffusion controlled release

Diffusion-controlled drug release is driven by drug concentration gradient across the
bulk matrix and it can occur in:

1. Capsule-type reservoir system

2. Matrix-type system

In capsule-type reservoir systems, the drug is dissolved or dispersed in a core sur-
rounded by a polymeric membrane [42] and the drug dissolves in the core and then
diffuses through the membrane providing a diffusion-controlled release profile [43].
Depending on drug-loading methods, capsule-type reservoir systems can be divided
in non-constant drug source reservoir (a) and constant drug source reservoir (b) as
shown in Figure 1.3.1.

Figure 1.3.1: Capsule-type reservoir systems: non-constant drug source reservoir
system (a), constant drug source reservoir system (b). Created with BioRender.com

In matrix-type systems, the drug is dispersed in the matrix and there is not a
membrane that can function as a barrier to diffusion, nevertheless the drug release
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is based on the concentration gradient [44]. Matrix-type systems can be divided in
monolithic solution, and monolithic dispersion as shown Figure 1.3.2 .

Figure 1.3.2: Matrix-type systems: monolithic solution (a) and monolithic dispersion
(b). Created with BioRender.com

1.3.2 Solvent controlled release

Solvent-controlled release is mediated by a transport of a solvent into drug-delivery
systems that induce the drug release. In this category, two different release mechan-
ism are classified [46] :

1. Osmosis-controlled release

2. Swelling-controlled release

Osmotic-controlled release occurs in a carrier covered by a semipermeable polymer
membrane and water flows, properly biological fluids, from the outside of the carrier,
with a low concentration of drug, to the centre of the carrier, with a high concen-
tration of drug (Figure 1.3.3). As a result of this mechanism, drug release with
zero-order kinetics occurs along a concentration gradient that is constantly main-
tained across the carriers’ membrane [47].
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Figure 1.3.3: Osmosis-controlled release. Created with BioRender.com

Swelling-controlled release occurs in a system primarily composed of polymeric
material with a three-dimensional cross-linked network structure, such as a hydrogel
in which the mesh size controls the drug release as result of swelling (Figure 1.3.4).
The drug release rate is determined by the diffusion rate of water and the chain
relaxation rate of polymers [48, 49].

Figure 1.3.4: Swelling-controlled release. Created with BioRender.com

1.3.3 Degradation-controlled release

Degradation-controlled release occurs by degradation of the carrier structure (Fig-
ure 1.3.5). In particular, drug carriers composed of biodegradable polymers such
as polyesters, polyamides, and polysaccharides release the drug through enzymatic
decomposition, which degrades ester or amide bonds, or causes hydrolysis [50]. Nev-
ertheless, matrix, made of polymer anhydrides or orthoesters, typically erodes from
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the surface to the centre causing degradation of the polymer at a faster rate than
water diffuses into the matrix.

However, a small matrix, has a very short diffusion length for water. The poly-
mer degradation continues to accelerate with general degradation of the polymer
rather than just surface erosion [51, 52]. Drug release kinetics is determined by the
degradation rate of polymers, which depends on their molecular weight, groups, and
monomer composition. Additionally, the drug can be contained in the polymeric
matrix but also conjugated to the drug by chemical bonds. In the latter case, the
drug is released from the carrier by hydrolytic or enzymatic cleavage of the bond
between the drug and the polymer and the rate of cleavage controls the kinetics
of drug release. Enzymatically cleavable drug-polymer conjugates can be used for
target-specific drug delivery if the enzyme is concentrated in the target tissues [53].

Figure 1.3.5: Degradation-controlled release. Created with BioRender.com

Biodegradable polymer systems are preferable in biomedical applications because
they are degraded in the body without causing long-term side-effects.

1.3.4 Stimuli-controlled release

Stimuli-responsive hydrogels can be promising smart drug delivery platforms for the
selective drug release at the desirable sites [54, 55]. In fact in recent years, biomed-
ical researchers acquired great consideration to introduce smart or stimuli–responsive
polymeric drug delivery systems. The release is driven by external or internal stim-
uli (Figure 1.3.6) such as temperature, pH, ionic strength, sound, and electric or
magnetic fields [56]. This approach is adaptable, it can be used for both passive
and specific-drug targeting because stimuli can be localized or be characteristic of a
pathological condition [57].
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Figure 1.3.6: Stimuli-controlled release. Created with BioRender.com
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Chapter 2

Hydrogel with graphene

In Chapter 1, we have talked about hydrogels and some different release mechan-
isms. However, often the drug release from these 3D scaffolds is mostly driven by
a pure diffusion mechanism, due to the high clearance observed in vivo and it can
difficulty be modulated through external stimuli. To overcome these limitations, hy-
brid composites are being developed and the scientific community has shown great
interest in the use of graphene as a nanoscale filler [58, 59]. In fact one of the way
to achieve the electrical conduction goal in hydrogel is the addiction of graphene in
different forms (carbon nanotubes, pristine graphene or graphene oxide)[60, 61, 62].
Graphene is defined as a single layer of sp2-hybridized carbon atoms arranged in a
honeycomb two-dimensional (2D) lattice array [63, 64]. The application of graphene
in the synthesis of drug carriers is justified by its peculiar feature, which include high
Young’s modulus, mechanical stability, excellent electrical and thermal conductivity,
and combination of fast mobility of charge with a large specific surface area that
provide multiple attachment sites for drug targeting [65, 66]. Indeed, the planar
configuration represents an attractive substrate to immobilize different substances,
such as drugs, biomolecules, chromophores and cells [67, 68, 69]. The main applica-
tion of graphene in DDS is in its oxidized (graphene oxide, GO) or reduced (reduced
graphene oxide, rGO) state to endow polymeric networks with improved mechanical
consistence, self-healing ability, ultrasound or IR responsivity, which affect the drug
release kinetics [70, 71]. In particular, the choice of graphene oxide is due to its water
dispersibility, result of the epoxide and hydroxyl functionalities on the two sides of
a single layer of graphene, and of the carboxylic terminal groups at the edges: the
polarity of these chemical groups empowers the formation of hydrogen bonds with hy-
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drophilic molecules and their chemical reactivity gives rise to covalent linkage with
polymers or biomolecules [72, 73]. For example, Dembereldorj and coworkers [74]
have been proposed the PEGylation of GO to optimize the biocompatible release
of doxorubicin; Wang’s group [75] discussed the covalent functionalization among
GO and polyethyleneimine, polyethylene glycol, and folic acid to design a plasmid
delivery system for targeting hepatocellular carcinoma; Cheng and coworkers [76]
described the synthesis of a 3D printable GO-hydrogel as BMP7 protein delivery
system and as protection of the cartilage by the pathway of Rank/Rankl/OPG in
biomimetic tissue models in vitro and in vivo. On the other hand, the application of
pristine graphene is investigated due to its specific conductivity (higher than oxidized
derivative) and mechanical stability: recently, González-Domínguez and his group
[77] have studied the response of a hybrid graphene-hydrogel to electrical and mech-
anical stimuli to modulate the release of a drug. However, the pristine graphene
thermal behaviour within a polymeric matrix has not been fully investigated yet.
The thermal triggering approach to drug delivery is common in cancer [78, 79, 80]
and brain tumors [81, 82]. As we will see in Chapter 4, in this thesis we propose
the synthesis of graphene-based hydrogels as thermo-sensitive carriers for controlled
drug release. In the next sections we will analyze the main properties of graphene
and its main applications in drug delivery.

2.1 Graphene

Graphene – a single layer of graphite – is a monolayer of sp2 hybridised carbon atoms
patterned in a honeycomb lattice form [83]. The discovery of this revolutionary
material took place in 2004 by two English physicists, Andre Geim and Konstantin
Novoselov [84]. In this 2D material, all the carbon atoms are tightly bonded through
in-plane σ-bonds and form a strong honeycomb layered network. Moreover each
carbon atoms has a network of delocalized π-electrons. These π-electrons, which
are oriented along perpendicular plane of the layers, provide a high electron density
above and below the 2D planar structure of graphene [85].

A large number of experiments focus on the insertion of additional chemical
species between the basal planes of graphite [86, 87]. However, the presence of
these delocalized electrons’ makes the graphene as an electrically conductive and
chemically inert structure to gasses and vapors [88]. Pure graphene is hydrophobic
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in nature and it often requires the dispersion of stabilizing agents or surfactants in
water [89]. Graphene and its derivatives have been extensively explored in recent
years for drug transport and delivery applications in the body by many research
groups [90]. Some salient characteristics of graphene are reported in the following
sections.

2.1.1 Graphene properties

Graphene was first isolated using mechanical exfoliation with the scotch-tape method.
Each carbon atom of pristine graphene (that is the graphene in its original, pure, and
deionized form) is bonded to three others in a planar structure (sp2 hybridization).
This structure is the basis of many carbon materials with different geometries (Figure
2.1.1): spherical structures (zero-dimensional fullerenes), carbon nano-tubes (CNTs)
or stacking of three-dimensional structures (graphite) [91]. Graphene, fullerenes and
CNTs vary in diameter, length and surface chemistry [92].

Figure 2.1.1: sp2 hybridization in graphene and its allotropic forms [93]

2.1.1.1 Mechanical properties

Its excellent mechanical strength makes graphene the strongest material in nature,
despite being the thinnest in the world and extremely light. The C-C bond, which is
established in the plane thank to the sp2 hybridization between an s orbital and two
p orbitals, is considered the strongest of all chemical bonds; on the other hand, the
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interplanar π-bond is extremely weak, which makes possible the separation of the
graphite planes and it is the foundation of the mechanical microexfoliation technique.
The Young’s modulus, fracture toughness, and Poisson’s ratio of defect-free, single-
layer graphene are 1 TPa, 130 GPa, and 0.149 GPa, respectively [94, 95] ; it also
turns out to be 200 times stronger than steel.

Due to its high mechanical properties, graphene has been used for enhancing
strength of polymeric materials. Graphene reinforcement into polymeric matrix
significantly increased the modulus and hardness of composites for biological ap-
plications [96]. High strength and ability to tune the mechanical properties using
various forms/functionalization strategies imply potential applications of graphene
as fillers or reinforcements in medical implants, hydrogels and scaffolds used in tissue
engineering [97, 98, 99].

2.1.1.2 Thermal and Electrical Properties

The presence of a strong σv bond and delocalized π electrons makes graphene a highly
conductive material both electrically and thermally, with a low coefficient of thermal
expansion. [100] Single layer graphene has higher thermal and electrical conductivity
due to low defect density in the crystal lattice. It is approximately of the order of
4.5−5.5×103 W/mK, while it is approximately 2×103, 3×103 and 3.5×103 W/mK
for graphene oxide, multiwall carbon nanotubes, and single wall carbon nanotubes,
respectively [107]. The thermal conductivity of GO is lower than that of graphene
due to the presence of defects in its structure that hinder the conductivity. The
thermal properties of graphene are also greatly affected by phenomenon such as de-
fect edge scattering [101] and isotopic doping [102] due to scattering or localization
of phonons at the defect sites. Exceptional electrical conductivity and thermal prop-
erties of graphene can be useful not only in electronic devices, in biomedical devices
for measuring cell potential and as a substrate for conductive cell culture devices
and biosensors [103, 104, 105, 106].

2.1.1.3 Optical properties

In addition to the exceptional mechanical strength and thermal and electrical prop-
erties, graphene has excellent optical properties. A single layer of graphene showed
an incident light transmission of 97.7% over a wide range of wavelengths. This prop-
erty is strongly influenced by the presence of impurities and the number of layers
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of graphene [108]. The high optical transparency, conductivity, excellent mechanical
strength and chemical stability make graphene a material for the design of transpar-
ent electrodes in solar cells or liquid crystals, as well as flexible transparent electrodes
[109].

2.1.2 Graphene oxide, reduced graphene oxide, and pristine

graphene

It is possible to obtain graphene from graphite with different techniques: micromech-
anical exfoliation, solvent exfoliation, epitaxial growth and chemical vapor depos-
ition (CVD) [110]. Generally, graphene-based materials are classified into different
types, such as pristine graphene, graphene oxide (GO), and reduced GO (rGO) [111].
Among these materials, GO and rGO have the greatest interest and potential in
biomedical fields due to their modifiable physicochemical properties, high biocom-
patibility, and easy availability. Furthermore, the photothermal properties of GO
and rGO give them great potential in targeted cancer therapy [112] (Figure 2.1.2).

Figure 2.1.2: Graphene-based materials as drug carriers for anticancer systems [113].

Pristine graphene, having a hydrophobic nature, requires functionalization treat-
ments in order to be used in biomedical applications.
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The solubilization is achieved by exfoliation of graphite layers in the presence
of a non-polar solvent or surfactants [114]. The hydrophobic regions cover much
of the surface of the exfoliated flake, while the hydrophilic tails extend into the
aqueous solution in which the flakes are suspended. Consequently, the geometry
of the nanostructures will be significantly modified compared to a single sheet of
untreated graphene. Furthermore, when surfactants are used, most of the surface
of graphene is covered by surfactant molecules, which could cause steric interference
with other functional molecules, and consequently modify the geometry of the flakes.
(Figure 2.1.3) [115].

Figure 2.1.3: Graphene solubilization with surfactant molecules [115].

Finally, both the treatment with surfactants and the use of residual non-polar
solvent molecules adsorbed on the surface, can significantly contribute to the toxicity
of the preparation. These are the reasons why pristine graphene is less used for
biomedical applications than the use of GO and rGO. These behaviours could provide
insights for future developments, in order to analyze the cytotoxicity of pristine
graphene in vivo.

2.1.3 Graphene for drug delivery

Graphene is made up of highly mobile electrons called π which are found above and
below the graphene sheet. The electron clouds above and below each layer made up of
carbon atoms overlap, creating a continuous π orbital that cover the entire graphene
layer 2.1.4. This free movement of electrons makes graphene highly conductive. The
structure can be conceptually seen as a planar achromatic macromolecule [116]. Even
without further functionalization, this structure confers an excellent ability to trap a
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large number of substances, including drugs and biomolecules: these molecules can
bind through non-covalent interactions with the carbon rings (π-π stacking). For
pristine graphene, π-π stacking and hydrophobic interactions are the main source of
binding for drugs and other molecules. However, for other forms of graphene the
additional presence of chemical functional groups provides a wider range of possible
interactions. Thus, suitably modified graphene can serve as an excellent drug deliv-
ery platform for anticancer/gene delivery, for biosensing, bio-imaging, antibacterial
applications, cell culture, and tissue engineering [117].

Figure 2.1.4: π orbitals in graphene [118].

2.1.3.1 Drug Loading

The way in which the drug is implanted on the surface or inside the transport vehicles
determines its protection from degradation, the methods in which it is released,
and its site of action. Drugs can interact in different ways with graphene. Some
studies included the use of drugs that directly interacted with the graphene sheets
by exploiting the aromatic and hydrophobic areas of the material [119]. For example,
some drugs bind to graphene thanks to hydrophobic interactions and π-π stacking;
while for others this bond occurs thanks to non-oxygenated hydrogen bonds [120]. In
both cases, the efficacy of drug delivery is optimized. These transport mechanisms of
molecules (such as genetic materials) are exploited to avoid premature degradation.

After attachment to graphene, the molecule of interest must be transported to the
target cell or tissue. Passive targeting mechanisms via external agents are promising
as they do not require excessive functionalization. For example, the high infrared
absorption capacity of graphene or GO allows exploiting photothermal effects to
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induce localized cell apoptosis through hyperthermia, applying the infrared light
only to the affected area [121]. Localized heating by photothermia also improve cell
permeability, further increasing the transfection efficiency of graphene complexes in
the region where infrared light is applied [122].

2.1.3.2 Drug release

To achieve a targeted pharmacological effect, a transported therapeutic agent must
be released at its site of action. The mechanism required to release the drug de-
pends on the graphene preparation technique. For functionalized graphene, the drug
is usually bound by hydrophobic interactions or π-π interactions; this can be re-
leased following the change of physicochemical properties within the environment,
often making use of the physiological characteristics in place within the cell. Sev-
eral research groups have encapsulated graphene-based nanoparticles in hydrogels to
promote localized and controlled drug transport and release, often leading to signi-
ficantly improved release profiles compared to hydrogels containing no filler in the
polymer matrix [123].
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Chapter 3

Nanocarriers for drug delivery

3.1 Historical background

The genesis of the concept of nanotechnology dates to 1959 and it is attributed to the
American Nobel physicist Richard P. Feynman, who worked on the Manhattan Pro-
ject at Los Alamos during World War II and later taught at the California Institute of
Technology (Caltech) for most of his professorial career. In his historic lecture titled
“There’s plenty of room at the bottom”, during the annual meeting of the American
Physical Society, Feynman proposed using machine tools to make smaller machine
tools, and so on all the way down to the atomic level [124]. Furthermore, Feyn-
man prophetically concluded that such a development could not be avoided and that
nanomachines, nanodevices and nanorobots could be used to develop microscopic
instrumentation and manufacturing tools, what is known as nanotechnology.

In the following years, different definitions inspired by Feynman’s vision have
been given to the term nanotechnology, in the 2000, an accurate definition was given
by the US National Nanotechnology Initiative: “Nanotechnology is concerned with
materials and systems whose structures and components exhibit novel and signific-
antly improved physical, chemical and biological properties, phenomena and processes
due to their nanoscale size”.

Feynman was not only the pioneer of nanotechnology development but also in-
spired the development of nanomedicine. In fact, clearly aware of the potential med-
ical applications that nanotechnology could have, he discussed with his colleague
and friend Albert R. Hibbs who predicted the advent of nanomedicine. Feynman
reported about the “wild idea” of Albert R. Hibbs in his later work:
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“A friend of mine suggests a very interesting possibility for relatively small ma-
chines. He says that, although it is a very wild idea, it would be interesting in surgery
if you could swallow the surgeon. You put the mechanical surgeon inside the blood
vessel and it goes into the heart and looks around. It finds out which valve is the faulty
one and takes a little knife and slices it out. Other small machines might be perman-
ently incorporated in the body to assist some inadequately functioning organ”[124].

Feynman awakened the interest of many scientists opening to a new research
field and two directions of thought arose describing the possibilities for producing
nanostructures:

1. The top-down approach

2. The bottom-up approach

The top-down approach is based on Feynman’s vision of gradually reducing the
size of existing materials, machines, and tools. It is essentially the reduction of
bulk material to nano-sized particles. The second one, the bottom-up approach
revolves around the construction of nanostructures atom-by-atom or molecule-by-
molecule by physical and chemical methods and by controlled manipulation of the
self-organizing forces of atoms and molecules. This theory of "molecular engineering"
became popular in 1986 with the publication of the book “Engines of Creation: The
Coming Age of nanotechnology” by K. Eric Drexler [125] in which he described the
construction of complex machines capable of independently manipulating molecules
and atoms and thereby producing things and self-replicating.

In later years, the possible uses of such "nanobots" or "assemblers" in medicine
are described by K. Eric Drexler, Chris Peterson, and Gayle Pergamit in their book
“Unbounding the Future: The Nanotechnology Revolution” published in 1991 [126]
in which the term "nanomedicine" would have been used for the first time. The
term became more established with the book “Nanomedicine" by Robert A. Freitas
[127] published in 1999 and it has since been used in the technical literature. In
December 2002, the US National Institutes of Health (NIH) announced a 4-year
program for nanoscience and nanotechnology in medicine [128]. Burgeoning interest
in the medical applications of nanotechnology has led to the emergence of a new field
called nanomedicine [129]. Since then, over the years, interest and research in this
new field has progressed until to reach a crucial role in medical field.
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3.2 Nanomedicine

There are many ways of defining nanomedicine, the definition used by the European
Technology Platform on nanomedicine states:

“Nanomedicine is the application of nanotechnology to health. It exploits the
improved and often novel physical, chemical, and biological properties of materials at
the nanometric scale”.

In other hand, nanomedicine is the application of nanotechnology to medicine, it
is the process of diagnosing, treating, and preventing disease and traumatic injury
as well as relieving pain, preserving and improving human health by using molecular
tools and molecular knowledge of the human body. Nanomedicine aims to overcome
the limitations of traditional medicine by minimizing side effects, improving the
effectiveness of medical treatments and reducing diagnostic time via nanoparticles.

Over the years, nanomedicine becomes more relevant both in research and on the
market scene, expanding its fields of application [130, 131].

As reported by VDI Technologiezentrum in 2008 (Figure 3.2.1) and Nanomedi-
cine European technology platform in 2021, nanomedicine is already accounting for
approximatively 80 marketed products, ranging from drugs and drug delivery to gene
therapy, in vivo medical imaging, in vitro diagnostics.

Figure 3.2.1: Types of companies and application field breakdown (2008)

Nowadays, drug delivery still accounts the largest share in both research and
market scenario and consistently with the present developments, the following work
on Chapter 5 is focused on drug delivery nanoparticles, specifically, synthesis of
nanogels and evaluation of nanogels-cell interaction.
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3.3 General features of nanocarriers

Nanocarriers as nanoparticles (NPs) for medical applications are defined as particles
with a size between 1 and 1000 nm [132]. Depending on the overall shape these
nanostructures can be 0D, 1D, 2D or 3D [133]. The nanometric size is also the
scale of many biological mechanisms in the human body allowing nanoparticles to
potentially cross natural barriers to access new sites of delivery and to interact with
DNA or small proteins at different levels, in blood or within organs, tissues or cells,
for that reason, nanomedicine uses nanoscale materials larger than 100 nm [134].
Besides, at the nanoscale the surface-to-volume ratio is very high such that surface
properties influence the behaviour of the nanoparticle,

Other remarkable strengths related to nanoparticles are represented by the coat-
ing and superficial functionalization, even at multiple levels, which are extremely
common to increase the biocompatibility, cellular uptake, its circulation time in the
blood, drug release as well as to ensure a highly selective binding to the desired target.
The wide variety of nanoparticles in terms of shape, size, coating and composition
have allowed their inclusion in different applications such as drug delivery. Nano-
particles for drug delivery are commonly known as “nanocarriers” and they should
be non-toxic, biocompatible, blood stable, non-immunogenic and non-thrombogenic,
and eventually biodegradable. It has been demonstrated how nanocarriers can over-
come side effects of free anti-cancer drugs in the tumor site. Nanocarriers are, basic-
ally, nanocages to protect bio-active substances, to maintain their stability providing
spatiotemporal control of drug release avoiding side-effects during drug targeting and
to target’s adjacent areas. Spatiotemporal control of drug release from nanocarriers
aims to maintain drug concentration in blood or target tissues at the efficacious level
to maximize therapeutic effect. The therapeutic effect by drug delivery systems can
be achieved by reaching the target site using two different approaches:

1. Selective targeting

2. Passive targeting

Selective targeting is accomplished by nanocarriers that actively recognize only re-
ceptors at the target site. Passive targeting is achieved by nanocarriers that reach
the target site through the bloodstream.

Nano-drug delivery systems or nanocarriers are engineered technologies which
could improve delivery of poorly water-soluble drugs; induce a targeted delivery of
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one or more drugs in a cell or tissue-specific manner combining therapeutic agents;
control drug release; visualize drug delivery sites by combining therapeutic agents
with in-vivo imaging; achieve transcytosis of drugs across narrow epithelial and en-
dothelial barriers; enable delivery of large macromolecules to intracellular sites of
action intracellular sites of action or obtain an in vivo real-time analysis of efficacy
for a therapeutic agent [135]. Latter and many others are the reasons why nano-
particles hold great promise for drug delivery.

Nanocarriers can be classified in different ways, the most widespread is based on
the type of structure of which the nanocarrier is composed. Nanocarriers include
organic and inorganic nanoparticles.

3.4 Organic nanoparticles

Organic nanoparticles are essentially composed of soft materials as polymers or small
molecules and therefore they have potentially lower toxicity than inorganic nano-
particles made of metals or semiconductors. Organic nanoparticles include lipid-
based NPs and polymeric NPs.

3.4.1 Lipid-based NPs

Lipid-based NPs include various subset structures including liposomes, micelles, and
solid lipid Nps which are distinguished by the different arrangement of lipids that
constitute the cage.

3.4.1.1 Liposomes and micelles

The first liposomes ware developed by Bangham in 1960s [136] and have widely been
used as a drug carrier since then. Since Doxil, a PEGylated liposome with doxoru-
bincin (DOX), was approved by the U.S. Food and Drug Administration (FDA) in
1995, several other liposomal drugs have been approved for clinical uses.

Liposomes are vesicles made of a lipid-bilayer of phospholipids in aqueous solu-
tion produced in large scale up to the size of 50-150 nm, which is a useful range
for enhanced permeation and retention (EPR) highlighting their strong market im-
pact. By means their structural composition can be used as carrier for water-soluble
drugs which are encapsulated in the hydrophilic compartment surrounded by lipid
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bilayers and hydrophobic drugs in the lipid layer. Although the common structure
of liposomes is composed of two phospholipid layers, multilayer liposomes have been
developed to combine the therapeutic effect of multiple drugs [137].

The main features of liposomes include easy fabrication, higher drug-to-lipid ratio
loading efficiency, high biocompatibility, biodegradability in the intestinal tract and
surficial functionalization to achieve selective targeting.

Similar considerations can be made about micelles that differ from liposomes
because they are composed of a single layer of phospolipids oriented with hydrophilic
heads outward and hydrophobic tails towards the core of the structure [138].

Figure 3.4.1: Liposomes, and micelles: bilayer and superficial functionalized lipo-
somes (a), multi-layers liposome (b), micelle (c). Created with BioRender.com

3.4.1.2 Solid-lipid NPs

Solid-lipid NPs (SLN) are composed of a matrix, covered by a phospholipids layer,
containing triglycerides, diglycerides, monoglycerides, solid fats, fatty acids, steroids
or waxes stabilized by surfactant in which drug is dissolved and their size can be
less than 1 μm. They were developed as an alternative to liposomal formulations
in order to improve physical stability, modulate release of the loaded drug, reduce
their cost, and simplify manufacturing. Current preclinical experiments show that
solid lipid-based anticancer drug systems appear to be superior to conventional drug
solutions and are at least comparable to other encapsulated systems in many aspects
such as drug efficacy, pharmacokinetics, and drug delivery [139].
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Figure 3.4.2: Example of Solid-lipid NP as nacorrarier. Created with BioRender.com

3.4.2 Polymeric NPs

Polymeric NPs are widely used for drug delivery applications. They can be formu-
lated to enable precise control of multiple nanoparticles features and they are gener-
ally good delivery vehicles due to biocompatibility and simple formulation paramet-
ers. Polymeric NPs can be synthesized from natural or synthetic materials, as well as
monomers or preformed polymers allowing for a wide variety of possible structures
and characteristics. The commonly used natural polymers are Chitosan, Gelatine,
Albumin and Sodium Alginate; instead, the commonly synthetic polymer are PLA
(Polylactides), PGA (Polyglycolides), PLGA (Poly-lactide co-glycolides) and PEG
(Poly-ethylene glycol). The main classification of polymeric NPs includes nanocap-
sules as polymeric micelles and polymersomes and nanospheres as dendrimers and
nanogels.

3.4.2.1 Dendrimers

Dendrimers, also called "cascade molecules," are highly symmetric spherical com-
pounds composed of repeatedly branched polymeric units ranging from 1 to 100 nm
[140, 141]. These hyperbranched molecules were first discovered by Fritz Vogtle in
1978, by Donald Tomalia and co-workers in the early 1980s, and at the same time
but independently by George R. Newkome. They differ from linear polymers by an
architecture with tailored surface groups. Their properties are mainly determined
by the functional groups on their surface, which made dendrimers suitable for sur-
face functionalization [142]. Dendrimers can contain many types of cargo; they are
commonly studied for delivery of nucleic acids, small molecules and drugs, which are
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attached to dendrimers in complex forms or capsules [143].

Figure 3.4.3: Dendrimer structure, drug load and superficial functionalization. Cre-
ated with BioRender.com

Those nanostructures can be synthesized by two different approaches: convergent
approach and divergent approach. Convergent approach consists in creating 3D-
spherical structure starting from the central core, instead, divergent approach occurs
synthetizing polymeric units from outside to the core [144].

Figure 3.4.4: Synthesis of dendrimers: convergent approach (a), divergent approach
(b). Created with BioRender.com
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3.4.2.2 Polymeric micelles

Polymeric micelles, classified as nanocapsules, are self-assembled core-shell nano-
particles formed by amphiphilic copolymer dispersed in aqueous media which are
able to hold hydrophobic drugs inside the core and hydrophilic bioactive molecules
in outer shell. Polymeric micelles are created when the polymer concentration is
higher than the critical micelle concentration (CMC) [145] and the size is ranging
between 10-100 nm.

Figure 3.4.5: Structure of polymeric micelles. Created with BioRender.com

Those nanoparticles are characterized to have control drug-release property and
tissue-penetration capability, high stability in physiological conditions, high and ver-
satile loading capacity, high accumulation of drug at target site, and possibility of
functionalization of end group for conjugation of targeting ligands [146, 147].

3.4.2.3 Polymersomes

Polymersomes as micelles are core-shell structure but, in contrast to micelles, the
common shell is composed of amphiphilic copolymer double-layer. The polymeric
chains are organized radially in order to obtain interposed hydrophobic and hydro-
philic regions with an aqueous lumen [148]. Polymersomes can be engineered to
make the delivery responsive to pH, temperature, light, enzymes, or any other stim-
uli. They are an alternative to liposomes due to their better physical and chemistry
stability but worse cellular uptake. Additionally, the most polymersomes are re-
duced to less than 150 nm in diameter to encourage long circulation times. Those
structures can be used to carrier both hydrophilic and hydrophobic drugs [149, 150].
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Figure 3.4.6: Structure of polymersome as nanocarrier. Created with BioRender.com

3.4.2.4 Nanogels

The term nanogel appeared for the first time in 1999 to describe a matrix-like struc-
ture obtained by polyethylene glycol (PEG) and PEI (polyethylimine) polymers
[151], still used and investigated.

Nanogel (NGs) are 3D-hydrogel nanoparticles composed of cross-linked polymers
as a result of chemical or physical interactions [152]. The main characteristic is the
ability to swell and hold water, without dissolving in the aqueous medium [153]. This
behaviour is related to hydrophilic functional groups, such as –OH or –CONH, along
the polymer chains [154]. Additionally, the ability to absorb large quantities of water
makes them soft structures close to biological tissues, ensuring high biocompatibility
and biodegradability [155]. Due to their hydrophilic characteristics, nanogels are in-
herently compatible to load a large part of molecules, of drugs and biomacromolecules
as proteins and nucleic acids through appropriate alteration of the structure [156].
Although, nanogels have the unique ability to encapsulate more than one bioactive
molecule in the same carrier through different physical activities. Their character-
istic features such as size, charge, porosity, amphiphilicity, softness, degradability
and stimuli-response can be tuned by chemical composition and cross-linking matrix
level [157].
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Figure 3.4.7: Structure of Nanogel and its cargo molecules. Created with
BioRender.com

One of the most important features of nanogels is the possibility to realize super-
ficial functionalization.

The same result can be achieved using two main different strategies: synthetizing
nanogels from functionalized polymers or superficial functionalizing once nanogels are
synthetized [158]. Functionalization may change also depending on nanogel applic-
ations. This step can influence the nanogel behaviour at different levels, can control
the drug release, cellular uptake, cell selectivity, as well as it can induce specific
targeting and ensure stability and integrity of carried molecules [159].

Figure 3.4.8: Main coating strategies for cell selectivity [159].
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3.5 Inorganic Nanoparticle

Inorganic nanoparticles are structures with material and size-dependent physico-
chemical properties, making them a potential resource in the biomedical field for
several applications. Their thermal, mechanical, optical, magnetic, and other phys-
ical properties, as well as inertness, stability, and easy functionalization, make inor-
ganic nanoparticles alternatives to organic nanoparticles for bio-imaging, diagnosis,
drug delivery and tumour ablation via Photothermal therapy (PTT) [160, 161, 162].
Inorganic nanoparticles widely used for drug delivery are carbon-based NPs, gold
NPs, Iron-oxide NPs and Silica NPs.

3.5.1 Carbon-based NPs

Carbon-based NPs are nanostructures made of different carbon allotropes such as
carbon nanotubes and fullerene. The attention has been focused on those materials
due to their thermal conductivity to trigger specific phenomena by external stimuli
and rigid structure to encapsulate drug or molecules.

3.5.1.1 Carbon nanotubes

Carbon nanotubes (CNTs) was reported for the first time in 1976 by Oberlin et al.
[163] as rolled graphene sheets with diameters in the nanometre range and lengths
in the micrometre range. They can be structured as a single-wall (SW-CNTs) or
multi-wall (MW-CNTs) depending on concentric graphene sheets. The main reason
why research regarding carbon nanotubes for drug delivery has expanded in the
last decade is their ability to penetrate cell membrane due to their morphology
without damage cell structures and their high surface-volume ratio [164]. This latter
peculiarity is suitable to functionalize superficially and make CNTs more specific in
terms of targeting and delivering [165]. Although, the cylindrical shape ensures high
drug load efficiency. Nevertheless the remarkable benefits of CTs in drug delivery,
the disadvantages are not negligible such as water-insoluble, limited biodegradability
that can induce toxicity and long-term retention that led inflammations [166, 167].
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Figure 3.5.1: Structure of Carbon nanotubes: single-wall nanotube (a); multi-wall
nanotube (b).

3.5.1.2 Fullerenes

Fullerenes (C60) are hollow spherical nanostructures composed of hexagonal net-
works of carbon atoms. They have chemical and physical properties close to carbon
nanotubes but differ from each other structurally and used as drug or molecules
carrier [168, 169], maintaining, perhaps, disadvantages of carbon-nanotubes. Nev-
ertheless, as for carbon-tubes, it has been developing water-soluble structures that
reduce the long-term accumulation and toxicity effects of carbon-based NPs [170].
Moreover, fullerenes can bind and inactivate radicals more efficiently than any other
medical antioxidant. For that reason, those carbon-based nanoparticles can be used
as a new class of nanodrug for specific diseases [171].

Figure 3.5.2: Structure of fullerene nanoparticle. Created with BioRender.com

3.5.2 Gold NPs

Gold NPs, due to their electrical, optical and photothermal properties, are used for
different purposes in the biomedical field and for this reason they are among the
most investigated nanoparticles. Mainly, Gold NPs are employed in drug delivery,
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imaging and targeting [172]. This kind of metallic nanoparticles are commonly as-
sembled using colloidal synthesis which allows high control of shapes and sizes, such
as spherical, rod-like, cage-like and so on, ranging from 1 nm to more than 100 nm.
Although, shape and size are strongly related to their physical proprieties.

Figure 3.5.3: Example of morphologies of gold nanoparticles. Created with
BioRender.com

In addition to in vivo biocompatibility and non-toxicity, Gold NPs can be func-
tionalized by all kinds of biomolecules due to the negative charge on outer surface.
This peculiarity increases their performance as carriers, biosensors or contrast agents
and induces an external stimulus-response behaviour such as in photothermal ther-
apy (PTT) used as cancer treatment [173, 174, 175].

3.5.3 Magnetic iron-oxide NPs

Iron oxide is another common material for inorganic NP synthesis and iron oxide
NPs are majority of FDA-approved inorganic nanodrugs [176]. Magnetic iron ox-
ide NPs, composed of magnetite (Fe3O4) or maghemite (Fe2O3), are characterized
to possess superparamagnetic properties at certain sizes and they can be used as
contrast agents in magnetic resonance imagining (MRI) [177], drug delivery carri-
ers and thermal-based therapeutics [178]. When the magnetic iron-oxide NPs reach
small sizes, ranging from 10-20 nm, superparamagnetic proprieties appear, a relevant
potential for medical applications such as drug delivery [179]. Using an external mag-
netic field, magnetic iron-oxide NPs can be guided towards the target site. Besides
the sizes, also shape, coating and stability influence magnetic iron-oxide NPs. In fact,
the main disadvantages related to this kind of nanoparticles are oxidation and cell
toxicity which can be overcame though polymeric, golden or peptide surface-coating.
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Figure 3.5.4: Schematic illustration of the main shells for functionalization of iron-
oxide NPs: polymeric coating (a), organic coating (b), inorganic coating (c), golden
coating (d) [179].

3.5.4 Silica-based NPs

Silica-based NPs have a dominant role in drug delivery due to their key characterist-
ics, such as size ranging between 5 - 1000 nm, porous structure, optical properties,
high specific surface area, low density, adsorption capacity, high encapsulation abil-
ity, biocompatibility, and low toxicity [180]. Those features induce Silica NPs to be
widely utilized as an inert solid cage or entrapping matrix [181]. Silica-based NPs in
drug delivery are primarily mesoporous Silica-NPs.

3.5.4.1 Mesoporous Silica NPs

Mesoporous Silica NPs, as nanocarrier, retain the drug through the pores and its
release is mediated by other particles such as Gold NPs that keep pores occluded or
open. This latter behaviour is called gatekeeping [182]. The chemical bond between
caps NPs and pores of mesoporous Silica NPs is stimuli responsive [183].

This kind of NPs are highly efficient for drug delivery because they offer a stimuli-
controlled drug release and different drugs can be loaded without structure modific-
ations [184].

Figure 3.5.5: Structure of Mesoporous Silica-NP. Created with BioRender.com
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Part II

Experimental section
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Chapter 4

Hydrogel physically functionalized

In the previous chapters we talked about hydrogel systems for drug delivery and the
use of graphene as a filler. In this first part of the PhD thesis, we propose the syn-
thesis of graphene-based hydrogels as thermo-sensitive carriers for controlled drug
release. In this work, hydrogels were obtained via microwave-assisted condensation
reaction between branched polyacrylic acid and agarose, and pristine nano-layered
graphene (few layered graphene, FLG) was used as a nanofiller to investigate the
graphene thermal effect in the drug release scenario. The FLG stabilization was
obtained through the dispersion of exfoliated graphite in isopropyl alcohol to induce
the intercalation of the solvent molecules into the graphitic interlayer spaces, provid-
ing a material with increased water dispersibility. This approach ensures the sol-gel
transition in aqueous media, avoiding the use of organic solvents. Moreover, the
synthetized hybrid scaffolds preserve all the peculiar features of pristine graphene as
the hydrogel are physically functionalized, without distortions related to the oxida-
tion processes. We investigated the drug release profile at different temperatures: 25
°C, 37 °C and 44 °C. Diclofenac, an anti-inflammatory molecule commonly used to
treat musculoskeletal and systemic inflammations, was chosen as a candidate drug.
Results showed tunable diclofenac release over time, according to the temperature
increase. This response is not observed in polymeric scaffolds without FLG, suggest-
ing that the thermal conductivity and the π-conjugated structure affect the vibration
frequency of the nanofiller [185, 186] and, consequently, the electrostatic interac-
tions with drug and the release kinetic. In particular, increasing temperature, the
diclofenac release becomes faster. Furthermore, we evaluated the anti-inflammatory
performance of released drug, in terms of cyclooxygenase (COX) inhibition, report-
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ing an efficiency comparable to diclofenac in aqueous medium, and proving that
the interactions with FLG did not affect the properties of the drug. According to
ISO 10993-5, these graphene hybrid hydrogels present high biocompatibility, that
confirms their potential application for thermally triggered drug release in several
biomedical applications.

4.1 Experimental

4.1.1 Materials

Branched polyacrylic acid (carbomer 974P, MW = 1MDa, by Fagron, The Neth-
erlands) and ultrapure agarose (MW = 200kDa, by Invitrogen Corp., USA) were
used as reagents for gel formulation. Commercially available intercalated graphite
was provided by Asbury Carbons (Anthracite Industries, Inc.) and was used as the
starting material for the synthesis of FLG. This graphite was intercalated with sulph-
ates and nitrates, positioned between the various carbonaceous layers, and prepared
in an acid environment (pH between 1 and 6). All other chemicals and diclofenac
sodium salt were purchased from Merck (Merck KGaA, Darmstadt, Germany). The
materials were used as received, without further purifications, and the solvents were
of analytical grade.

4.1.2 Synthesis of few layered graphene (FLG)

FLG were fabricated through the exfoliation method assisted by microwave irradi-
ation, according to a simple and industrially scalable procedure [187, 188] previously
developed at the INFN NEXT Nanotechnology Laboratory in Frascati (Rome). In-
tercalated graphite (2 g) underwent a sudden thermal shock for 30 s, caused by mi-
crowave irradiation (800 W), and resulting in a growth temperature above 1000 °C.
The resulting crystalline stacks of atomic graphene layers (200 mg, hereinafter FLG,
in Figure4.1.1) were dispersed in isopropyl alcohol (200 mL) by stepwise additions
(50 mg each) every 10 minutes under pulsed-mode sonication at room temperature
(RT), to a final concentration of 1 mg/mL (Figure 4.1.2). The obtained system was
dried at 90 °C to remove alcohol and the resulting conglomerate was dispersed in
distilled water at 0.01% w/v and sonicated for 40 min, until complete suspension.
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Figure 4.1.1: Few layered graphene.

Figure 4.1.2: FLG dispersion in water.
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4.1.3 Synthesis of graphene-laden hydrogels

The starting branched polyacrylic acid (PAA) solution was prepared as follows: car-
bomer 974P (50 mg) was dissolved in PBS solution (9.95 mL), then the mixture was
left to settle for 30 min and pH was brought to 7.8 by 1M NaOH addition. Hence,
graphene-laden hydrogels (FLG-HG) were synthetized: agarose (40 mg, 0.8% w/v)
was added to PAA solution (5 mL) and the mixture was subjected to electromag-
netic stimulation (500 W) for 30 s and heated to 80 °C to induce the condensation
reaction between the carboxyl and hydroxyl groups. The reactor was kept closed to
prevent solvent evaporation. The resulting system was cooled to 60 °C and mixed at
1:1 volume ratio with the FLG solution, obtaining a final FLG concentration of 0.5
mg/mL. Finally, the solution was poured in cylinders (0.25 mL of mixture in each
cylinder with a diameter of 1.1 cm) upon cooling to achieve the complete gelation
(Figure 4.1.3). Pristine hydrogels (HG) were also produced as a reference standard
for the experimental validations. The latter were synthetized following the FLG-HG
protocol using distilled water for the 1:1 dilution stage prior to casting.

Figure 4.1.3: FLG-HG

4.1.4 Water uptake behavior

Water uptake capacities of FLG-HG and HG were evaluated gravimetrically. The
hydrogel samples were first immersed in PBS for about 30 min, to remove potential
unreacted components, and freeze-dried; then they were weighed (Wdry) incubated
in excess PBS (about 3 mL) to reach complete swelling. At defined time points, each
sample was removed from the PBS, wiped with moistened filter paper and weighed
(Wwet). The water uptake percentage (Q) was calculated according to Eq. 4.1.1.
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Q =
Wwet −Wdry

Wdry

× 100% (4.1.1)

Data were recorded at temperatures of 25 °C, 37 °C and 44 °C and each condition
was analyzed in triplicate.

4.1.5 Characterization techniques

4.1.5.1 Raman spectroscopy

Raman characterization was carried out using an Invia microscope (Renishaw) equipped
with a 532 nm laser and two gratings (600 and 1800 l/mm). Spectra were acquired
directly on the lyophilized samples. The power laser, the exposure time and the
number of accumulations were optimized for each sample.

4.1.5.2 FT-IR analysis

FT-IR analysis was performed on an Agilent Cary 630 spectrometer, equipped with
Diamond ATR-module, at a resolution of 2cm−1 and 128 acquisitions. Spectra were
acquired placing the lyophilized samples on the diamond cell without any preparation
and recorded in the 4000− 650cm−1 wavenumber range.

4.1.5.3 Rheological studies

Measurements were performed on a MCR302 rheometer (Anton Paar GmbH) with
a 25-mm plane plate configuration. Amplitude sweep and frequency sweep tests
were conducted at 25 °C, 37 °C and 44 °C, after complete gelation of each sample.
Amplitude tests were performed at 10 Hz, whereas G´ (elastic modulus) and G˝
(loss/viscous modulus) were determined at low strain values (0.1%) over the fre-
quency range 0.5–50 Hz.

4.1.6 Drug loading

Drug loading was performed during the synthetic step. Diclofenac was respectively
dissolved in FLG solution (FLG-HG group) or in distilled water (HG group) at
0.5 mg/mL. The drug solution was sonicated for 1 h at room temperature (RT)
and used to dilute the polymeric mixture post microwave irradiation, following the
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procedure reported in the hydrogel synthesis (section 4.1.3), leading to a final drug
concentration of 0.25 mg/mL in hydrogel samples.

4.1.7 Drug release profiles

Drug release mechanism was investigated at pH 7.4, at different temperatures: 25
°C, 37 °C and 44 °C. In details, hydrogel specimens were incubated in PBS (1 mL)
and 500 μL aliquots were collected at defined time points, restoring the buffer volume
to avoid mass transfer equilibrium with the surrounding environment. The amount
of released diclofenac was determined by UV-vis spectroscopy at λ= 276 nm against
a calibration curve.

4.1.8 Cytotoxicity assay

The biocompatibility of HG and FLG-HG was assessed in vitro, according to ISO
10993-5, using BALB/3T3 cell line (American Tissue Culture Collection, ATCC;
Rockville, MD). Lyophilized hydrogel specimens were sterilized by UV irradiation
for 20 min and placed into a 24-well plate. Then, Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, and
1% penicillin/streptomycin (Merck KGaA) were added to each sample (1 mL per 3.5
mg of hydrogel specimen) and incubated for 24 h at 37 °C. The resulting eluate was
supplemented to cell cultures at different titers and cell viability was evaluated at 24
h by MTT assay, which is based on the reduction of tetrazolium salts by metabolically
active cells. Briefly, 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide was
added to each well to a final concentration of 0.5mg/mL. After incubation for 4 h at
37 °C, 5% CO2, medium was removed, and the resulting intracellular purple formazan
salts were dissolved in DMSO (200 μL per well). Absorbance was measured at 590
nm on a microplate reader (TECAN M200 Pro plate reader). Non treated cells were
used as a control for cell viability. Experiments were performed in triplicate.

4.1.9 Cyclooxygenase (COX) assay

The anti-inflammatory activity of diclofenac following its release from the hydrogels
was tested in vitro in terms of COX inhibition on cell lysates. The THP-1 monocytic
cell line was used as a cell model. Cells were maintained in RPMI 1640 (Merck KGaA)
supplemented with 10% fetal bovine serum (FBS), 1% non-essential amino acids,
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1% sodium pyruvate and 0.1 mg/ml penicillin/streptomycin/L-glutamine (Merck
KGaA). Cell differentiation into macrophages was performed in 75 cm2 flasks at
a density of 1 x 106 cells/mL in complete RPMI containing 150 nM phorbol 12-
myristate 13-acetate (PMA) (Merck KGaA). Medium was changed after 24 h, and
cells were cultured for additional 48 h in complete RPMI. Inflammation was induced
by administration of 10 ng/mL LPS (Merck KGaA) for 48 h. Cells were then washed
with PBS and detached by trypsin. THP-1 macrophages were pelleted by centrifu-
gation at 200 × g for 5 min and washed with PBS. The pellet was lysed in a lysis
buffer consisting of ice-cold PBS, 1% NP-40 surfactant (Thermo Fisher Scientific)
and Halt Protease Inhibitor Cocktail (1:1000, Thermo Fisher Scientific), and incub-
ated on ice for 5 min. The lysate was centrifuged at 13,000 × g for 5 min at 4 °C and
the supernatant was collected. Inhibitory effect of diclofenac was analyzed through
a Fluorometric COX Activity Assay (Abcam, ab204699) that provides a sensitive
method to detect the peroxidase activity of COX in biological samples. Eluates from
FLG-HG were withdrawn after 24 h incubation, and diclofenac concentration was
determined spectrophotometrically. A freshly prepared diclofenac solution, at the
same concentration, was used as a positive control. Additionally, a no-drug group
was used for data normalization. In our typical experiment, 20 μL of reaction buffer
containing cell lysate, fluorometric probes and sample under investigation were spot-
ted on a 96 well multiplate. After the addition of arachidonic acid (COX substrate)
in NaOH solution, the enzymatic reaction led to the production of a fluorescent
molecule (resorufin dye, λEx/Em=535/587 nm), that could be monitored in kinetic
mode (one read every 15 s) for 20 min at RT, using a TECAN M200 Pro plate reader.
Data were plotted as Relative Fluorescence Units (RFU) over time and COX activity
could be determined as the slope of the curve in its linear region, using a resorufin
standard calibration curve: in particular, 1 COX unit is defined as the amount that
leads to the production of 1µmol of resorufin per min, at physiological pH and 25
°C.

4.1.10 Statistical analysis

Where applicable, experimental data were analyzed using Analysis of Variance (one-
way and two-way ANOVA). Statistical significance was at the 0.05 level. Results are
presented as mean value ± standard deviation.
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4.2 Results and discussion

4.2.1 FLG production

FLG was prepared using an expandable graphite characterized by intercalating sulfate
and nitrate derivatives, localized among the graphite planes. The microwave-induced
thermal shock promotes the intercalating substances vaporization, which modifies the
air dielectric properties and causes a propagation of sparks that sustain the process,
reaching temperatures around 1000 °C [189]. During the vaporization, the gases exert
a pressure between two adjacent planes increasing the reciprocal distance and giving
rise to the final exfoliated material. The resulting graphene presented a worm-like
structure, with a higher surface area and a thickness in the range of 3-9 planes, ac-
cording to the expansion process. Therefore, the material has the ability to increase
the electronic interactions with other molecules, exploiting its cyclic nature and the
electronic cloud that can merge with other rings or protonated/deprotonated chem-
ical groups [190, 191]. Moreover, the use of microwave irradiation ensures a fast and
cheaper procedure in terms of time (30 s) and energy needs (lower than a thermal
approach carried out in an oven), and the experimental conditions are solvent-free,
reducing potential side effects and secondary reactions. The subsequent formation
of nanoplatelets occurred as dispersion in isopropyl alcohol, under ultrasound, that
ensures the rearrangement of graphene layers to form nanostructures with the two-
dimensional lateral sides having sizes of about 10 µm, as showed in Figure 4.2.1, and
a thickness of 5 nm.

Figure 4.2.1: SEM image of graphene nanoplates
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Isopropyl alcohol is less aggressive than other commonly used solvents, protects
graphene against chemical modifications or aggregations and ensures the FLG sta-
bilization in aqueous medium due to the interactions between its hydroxyl groups
and the graphene π−surface or the edges, preserving the thermal properties of the
material [192, 193, 194]. The resulting FLG was characterized by high graphitic sp2

character and the presence of oxygenated groups was negligible [195, 196].

4.2.2 Hydrogel formation

The gelation mechanism of our material is due to the chemical cross-linking between
the carboxyl groups of polyacrylic acid and the hydroxyl moieties of agarose. The
microwave irradiation causes a temperature increase to ca. 80 °C, enhancing the mac-
romer mobility, and thus the short-range interconnections among functional groups
of the polymers. This leads to the production of local networks (also known as mi-
crogels) which, as polycondensation proceeds, give rise to the final hydrogel matrix.
During the sol-gel transition, the viscosity progressively increases, decreasing the
mobility of macromers and allows closer functional groups still react efficiently. The
resulting physico-chemical condition promotes the ‘welding’ between microgel sur-
faces, giving rise to the three-dimensional macrostructure [197]. The choice to use
carbomer and agarose was due to their well-known biocompatible features that make
them good candidates in therapeutic protocols and tissue engineering: carbomer also
possesses an anti-inflammatory action [198, 199], and agarose shows tunable prop-
erties suitable for medicine-oriented applications, such as permeation to oxygen and
nutrients, resemblance to extracellular matrix components and low immunogenicity
[200, 201]. Furthermore, the microwave-assisted approach ensures the design of hy-
drogels able of in situ forming, offering a major advantage over rigid scaffolds because
they can easily adapt to any shape and can also be introduced using minimally invas-
ive procedures. In this work, the hydrogel building blocks were made up mostly of
C-C bonds, where FLG was entrapped through physical interactions, without affect-
ing the peculiar properties of graphene, as shown in Figure 4.2.2. For these reasons,
FLG was added after microwave irradiation, during the sol-gel transition. Similarly,
the drug was firstly added to the FLG solution and added to the polymer solution
following microwave irradiation, in order not to affect the reciprocal interactions
(π−π and physical bonds) between diclofenac and FLG. In particular, the drug mo-
lecules non-covalently adsorb onto or wrap around the graphene surface, due to the
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π-π and physical bonds formation. Indeed, the covalent functionalization of graphene
generally include two different routes: the formation of covalent bonds between free
radicals or dienophiles and C=C bonds of the pristine graphene or between organic
functional groups and the oxygen groups of graphene oxide [202].

Figure 4.2.2: Synthesis of graphene-laden hydrogel and putative matrix chemical
structure: ester bonds (cross-linking points) are highlighted in red

SEM analysis was performed on fracture surfaces of lyophilized samples confirm-
ing the homogeneous FLG dispersion in the HG matrix, ruling out the presence of
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FLG agglomerates. HG and FLG-HG specimens were snap frozen and lyophilized
for 24 h. Specimens were fractured and gold-sputtered (Cressington sputter coater)
prior to SEM observation (Tescan Vega II). SEM observation allowed us to rule out
agglomeration of FLG in the FLG-HG specimen. The presence of a porous texture
(pore size 6-21 μm) in lyophilized samples is reliably associated to the thermally in-
duced phase separation occurring during freezing, which is known to leave a sponge
like morphology in hydrogel materials [203, 204], as shown in Figure 4.2.3.

Figure 4.2.3: SEM images of FGL-HG scaffold (A,C) and neat hydrogel (B,D)

Raman analysis, in Figure 4.2.4, shows the spectra of neat and graphene-laden
hydrogels. In pristine HG (Figure 4.2.4A), the signal at 3438 cm−1 can be ascribed to
the stretching vibration of the residual O-H groups, whereas the peak at 2954 cm−1

is related to the C-H stretch of the polymer backbone. The formation of ester bonds
can be traced back to the asymmetric CO2 stretching at 1476 cm−1 and to the C-O-C
stretch vibration in the range 900–1000 cm−1, which can be ascribed to the glycosidic
bond between the monosaccharide units of agarose and the formed ester groups. The
Raman spectrum of FLG-HG (Figure 4.2.4B) shows all the peculiar peaks of pristine
HG (the O-H stretching at 3471 cm−1, the C-H stretching at 3000 and 2950 cm−1,
and the asymmetric CO2 stretching of esterification at 1465 cm−1), even if partially
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covered by graphene bands (D band= 1353 cm−1, G band= 1585 cm−1 and 2D
band= 2718 cm−1), suggesting that the FLG intercalation did not chemically modify
the hydrogel matrix and the graphene layers were entrapped within the mesh size
through physical bonds.

Figure 4.2.5 shows the whole Raman spectra in aqueous solution of FLG, diclofenac
and the system FLG-diclofenac after sonication. In the latter, additional bands re-
lated to a potential hybridization sp3 C-C bonds in covalent bonds are not detectable,
confirming the only physical interactions between the pristine graphene structure and
the drug: D, G and 2D band of FLG are clearly recognizable.

Figure 4.2.4: Raman spectrum of FLG-laden hydrogel (A) and of neat polymeric
matrix (B)
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Figure 4.2.5: Raman spectra of diclofenac (A), FLG (B) and FLG-diclofenac (C) in
aqueous solution.

An additional check was carried out through ATR/FT-IR analysis, that ensured a
clear detection of the characteristic peaks of chemical cross-linking between carbomer
and agarose, and the absence of chemical shift following the embedding of FLG.

In Figure 4.2.6, FT-IR spectrum of lyophilized FLG-diclofenac specimen after
sonication in aqueous medium (before hydrogel synthesis) is compared to the spectra
of pure FLG and diclofenac. In FLG spectrum the peak at 3296 cm−1 (***) can
be ascribed to the aromatic C-H stretching, the signals at 1560 cm−1 and 1500
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cm−1 (**) are related to the C=C stretching and the peak around 1450 cm−1 (*)
is representative of the C-H bending [205, 206]. The spectrum of diclofenac shows
the characteristic peaks of the N-H stretching of the secondary amine group at 3421
cm−1 (����), the C=C stretch vibration of the phenyl moieties around 2950 cm−1

(���), the C-H stretching of the aromatic structure at 1560 cm−1 (��) and the
stretch of the Cl-disubstituted phenyl group at 746 cm−1 (�) [207]. The graphene
and drug signals are detectable in the spectrum of the complex FLG-diclofenac and
no additional peaks appear, confirming that the drug molecules are not covalently
linked to the graphene lattice and the interactions between the two components are
due to physical bonds and π-π stacking.

Figure 4.2.6: FT-IR spectra of diclofenac (A, black), FLG (B, red) and FLG-
diclofenac system (C, blue). The characteristic peaks of the pristine graphene and
the drug are highlighted.

Figure 4.2.7 shows the comparison between the ATR spectra of HG and FLG-
HG. Referring [208] , the characteristic peaks of esterification are clearly detectable at
1650 cm−1 (symmetric CO2 stretching) and at 1400 cm−1 (asymmetric CO2 stretch-
ing). The addition of graphene in FLG-HG does not modify the peculiar signal of
the polymer matrix, confirming the hypothesis that FLG was entrapped through
physical interactions and not through chemical bonds. Furthermore, any additional
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peaks of FLG are present, confirming the low presence of defects (oxidation) of the
filler.

Figure 4.2.7: ATR spectra of HG (black) and of FLG-HG (red). The signals related
to the symmetric (*) and asymmetric (**) stretching of CO2 are highlighted.

Nevertheless, a furthered analysis of O-H and C-H bond stretching confirms the
nature of interaction between FLG and hydrogel matrix. The intermolecular in-
teractions occurring in the studied system can be divided into two main groups:
site-specific polar (polar π interaction, in our case hydrogen bonding due to hy-
droxyl and carboxylic groups) and non-specific dispersive interactions (London–van
der Waals interactions, related to C-H instantaneous dipole moments). The two
types of interactions are highlighted by the change in relative intensity of O-H and
C-H bond stretching. In Figure 4.2.8A, the normalized intensity (and peak area) of
C-H stretching at 3000 cm−1 and O-H stretching at 3471 cm−1 are reported vs. peak
at 2950cm−1 , which was set as a reference.

This evaluation demonstrated that FLG was physically entrapped in the hydrogel
matrix generating intramolecular interaction with the polymer. The presence of
FLG promoted the dispersive interaction, as detectable by the increased value of
the 3000 cm−1 / 2950 cm−1 ratio, both in intensity and peak area, in FLG-HG
(Fig. 4.2.8A, black columns) compared to the neat hydrogel matrix (Fig. 4.2.8A,
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red columns), and hinder the polar interactions resulting in the decreasing of the
value of the 3471 cm−1 /2950 cm−1 ratio, both in intensity and peak area, in FLG-
HG (Fig. 4.2.8A, black columns) compared to HG (Fig. 4.2.8A, red columns).This
is in agreement with previous literature (Belyaeva and coworkers [209]) that shows
how the transparency of FLG to polar and dispersive interactions may vary upon
the nature of the supporting substrate, as well as the number of graphene layers
and the presence of contaminants and defects at the FLG/substrate interface. In
particular, in the presence of corrugations in the FLG structure (as reliably occurring
in our system), FLG is reported to screen polar interactions, while transmitting
dispersive ones. The π-π and physical interactions between diclofenac and graphene
are confirmed by a shift of the G band, as reported in Figure 4.2.8B. The G-band
of pristine FLG, located at 1581.45 ± 0.06 cm−1 , experiences a shift of 1.3 cm−1

due to the interaction with diclofenac, proving the carrier-drug bond through π-π
interactions.

Figure 4.2.8: A: Signal intensity of C-H stretching and O-H stretching due to the
intramolecular interaction between FLG and polymer matrix in FLG-HG (Hydrogel);
B: Raman shift values of G-band in FLG and FLG-diclofenac system

4.2.3 Hydrogel physical properties

The peculiar feature of hydrogels is their capacity to retain a high amount of water
and ensure exchange and diffusion of molecules with the surrounding environment.
The water uptake capacity is a function of the network structure, in terms of con-
centration of the elastic chains, hydrophilicity, density of electronic charge of the
functional groups, and pore size [210]. The addition of FLG could affect the polymer
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chains stretching during the exposure to aqueous solvents, altering the swelling and
the equilibrium water content. We investigated this aspect at different temperatures
and compared the FLG-HG samples to those pristine HG. As shown in Figure 4.2.9,
HG shows higher water uptake at equilibrium than FLG-HG at 25 °C (6300±200%
vs. 5000±200% after 24 h). At 37 °C and 44 °C, instead, HG and FLG-HG show
similar trends and reach the same swelling equilibrium, with FLG-HG only showing
an increased water uptake vs. pristine HG in the initial phase of swelling. These
results could be explained considering the nature of FLG: at RT, its hydrophobicity
and the physical interaction between the π-system and the residual hydroxyl and
carboxyl groups counterbalances the polymer chains elongation, resulting in an op-
posite force to the swelling; increasing the temperature, the mobility of cross-linked
polymer tends to increase and the thermal transfer ability of FLG [211] supports the
scaffold stretching, also inducing a more swollen configuration in the first minutes
at 44 °C. Therefore, the presence of FLG results in a temperature-dependent mod-
ulation of the initial hydrogel swelling behavior. Generally, the equilibrium between
the hydrophobic and hydrophilic polymer moieties controls the water uptake ability
of the hydrogel [212, 213]: here, the presence of graphene nanofiller con- tributes to
the definition of the equilibrium state in aqueous medium.

Figure 4.2.9: Swelling behavior of FLG-HG (red) and HG (black) hydrogel at differ-
ent temperature: A) 25 °C, B) 37 °C, C) 44 °C.

Rheological studies were carried out to characterize the viscoelastic behavior of
the hydrogel samples. Notably, the FLG loading could affect the scaffold capacity
to store energy elastically, promoting a reinforcement in the mechanical properties
or modulating the deformation of polymer chains due to the nanoplatelet phys-
ical hindrance. Figure 4.2.10A shows the recorded data for HG and FLG-HG. All
samples presented a storage modulus G’ approximately one order of magnitude higher
than the corresponding loss modulus G", indicating that the hydrogels are elastic
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rather than viscous materials, with an essentially frequency-independent behavior.
Moreover, the physisorption of FLG modulates the G’ and G" values at all invest-
igated temperatures. At 25 °C, FLG led to an increase in the storage modulus
compared to the HG reference: FLG-HG exhibited G’=1800 Pa, whereas HG was
characterized by a value of G’=1200 Pa; this result could be attributed to the formed
physical cross-linking points between graphene and the polymeric chains which may
strengthen the gel network [214] and enhance its mechanical properties.

Indeed, after FLG incorporation during the microwave-assisted synthesis, the π-
lattice is responsible for the physical complexation of graphene with polymer carboxyl
and hydroxyl groups, mainly through electron-based interactions and hydrogen bonds
[181], limiting the movement of polymeric chains. Regarding G", the viscous com-
ponent was not significantly influenced by FLG.

On the other hand, at 37 °C and 44 °C, the graphene-laden hydrogels were charac-
terized by lower G’ and G" than the corresponding HG samples, showing an opposite
trend compared to 25 °C. The decrease could be related to the rise of molecular mo-
bility [215]: temperature increase promotes polymer chains elongation and the weak
physical bonds (Van der Waals and hydrogen linkage) formed with FLG are minim-
ized due to the enhanced thermal vibration mode of the π system and the consequent
phonon dissipation that reduces the cross-linking feasibility in the hydrogel matrix
[216]. For these reasons, FLG-HG at 37 °C and 44 °C showed comparable viscoelastic
trend (G’ varies in the range 400-340 Pa and 456-377 Pa, respectively), with a slightly
higher deformability at 37 °C. The latter could be explained considering the agarose
and polyacrylic acid thermal response: by increasing the temperature, the polymer
chains become more elongated and in particular agarose, due to its helix conforma-
tion, tends to be entangled giving rise to micro-concentrated junctions area, assisted
by formation of intramolecular hydrogen bonds [217, 218]. This behavior is also
oriented by the presence of chemical cross-linking points (ester bonds) between the
constituents of the hydrogel matrix [219], suppressing the stress concentration during
the tensile measurement [220]. As a result, the sample carried out a higher value of
viscous component at 44 °C.

Moreover, the FLG prevents effectively the polymeric flexibility due to its rigid
hindrance that limits the mean free path. Similar trends can be observed in HG
rheology, with higher value of G" at 37 °C and 44 °C than HG-FLG, justified by the
absence of graphene constraints.

The rheology sweep test (Figures 4.2.10B, 4.2.10C and 4.2.10D) evaluates also the
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flow stress value, at which the contribution of G" is equal to G’ (crossover point) and
determines the value of the material damping tan(δ), representative of the internal
friction between the hydrogel meshes in that condition. At low strain, G’ and G" of
FLG-HG and HG indicate a network of packed polymeric chains and the correlation
with tan(δ) confirmed for both hydrogels a liquid-like response rather than a solid-
like behavior. Moreover, the intersection of storage and loss moduli occurs at similar
values in both samples at 37 °C (Figure 4.2.10C, at shear stress τ=16.8 Pa in FLG-
HG and τ=14.8 Pa in HG) and 44 °C (Figure 4.2.10D, at shear stress τ= 16 Pa and
τ=18.8 Pa), whereas at 25 °C the crossover is slower in graphene-laden samples (at
shear stress τ=9.9 Pa) compared to standard hydrogel (at shear stress τ=17.6 Pa)
indicating higher stiffness in the chemical network containing FLG.

Figure 4.2.10: Rheological behavior of graphene-laden hydrogels at 25 °C (G´ •
black, G˝ N black, tan(δ) � violet), at 37 °C (G´ • red, G˝ N red, tan(δ) � violet)
and at 44 °C (G´ • blue, G˝ N blue, tan(δ) � violet) and hydrogels without graphene
at 25 °C (G´ ◦ black, G˝ M black, tan(δ) � green), at 37 °C (G´ ◦ red, G˝ M red,
tan(δ) � green) and at 44 °C (G´ ◦ blue, G˝ M blue, tan(δ) � green). A) G´ and
G˝ trends in frequency range 0.5–50 Hz; B) Crossover point at 25 °C; C) Crossover
point at 37 °C; D) Crossover point at 44 °C
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4.2.4 Drug release

Prior to the determination of drug release profile, the potential release of FLG from
the hydrogel was ruled out.

The potential FLG release from the hydrogel meshes was investigated in order to
check the stability of the physical interactions between the polymers and graphene
over time, which, otherwise, could affect the following drug release. FLG release was
studied at the different temperatures of 25 °C, 37 °C and 44 °C, in aqueous medium.
The synthesized FLG-HG were placed in PBS solution (1 mL) and aliquots of 500
μL were collected at fixed time points. The removed volume was replaced by fresh
solution, in order to prevent the equilibrium in mass transfer between the hydrogel
and the surrounding environment. The amount of released FLG was estimated in
percentage as the ratio of the released absolute amount in the aqueous media to the
sum of the total amounts of the released and unreleased FLG. The experiments were
repeated 3 times and the results were averaged. The released amounts were determ-
ined through UV-vis spectrophotometric analysis at wavelength λ= 268 nm [221]
and determined referring to the standard calibration curve for FLG. The obtained
results are showed in Figure 4.2.11.

Figure 4.2.11: A) FLG calibration curve; B) FLG release at 25 °C (•, black), 37 °C
(•, green) and 44 °C (•, red).

Moreover, the representative UV-vis spectra of FLG solution (red) and FLG
release (black) are represented in Figure 4.2.12after 6 h, at 37 °C: in the latter the
characteristic peak at 268 nm was not detectable confirming the stable entrapment
of FLG within the hydrogel scaffolds. Similar spectra were recorded for the other
time points and at all investigated temperatures.
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Figure 4.2.12: Representative UV-vis spectra of FLG solution (red) and FLG release
(black) after 6 h, at 37 °C

Diclofenac was use as a drug. It is a nonsteroidal anti-inflammatory drug, derived
from the phenylacetic acid class, with known analgesic and antipyretic properties,
and commonly used in the treatments of a wide range of acute or chronic pain
conditions [222, 223]. Its chemical structure involves a phenylacetic acid group and a
phenyl ring containing two chlorine atoms and the resulting configuration ensures the
maximal twisting of the phenyl ring and provides π-π binding with other molecules
or substrates. The addition of diclofenac to the FLG aqueous suspension gave rise to
strong medium-range interactions among π-orbitals of the aromatic substituents and
resulted in physical adsorption of single drug molecules on FLG lattice. Moreover,
the inner nature of pristine graphene with defects or vacancies [224] could promote
hydrogen bonds, Van der Waals and hydrophobic interactions based on the bond
interaction energy and polarizability, as widely discussed in the literature [225, 226,
227].

The concentration of Diclofenac was determined by the calibration curve. Diclofenac
(5 mg, 17 µmol) was dissolved in 5 mL of distilled water. From the resulting 3.4 mM
stock solution, the calibration solutions with concentration of 1.7 mM, 0.85 mM, 425
µM , 212.5 µM , 106.25 µM , 53.13 µM , 26.56 µM , 13.28 µM and 6.64 µM were
prepared by diluting the stock solution with distilled water. UV-vis measurements
were recorded for the calibration solutions. Its related calibration curve was obtained
plotting absorbance at 276 nm versus concentration (Figure 4.2.13).
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Figure 4.2.13: Calibration curve of diclofenac.

Exploiting the magnitude of π-π interactions, we investigated the potential effect
of temperature in modulating drug release profile. Figure 4.2.14 shows the release
profiles of diclofenac from FLG-HG and HG samples, at 25 °C, 37 °C and 44 °C.

Figure 4.2.14: Diclofenac release profiles in FLG-HG samples at 25 °C (©, red), at
37 °C (� , black), at 44 °C (•, blue) and in HG samples at 25 °C (•, red), at 37 °C
(� , black), at 44 °C (•, blue).

The cumulative drug release from HG samples was approximately the same at
each condition, defining a temperature-independent release kinetic. After 6 h, almost
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the entire drug payload was released from the polymer meshes. This evaluation is
in accordance with the increased molecular mobility and polymer elongation, which
occur at temperature exceeding RT and promote the drug escape as driven by diffu-
sion and concentration gradient [228]. Otherwise, the presence of FLG affected the
amount of released drug over time: at 25 °C a plateau at 51% was reached, whereas
at 37 °C and 44 °C complete release was achieved after 6 h. This means that FLG,
preserving all its structural peculiar features, is able to establish physical interac-
tions with diclofenac tuning its release in compliance with temperature: at RT the π
orbitals of FLG and diclofenac are strongly connected, probably due to the reciprocal
delocalization of π electrons, and in aqueous environment they are quite stable to
limit the amount of escaped active principle. Increasing the temperature, a distortion
of this physical set-up occurs, due to the increased molecular energy that overcomes
the adsorption energies and enhances the dissipative forces [227]. It results in a drug
desorption caused by the reduced stability of the π-π interactions. In addition, the
drug release profiles within the first hours follow different trends (Figure 4.2.15): we
observed that the higher is the temperature, the higher the percentage of released
diclofenac. Thus, it is possible to modulate the drug release from FLG-HG heating
up and therefore this material represents a promising tool for therapeutic thermal
approach.
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Figure 4.2.15: A) Focus on drug release profiles in FLG-HG samples within the first
6 h: 25 °C (◦, red), 37 °C (� , black) and 44 °C (•, blue). B, C) Evaluation of fitting
parameters k and n: statistical analysis via one-way ANOVA.

Moreover, a simple expression of these behaviors can be heuristically written as
the sum of the diffusion-controlled and relaxation-controlled drug delivery, referring
to the well-known Peppas equation [229, 230] (Eq. 4.2.1):

Mt

M∞
= ktn (4.2.1)

Where Mt represents the cumulative amounts of drug released at timet, and M∞
is the total amount of drug in the system (release at infinite time), k is the constant
of apparent release and n the diffusion exponent. This power law is extensively used
to describe the trend of the release curves [231, 232]. The fitting of the FLG-HG
experimental data shows significant differences trends in k and n values, confirming
the thermal trigger effect of FLG.

In details the constant k shows different remarkable values comparing the ex-
periments at 25 °C to those performed at 37 °C and 44 °C (in both cases, p <
0.0001) and a significant difference is visible also between 37 °C and 44 °C (p <
0.05). Furthermore, the fitted values of the diffusion differ each other, with a more
marked difference at higher temperature than at RT, confirming the thermal π-π
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effect FLG-drug in the diffusion regime. The presence of FLG affects the drug re-
lease diffusion regime naturally occurring in neat hydrogels, at all the investigated
temperatures, tuning the amount of released diclofenac according to temperature
increase, which led to overcome the binding energy of the attractive, noncovalent
interactions between the aromatic rings. These differences in drug release profiles
are not observable in HG specimens, where the trends are extremely similar at all
temperatures; the influence of the graphene nanofiller is clearly detectable at 25
°C, while differences at 37 °C and 44 °C appear less marked. Overall, these data
demonstrate that it is possible to perform a thermally triggered drug release without
functionalization of graphene or its orthogonal grafting to specific chemical groups.

4.2.5 Cytotoxicity

The potential toxicity of synthetized HG and FLG-HG was assayed on hydrogel elu-
ates in cell culture medium. Results in Figure 4.2.16 confirm the excellent biocom-
patibility for both formulations, with an overall cell viability above 90% for the
highest extract concentration, that further rises to over 98% at 1:10 dilution.

Figure 4.2.16: Results of MTT assay performed on BALB/3T3 cells supplemented
with biomaterial extracts at different titers (FLG-HG in black, HG in grey). Cell
viability was normalized to that of non-treated control cells.
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4.2.6 Diclofenac: the effect on COX inhibition

The potential application of the proposed hydrogels could not be addressed without
assessing the preservation of drug activity following its release. In particular, we
studied its COX inhibition activity. COX is an enzyme responsible for the synthesis
of prostanoids from arachidonic acid expressing peroxidase activity. In details, COX-
1 is normally involved in cellular homeostasis and it is constitutive of different cell
types, whereas COX-2 is expressed under acute inflammatory conditions [233, 234].
We compared the COX inhibition effect of the drug released by our hydrogels after
24 h to the activity of the same amount of neat diclofenac directly administered as
aqueous solution (0.25 mg/mL), using a fluorometric COX inhibition assay. The
results are reported in Figure 4.2.17.

Figure 4.2.17: A) COX activity trends in lysate samples without inhibition (CTRL,
• black) and with the addition of: neat diclofenac (� red), released diclofenac at 25
°C (N blue), released diclofenac at 37 °C (N green) and released diclofenac at 44 °C
(N grey). B) Residual COX activity after the drug administration and the use of
COX Assay Kit: statistical analysis via one-way ANOVA.

The measurements of COX activity in the absence (hereinafter CTRL) and in the
presence of the drug are plotted as RFU over time (Figure 4.2.17A) and the fitting
of the recorded data shows significant variation in the slope of the regression line of
CTRL respect to all other samples treated with diclofenac. In particular, no signi-
ficant differences in terms of COX inhibitor capacity have been recorded comparing
the use of pure diclofenac solution to the released drug at the different investigated
temperatures (Figure 4.2.17B). This means that the interactions between the drug
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and FLG did not affect the therapeutic properties of diclofenac and graphene could
be considered as a useful filler to perform a thermally triggered drug release.

4.2.7 Discussion

In this work, we propose the formulation of graphene-laden hydrogels for thermally
triggered drug release. In particular, graphene was used in its pristine form, without
the need of oxidation/reduction processes to reach a homogeneous distribution within
the hydrogel. The resulting material meets the criteria of biocompatibility for ap-
plications in the biomedical field and its drug release profile shows an amenable
dependence on temperature in a physiologically relevant range. Furthermore, the
possibility of modulating the drug delivery up to 44 °C defines these composite hy-
drogels as a promising tool for thermally triggered drug release in several healthcare
scenarios. In light of their gelation mechanism and rheological behavior, the hydro-
gels may also be suitable for an application as injectable media, overcoming the main
constraints related to the use of solid-like devices.
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Chapter 5

Nanogel chemically functionalized

Nanotechnology is one of the most promising technologies of the 21st century, widely
used in biomedical field to develop innovative therapeutic strategies. In the last years
different types of nanosystems have been designed as potential therapeutic treatment
in several healthcare scenarios, highlighting significant outcomes, especially in con-
trolled drug delivery, demonstrating the chance of overcoming the main drawbacks
related to the administration of drug in free form, such as rapid clearance, limited
therapeutic effects and serious off-target toxic effects. Among nanomaterials, poly-
meric nanoscaffolds represent a promising system toward the design of innovative
curative therapies, and in particular nanogels (NGs) play a relevant role due to
their biocompatibility, blood stability, non-immunogenicity and possible biodegrad-
ability. A properly nanogel surface functionalization can influence interactions with
cells, affecting the mechanism of their internalization with the cytosol. To date, the
main approach to modulate the NGs-cell interactions towards a selective targeting,
involves the use of polymer coating (e.g. PEG, chitosan). However, the poten-
tial effect of specific chemical moieties in tuning the internalization process is not
widely investigated yet. In particular, the surface decoration with different aromatic
groups represents a new scenario to discuss. The aim of this work is to evaluate how
NGs with different aromatic coatings may affect biocompatibility, chemical-physical
properties, drug loading, drug release and cell uptake in a specific disease scenario.
Regarding the NGs internalization, following a preliminary evaluation through the
conventional flow cytometry analysis, it was evaluated in vitro using an innovative
approach based on the microfluidic system which mimics the effective condition on a
potential in vivo administration and the obtained results were compared to the con-
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ventional approach based on cell seeding in static conditions. The collected results
showed how the selected aromatic coatings on NGs surface ensure a tunable drug
delivery of the drug used, Sunitinib, and modulate the cellular internalization in T-
786O cell line. Overall, these results demonstrated that through surface decoration
with specific aromatic moieties it’s possible to tune NG-cell interactions and the drug
delivery performances, designing versatile nanosystems suitable for the definition of
future therapeutic approaches.

5.1 Experimental

5.1.1 Materials

The NGs synthesis required the following polymers: polyethylene glycol 8000 (PEG;
Mw = 8 kDa) and linear polyethylenimine 2500 (PEI; Mw = 2.5 kDa). NGs surface
decoration was performed using the following aromatic molecules: 4-Butylbenzoic
acid (BBA; Mw = 178.23 g/mol ), Dymethilamino acid (DABA; Mw = 165,19 g/mol)
and Pyreneacetic acid (PYR; Mw = 262,3 g/mol). The NGs were marked for in vitro
traceability by the fluorescent dye Cyanine 5-azide (Cy5-azide; Mw 1035 Da) able
to fluoresce in deep red (λex= 650 nm, λem= 670 nm).

5.1.1.1 Polyethylene glycol

Polyethylene glycol (PEG) is a synthetic, hydrophilic, biocompatibility and non-
immunogenic polymer. PEG chemical structure is composed of repeat units −O −
CH2 − CH2- with −OH as terminal groups.

Figure 5.1.1: Chemical structure of PEG. Created with ChemDraw

A typical process used in biomedical applications is PEGylation by which PEG
is bound to another molecule, which is promising in therapeutic methods. PEG can
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hinder protein adsorption, which is essential in drug delivery to minimize protein
corona [235].

5.1.1.2 Polyethylenimine

Polyethylenimine (PEI) is a synthetic, water soluble, linear or branched polymer.
PEI chemical structure is composed of repeat units of amine groups and two carbon
aliphatic spacers −CH2−CH2−. Linear PEI is a linear chain containing all second-
ary amines −NH with −OH and −CH3 as terminal groups, in contrast to branched
PEI which contains primary, secondary and tertiary amino groups.

Figure 5.1.2: Chemical structure of linear PEI. Created with ChemDraw

The amine groups are protonated at physiological pH making PEI a positively
charged polymer (cationic polymer) that promotes high loading efficiency for neg-
atively charged molecules such as RNA and drugs [236]. Nevertheless, PEI suf-
fers from high cytotoxicity effect [237], depending on its molecular weight and non-
biodegradability, for that reason PEI is commonly associated with other polymers,
such as polyethylene glycol (PEG) [238] to improve its safety while keeping its effic-
acy [239].

5.1.1.3 Aromatic molecules for NGs coating

Aromatic molecules are defined as organic compounds that contain one or more
aromatic rings in their chemical structure and unlike other molecules are much more
stable. Aromatic decorations used to NGs coating were based on:

• 4-Butylbenzoic Acid, constituted by −CH3 − (CH2)3−, an aromatic ring and
a carboxylic acid group –COOH
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Figure 5.1.3: Chemical structure of 4-Butylbenzoic Acid. Created with ChemDraw

• Dimethylamino Benzoic Acid, composted of tertiary amine, an aromatic ring
and a carboxylic acid group –COOH.

Figure 5.1.4: Chemical structure of Dimethylamino Benzoic Acid. Created with
ChemDraw

• Pyreneacetic Acid is a molecule which chemical structure is assembled by 4-
aromatic rings and a carboxylic acid group –COOH.

Figure 5.1.5: Chemical structure of Pyreneacetic Acid. Created with ChemDraw

5.1.2 Nanogels synthesis

As reported by Mauri et al. [240] the synthesis of NGs was performed by the
emulsion-evaporation method and the final product was obtained involving four main
steps: synthesis of PEG-CDI, synthesis of PEI-Propargyl, click-chemistry reaction
PEI-Cy5 and synthesis of NGs-Cy5.
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5.1.2.1 Synthesis of PEG-CDI

The synthesis of PEG-CDI consisted in bi-functionalizing PEG with the organic
compound 1,1´-carbonyldiimidazole (CDI) in according to the procedure reported
by Vinogradov et al. [241]. Specifically, the hydroxyl groups of PEG react with the
imidazole of CDI to form PEG bifunctionalization.

Figure 5.1.6: PEG bifunctionalization: PEG-CDI chemical reaction. Created with
ChemDraw

In order to achieve PEG bifunctionalization, PEG (Mw=8 kDa, 3 g, 0.37 mmol)
was dissolved in Acetonitrile (40 ml) then CDI (0.6 g, 3.7 mmol) was added to the
solution. The obtained solution was maintained under stirring for 17h at 50 °C. The
solvent was removed under pressure by evaporation using rotary evaporator. The
opalescent residue of solution was dissolved in distiller water (15 ml), purified by
membrane dialysis (Mw cut-off = 3.5 kDa) against distiller water (2l) for 48h and
then freeze-dried. The final solid compound was stored at +4°C.

5.1.2.2 Synthesis of PEI-propargyl

Synthesis of PEI-propargyl consists in alkyne functionalization of linear PEI using
propargyl bromide to obtain triple bonds on PEI polymer chain by which Cy5-azide
fluorescence dye is bonded.

Figure 5.1.7: PEI functionalization: PEI-propargyl chemical reaction. Created with
ChemDraw
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This reaction was performed as suggested by Zhao et al. [242] and then sub-
sequently reported by Mauri et al. [243]. PEI (Mw = 2.5 kDa, 300 mg, 0.12 mmol)
was dissolved in methanol (4 ml) and then propargyl bromide solution in 80% toluene
(194 µl, 1,5 mmol) was added dropwise at 0°. The resulting solution was maintained
at room temperature for 48h under stirring condition. Subsequently, the solvent was
removed by rotary evaporator, the residue was dissolved in distilled water (4 ml) and
NaOH (1M) was added until pH = 10. The mixture was purified by extraction with
ethyl acetate and then freeze-dried. The solid product was stored at +4°C.

5.1.2.3 Click-chemistry reaction PEI-Cy5

The term “click chemistry” was introduced for the first time in 2001 by K. B. Sharpless
[244] to describe all those reactions that are fast, high yielding, create only by-
products that can be removed without chromatography, stereospecific, simple to
perform, and that can be conducted in easily removable or benign solvents [245].

The reaction that allows the bond between PEI-propargyl and Cy5-azide is
called copper-catalyzed azide-alkyne cycloaddition (CuAAC), one of the main click-
chemistry reaction. Azide-alkyne cycloaddition occurs between the azide group of
Cy5-azide and the alkyne group of PEI-propargyl, forming a triazole.

Figure 5.1.8: Azide-alkyne cycloaddition: PEI-propargyl - Cy5-azide. Created with
ChemDraw

The click-reaction was achieved by the following procedure:
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PEI-propargyl (60 mg, 24 µmol) was dissolved in distilled water (7 ml) and Cy5-
azide dissolved in DMSO (2 mg/ml, 124 µl, 0.24 µmol) was added. Copper sulphate
CuSO4 (12.77 µg, 0.08 µmol) as catalyst and sodium ascorbate (15.85 µg, 0.08 µmol),
to avoid oxidation of CuSO4, were added. The resulting solution was kept at 50°C
under stirring condition in the darkness for 36h. Subsequently, the mixture was
purified for 48h by membrane dialysis (Mw cut-off = 100-500 Da) against distilled
water (2l) where NaCl (11.2 g, 0.65 mmol) and HCl (1M, 200 µl) were dissolved and
then freeze-dried. The final solid compound was stored at -20°C.

5.1.2.4 Synthesis of NGs-Cy5

Synthesis of NGs-Cy5 was realized by modified emulsion-evaporation method as
reported by Vinogradov et al. [246].

PEG-CDI (57,6 mg, 7,2 µmol) was dissolved in dichloromethane CH2Cl2 (1,5
ml) and then added dropwise in an aqueous solution (2 ml) of PEI-Cy5 (12 mg,
4,8 µmol). The obtained solution was sonicated for 30 min at 40 Hz and then it
was kept under vigorous stirring condition (1200 rpm) for 17h at room temperature
to evaporate the organic solvent. The solution was purified for 48h by membrane
dialysis (Mw cut-off = 6-8 kDa) against distilled water (2l), where NaCl (11,2 g,
0,65 mmol) was dissolved and then freeze-dried. The obtained NGs consisted in
cross-linked polymeric matrices and they were stored at -20°C.

Figure 5.1.9: Schematic representation of emulsion-evaporation method. Created
with BioRender.com

5.1.2.5 NGs coating

Once the NGs were synthesized, three different aromatic coatings were used to cover
external NGs surface. NGs coating occurs by the bond between secondary amine
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of PEI and carboxylic acid group on all the three aromatic molecules forming the
amide group.

Figure 5.1.10: Chemical reaction between PEI-Cy5 and aromatic compound. Cre-
ated with ChemDraw

The same procedure as well as catalysts were used for all three coatings, the
differences consist in the type of coating used and the organic solvent in which it
was dissolved.

The aromatic compound used for NGs coating was dissolved in an organic solvent
(9mg/ml) with the coupling agents 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and N-Hydroxysuccinimide (NHS) and the solution was kept under stirring
for 2h at room temperature.

The three different coating-solution are described below:

• Coating with Bytilbenzoic Acid - BBA

BBA (0.67 mg, 3.76 µmol) dissolved in (CH3)2SO (DMSO; 9mg/ml, 74.44 µl) and
then EDC (0.87 mg, 5.64 µmol) and NHS (0.65 mg, 5.64 µmol) were added.
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• Coating with Dimethylamino Benzoic Acid - DABA

DABA (0.62 mg, 3.75 µmol) was dissolved in CH2Cl2 (9mg/ml, 69 µl) and then
EDC (0.87 mg, 5.64 µmol) and NHS (0.65 mg, 5.64 µmol) were added.

• Coating with Pyreneacetic Acid - PYR

Pyreneacetic Acid (1.96 mg, 7.54 µmol) was dissolved in CH2Cl2 (9mg/ml, 69 µl)
and then EDC (1.75 mg, 11.29 µmol) and NHS (1.3 mg, 11.29 µmol) were added.

For each coating-solution, NGs (10 mg, 3,76 µmol) were dissolved in distilled
water (1,5 ml) and the respective coating-solution was added into them dropwise
keeping the mixture under vigorous stirring condition (1200 rpm) for 30h at room
temperature. The resulting solution was purified by membrane dialysis (Mw cut-off
= 6-8 kDa) against distilled water (2 l) for 48h and then freeze-dried. The coated
NGs were store at -20°C. The resulting samples are labelled as NGs-BBA, NGs-
DABA and NGs-PYR where the coatings were made respectively of BBA, DABA
and PYR.

5.1.3 NGs characterization

The NGs physico-chemical characterization was performed by FT-IR (Fourier-transform
Infrared) and DLS (Dynamic Light Scattering) in collaboration with Politecnico di
Milano.

5.1.3.1 FT-IR analysis

FT-IR analysis is a technique based on the absorption of infrared radiation, the
bonds between atoms that compose molecules are invested by an infrared radiation
at specific frequencies corresponding to their respective vibrational energy levels.
Different bonds vibrate in a molecule at different energy levels and therefore they
absorb different wavelengths of infrared radiation. There are two fundamental ways
in which the bonds can vibrate: stretching of the chemical bond (stretching) and
deformation of the bond angle (bending). Based on stretching and bending, the
synthetized NGS were chemically characterized to verify the presence of previously
described chemical bonds using a Nicolet 8700 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA) equipped with a Golden GateMK II Single Reflection
Diamond ATR system (Specac Ltd., Orpington, UK). Each spectrum (32 scans, 2
cm-1 resolution) was recorded in the wavenumber range 4000–800 cm-1).
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5.1.3.2 DLS analysis

DLS analysis allows detection size of typically sub-micron molecules, nanoparticles
or colloids. The sample is illuminated by a laser beam, and the intensity changes of
the scattered light are measured as a function of time. At the same temperature and
viscosity, ’small’ particles move rapidly, creating rapid changes in scattering intensity
while ’large’ particles move slowly creating slow changes in intensity. The NGs size
and the polydispersity index (PDI) were detected via DLS using a Zetasizer Nano
ZS instrument (Malvern Panalytical, Malvern, UK).

5.1.4 NGs drug loading and drug release

The synthetized NGs were loaded with Sunitinib malate drug, an FDA approved
drug to treat renal cell carcinoma [247]. Sunitinib malate was chosen as candidate
drug thanks to its peculiar feature to inhibit tumor growth by acting in a more
targeted and selective manner than traditional chemotherapy.

5.1.4.1 Drug loading

The drug was loaded through the sponge-like loading mechanism which exploits the
peculiar swelling behaviour of NGs. Specifically, the drug was loaded into freeze-dried
NGs to obtain a drug concentration of 500 µM and NGs concentration of 12.5 mg/ml
in PBS. The drug concentration was selected on the linear tract of the calibration
curve obtained in PBS medium (Figure 5.1.11).
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Figure 5.1.11: Calibration curve of Sunitinib malate.

Drug loading was performed on all NG specimens in the same following procedure:
Sunitinib malate solution (50 mM, 4 µl) was added to lyophilized sample (5 mg)

and then it was diluted in PBS (196 µl) to achieve the desired drug concentration
(1mM). The solution was kept for 10 min at room temperature to induce the drug
adsorption.

Loading efficiency (% drug loading) was calculated based on the following equa-
tion:

%drug loading =
drug loadt0 − drugSolv

drug loadt0
· 100

where drug loadt0 (19.9 µg, 0.05 µmol) is the initial amount of Sunitinib malate
loaded and drugSolv (depending on the analysed sample) is the amount of Sunitinib
malate adsorbed on the NGs surface, released into release medium (PBS; 800 µl) in
10 min.

5.1.4.2 Drug release

The NGs-drug solution, previously described, was incorporated in a hydrogel matrix
to evaluate the drug release profiles of NGs specimens.

In details, the hydrogel solution was obtained by dissolved carbomer 974p (100
mg, Mw = 700 kDa) in PBS (19.90 ml) under stirring condition for 30 min at room
temperature. The polymeric solution was left to settle for 30 min and NaOH 1M
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was added until pH = 7.8. The resulting solution was stored at +4 °C.
The polymerization of hydrogel solution occurred adding 8 mg of ultrapure agarose

per 1ml of hydrogel solution and subjecting the solution to electromagnetic stimu-
lation (500 W) which heats it up to 70 °C. When the latter solution decreased
temperature around at 60 °C, it was 1:1 diluted with the loading solution (200 µl,
1 mM) to obtain for each hydrogel matrix a Sunitinib concentration of 500 µM and
NGs concentration of 12.5 mg/ml. The ultimate solution was placed in cylindrical
molds (100 µl per mold) in 24-multiwell plate, in order to have sample triplicate.
Polymerization occurs in a few minutes. Cylindric gels were submerged in PBS (800
µl). In drug release trial the 24-multiwell plate was maintained at 37°C in 5% CO2.

In detail, four aliquots from the release medium (400 µl) were collected at defined
timepoints, restoring the buffer volume to avoid mass transfer equilibrium with the
surrounding environment. For each timepoints, the amount of released Sunitinib
malate was determined by TECAN infinite M200-Pro (λ = 430 nm) and the absorb-
ance values were fitted on the Sunitinib calibration curve to obtain the drug release
profiles.

5.1.5 Cell culture

Primary renal carcinoma cells (T-786O) were cultured in RPMI 1640 cell medium
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and
1% L-glutamine (200 mM). Cells were maintained at 37°C in 5% CO2. After reaching
confluency, the cells were trypsinized and used for experimental set-ups.

5.1.5.1 Cytotoxicity assay

The cytocompatibility of synthetized NGs was evaluated by VybrantTM Cytotoxicity
Assay Kit (V-23111). Vybrant cytotoxicity assay commonly known as G6PD assay
detects the cytosolic Glucose-6-phosphate dehydrogenase enzyme, through a two-
step enzymatic process that leads to the reduction of resazurin in red fluorescent
resorufin. The resulting fluorescence is proportional to the amount of G6PD released
by apoptotic cells into the cell medium [248]. In details, T-786O cells were seeded
in 96-well plate with a density of 2000 cells/well in 100 µl of complete RPMI 1640
medium and incubated at 37°C in 5% CO2. After the overnight incubation, each
NGs sample at concentration of 5 µg/ml was placed in prolonged contact with the
cells for 24h.
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The V ybrantTM Cytotoxicity was performed by removing cell medium and in-
cubating the cells with 50 µl of resazurin/reaction mixture at 37 °C in 5% CO2 for
10 min. The fluorescent resazurin was detected by a fluorescence spectrophotometer
TECAN infinite M200-Pro at λabs= 530 nm, λem = 570 nm.

5.1.5.2 MTT assay

MTT assay was performed to evaluate the dose-responsive curve of Sunitinib and
to investigate the impact of drug-loaded NGs. This colorimetric assay is based
on the reduction of the yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide or MTT) to purple formazan crystals by metabolically
active cells. Viable cells contain NAD(P)H-dependent oxidoreductase enzymes that
reduce MTT to formazan. Insoluble formazan crystals are dissolved using a solu-
bilization solution, and the resulting-coloured solution is quantified by measuring
absorbance at 570 nm using a multi-well spectrophotometer [249].

Specifically, T-786O cells were seeded in 96-well plate at concentration of 2000
cells/well in 100 µl of complete RPMI 1640 medium at 37 °C in 5% CO2. After
the cell incubation overnight, the medium was changed and drug-loaded NGs at
concentration of 5 µg/ml were added. The selected Sunitinib concentration was 10
µM, a sublethal concentration in according to the obtained Dose-response curve of
Sunitinib. The MTT assay was performed for three timepoints: 24h, 48h, 1w. For
each timepoint, the cell medium was replaced with MTT solution (0,5 mg/ml) 1:10
diluted in cell medium and cells were incubated for 3h at 37 °C in 5% CO2. Then,
the cell medium was removed and the formazan crystals were dissolved in DMSO
(100 µl). The absorbance was read at λ = 570 nm using TECAN infinite M200-Pro.
The procedure previously described was used also to evaluate dose-response curve
of Sunitinib at 24h on T-786O cell line considering Sunitinib concentration ranging
between 10 mM – 0 M.

5.1.6 NGs cell uptake

NGs-cells interaction in terms of cell uptake was evaluated using two different ap-
proaches: cytofluorimetry and microfluidic systems.
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5.1.6.1 Flow cytometry

The flow cytometry is performed by cytofluorimeter, an instrument capable of identi-
fying specific characteristics of cells through a laser system that produces scatter
when it is focused on single cell. The characteristics may be physical as cell size and
complexity or may depend on the signal generated by the dye intercepted by the
laser. In this work, the flow cytometry was used to assess cellular uptake based on
the Cy5-azide fluorescent dye bound to NGs. In particular, the NGs cellular intern-
alization was estimated via Mean Fluorescence Intensity (MFI). The cell uptake was
evaluated for three timepoints: 2h and 24h.

T-786O cells were seeded in 24-well plate at the density of 20.000 cells/well in 500
µl of complete RPMI 1640 medium and incubated overnight at 37 °C and 5% CO2.
Cell medium was removed and replaced with NGs suspension at NGs concentration
of 10 ug/ml of for each NGs samples. Cells were detached using TrypLETM (100
µl) and resuspended in PBS (200 µl) to perform flow cytometry analysis for each
timepoints.

5.1.6.2 Microfluidic device

Microfluidic system was used to evaluate NGs cell uptake under dynamic conditions
compared with the static condition always performed in the microfluidic system.
This innovative approach aims at obtaining a potential tool by which the NGs-cell
interaction can be evaluated simulating a potential in vivo administration.

5.1.6.3 Microfluidic device fabrication

The chip design, after drawing the CAD of the desired geometry, was obtained by
two fundamental steps:

• Traditional photolithography to realize the silicon master with the impressed
geometry used as silicon mold .

• Soft-lithography via Micro-Replica Molding (REM) to achieve a PDMS (poly-
dimethylsiloxane) microfluid device.

The photolithography was performed using the photolithographic mask with geo-
metry shown in Figure 5.1.12 inspired by the chip design developed by Donald E.
Ingber et al. [250] composed of a central channel and two vacuum chambers (not
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used in this application). The silicon master was realized using SU-8 3050 negative
resist in order to realize a film thickness of 90 µm. After the silicon mold manufactur-
ing, REM was realized. In details, PDMS (Sylgard-184) in a ratio of 10:1 w/w base:
curing agent was mixed and degassed through planetary centrifugal mixer (Thinky
Mixer) for 1 min at 2000 rpm and 30 s at 200 rpm and casted on the silicon master.
Further degassing was performed for 5 min in dynamic vacuum and 3 min in static
vacuum using a vacuum chamber. Subsequently, the chip was baked for 2h at 70°C
and then peeled off from the silicon mold. An additional hour of baking at 100°C
was executed complete the curing process. Once the solid PDMS was obtained, two
reservoirs were realized with a puncher (d = 4 mm for dynamic condition, d = 6 mm
for static condition) and cleaned with Kapton tape. The PDMS chip was bonded on
a microscope glass slide by plasma oxygen exposure (1 mBar, 10% power for 0.6 s).
The chip was ultimate with baking at 70 °C for 30 min.

Figure 5.1.12: CAD of the silicon master’s geometry realized by LayoutEditor (a);
microfluidic systems used for the experimental set-up (b): static condition (left) and
dynamic condition (right).

5.1.6.4 Cell culture in microfluidic device

Microfluidic devices were UV-sterilized for 20 min before cell seeding. T-786O cells
were seeded in the central channel and a reproducible protocol to inject and seed
cells was developed: ~ 20.000 cells were injected in the channel with a capacity of
3 µl. Twenty min after injection, the cells were attached to the glass and the cell
medium was added into reservoirs. The PDMS chips were incubated overnight at
37°C in 5% CO2.
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5.1.6.5 Microfluidic-assisted NGs cell uptake

Microfluidic-assisted NGs cell uptake was evaluated in dynamic and static conditions.
NGs were suspended in cell medium with a NGs concentration of 2,5 µg/ml and
injected in the microfluidic systems, where T-786O cells were previously seeded.
Specifically, in the microfluidic device used to analyse the static cell uptake, NGs
suspension was injected in the central channel and the reservoirs at the ends of the
channel were filled to ensure that the channel was always wet during the experiment.

To evaluate cell uptake under dynamic condition, NGs suspension was loaded into
sterile syringe and connected to the inlet of the chip channel via sterile microfluidic
tube. Another sterile microfluidic tube was connected to the end of the channel to
collect the waste solution to allow continuous flow of NGs suspension. The syringe
was actuated by the multichannel microfluidic syringe pump (Nemesys S) by which
the flow rate was controlled. All the set-up is shown in Figure 5.1.13.

The experiment was performed using a flow rate of 5 µl/min [251] which fall in
the range suitable to mimic the in vivo conditions of NG administration for 2h, 6h
and 24h for each NGs samples. The microfluidic systems used to evaluate dynamic
and static NGs cell uptake were maintained at 37°C in 5% CO2 during the entire
experiment.

Figure 5.1.13: The dynamic experimental set-up used to evaluate NGs cell uptake
under dynamic condition. Created with BioRender.com

The microfluidic-assisted NGs cell uptake images were analysed by mean fluor-
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escence intensity (MFI) measurement through NIS Elementes AR Software suite
(Nikon) keeping the laser parameters fixed during image acquisition via Nikon A1R+
confocal microscope (Nikon Instruments, Tokyo, Japan).

5.1.7 Cell staining

At the end of the NGs cell uptake experiments performed in plastic well-plate and
microfluidic platform, cells were fixed in PFA (4% in PBS) and stained. In details,
after some rises in PBS, cells were incubated in PFA for 20 min and then maintained
in PBS at +4°C. The cell staining aimed to dye the nucleus with DAPI and the
cytoskeleton with phalloidin, the procedure was performed at room temperature.
Cell membranes were permeabilized with Triton X-100 (0,1% in PBS) for 10 min and
rise with PBS, then cells were incubated with blocking solution (2% BSA + 22 mg/ml
glycine in PSBT; PSBT: PBS + 0.1% Tween20) for 30 min. After PBS rinsing, the
phalloidin diluted 1:400 in PBS was added and maintained in the darkness for 1h.
Washed-off phalloidin with PBS, DAPI diluted 1:1000 in PBS was added for 10 min.
The cells were copious rinsed and viewed under a confocal microscope.

5.2 Results and discussion

5.2.1 NGs chemical characterization

NGs chemical characterization was performed by FT-IR analysis. The characteristic
signals of PEG-PEI chemical crosslinking and covalent grafting of the aromatic motifs
are reported in Figure 5.2.1.

In detail, the characteristic peaks of PEG and PEI chains were recognized: PEG
chain, C-N stretching and C-H bending of PEI at 1470÷800 cm−1 and N-H bending
of PEI around 1600 cm−1. The characteristic C=O stretching of the carbamate
bond, related to the PEG-PEI bond, is detected around 1750 cm−1. The N-H and
C-H stretch of the polymers are showed at 2700 cm−1 and 2900 cm−1 respectively.
In addition, the peak of the triazole bonding of PEI-Cy5 is observed at 1558 cm−1.

The presence of characteristic signals of the aromatic structures used for the
superficial functionalization was, also, detected. The aromatic grafting is related to
C=O stretching of amide bond in the different decoration approaches around 1700
cm−1 while C-H bending of aromatic rings is detected ranging between 950-1000
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cm−1 as shown in NGs-PYR, NGs-BBA and NGs-DABA spectra.

Figure 5.2.1: FT-IR spectra of NGs-Cy5, NGs-BBA, NGs-DABA and NGs-PYR.

5.2.2 NGs physical characterization

The NGs physical proprieties such as diameter and polydispersity index (PDI) were
evaluated by DLS analysis. Despite the aromatic coatings, NGs do not exceed 258
nm preserving a size suitable for nanoparticles aimed to biomedical applications,
which are characterized by a diameter value in the range 1-1000 nm

92



Table 5.2.1: NGs physical characterization

5.2.3 Drug loading and drug release

Drug loading and drug release performances were estimated using Sunitinib malate,
an FDA-approved drug to the treatment of kidney cancer [252].

5.2.3.1 Drug loading

The drug loading, as shown in Table 5.2.2, showed high encapsulation efficiency (EE)
in all NG specimens, thanks to the peculiar swelling behaviour of NGs, which, ex-
ploiting the transition dried-hydrated state, absorb a high amount of drug solution.
In particular, NGs-PYR encapsulated the highest amount of drug: this can be at-
tributed to high π-π stacking interactions between the 4 aromatic rings that compose
the chemical structure of PRY and Sunitinib. In addition, a comparable behaviour
was exhibited by NGs-BBA due to π -π stacking interactions between the aromatic
ring and Sunitinib. Instead, NGs-DABA showed a reduced level of drug EE due to
the protonation of the amino group of DABA and Sunitinib that induces a repulsion
with the amino groups reducing the drug encapsulation.

Table 5.2.2: NGs encapsulation efficiency.
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5.2.3.2 Drug release

Drug release was evaluated as reported in Figure 5.2.2 as percentage of drug cumu-
lative release vs time. All selected NGs samples, loaded with Sunitinib malate (500
µM) considering a NGs concentration of 12,5 mg/ml in PBS, release the drug until
to 14 days. The drug release profiles, as shown in Figure 35 are modulated by the
presence of aromatic coating layers appreciable especially up to 24h.

Figure 5.2.2: Cumulative Sunitinib release profile for each NGs sample.

All NGs specimens release around 75% of loaded drug within 7h then continue
to release more gradually after 24h until 14 days following different trends.

In particular, a faster drug release was observed in NGs-BBA, a slight slowdown
compared to NGs-BBA was detected in NGs-DABA and a slower drug was exhibited
by NGs-PYR. NGs-PYR exhibited a more sustained release due to the π-π stacking
interaction between the 4 aromatic rings of PYR and the aromatic component of
Sunitinib. In NGs-DABA, the π-π stacking interaction between the aromatic ring of
DABA and Sunitinib is counterbalanced by the repulsion between protonated amino
groups, inducing a faster drug release compared to NGs-PRY. A further remarkable
difference was detected in NGs-BBA where the drug release is modulated not only
by π-π stacking interaction between BBA and Sunitinib but also by the presence of
the aliphatic moiety of BBA.
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The π-π stacking interaction effects introduced by aromatic moieties increase the
stability and drug loading capacity as reported by Hennink et al. [253] and in fact,
according to the collected data, NGs-PYR showed the highest EE and the most
controlled drug release between NGs specimen.

Further analyses of the drug release profiles were performed by plotting cumu-
lative release percentage against second to the power of 1/2.3 (Figure 36), which
is the typical exponent used for spherical geometries, according to the Higuchi and
Korsmeyer-Peppas model [254, 255]. In the representation, in Figure 5.2.3, the lin-
earity of data is representative of a Fickian diffusion regime, and the y-axis intercept
value is an indication of the burst release, which is assumed to be equal to zero for
an ideal controlled release system [256]. The collected data showed good linearity,
confirming that Sunitinib release was mediated by the Fickian regime. In particu-
lar, a double-diffusion regime with different slopes was detected in all investigated
conditions. The transition and duration of the two regimes could be ascribed to the
nature of the predominant interactions of the drug-NGs over time. The first diffusion
trend, occurring in the first 7h, could be associated with the adsorbed Sunitinib at
the NG/water interface, released at a faster rate. The second regime could be due to
the drug−NGs interactions in the nanoscaffold core and aromatic surface decoration.

Figure 5.2.3: Cumulative Sunitinib release profile for each NGs samples according
to the Higuchi and Korsmeyer-Peppas model.
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5.2.4 Biocompatibility

NGs biocompatibility was investigated by VybrantTM Cytotoxicity Assay Kit (V-
23111) known as G6PD assay. After 24h of prolonged contact between T-786O
cells (2000 cell/well) and NGs (5 µg/ml), cell viability levels were close to 99% in
each specimen (Figure 5.2.4). Therefore, the aromatic-decorated NGs provide high
biocompatibility as well as uncoated NGs without any cytotoxic effect.

Figure 5.2.4: Cell viability by cytotoxicity assay (G6PD assay).

5.2.5 MTT assay

Cell metabolic activity on T-786O cell line was investigated by MTT assay to evaluate
the therapeutic effect of Sunitinib loaded into NGs. MTT was performed using the
drug-loaded NGs at sublethal concentration of 10 µM showed by the red dashed line
in Figure 5.2.5.

96



Figure 5.2.5: Dose-response curve of Sunitinib: IC50 level in black dashed line and
the sublethal Sunitinib concentration used in red dashed line.

As shown in the Figure 5.2.6, there were no static differences between the NGs
samples and the free drug and the cell metabolic activity is around 80% at 24h,
while the difference between the free drug and the drug loaded in the NGs became
more significant at 48h. Moreover, after 1 week of treatment, the advantages of
administering drug loaded into NGs began to be appreciated. Hence, administering
drug through the NGs increased the therapeutic effect compared to the free drug
despite the chosen concentration did not completely reduce cell metabolic activity.

Figure 5.2.6: MTT results at 24h, 48h and 1w to evaluate the therapeutic effect
comparing free drug against drug-loaded-NGs
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5.2.6 Citofluorimetry

NG internalization was evaluated via flow cytometry (CytoFLEX flow cytometer,
Beckman Coulter, Brea, CA) and recorded in the allophycocyanin (APC-A700) chan-
nel using CytoExpert software and quantified as median fluorescence intensity MFI
fold change. The aromatic coatings modulated cell uptake and, as shown in Figure
5.2.7, the uncoated NGs (NGs-Cy5) were internalized in T-786O cells faster than
coated NGs by reaching the fold increase equal to 301 at 24h and 56 at 2h compared
to untreated cell (CTR). Instead, NGs-DABA had the slowest cellular internalization
than the other NGs samples with a fold increase equal to 15 at 2h and 69 at 24h.
An intermediate behaviour was represented by NGs-BBA and NGs-PYR with a fold
increase equal to, respectively, 32; 17 at 2h and 136; 84 at 24h (Figure 5.2.7, B).

Figure 5.2.7: The NGs cellular internalization: fold increase for all nanogel types at
timepoints 2h and 24h.
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The behaviours previously described can be observed more intuitively through
the graphs in Figure 5.2.7, A where cell uptake is identified by all curves shifted to
the left of control curve (in red) and for each timepoint the cellular internalization
was achieved by all NG types.

A confirmation of NGs internalization was obtained by confocal micrographs,
following the cell staining after NG administration: NGs are clearly detectable in
the cell cytosol thanks to their labelling with Cy5-azide. These results demonstrated
that through surface decoration with specific aromatic moieties it’s possible to tune
NGs-cell interactions. In particular, maintaining equal laser setting, NGs-Cy5, that
showed the fastest uptake, has the highest fluorescence intensity that is proportional
to the amount of internalized NGs (B, F Figure 5.2.8) while NGs-BBA, that was
internalized more slowly, has the lowest fluorescence intensity (D, H Figure 5.2.8).

Figure 5.2.8: NGs cell internalization on plate of NGs-Cy5 and NGs-BBA compared
to untreated cells (CTR) at 2h and 24h.
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In addition, NGs-DABA and NGs- BBA also differed in terms of uptake as is
shown in the Figure 5.2.9.

Figure 5.2.9: NGs cell internalization on plate of NGs-DABA and NGs-PYR com-
pared to untreated cells (CTR) at 2h and 24h.

5.2.7 Microfluidic-assisted NGs cell uptake

NGs cell uptake in static condition, performed through the microfluidic platform,
confirmed the trend obtained with the traditional flow cytometry as shown in Figure
5.2.10. Therefore, the microfluidic system can be a potential innovative tool on which
to evaluate NGs uptake as an alternative to the traditional approach.
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Figure 5.2.10: NGs cell uptake performed on chip in static condition at 2h and 24h
(A); NGs cell uptake performed on plate at 2h and 24h (B).

The microfluidic-assisted NGs cell uptake, estimated as MFI, showed a statistic-
ally different cell uptake under dynamic condition vs. static condition, highlighting
a higher NGs intracellular distribution closer to the in vivo setting.

In particular, all NGs specimens showed, in dynamic condition, a higher cell
uptake compared to static condition as shown in Figure 5.2.11. Therefore, NGs-
PYR compared to NGs-BBA and NGs-DABA showed a faster cell internalization
for each time point, probably attributable to the π-π stacking continuous interaction
between the coating PYR and cell membrane.
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Figure 5.2.11: Microfluidic-assisted NGs cell uptake performed in static and dynamic
conditions at 2h (A), Microfluidic-assisted NGs cell uptake performed in static and
dynamic conditions at 24h (B).

This variation between static and dynamic conditions could be ascribed to the
different diffusion regime occurring in the two microfluidic set-ups. In static condi-
tions, the mutual interaction NGs-cells takes place within the diffusional boundary
layer around cells, limiting the mass of nanoparticles overall provided for the cellu-
lar internalization. On the other hand, the sustained diffusion regime occurring in
dynamic conditions ensure a continuous turnover of the NGs expose to cells.

Observing the confocal micrographs, NGs cell internalization is favoured under
dynamic condition particularly for NGs-Cy5 and NGs-PYR as shown in Figure 5.2.12
and Figure 5.2.13.
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Figure 5.2.12: NGs cell internalization in static and dynamic condition performed
on the microfluidic platform at 2h.
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Figure 5.2.13: NGs cell internalization in static and dynamic condition performed
on the microfluidic platform at 24h.
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5.2.8 Discussion

Thus we demonstrated that the selected aromatic coatings on NGs surface ensure
a tunable drug delivery of Sunitinib and modulate the cellular internalization in
T-786O cell line. Regarding the latter, the evaluation of NGs cell uptake in flow
condition through the microfluidic system has revealed a different trend from the
traditional approach, more similar to the effective injection-like condition, suggesting
the potential of this approach to study the NG internalization process. Overall, these
results demonstrated that through aromatic surface decoration it’s possible to tune
NG-cell interaction and drug delivery.
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Chapter 6

Conclusions and future directions

In this PhD thesis we proposed the synthesis of hydrogel systems with physical
functionalization and of nanogel chemically functionalized.

As it concerns the first part we propose the synthesis of graphene-based hydrogels
as thermo-sensitive carriers for controlled drug release. For this work, hydrogels were
obtained via microwave-assisted condensation reaction between branched polyacrylic
acid and agarose, and pristine nano-layered graphene (few layered graphene, FLG)
was used as a nanofiller to investigate the graphene thermal effect in the drug release
scenario. The FLG stabilization was obtained through the dispersion of exfoliated
graphite in isopropyl alcohol to induce the intercalation of the solvent molecules into
the graphitic interlayer spaces, providing a material with increased water dispers-
ibility. This approach ensures the sol-gel transition in aqueous media, avoiding the
use of organic solvents. Moreover, the synthetized hybrid scaffolds preserve all the
peculiar features of pristine graphene, without distortions related to the oxidation
processes. We investigated the drug release profile at different temperatures: 25 °C,
37 °C and 44 °C. Diclofenac, an anti-inflammatory molecule commonly used to treat
musculoskeletal and systemic inflammations, was chosen as a candidate drug. Results
showed tunable diclofenac release over time, according to the temperature increase.
This response is not observed in polymeric scaffolds without FLG, suggesting that the
thermal conductivity and the π-conjugated structure affect the vibration frequency
of the nanofiller and, consequently, the electrostatic interactions with drug and the
release kinetic. In particular, increasing temperature, the diclofenac release becomes
faster. Furthermore, we evaluated the anti-inflammatory performance of released
drug, in terms of cyclooxygenase (COX) inhibition, reporting an efficiency compar-
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able to diclofenac in aqueous medium, and proving that the interactions with FLG
did not affect the properties of the drug. According to ISO 10993-5, these graphene
hybrid hydrogels present high biocompatibility, that confirms their potential applica-
tion for thermally triggered drug release in several biomedical applications. In future
studies, the graphene-based hydrogels shall be investigated as pH-sensitive carriers
by acting on the charge of the system in order to be able to release the drug by
exploiting the basic or acidic environment of the site of interest. For instance, in
order to release a drug in the intestine, which is slightly more basic than the blood,
one can exploit hydrogels that modify their structure leading to the desorption of
the drug in an alkaline environment, or on the other hand, it is possible to exploit
this feature to release an anticancer drug in the characteristic acidic environment of
cancerous masses.

With regard to chemical functionalized nanocarriers, NGs composed of PEI-PEG
were synthesized by emulsion-evaporation method then subsequently a surfacial coat-
ing was realised using three different aromatic coatings: BBA, DABA and PYR to
obtain respectively NGs-BBA, NGs-DABA and NGs-PYR. Uncoated NGs (NGs-
Cy5) was compared to aromatic-decorated NGs. In particular, NGs were chemically
characterized by FT-IR to evaluate chemical bonding and verify NG formation and
coatings. Following a preliminary evaluation of NGs cytocompatibility and physico-
chemical features. Then, the nanocarriers were validated as controlled drug delivery
system using Sunitinib as therapeutic treatment for renal cell carcinoma T-786O.
In particular, different drug release profiles were obtained for each aromatic coating
confirming the possibility of using the nanomaterial for intracellular controlled drug
delivery. NGs-PYR showed the slower drug release profile over time compared to
NGs-BBA and NGs-DABA that exhibited a faster drug release demonstrating how
aromatic-coating can modulate drug release. In addition, NGs cell uptake was eval-
uated using a microfluidic system in static and dynamic condition. The NGs-cell
interaction in flow condition was performed to obtain a potential tool capable of
mimicking the in vivo administration. The collected results showed how the selec-
ted aromatic coatings on NGs surface ensure a tunable drug delivery of Sunitinib
and modulate the cellular internalization in T-786O cell line. Regarding the latter,
the evaluation of NGs cell uptake in flow condition through the microfluidic system
has revealed a different trend from the traditional approach, more similar to the
effective injection-like conditions, suggesting the potential of this approach to study
the NG internalization process. In conclusion, NGs-PYR seemed to be a promising
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aromatic-decorated NGs due to high drug EE and a more controlled drug release
over time than the other investigated NGs. Moreover, under dynamic conditions, it
also showed higher uptake than in static condition improving NGs-cell interaction
in injection-like condition. Overall, these results demonstrated that through surface
decoration with specific aromatic moieties it’s possible to tune NG-cell interactions
and the drug delivery performances, designing versatile nanosystems suitable for the
definition of future therapeutic approaches. In future studies, it could be investigated
the behaviour of the same aromatic coatings by varying the ratio of NGs and coating,
to assess how the surface layer can interfere in the processes already evaluated in the
present work. Moreover, NGs cell uptake was investigated considering the primary
renal cancer cells T-786O and it could be evaluated using metastatic cancer cells and
healthy cell to investigate a selective NGs cell uptake to promote a targeted therapy
approach. Considering the microfluidic device, NGs cell uptake could be assessed
via a tumor-on-chip system. In detail, a microfluidic system should be developed
composing of a region where cells are embedded in a gel matrix in order to create a
3D tumor and a channel where to inject NGs suspension. Specifically, the 3D tumor
and NGs suspension should be connected through multi-microchannels allowing only
transverse diffusion of NGs, simulating the NGs cell uptake in tumor side.
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