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Nanolipogéis magnéticos multifuncionais baseados em hidrogéis peptidicos para aplicacao

na terapia combinada do cancro
RESUMO

A terapia do cancro constitui uma das principais ocupacdes da nanomedicina, contribuindo, assim, para
0 seu rapido desenvolvimento. Esta area torna possivel integrar varias modalidades terapéuticas e de
diagnostico numa Unica plataforma com o intuito de ultrapassar o paradigma atual do tratamento

oncolégico.

Os hidrogéis supramoleculares, em particular os hidrogéis baseados em péptidos de baixo peso
molecular, tém provado ser eficazes como sistemas de entrega de farmacos, devido a sua capacidade
de alterar a solubilidade, direcionamento, metabolismo e toxicidade de agentes terapéuticos. Os
magnetolipossomas plasmonicos, para além de serem passiveis de controlo remoto com a aplicacédo de
um campo magnético externo, aumentam a eficiéncia de libertacdo dos farmacos encapsulados quando
termicamente estimulados, por exemplo, com hipertermia magnética e 6tica. Assim, a combinacao
destes materiais — originando magnetolipogéis — permite reunir varias funcionalidades (entre as quais a
hipertermia e a entrega de farmacos controlada a nivel espacial e temporal) e, assim, otimizar a

especificidade e eficacia dos agentes quimioterapéuticos utilizados atualmente.

Neste trabalho, foram sintetizados dois hidrogeladores baseados em desidrodipéptidos e selecionado o
mais adequado para posterior funcionalizacdo com magnetolipossomas plasménicos; os ultimos foram
preparados a partir de nanoparticulas nucleo/coroa de ferrite de manganés/ouro. Apés a caracterizacao
individual dos componentes no que concerne as suas propriedades reologicas, espetroscopicas e
magneéticas, o magnetolipogel foi igualmente caracterizado e avaliado quanto a sua capacidade para
transportar e libertar farmacos de forma controlada. Para tal, testou-se a resposta do magnetolipogel
carregado com a molécula modelo 5(6)-carboxifluoresceina a um campo magnético alternado de baixa
frequéncia e a varios de tipos de irradiacdo na zona do visivel e do infravermelho-proximo. Os resultados
obtidos revelaram que o sistema é um bom transportador de farmacos hidrofilicos, permitindo antever a
entrega de agentes terapéuticos em resposta a um campo magnético e a aplicacao de luz. Estas
constatacdes, juntamente com o potencial do gel compésito para hipertermia e direcionamento

magnético, podem abrir caminho para uma nova era no tratamento do cancro e de outras patologias.

Palavras-chave: Materiais macios, Magnetolipogel, Nanomagnetismo, Plasménica, Terapia do Cancro.



Multifunctional magnetic nanolipogels based on peptide hydrogels for application in

combined cancer therapy
ABSTRACT

Cancer therapy is an important discipline in nanomedicine and one of the main reasons for the rapid
development of this research area. This field promises the integration of multiple therapeutic and
diagnostic modalities in a single platform with the aim of overcoming the current paradigm of cancer

treatment.

Supramolecular hydrogels, particularly low molecular weight peptide hydrogels, have been showing to be
quite suitable drug delivery systems due to their ability to change solubility, targeting, metabolism and
toxicity of drugs. Plasmonic magnetoliposomes, in addition to being remotely controllable with the
application of an external magnetic field, also increase the efficiency of encapsulated drug release through
thermal stimulation, e.g, with magnetic and optical hyperthermia. Thus, the combination of those two
materials - giving magnetolipogels - brings together several functionalities, among which are
hyperthermia and spatiotemporally controlled drug delivery. This allows increasing both the specificity

and the efficacy of the currently used anticancer drugs.

In this work, two hydrogelators based on dehydrodipeptides were synthesised and the most convenient
one was selected for further functionalisation with magnetoliposomes; the latter were prepared from
manganese ferrite/gold core/shell nanoparticles. After individually characterising the components with
regard to their rheological, spectroscopic, and magnetic properties, the magnetolipogel was equally
characterized and evaluated concerning its ability to deliver drugs in a controlled way. To this end, the
response of the 5(6)-carboxyfluorescein-loaded magnetolipogel to a low-frequency alternating magnetic
field and to different types of irradiation with visible-near infrared light was assessed. The results showed
that the system is a proper carrier of hydrophilic drugs and allow to envisage photo- and magneto-
responsive drug delivery. These facts, together with the magnetic guidance and hyperthermia capabilities
of the developed composite gel, may pave the way to a new era in the treatment of cancer and other

diseases.

Keywords: Soft materials, Magnetolipogel, Nanomagnetism, Plasmonics, Cancer Therapy.
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1.1 CANCER NANOMEDICINE

Today, cancer-related mortality continues to show exceedingly high levels because of its rapid progression
and limited therapeutic options with considerable toxicity. This mortality is expected to rise to 13.1 million
deaths in less than ten years, so there is an urge for more effective and less toxic therapeutic systems
(1,2). In cancer treatment, nanotechnology goes beyond drug delivery: it concerns with the creation of
new therapies through the exploitation of nanomaterials properties (3). It allows targeting
chemotherapeutic drugs, like doxorubicin (DOX) and methotrexate, directing them to cancer cells, guiding
tumour surgery and improving the radiation-based treatment modality. This results in lower side-effects
for the patient and, thus, in a higher survival rate (4). Nanotechnological targeted therapy has been
defined as a type of treatment that specifically blocks the growth of cancer cells, instead of interfering
with all cells that proliferate rapidly (5-8). As the formulation of new drugs to treat cancer takes time and
requires a lot of investment, the scientific community turned to the reformulation of traditional drugs for
innovative therapies (9). In this segment, nanomedicine in cancer treatment has evolved from a general
approach to targeted systems, so some stimuli, either endogenous (e.g., temperature and pH) or
exogenous (such as light and magnetic field), can be used to drive the therapeutic agents towards the

disease site or trigger their activation at the selected location (10,11).

1.2 HYDROGELS

Thereby, the demanding revolution in the pharmaceutical market is centred in the development of drug
delivery systems/platforms that can address the challenges of cancer treatment. For such, the
encapsulation of drugs in well-defined nanostructures, such as hydrogels, has been extensively
investigated due to their unique physical-chemical properties (12,13). Hydrogels are solid-like materials
that retain significant amounts of water, while maintaining a distinct 3D structure; they can be divided in
chemical or physical gels, based on the nature of the crosslinks (14,15). In chemical hydrogels, the
crosslinks are established through covalent bonds and physical/supramolecular ones are held together
by non-covalent molecular interactions, such as, hydrogen bonds, electrostatic or m-1 interactions. This
interplay can be disrupted by changes in the environment, such as temperature, pH, ionic strength, stress
and by the presence of specific solutes. Consequently, the formation of physical hydrogels is often

reversible, and the transition sol-gel is faster when compared to chemical networks (14).
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1.2.1 Supramolecular peptide hydrogels

The self-assembly process — with biological origins — can be potentially exploited in the laboratory settings
(16,17). In this context, peptides and their derivatives showed to be very interesting building blocks for
the construction of supramolecular hydrogels. These biomolecules allow a high-water content and a
tuneable viscoelasticity, whilst being biocompatible and often injectable, thus allowing their application in
several fields of biomedicine (15). The self-assembly process depends on the hydrophobic and hydrophilic
characteristics as well as the hydrogen bond balance of the hydrogelators. Thus, low molecular weight
peptide hydrogelators are usually protected at the Mterminus with bulky aromatic moieties, such as
fluorenylmethoxycarbonyl (Fmoc), benzyloxycarbonyl (Cbz), naphthoyl or pyrenyl groups (figure 1.1 A)
(17,18). One of the major drawbacks concerning these materials is their susceptibility to proteolysis. This
can be circumvented by using non-proteinogenic amino acids like D-, B- or a,-dehydro- amino acids.
Besides being resistant to proteolysis, the latter (figure 1.1 B) impose conformational constraints that

might be favourable to the self-assembly process (15,19-21).

A B

O

.Y

o TOor A

Figure 1.1 - Structure of Mcapping aromatic groups of peptide hydrogelators (A): fluorenylmethoxycarbonyl (Fmoc) (i),
benzyloxycarbonyl (Cbz) (i) and 2-naphthoyl (iii); general scheme of an o, 3-dehydroamino acid residue (B).

More and more studies are being carried out on the effect of amino acid sequence, chemical
modifications, and mechanical tuning of hydrogels. The above-mentioned drug encapsulation and delivery
depends not only on the diffusion of drugs in the hydrogel mesh but also on the nanofibres dissociation
(22), so the study of thermodynamics and self-assembly process of hydrogel-forming peptides is of great
importance (23). There is an agreement regarding the general mechanism of association of peptide fibres.
It includes monomer conformational changes and hierarchical self-assembly — nuclei genesis followed by
their growth into fibrils — that culminates in the lateral association of one-dimensional structures
(figure 1.2) (23-25). However, it should be noted that it becomes more complex to describe the
mechanism of the assembly of peptide-drug conjugates than that of pure peptides since the properties of
drugs are quite different from those of amino acids; this results in additional molecular interactions and

morphologies (26-28).
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Figure 1.2 - Schematic of the self-assembly of short peptides to form supramolecular hydrogels.

1.2.1.1 Applications in cancer treatment — drug delivery

The properties of supramolecular peptide based hydrogels can eliminate some of the complications

addressed in section 1.1, due to the possibility of localized drug administration (15,19-21).
1.2.1.1.1 Self-assembly and drug release triggers

As the structure of these kind of materials changes according to certain alterations in the environment,
in a drug-loaded gel, drug release and retention depend on certain stimuli - smart peptide hydrogels
(28,29). For these reasons, an approach to the main chemical and physical triggers by which peptides

give rise to platforms for drug delivery applications is provided below.
1.2.1.1.1.1 pH

Considering the objective of the present work, small peptides that respond to a pH drop are of particular
interest (30,31). Hydrogels that trap drugs at a higher pH than the one at which they are released are
suitable for carrying chemotherapeutics, since they are endowed with selectivity for cancer cells (tumours
are characterized by an acidic pH) (30-32). Apart from selectivity, which enables the reduction of side
effects, these materials allow sustained drug release and are easy to prepare, since their synthesis mostly
requires acid-sensitive linkers, ionizable groups or specific peptide sequences (33,34). As the fibres are
made up of amphiphilic molecules, the charge of the peptides is highly influenced by the medium pH,
leading to the association or dissociation of the monomers. These hydrogels, with pKa closer to the pH
of the tumour microenvironment, have their pH-sensitive moieties protonated in acidic environments,
which alters the balance between hydrophobic and hydrophilic interactions; here, the fibrous network of

the hydrogel is broken, promoting the release of the loaded therapeutic agents (33-35).
1.2.1.1.1.2 Temperature

Differently, thermo-responsive supramolecular peptide hydrogels are not widely explored, perhaps owing

to the denaturing effect of temperature on these materials (36). Commonly, temperature-sensitive
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hydrogels, when assembled in the body, can reverse the sol-gel state in places with large amounts of
water (36,37). In fact, this type of hydrogel is advantageous when used as an injectable system: in the
sol phase, the solution embodies drugs and converts to the gel phase when injected into the target tissue

as a response to body temperature (38).

There are several other factors that trigger changes in gels, such as the presence of metal ions, redox
reactions, and light (39); however, they will not be addressed here as they are not significant to the

comprehension of this work.
1.2.1.1.2 Drug release profiles

As the reader may have noticed, we can take advantage of those stimuli to control hydrogels properties,
and thus control the respective drug delivery profile, as the latter is shaped not only by the loaded drugs
and the release medium, but also by the physicochemical and structural characteristics of the fibril
network (40-42). Hence, the fundamental aspects and kinetics involved in drug release from hydrogels

will be covered here, as it remains an important topic of discussion for the safe delivery of drug molecules.

In swelling polymers, the molecular drug release mechanism is a combination of drug diffusion and
polymeric network relaxation. So, modelling the solute movement in these materials is complex. In 1987,
Ritger and Peppas claimed that the following equation, previously proposed by themselves to relate the
amount of drug released and time (43), can also be applied to swelling-systems (not exceeding 25%
expansion) for the first 60% release data (44):

M _ e (1.1)
v .

[0e]

where M, is the mass of drug released at time t, M, is the mass of drug released as time approaches
infinity, k is a constant involving the properties of the drug and macromolecular network system and n
is the diffusional exponent, which translates the transport mechanism (43,45). The diffusional exponent
depends on the type of transport, hydrogel geometry and peptide polydispersity. When it takes the value
of 0.5, the drug is released by Fickian diffusion (case-I transport); on the contrary, when it equals 1, the
material erosion/swelling dominates the release process (case ll-transport). When n is between 0.5 and
1, there is more than one mechanism at work in the system — non-Fickian drug release (26,43,44). We
are now able to compare drug release characteristics of different hydrogel matrices. For such, we must
find the value of k, which indicates the initial kinetics of drug release (over a unit of time), and the half-life

of release t; /,, which gives information about the time it takes for M; /My, to reach 50% (26).
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Peptide hydrogels are degradable in virtue of the natural origin of the building blocks (46). The term
“degradability” refers to the process by which the fibrils begin to release their content to the outside, in
the presence of appropriate external thermodynamic conditions (40). When this process is the
predominant drug release mechanism, it is important to distinguish between the two types of degradation:
surface erosion vs. bulk decomposition (47,48). For example, some research works show that matrix
metalloproteinase (MMP) enzymes can participate in the decomposition of MMP-substrate motif
incorporating hydrogels. When the speed of the original enzyme-substrate reaction is higher than the
speed of enzyme transport, we are dealing with surface erosion; otherwise, bulk degradation is operating
(47). These concepts are outlined in figure 1.3. In fact, the in-depth study of target cellular parameters
in predicting the degree of degradability of these materials is central to control solute release, since local
conditions are constantly changing. The coexistence of diffusion, chemical reactions, moving boundaries,
changes in volume, biological interactions and dissolution of amino acids make the characterization of

the drug delivery process a hard task (40,41,47).

TRIGGER
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Figure 1.3 - Schematic representation of the different drug release kinetics from a hydrogel matrix and aspects to consider
in case-ll transport.

To precisely regulate the release rate of the anticancer drug paclitaxel (PTX), Chakroun designed several

PTX-peptide conjugates with different critical aggregation concentrations (CAC) (49). CAC translates the
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predisposition of the hydrogel filaments to dissociate. Thus, one can understand that the compound with
the highest CAC has exhibited the highest release rate, while the compound with the lowest CAC has
shown the slowest conjugate release. Taking this into account, a two-phase mechanism for pro-drug
release has been inferred. The release of PTX-peptide conjugate began at the hydrogel-medium interface,
where filaments dissociation and monomer diffusion occurred due to the entry of water (swelling) and
osmotic pressure (47), respectively. Because of the gel's shrinkage, the second phase took place through
bulk dissociation to achieve thermodynamic equilibrium with the surroundings (49). In this case, surface
area was the point that explained the slow linear release profile of the drug-peptide conjugate. Some
methods have been developed to modulate the sol-gel state of the matrix. For example, it is possible to
define the lifetime of pH-responsive peptide hydrogels by programming the pH profile of the surrounding

medium (50,51). Additionally, if we want to obtain a t;,, higher than one day, we can change the

morphology and composition of the nanofibers introducing elements that increase electrostatic and

hydrophobic interactions (increasing ti2 to 2 — 3 days) or inserting cleavable covalent bonds between
the drug and the fibres (increasing t, /, to one week) (26). Still, Choe and Yun chose not to conjugate the

drug with the self-assembling peptide. Instead, they loaded the Fmoc-FF-based hydrogel with an
anti-inflammatory drug, indomethacin (IDM) (52). The value of n increased with the decrease in IDM
content in the hydrogel, with super case Il-transport for IDM 0.2%, case ll-transport for IDM 0.4% and
non-Fickian diffusion for IDM 0.5%. Therefore, for low concentrations of IDM, erosion predominates, which
was proved when investigating the stability of the Fmoc-FF-based hydrogel in phosphate buffer.
Interestingly, at an advanced stage, drug release rate was reduced for all IDM concentrations, and it was
concluded that Fickian diffusion mechanism was operating (n<0.45) (26). Hence, a system was
developed with a biphasic release profile, mouldable through changes in the loaded drug concentration

(52).

1.3 NANOPARTICLES

"There's plenty of room at the bottom" is an inspiring invitation to enter a new field of physics (53). Since
Feynman uttered this phrase, nanoscale knowledge has been presented as essential for biomedical
sciences progress. It includes the study of nanoparticles (NPs), which are defined as particles of matter
with nanometric dimensions (<100 nm) (54,55). These materials present different physical-chemical
characteristics, compared to their bulk phase: in addition to having a discrete electronic state, they also

show greater chemical activity due to a higher area/volume ratio (56). This large surface area makes
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them interesting candidates for several applications, mainly in pharmaceutics, biology and biomedicine
(54). Their synthesis methods are classified into two main categories, depicted in figure 1.4: (i) top-down
(macro-scale materials fragmentation) and (ii) bottom-up (atoms/molecules assembly), both being
conducted in order to control composition, morphology (fibres, particles, cubes, disks) and size of NPs,

and consequently, their mechanical, optical, electronic and magnetic properties (56-58).
( w r )
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Top-down Bottom-up

Figure 1.4 - Synthesis methods for nanofabrication. Reprinted from (58).

In fact, semiconductor NPs and metal clusters size controls the absorption and emission properties as a
result of quantum confinement effect. Similarly, magnetic materials show size-dependent magnetization,
as will be next discussed in detail (59). However, regarding the toxicity of these materials, many more
aspects are involved, among which size, shape, aspect ratio, surface charge and tension, crystalline
structure, aggregation, concentration, and roughness stand out. Interestingly, these factors can be
adjusted through surface coatings or through NP incorporation in polymeric matrices, in order to modulate

their pharmacokinetics and interaction with tissues (60,61).

Given the relevance of these materials in biomedicine, next sections will address, conceptually and

functionally, specific nanoparticles, as well as some of their applications.
1.3.1 Magnetic nanoparticles

Nanoscopic magnetic systems are composed of nanoparticles or clusters with at least one dimension in
the order of nanometres. The recent impulse in these materials research aims to obtain microsensors,
soft magnetic materials with lower energy losses and faster responses and enhanced hard magnets for a
wide range of applications, fluctuating between clinics and ceramics (62). Within the scope of this work,
its application in cancer nanomedicine should be highlighted, through drug delivery, magnetic
hyperthermia, and magnetic resonance imaging (MRI), in addition to the possibility of combining several

therapeutic functions (63,64). Before studying magnetic NPs (MNPs) today’s relevance, it is imperative
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to understand the origin of the technical features that make them so useful in biomedicine; in this regard,

nanoscale magnetism will be explained below.

Magnetic permeability u translates the degree of magnetism induced in a material under an external
magnetic field. There are three main types of materials, considering this physical property. Those with a
u value less than 1 correspond to diamagnetic ones, where the total angular momentum of the atoms is
zero. On the other hand, with a magnetic permeability greater than 1, paramagnetic (u>1) and
ferromagnetic (u>>1) materials emerge (65,66). Paramagnetism occurs in materials that show
magnetization under a magnetic field and whose magnetic moment becomes zero when that is removed.
In a slightly different way, ferromagnetism is characterized by the retention of magnetic properties when
the magnetic field disappear. In these materials, there is hysteresis and spontaneous magnetization below
a critical temperature (67,68). This type of magnetism only manifests when the material atoms/ions are
arranged in a lattice and the respective magnetic moments interact collectively in order to align parallel
to each other, forming domains (67,69). These domains’ structure depends on three energetic terms,
namely exchange interaction, magnetostatic and anisotropy energies. The first gives rise to ferromagnetic
behaviour, the second is responsible for domain formation and the latter limits the width of the walls
where its orientation gradually changes (68,70). Saturation magnetization can be used to characterize
these materials properties because it measures their magnetization when all domains are aligned (68).
It decreases as the material is heated due to moment alignment disturbance caused by atoms thermal
agitation (67). This effect reaches the climax when the transition from ferromagnetic to paramagnetic

behaviour occurs, at Curie temperature T (67,69).

Below T, bulk to nanometre-scale size reduction decreases the number of domains, decreasing the
magnetostatic energy (65). Therefore, magnet dimensions also play a role in its magnetic behaviour.
When it is small enough, the energy required for domains formation is greater than the energy needed
for the maintenance of a single domain (62). This phenomenon can be illustrated in terms of coercivity
(figure 1.5), that is, the external magnetic field intensity necessary to demagnetize a ferromagnetic

material (71).
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Figure 1.5 - Coercivity as function of magnet size. Reprinted from (65).

For decreasing diameters, coercivity increases to a maximum and then decreases to zero -
superparamagnetic (SPM) transition point (72) — and for spherical MNPs, the respective (critical) size r

can be calculated as denoted in equation 1.2:

3|6k Ty
K

= (1.2)
where kg, Tg and K represent Boltzmann’s constant, blocking temperature and anisotropy constant,

respectively (72).

Taking into account the coherent rotation of all moments of a SPM particle and the energy barrier to the

magnetization vector caused by anisotropy energy, the magnetization energy E is given by:
Ep = KVsen?60— uHcos(a — 0) (1.3)

where V is the particle volume, (o) is the angle between the particle's magnetic moment (applied field)
and the easy-axis, | represents the magnitude of the net magnetic moment and H is the applied field
(62). In the absence of H, the particle remains in one out of two possible equilibrium states (¢ = 0 and
0= r ), separated by the energy barrier KV, which decreases with particle size reduction. lts
magnetization relaxation occurs due to thermal fluctuations and the characteristic time for a flip (effective
relaxation time 1) is calculated by Néel equation (1.4), in which T represents absolute temperature and
7o IS inversely proportional to the jump attempt frequency of the particle magnetic moment between the

opposite directions of the magnetization easy-axis.

Ep KV
7= ryeksT = yeksT (1.4)
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Considering this, it is now possible to characterize Ty (equation 1.5), a parameter that pops up in
equation 1.2, representing the temperature above which there is at least one flip during the

observation/measurement time z,,, of the employed experimental technique (62,65).

KV

Ty = ——————
7 kgIn(ty/to)

(1.5)

Here, we can deduce that no flip is observed (blocked regime) when 7,, < 7or T < Ty and that NP

magnetization flips (unblocked regime) when z,,, > zor T > Tg.

In fact, despite the ferromagnetic composition, MNPs exhibit a superparamagnetic behaviour because of
their size (< r). These materials are characterized by high magnetic susceptibility, zero coercive field and

absence of hysteresis, which makes them promising for cancer treatment (65,66).
1.3.1.1 Applications in cancer treatment

MNPs are commonly composed of metals such as iron, nickel, manganese, cobalt, and their oxides.
Among the latter, iron oxides, such as magnetite (Fez04) and maghemite (y-Fe203), stand out, due to
their good colloidal stability and easy synthesis (73). Transition metal ferrites are the most chosen for
biomedical applications, with manganese ferrite NPs showing enhanced magnetic susceptibility and
tuneable magnetic properties, which makes them suitable for magnetically-guided drug delivery,
hyperthermia, and MRI studies (74,75). However, this type of particles exhibits moderate levels of toxicity
in biological systems (17,76). Thus, non-transition metal ferrites (e.g., calcium ferrite) emerge to allow an
increased cell viability (since calcium is safely metabolized by human body), in addition to improving
thermal stability and heating capacity, which makes them particularly interesting for magnetic
hyperthermia (MH) (77-79). Nonetheless, in some cases, there is a need to minimize iron oxide NPs
intracellular degradation (80,81). For such, these materials can be adorned with lipid bilayers, forming
magnetoliposomes, and passivated with silica, enabling covalent functionalization with stealth and
lysosomal escape agents, as will be later explored. Although these particles handling optimization is still
a challenge, they already demonstrated great potential for several applications, such as those pictured in

figure 1.6 (80-83).

11



Chapter 1
Introduction

Mobility control Heat dissipation

P

E:onstant unidirectional magnetic 1ielcﬂ [ Alternating magnetic field J

-

Medical imaging Targeted therapy
e ]
o]
o
o
(@)

o
[ Fluorescence ] [ Cargo desorption/release ]
N \

Figure 1.6 — MNPs therapeutic utilities. Adapted from (83).

1.3.1.1.1 Drug delivery

In addition to the /n vivocontrollable movement through the application of an external magnetic field,
MNPs can be safely administered to the body in colloidal formulations, reaching almost all tissues. This
is extremely advantageous, given their ability to load and release molecules through physical
encapsulation and chemical adsorption (83,84). This technique is effective in reducing side effects on
healthy cells and non-specific molecular interactions, allowing for a reduction in the administered dose,
mostly in cancer treatment (63,85). In fact, several studies have already been reported describing
shell-coated iron oxide NPs that bind different anticancer molecules such as DOX, methotrexate,
gemcitabine, mitoxantrone, epirubicin, carmustine, cytarabin, 5-fluorouacil, docetaxel and (-cyclodextrin
(86). For example, Teng developed silica-coated iron oxide NPs. Mesoporous silica allowed DOX
adsorption through m-m interactions and the respective pores enabled drug transport and pH-triggered
release (87). This system looks effective for drug delivery, considering a greater and faster /n vitro DOX
release at acidic pH, due to the weakening of DOX binding to the NPs. The authors anticipate this
nanosystem for /n vivo magnetic guidance, taking advantage of magnetic properties of the particles (87).

Core/shell particles actually show unique properties that cannot be provided by any other system (85).
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However, if the point is to achieve clinical practice, MNPs synthesis must be complex enough to act as it
is intended, but simple enough to get nanoparticles in the quantity and quality needed (63,85). For such,
magnetoliposomes are very interesting. Bearing this in mind, Rodrigues ef al. used
3-amino-6-(benzo[dlthiazol-2-ylamino)thieno[3,2-b]pyridine-2-carboxylate loaded lipid-coated manganese
ferrite NPs and evaluated them as anticancer carriers (74). The pioneer results are very promising for
multimodal cancer therapy, as the magnetoliposomes can be magnetically guided to the proper therapy
site and release drugs through fusion with the cell membrane, in addition to the possibility of hyperthermia

(74).
1.3.1.1.2 Magnetic hyperthermia

Today, cancer is treated through radiation, chemotherapy, and surgery; however, none of these methods
are fully established (86,88). Although hyperthermia appears as an alternative, its application in the clinics
is limited by its non-specificity, which leads to thermal toxicity of healthy cells. Encouragingly, the
application of magnetic materials allows local hyperthermia through their exposure to a high
frequency-alternating magnetic field (AMF) (63,89,90). This therapeutic strategy is based on raising the
temperature in the vicinity of the tumour to 40-43 °C, affecting cellular structures, such as, membranes,
cytoskeleton, macromolecules, and DNA, in addition to changing the expression of certain genes. This
culminates in cancer cells death or their sensitization to radiation and chemotherapy (91-93). It dates to
1957, when Gilchrist and co-workers obtained the differential heating of nodes with y-Fe203 particles, as
a function of radiofrequency, magnetic field intensity and magnetic particles coercive force (5,94).
Nowadays, this type of hyperthermia employs MNPs, which, being superparamagnetic, do not show any
remaining magnetization upon magnetic field removal. Hence, in addition to being selective and

non-invasive, MH avoids embolism in blood vessels (95-97).

That AMF causes heating effects in MNPs, through hysteresis losses and relaxation processes — Néel and
Brownian relaxations (90). As described before, superparamagnetic NPs present only one domain, since
all magnetic moments behave collectively, forming a superspin; in Néel relaxation (figure 1.7), this spin
rotates while MNP physical orientation does not change. Here, magnetic energy is dissipated by magnetic
anisotropy energy, which makes it difficult to reorient the superspin (82,97,98). The time required to

bring it back into equilibrium is called Néel relaxation time 7, and is given by equation 1.6.

KV
Ty = ToeksT (1.6)
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Differently, in Brownian relaxation (figure 1.7), the MNP rotates in the fluid to align the superspin with
the direction of the applied magnetic field, while the spin remains fixed (96,97). In this process, thermal
energy is produced by friction resulting from shear stress in the fluid. Brown relaxation time 7z is
calculated according to the following equation,

_ 3nVy
BT LT

(1.7)

in which 7 is the medium viscosity and V' is the particle hydrodynamic volume.

NEEL RELAXATION BROWNIAN RELAXATION

After application of a After application of a
Magnetic field B Magnetic field B

do¢ T¥
\ k& (l 5’;

Figure 1.7 - Schematic representation of the Néel and Brownian relaxation mechanisms for a magnetic fluid. Reprinted
from (98).

According to figure 1.8, the effective relaxation time 1 corresponds approximately to the Néel relaxation
time for particles with a radius less than 14 nm. On the other hand, for larger radii, T approaches Brown's

relaxation time.
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Figure 1.8 - Relaxation time for single domain magnetite NPs (K=25 kJ/m3) in an aqueous medium (T=310 K,
N=8.9x107* Pa s). The dashed line shows the effective relation time 1 (1/t=1/t+1/1s). Reprinted from (97).
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As the former process is the predominant one in relaxation loss, when dealing with particles with a suitable

size for tumour penetration and accumulation, 7y assumes a great importance (95,96).

Although MH itself is considered a therapy and has several mechanisms that induce cell death, it is not
effective due, for example, to the possible progressive tumour thermotolerance. Thus, its combination
with chemotherapy can bring promising results (99). For such, Hayashi reported the synthesis of Fe304
nanoparticles associated with a polypyrrole-polyethyleneglycol-folic acid polymer that produce heat under
the effect of an AMF and release DOX for myeloma treatment (100). The temperature increase at 44 °C
led to a change in the polymer that allowed drug release (100). For a similar purpose, Zhang produced
an MH-mediated “tumour necrosis factor-related apoptosis-inducing ligand” (TRAIL) delivery system for a
combined therapy using a thermosensitive and biodegradable polymeric hydrogel (101). Here, TRAIL and
iron oxide NPs were complexed with poly(organophosphazene). Hyperthermia was found to restore the
sensitivity of TRAIL-resistant cancer cells and to increase TRAIL-induced apoptosis through caspase
activation (101). When producing these nanosystems, it is intended to obtain excellent structural and
magnetic properties. Their performance as hyperthermia mediators depends on MNPs structure, size,
anisotropy, and saturation magnetization (95,97,102). Some examples are given in table 1.1, in which
the specific loss power (SLP) (figure of merit to evaluate MNPs heating capacity) values correspond to a
50 mT, 300 KHz AMF exposure, except for Co-, Mn-ferrite samples, in which the AMF refers to 30 mT,
700 kHz (96).

Table 1.1 - Optimization of magnetic particle hyperthermia efficiency based on magnetism tuning. Adapted from (102).

Material K (kJj/m3®) H (kAm™') Optimum size (nm) | SLP (W/g)
Co 412 1440 9 200
fcc-FePt 206 1140 9 215
CoFe204 200 448 9 360
MnFe204 3 546 10 136
Fe 48 1750 12 400
Fe30a 9 446 19 170
v-Fe203 4.7 414 24 165
FeCo3 1.5 1790 34 600

The use of a high frequency applied magnetic field raises questions regarding safety in medicine. In order

to obtain a greater amount of energy dissipated by MNPs, in addition to the optimum size shown above,
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the applied magnetic field intensity-frequency product (H X f) should be higher than the upper limit
initially proposed in 1984 by Atkinson-Brezovich (4.85x10%8 A m™! s™1); therefore, there is a lower
threshold to activate the mechanism. Nonetheless, there is also a maximum limit, imposed by the
patient's safety and tolerance (102,103). Bearing this in mind, although the typical range of applied
magnetic fields tolerated by living tissues is 10 kHz — 1 GHz, 1 — 100 mT, several studies have been

made that describe much higher ranges, as shown in table 1.2 (102-104).

Table 1.2 - Maximum field-frequency product tolerated by living tissues based on recent literature. Adapted from (102).

H (kAm™) | Frequency (kHz) H x f(x 10°Am 1s™1) | Reference
18 100 1.8 (103)
10 410 4.1 (105)
32 183 5.9 (106)
19 435 8.3 (107)
37.3 500 18.7 (108)

Several strategies are available to improve MH treatment effectiveness (103). However, recent studies
point to the combination of MNPs and other materials, such as hydrogels, liposomes, and target functions,

in order to achieve advances in thermo-chemotherapy. More details on this subject will be given later.
1.3.1.1.3 Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) is a medical imaging technique that allows to obtain both molecular
and anatomical information, offering good in depth-penetration and spatial resolution (109,110). This
technique is based on the measurement of the signals emitted by magnetic field-exposed body protons.
MNPs, especially superparamagnetic iron oxide nanoparticles (SPIONs), have been widely investigated
as MRI contrast agents, in order to increase the performance of this technique (86,109,111). In addition
to their large surface area, that allows the linking of several target and therapeutic functions (e.g.,
antibodies, peptides and small molecules), they are highly biocompatible comparatively to gadolinium
(86,112). When SPIONs are exposed to a magnetic field, their moments align with the field direction,
increasing the magnetic flux; this leads to a signal dephasing in relation to the surrounding protons.
Actually, these particles work introducing local inhomogeneities by changing near hydrogen nuclei

relaxation times, mainly T2 (spin-lattice) (113-117).

MNPs size also influences the signal dephasing mechanism. For smaller ones (in which the protons are

under a changing magnetic environment), this phenomenon occurs through motion averaging
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mechanism, where the dephasing is slow and incomplete due to the diffusion effect. After a critical size,
a discreet and complete dephasing, driven by the visitlimited regime, is observed. For larger particles
(those subject to a constant magnetic environment), the static dephasing mechanism prevails, in which
the protons signal undergoes gradual changes (86,118). From here, the arrangement of MNPs and other
materials (e.g., hydrogels) is anticipated in order to enhance relaxation rates, as it would control diffusion
and other important parameters. Indeed, it is expected that the versatility of these materials enables an
accurate, reliable, and non-invasive detection and identification of tumour and other diseases, thereby

making progress around clinical diagnosis (86,119,120).
1.3.1.2 Interest of silica-coating

Despite all the potential of MNPs in biomedicine, there are some limitations inherent to their use. These
drawbacks include agglomeration, resulting from dipole-dipole interactions, low affinity for biomolecules
and iron leaching out, which can be serious in the case of cancer cells (121-123). According to the
studies exposed so far, to overcome these limitations, MNPs are usually coated with ligands or polymers

(121).

Silica coating, such as (3-aminopropyl)triethoxysilane (APTES), has been increasingly investigated on iron
oxide nanoparticles. This organosilane shows great affinity for metal oxides (124) (either by adsorption or
covalent binding) in such a way that its active amine gives MNPs the ability to conjugate biomolecules,
drugs, and other functions (125,126). APTES surface-functionalized NPs are thus available for a wide
variety of applications, including drug delivery, MH and MRI, as already reported in literature (125,127).
Furthermore, APTES is a solution for the weak colloidal stability of MNPs, preventing capillary embolism
in biomedical applications (128). This has been studied in detail by Saravanan; this author noticed that
a solution of APTES-modified nanoparticles remained turbid 5 days from its preparation, indicating that
the corresponding NPs had better dispersion than the non-functionalized ones, owing to a larger capacity

of hydrogen-bonding with the solvent (129).

So, rational NP design techniques coupled with silanes flexibility is undeniably useful, not only in

suppressing NPs inconveniences, but also in improving their abilities.
1.3.2 Plasmonic components-functionalized magnetic nanoparticles

MH is, in fact, very promising in cancer treatment due to the aforementioned non-invasiveness, remote
control, absence of penetration depth limit, great resolution and molecular specificity. However, this

modality still requires a relatively high dose of MNPs and carries the risk of tumour cells developing
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resistance to applied thermal stress (130,131). Fortunately, MNPs can be easily combined with materials
other than silica, getting extra functionalities. For example, the combination of MNPs with plasmonic NPs
can make controlled target-directed applications possible, because of the equally interesting
characteristics of those components, such as surface plasmon resonance (SPR) — widely used in sensors,
bioassays, diagnostic tools, photothermia and photodynamic therapy (132,133). Due to the serious

potential of these composites, the theoretical basics of nanoplasmonics are then provided.

Plasmon is a quantum of plasma oscillations. It involves the density of free electrons in a metal and is
accompanied by an electromagnetic field created by the oscillating charges. Surface plasmons,
particularly, in virtue of being plasmons confined by an interface between a metal and a dielectric, exist
at frequencies lower than plasma frequency (figure 1.9) (134-136). Indeed, when the electrons in a
metal conduction band are confined in space, the frequency of their oscillation admits discrete values -
electromagnetic confinement effect, described by Mie in 1908. If it coincides with that of the incident
light, the amplitude of that oscillation is maximum and SPR occurs. This phenomenon depends on the
metal type, particle size, shape, structure, and composition, as well as the surroundings dielectric

constant (135-137).

Electric Field

Electron Cloud

Time

Figure 1.9 - Schematic representation of a localized surface plasmon. Reprinted from (134).

Spherical gold nanoparticles (GNPs) exhibit a SPR band around 520 nm (visible zone). When these
nanoparticles are less than 10 nm in size, this band is greatly softened due to phase changes resulting
from the higher surface electron collision rate. Increasing their size leads to a red shift in the SPR
frequency, as well as an increase in band intensity. It follows that plasmon tunning can be done by
controlling GNPs size during their synthesis (138-140). Considering the oxidation states of gold (Au*",
Au*® and AuP), the most relevant step in this process is Au*!/Au*3 reduction to Au® (since Au® is the
desirable final state for GNPs), by adding an electron donor to the reaction (141). The most consensual
precursor is HAUCls, in which gold is in the form of Au3*. The Turkevich method treats it with citric acid

in boiling water; here, the acid acts as a reducing and stabilizing agent and its proportion in relation to

18



Chapter 1
Introduction

gold can be changed according to the desired final size. In a more recent method, GNPs synthesis is
carried out by a biphasic reduction, using tetraoctylammonium bromide as the phase transfer reagent
and NaBHa4 as the reducing agent; this protocol produces small NPs (1.5 to 5 nm) with low dispersity by
varying the reaction conditions such as temperature, reduction rate and gold-thiol ratio (142). In such
small nanoparticles (with a diameter much smaller than the wavelength of light A), the extinction
coefficient o, takes the following form (143):

_ 181[g, (D)2 Im[e(1)]
ext = P [Re[e(D)] + 2&,, (D)% + Im[e(D)]

(1.8)

where (A1) represents the wavelength dependent complex dielectric function, &, is the dielectric
constant of the surrounding medium and V' is the volume of the NP (143). In the absorption spectrum,
the real part of the dielectric constant dictates the position of the SPR and the imaginary part is related
to the respective bandwidth. The optical properties of GNPs can also be controlled via shape/structure
tunning. Gold nanoshells are especially interesting for biomedical applications as SPR occurs at higher
wavelengths (144). The shell thickness reduction from 20 to 5 nm translates into a 300 nm bathochromic
shift, because of the coupling of the outer and inner surface layer plasmons for thinner shells, which is

great considering the therapeutic window (700 - 1000 nm) (144).

1.3.2.1 Additional biomedical applications in photodynamic and photothermal

therapies

GNPs action window is actually important when one intends to use them in cancer treatment, for example,
through photodynamic therapy (PDT) and photothermal therapy (PTT). The former requires the use of a
photosensitizer drug (PS) and a light source; the goal is for the drug to be excited in order to transfer
energy to the molecular oxygen present in tumour tissues; this will produce reactive oxygen species (ROS)
and lead to cell apoptosis. GNPs can take part in this process, as they increase ROS production through
the formation of intracellular aggregates, which suggests that these NPs amplify the absorbed photonic
energy, transferring it to the PSs (145). On the other hand, PTT is a method of heat ablation in which
electromagnetic radiation energy is used to induce malignant tissues heating, parallel to MH. This is
because the absorbed light can be converted into heat by non-radiative processes, through the fast phase
loss of the coherently excited electrons (146-148). Each NP can be considered an individual heat source
and the localized increase in temperature around a single NP depends on the absorption cross section,
laser intensity, NP morphology and both metal and surroundings thermal conductivities (149). Thus, the

surface heating ATy p of an individual NP in medium is given by
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(1.9)

where o, denotes absorption cross section, I is the power density of the incident light, R, is the

equivalent radius of a sphere with the same volume as the particle, k is the thermal conductivity of the
surrounding medium and f8 represents the thermal capacity coefficient dependent on the particle aspect
ratio (ar) (B = 1 for nanospheres and f =1+ 0.96586(In2 (ar)) for nanorods) (149). From
equation 1.9, it is concluded that the temperature increase on a single NP surface is very low. However,
when many GNPs are used, a significative temperature increase is achieved (149). Thus, one can
understand the need of functionalizing MNPs with plasmonic NPs, as proposed at the beginning of this
section, to increase the heating capacity of the former. This union can take many forms, the most popular
of which are magnetic core-gold shell NPs (figure 1.10 A) and gold-decorated magnetic core-silica shell
NPs (figure 1.10 B) (132,133). Despite the diverse architectures of these hybrids and the possibility of
combining both magnetic and plasmonic properties for thermal therapy, most works explore only the
plasmonic component for that purpose, to the detriment of the magnetic component. Apparently, the

latter became more employed in the magnetic guidance of the nanosystem and in MRI (130).

A B

I Magnetic material
Gold

Silica

Figure 1.10 - Schematic representation of two of the most studied magnetoplasmonic nanocomposite architectures:
magnetic core-gold shell NPs (A) and gold-decorated magnetic core-silica shell NPs (B).

1.3.3 Liposomes containing magnetic/plasmonic nanoparticles

Another achievement of bionanotechnology lies in the development of carriers that prolong therapeutics
circulation time in the bloodstream, protecting them from biodegradation and delivering them to the
desired location (150). Among these, liposomes have been widely applied to overcome drug delivery

challenges (151,152).

In 1965, Bangham concluded that lipids arrange spontaneously in water in order to minimize Gibbs free
energy, forming a spherical structure (153). Later, the term “liposome” came up, defining spherical

vesicles with an aqueous nucleus surrounded by one or more phospholipid bilayers, which can vary in
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terms of size, charge, lipid composition and lamellae number (154-157). These structures are promising
for drug delivery because (i) they are made of materials that actually exist in the body, (ii) can be
surface-modified with products that protect them from harsh environments and (iii) can be responsive to
stimuli, such as, temperature and pH (150,158,159). As mentioned earlier, besides being drug carriers,
liposomes can encapsulate MNPs, forming organic-inorganic nanohybrid particles — magnetoliposomes
(MLs) - in order to stabilize them at physiological pH and avoid their degradation and aggregation
(150,160-162). Two essential types of magnetoliposomes can be identified: aqueous MLs (AMLs), in
which MNPs are trapped by liposomes, and solid MLs (SMLs), in which MNPs are covered by a lipid
bilayer (74,163). The latter, although offering a better magnetic response, cannot include hydrophilic
drugs. Of course, like MNPs, silica-coated magnetic/plasmonic nanoparticles can also be encapsulated
by a lipid bilayer to be applied in cancer therapy. These nanosystems, besides reducing NP-APTES
biophysical impact on cells in terms of membrane fluidity, cell movement and focal adhesion (164), can
combine different imaging modalities for diagnosis and therapeutic strategies, such as, magnetic-guided
drug delivery, magnetic hyperthermia, photothermia and photodynamic therapy (75,165). The drug
release is promoted by lipid bilayer line defects and consequent increased permeability (166), which can
take place in two ways: temperature increase above lipids phase transition temperature (T;,,) because of
NPs hysteresis losses or electromagnetic radiation absorption, and magneto-mechanical action, in which
oscillating forces, generated under a low frequency AMF, increase membrane permeability to small

molecules (166-168).

In disease treatment, especially in cancer, targeting and drug release control are extremely important.
The first can occur passively or actively: passive targeting is based on the enhanced permeability and
retention effect (EPR) and on the deficient structure of tumour-associated blood vessels, while active
targeting happens when MLs targeting moieties (e.g., peptides, antibodies, and aptamers) attach to
tumour cells surface (158,169). The latter is accomplished by composition tunning. For example, by
changing MLs composition in terms of cholesterol and PEG content, lipid saturation and iron oxide MNPs
size, Vlasova and co-workers studied low frequency AMF-induced dye release process (168). They found
that polyethylene glycol (PEG) slightly decreases membrane disruption, stabilizing it. Contrarily, the MLs
exposure to a non-heating AMF disturbs the lipid bilayer due to MNPs oscillatory movement (being
equivalent to temperature-induced lipid phase transition), which promotes the release of loaded
molecules. Interestingly, cholesterol and unsaturated lipids can be used to decrease drug release rate,
as the deformations are more likely to heal (168). In fact, besides protecting and preserving NPs magnetic

and plasmonic properties, MLs display a positive impact on drug pharmacokinetics (162,170).
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1.4 MAGNETOGELS AND LIPOGELS

Nonetheless, the current need to overcome traditional chemotherapy low specificity in cancer treatment
requires the design of even more sophisticated bionanostructures (171). Concerning this, magnetogels
are seen as high-performance systems as they reduce drugs cytotoxicity and side-effects, improve drug
delivery efficiency and retention time, and allow for MRI and hyperthermia. This is achieved through

hydrogel-MNPs match, bringing together properties that individual materials do not have (17,171,172).

In these cases, which can involve polymeric network filling with MNP-concentrated suspensions,
magnetization energy also depends on MNPs dipole-dipole interactions, which affects the heating capacity

(173,174). The respective pointlike interaction is described as:

ty | (- 5) 5 757) -y
4n ° E

(1.10)

Upp = —

|Tij |Tij

where m is the nanoparticle magnetic moment, r;j represents the distance between the particle centre
at positions i and j, connected by the vector ﬁ and Jn corresponds to the vacuum magnetic permittivity

(173). This interaction is meaningless when the dipole moment and the vector that connects the dipoles
are co-aligned. In the absence of a magnetic field, interparticle interactions can lead to MNPs
self-assembly in chains, multi-loops, cages, and rings, which can be controlled in bottom-up synthesis
(e.g., through MNPs linking mechanism, size and spacing) (173,175,176). In ferrofluids under a magnetic
field and weak shear flows, chain-like structures cause an increase in magnetization (the opposite
occurring under strong shear flows), thereby affecting hyperthermia efficiency. Further, under an AMF
and in high concentrations, monodisperse chain-assembled MNPs, presenting axial anisotropy, show
larger hysteresis losses, which leads to higher heating efficiency in most angles between the field direction
and the cluster anisotropy axis (173,177-179). On the other hand, the formation of random clusters can
lead to a decrease in SLP, which can be bridged through the use of anisotropic particles or particles with

higher saturation magnetization (173,178).

During the design of these composites, the physical features of each component may influence those of
the other, such as MNPs'’ ability to rotate and gel’s stimuli-responsive behaviour (180). In this regard, the
interaction between gels and MNPs was studied by Bonhome-Espinosa (181). He characterized the
change in hydrogel mechanical properties according to MNPs concentration. A considerable porosity and
swelling capacity were found, as well as greater stiffness and viscoelastic moduli, in relation to

non-magnetic materials. This concentration dependence is explained by the indirect attraction between
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hydrogel monomers through MNPs and is proven by several studies (181). From another perspective,
Soares et al. studied the effect of chitosan on iron oxide NPs magnetic and thermal properties. This widely
studied polymer did not affect their magnetic properties since both composition and superparamagnetism
were preserved, so they remained capable of generating heat under an AMF (182). Additional studies
carried out by Villamin show the effect of pH on chitosan matrix-surrounded iron oxide NPs magnetic
relaxation (183). Decreasing the pH, chitosan swelled as a result of NH2 groups protonation. Now, if Néel
relaxation time remains constant, it was proposed that swelling decreases Brownian relaxation time,
which became the dominant relaxation process in this material; this translated into a shift in magnetic
susceptibility imaginary part to higher frequencies (183). Actually, besides pH-promoted gel volume
changes, it is very important to look at the AMF-induced polymeric network swelling/deswelling time
scale. The kinetics of gel collapse and rearrangement must be optimized together with the heating rate
and efficiency (especially in MNP-loaded temperature-responsive hydrogels), considering the limiting
character of these phenomena to the nanosystem activity (180,184,185). Considering all this, it turns
that it is possible to design multimodal materials able to respond to tissue microenvironment (internal)
changes and that can be externally and spatiotemporally controlled by magnetic fields for

chemo/hyperthermia therapy (180,186).

Alongside magnetogels, hydrogels combination with liposomes presents a long history, with Weiner having
pioneered the introduction of these vesicles into a collagen matrix. He noted that liposome payloads
release rate decreased in the presence of a hydrogel (187). Lipogels support thermodynamic stability of
formulations, improve administration routes, and greatly increase drug-loading capacity (187-189). In
addition to biopolymers, such as collagen, chitosan, gelatine, dextran, and alginate, it is worth mentioning
the use of synthetic small self-assembling peptides, covered in section 1.2.1, as scaffold (188,190). For
example, Wickremasinghe et a/. placed cytokines and growth factors in liposomes embedded in an
arginylglycylaspartic acid (RGD) adhesion sequence-incorporating hydrogel. With this architecture, the
authors managed bimodal molecule release as liposomes delay cargo delivery and peptides are
enzymatically degraded, enabling sustained molecules release (190,191). In another work,
resveratrolHoaded liposomes were combined with a temperature-responsive hydrogel to repair damaged
sciatic nerves in mice (192). The gels were formed at physiological temperature and allowed resveratrol
diffusion after it passed through the lipid bilayer, showing a stable drug release /n7 vifro and the repair of

injured nerves /n vivo (192).

23



Chapter 1
Introduction

These authors achieved promising results in controlled drug delivery because, as with magnetogels,
incorporating liposomes in polymeric networks alters physical and biological properties of the materials
(189,193). Hydrogel mechanical and rheological characteristics can also be improved by changing these
soft NPs concentration (although to a lesser extent than with inorganic NPs), as they can interact with
nanofibres or help with their crosslinking. In addition, liposomes make it possible to prolong drug release
time and increase its accumulation in the desired location, compared to non-composite gels (193). In
these materials, several complexation methods have already been studied in order to modulate drug
release, for example by nanofibres degradation, Fickian diffusion or fusion of liposomes with plasma
membrane (188,190). Thus, lipogels appear as interesting alternatives to overcome the liposomal
instability in solution, as well as uncontrolled drug release, either from hydrogels with inappropriate mesh

sizes or from magnetogels whose AMF-induced deswelling promotes burst release (180).

1.5 MAGNETOLIPOGELS: PROPERTIES, BIOMEDICAL APPLICATIONS, AND CURRENT
STATE

Although magnetogels and lipogels allow the tuning and functionalization of hydrogel structure and
properties (173), the former are difficult to stabilize and the latter lack external control. Thus, the
introduction of lipid-coated MNPs (e.g., MLs) in a polymeric matrix is extremely attractive, as it offers
several advantages over the nanosystems described above. In relation to magnetogels, magnetolipogels
allow to amplify the loaded drug range (in virtue of lipids ability to incorporate both hydrophilic and
hydrophobic molecules), increase their encapsulation efficiency, and prevent NPs leaching or aggregation
(194,195). Regarding lipogels, magnetolipogels reinforce the spatiotemporal control of molecule release,
considering the magnetically controlled system guidance, and the increase in lipid bilayer permeability by

MH and/or magnetic mechanical action (173).

We can design several architectures for these composite nanosystems, e.g., inserting AMLs, SMLs or
membrane-embedded MNPs in a hydrogel (figure 1.11). Although the latter enables a decrease in
MNPs concentration due to the efficient destabilization of liposomes through their physical oscillation, it
is necessary to coat them with hydrophobic molecules (196). On the other hand, the inclusion of
hydrophilic MNPs within the liposome turns out to be simpler in terms of synthesis (196). Different
constructions are already reported, such as, magnetogels-encapsulating vesicles and self-assembling
NP-vesicle hydrogels, as Cogan performed (197,198). In her work, alginate hydrogels patterned with

aggregates of iron oxide NPs and NiCl2 containing-dipalmitoylphosphatidylcholine (DPPC) vesicles were
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developed and the response of cultured fibroblasts to nickel (II) release was followed (197). It was found
that the magnetolipogel supported fibroblasts growth and only the AMF-induced nickel () release caused
cell apoptosis in the gel, giving spatial and temporal control of cell behaviour (197). Although nickel has
interesting magnetic properties, it is cytotoxic, so it was applied as a cell apoptosis inducing agent in this
study. The truth is that iron oxide-based crystalline NPs are the most used MNPs in the first steps of these
complex systems development because, in addition to their good magnetic properties, they exhibit low
production costs, environmental safety, low toxicity, diversity and the ability to enhance pharmaceutical
activity and tumour targeting (199-201). The major handicap lies in their propensity to aggregate and
oxidize, which, in magnetolipogels, is filled by its functionalization with hydrogelators, gel-incorporated

phospholipids and eventually surfactants and biomolecules (201,202).

C

== Hydrogel nanofibre

Liposome membrane
®  Magnetic nanoparticle

Figure 1.11 - Some possible architectures for magnetolipogels: hydrogel-incorporated-AMLs (A), -SMLs (B)
and -membrane-embedded MNPs (C).
Alginate-based magnetic lipogels are, in fact, the most reported. They have been tested for several
applications (203), mainly in the field of biomedicine, since they can support all functional components
in a single composite system and allow easy liposome-encapsulated payloads diffusion, if necessary
(204). For example, to visualize drug release by real-time MRI, Elk and co-workers prepared an alginate
microgel loaded with [Gd(HPDO3A)-(H20)]-containing liposomes and T2 contrast agents (holmium ions)
that allow microgel monitoring in all treatment states (205). It was found that the payloads were quickly
released after hyperthermia; moreover, the utility of [Gd(HPDO3A)-(H20)] for following
liposome-encapsulated drug release /7 vivo is anticipated (205). Earlier, in 2009, alginate
hydrogel-supported vesicle assemblies allowed the direct conversion of electrical signals into chemicals,
with  Fes04 NPs as intermediates; this culminated in the release of vesicle-encapsulated

carboxyfluorescein, upon a quite low AMF (392 kHz) (206). In addition to the possibility of magnetic
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guidance, this system also demonstrated the ability to host membrane-bound biomolecules, which makes

it useful for stem cells culture (206).

Despite the possible application of magnetogels in imaging and tissue engineering, the present work is
essentially concerned with controlled drug delivery and hyperthermia for cancer treatment. It is well known
that drug release within a therapeutic dose window to a specific location and time increases the drug
efficiency and decreases its side effects, since only the targeted tissue is exposed to therapy (207).
Considering this, in a highly sophisticated approach, Ullrich managed to control an enzymatic reaction
for the delivery of unstable substances (208). Again, alginate was used as a scaffold, taking into account
its usefulness in liposome incorporation and enzyme immobilization (209,210). Furthermore, the author
took advantage of liposomes ability to release molecules upon rising temperatures. The heating was
achieved by MNPs, which acted as converters of radiofrequency fields into biochemical signals by
inducing liposomes phase transition. At low temperatures, the bilayer is rigid and has low permeability to
hydrophilic molecules; when the melting temperature (T;,) is reached, the membrane melts in a more
fluid state and becomes more permeable (208). As liposomes show a reversible phase transition, when
the heating is interrupted, the release of reagent into the alginate matrix breaks off, which offers control
at several levels over the enzymatic reaction (208). Although ink-jet printing technique is the most used
technology to produce these structures, mainly in the form of microgels (where liposomes and MNPs can
be independently adjusted) (173,196), an innovative method for their production was reported five years
ago, involving microfluidics, and using extractive gelation (204). Herewith, it was possible to produce
alginate hydrogel microparticles containing MNPs and DPPC/Cholesterol-monodispersed liposomes, with
controlled diameter (<10 um). Microparticles purification was achieved by magnetic separation, which
has already been a breakthrough in this area; as the concentration of all components (hydrogelator
polymer, liposomes and MNPs) was optimized, the final structures proved to be exceptionally stable,

besides being magneto and thermoresponsive (204).

The consensus of alginate regarding the design and synthesis of these nanostructures is undeniable,
however, it was found that this biopolymer reduces liposomes stability against leakage in traditional
syntheses, especially those consisting of phosphatidylcholine (173,196). Chitosan can work as an
alternative, once it is an excellent liposome reservoir and offers a diffusion barrier, unlike alginate (207).
In this follow-up, the incorporation of iron oxide NPs and DOX-containing DPPC liposomes into a
hydrophobically modified chitosan gel has already been described. As in previous studies, liposomes

thermal sensitivity combined with the AMF-induced heating allowed to deliberately release DOX. This
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study demonstrated that even small amounts of iron oxide NPs are sufficient to trigger drug release, with

changes appearing only in liposomes, leaving the gel intact (207).

Still, being highly versatile materials with several advantages over polymeric matrices (211,212), more
attention should be paid to supramolecular hydrogels in the development of magnetic lipogels. Veloso et
al. incorporated both SMLs and AMLs into three different hydrogels based on peptides Mcapped with the
nonsteroidal anti-inflammatory drug naproxen (Npx) (Npx-L-Phe-ZAAbu-OH, Npx-L.-Phe-ZAPhe-OH and
Npx-L-Ala-ZAPhe-GRGDG-OH), all suitable for drug delivery (194). Hydrogelation was promoted by
changing pH, according to the process suggested by the authors (figure 1.12). Interestingly, the peptide
network showed cavities capable of accommodating drugs, which are convenient to circumvent premature
drug release from MLs (194). Very recently, the same team aimed to minimize MNPs coating impact on
gelation, as the use of thick coatings involves an increase in hydrogelator concentration and a decrease
in MNPs heating efficiency (213). To this end, they studied the influence of manganese ferrite NPs lipid
functionalization in a peptide hydrogel (Cbz-.-Met-ZAPhe-OH) since lipids offer steric stabilization and
hydrophobic zones, useful for drug storage in the matrix. MNPs concentration and distribution were
enhanced, and their magnetic properties were shown to be potentiated in the gel, particularly the heating
efficiency. There was also a reproducible DOX release upon an AMF, which encourages to keep seeking

for magnetic conduction, MH, and controlled drug delivery in a single nanosystem (213).
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Figure 1.12 - Representation of the strategy used for supramolecular magnetolipogel synthesis. Adapted from [194].

Considering this, in an ambitious work, we have brought together the advantages and applications of
several materials in order to develop a multifunctional plasmonic magnetolipogel for multimodal cancer

therapy. We started by synthesizing two novel lysine dehydrodipeptides (figure 1.13), different in the

27



Chapter 1
Introduction

Cterminus residue — dehydroaminobutyric acid (AAbu, compound 1) and dehydrophenylalanine (APhe,

compound 2).

O

©/\O)LNH R1=Me (1), Ph(2)
DOUBY P
N ])LOH

H O
Figure 1.13 - Schematic representation of the synthesised hydrogelators Nap-L-Lys(Cbz)-Z-AAbu-OH (compound 1) and
Nap-L-Lys(Cbz)-Z-APhe-OH (compound 2).
The latter, along with the Mcapping groups, enhance hydrophobic interactions and stacking between the
aromatic moieties of the molecules, favouring gelation. Moreover, naphthalene (Nap) allows following
dynamic processes, such as monomer aggregation, thanks to its intrinsic fluorescence. Next, aqueous
plasmonic magnetoliposomes were produced; we chose to synthesize core/shell MnFe204/gold
nanoparticles because, in addition to the applications reported so far, this geometry allows to decrease
the reactivity of the magnetic material (increasing the stability of the overall particle) and provides surface
chemistry for further functionalization (214). After selecting the convenient hydrogelator, the
magnetolipogels were assembled using the strategy addressed in (194) and the system was evaluated
as a platform for controlled drug delivery. Here, 5(6)-carboxyfluorescein — used as a model drug because
of its useful fluorescence quantum yield (215) — was encapsulated and its release from the hydrogel and

magnetolipogel matrices was monitored for three days.
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2.1 SYNTHESIS
2.1.1 Dehydrodipeptide hydrogelators

Compounds 1 and 2 were fully characterized by 'H and '3C nuclear magnetic resonance (NMR)
spectroscopies and high-resolution mass spectrometry (HR-MS). Spectra were collected on a Bruker
Avance Il 400 spectrometer (with deuterated dimethyl sulfoxide (DMSO-ab) as solvent), operating at
400.13 MHz and 100.62 MHz, for H and 3C NMR, respectively. HRMS data were obtained from the

mass spectrometry service of University of Vigo, Spain.

2.1.1.1 M-2-naphthylacetyl-L-lysyl(benzyloxycarbonyl)-Zdehydroaminobutyric acid
(Nap-L-Lys(Cbz)-ZAAbu-OH) (compound 1)

Synthesis of the methyl ester of threonine [H-.-Thr-OMe (3)]. Threonine [H-.-Thr-OH] (2.98 g,
25 mmol) was added to 40 mL of methanol in an ice bath. Thionyl chloride (3.4 equiv, 6.17 mL) was
added dropwise, and the reaction mixture was left stirring for 4 h at 40 °C. The solvent was removed

under reduced pressure and ethyl ether was added. The process was repeated until a yellow oil of

compound 3 was formed (3.99 g, 94.1 %).

TH NMR (400 MHz, DMSO-ds) & (ppm): 1.183-1.199 (3H, d, /= 6.4 Hz, v-CHs Thr); 3.732 (3H, s,
OCHs); 3.915 (1H, br s, a-CH Thr); 4.098-4.125 (1H, m, B-CH Thr); 5.630 (1H, s, B-OH Thr); 8.399
(3H, br's, NAH* Thr).

Synthesis of the methyl ester of N-tertbutyloxycarbonyl-L-lysyl(Abenzyloxycarbonyl)-p,L-
threonine [Boc-L-Lys(Cbz)-p,.-Thr-OMe (5)]. Boc-L-Lys(Cbz)-OH (4) (1.14 g, 3 mmol) was dissolved
in acetonitrile (7 mL) in an ice bath. NNN N-tetramethyl-G(1 Hbenzotriazol-1-yl)uronium
hexafluorophosphate (HBTU) (1.10 equiv, 1.25 g, 3.3 mmol), H-.-Thr-OMe (1.00 equiv, 0.51 g, 3 mmol)
and triethylamine (3.00 equiv, 1.25 mL, 9 mmol) were added. The mixture was left stirring at room
temperature overnight. The solvent was removed under reduced pressure, resulting in a residue that was
partitioned between ethyl acetate (25 mL) and KHSO4 (1 M, 25 mL). The organic phase was carefully
washed with KHSO4 (1 M, 2 x 25 mL), NaHCO3 (1 M, 2 x 25 mL) and brine (1 x 35 mL) and dried with

MgSQ4. Removal of the solvent afforded compound 5 as a diastereomeric mixture (1.05 g, 70.6%).

"H NMR (400 MHz, DMSO-d6) & (ppm): 1.036 (3H, d, /= 6.4 Hz, y-C/5 Thr); 1.145-1.319 (2H, m,
v-CH2 Lys); 1.366 (3H, s, 3xCH5 Boc); 1.477 (2H, d, /= 8.8 Hz, 5-CH2 Lys); 1.603 (2H, d, /= 6.0 Hz,
B-CHz Lys); 2.948 (2H, t, /= 6.4 Hz, e-CH2 Lys); 3.331 (3H, s, OCA5 Thr); 3.956-4.128 (2H, m, a-CH
Lys + a-CH Thr); 4.274 (1H, q, /= 3.2 Hz, B-CH Thr); 4.988 (3H, s, CH2 Cbz + B-OH Thr); 6.953 (1H,
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d, J=8.4 Hz, a-NH Lys); 7.201 (IH, t, /= 5.6 Hz, E-NH Lys); 7.274-7.374 (5H, m, ArH Cbz); 7.691
(1H, d, /= 8.4 Hz, NH Thr).

Synthesis of the methyl ester of N-tertbutyloxycarbonyl-L-lysyl(Abenzyloxycarbonyl)-Z
dehydroaminobutyric acid [Boc-L-Lys(Cbz)-ZAAbu-OMe (6)]. To a solution of compound 5
(1.05 g, 2.12 mmol) in dry acetonitrile (5 mL), N, Adimethylpyridin-4-amine (DMAP) (0.11 equiv, 0.029 g,
0.23 mmol) and di-fertbutyl dicarbonate (Boc20) (1.1 equiv, 0.51 g, 2.33 mmol) were added under
stirring at room temperature. The mixture was monitored by "H NMR until all reactant was consumed.
NN, N’ Ntetramethylguadinine (TMG) (2% in volume, 0.1 mL) was added under continuous stirring. The
mixture was left stirring at room temperature and monitored by "H NMR until all reactant was consumed.
Evaporation at reduced pressure gave a residue that was partitioned between ethyl acetate (25 mL) and
KHSO4 (1 M, 25 mL), washed with KHSO4 (1 M, 2 x 25 mL), NaHCO3 (1 M, 2 x 25 mL) and brine (1 x
30 mL) and dried with MgSO4. Removal of the solvent afforded compound 6 (0.62 g, 61.3%).

"H NMR (400 MHz, DMSO0-ds) & (ppm): 1.362-1.605 (15H, m, y-C#& Lys + 3xCHs Boc + 8-CH2 + B-CHe
Lys); 1.645 (3H, d, /= 7.2 Hz, y-CH5 AAbu); 2.985 (2H, t, /= 6.4 Hz, e-CH2 Lys); 3.583 (3H, s, OCH5
AAbu); 3.999 (1H, d, /= 4.8 Hz, a-CH Lys); 4.988 (2H, s, CH2 Cbz); 6.509 (1H, q, /= 7.2 Hz, B-CH
AAbu); 6.832 (1H, d, /= 8.0 Hz, a-NH Lys); 7.210 (1H, t, ENAH Lys); 7.290-7.373 (5H, m, ArH Cbz);
9.116 (1H, s, NH AAbu).

Synthesis of the methyl ester of lysyl(benzyloxycarbonyl)-Zdehydroaminobutyric acid [H-
L-Lys(Cbz)-ZAAbu-OMe (7)]. Trifluoroacetic acid (TFA) (2 mL, 26.14 mmol) was added to
Boc-L-Lys(Cbz)-ZAAbu-OMe (0.62 g, 1.30 mmol), and the mixture was left stirring 1 h at room
temperature. TFA was removed under reduced pressure and ethyl ether was added. The solvent was
removed under reduced pressure and the process was repeated until a white solid of compound 7 was

formed (0.61 g, 95.5%).

"H NMR (400 MHz, DMSO-d6) & (ppm): 1.362-1.447 (4H, m, y-C+ Lys + 8-CF- Lys); 1.695-1.781 (5H,
m, B-CH2 Lys + y-CHs AAbu); 2.994 (2H, t, /= 6.4 Hz, e-CH2 Lys); 3.645 (3H, s, OCH5 AAbu); 3.902
(1H, d, /= 5.6 Hz, a-CH Lys); 4.987 (2H, s, CH2 Cbz); 6.643 (1H, q, /= 7.2 Hz, B-CH AAbu); 7.213
(1H, t, /= 5.6 Hz, &NH Lys); 7.310-7.335 (5H, m, ArH Cbz); 8.153 (3H, s, a-N/Hs* Lys); 9.747 (1H,
s, NH AAbu).

Synthesis of the methyl ester of A2-naphthylacetyl-L-lysyl(Mbenzyloxycarbonyl)-Z
dehydroaminobutyric acid [Nap-L-Lys(Cbz)-ZAAbu-OMe (8)]. H-L-Lys(Cbz)-ZAAbu-OMe (0.61 g,
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1.24 mmol) was dissolved in acetonitrile (4 mL) in an ice bath. HBTU (1.10 equiv, 0.52 g, 1.36 mmol),
2-naphthaleneacetic acid (1.00 equiv, 0.23 g, 1.24 mmol) and triethylamine (3.00 equiv, 0.52 mL,
3.72 mmol) were added. The mixture was left stirring at room temperature overnight. The solid was
filtered under reduced pressure, washed with KHSO4 (1 M, 2 x 12 mL), NaHCO3 (1 M, 2 x 12 mL) and
brine (2 x 12 mL) and identified as Nap-L-Lys(Cbz)-ZAAbu-OMe (0.65 g, 96.1%).

"H NMR (400 MHz, DMSO-d6) & (ppm): 1.304-1.416 (4H, m, y-C# Lys + 8-CH- Lys); 1.601-1.704 (5H,
m, B-CA2 Lys + y-CHs AAbu); 2.941 (2H, t, /= 6.4 Hz, e-CH2 Lys); 3.602 (3H, s, OCAH5 AAbu); 3.650
(2H, d, /= 1.6 Hz, CH2 Nap); 4.340-4.395 (1H, m, o-CH Lys); 4.989 (2H, s, CH Cbz); 6.507 (1H, q,
J= 7.2 Hz, B-CH AAbu); 7.201 (1H, t, /= 5.6 Hz, &NH Lys); 7.309-7.348 (5H, m, ArH Cbz);
7.414-7.858 (7H, m, ArH Nap); 8.317 (1H, d, /= 8.0 Hz, a-NAH Lys); 9.274 (1H, s, N4 AAbu).

3C NMR (100.6 MHz, DMS0-ds) § (ppm): 13.41 (CH3, y-CH3 AAbu); 22.54 (CH2, y-CH2 Lys); 29.16
(CH2, 0-CH2 Lys); 31.88 (CH2, B-CHz Lys); 40.22 (CHz, e-CHz Lys); 42.17 (CH2, CH2 Nap); 51.81 (CHs,
OCH3 AAbu); 52.56 (CH, a-CH Lys); 65.16 (CH2, CH2 Cbz); 125.51 (CH, CH Nap); 126.07 (CH, CH
Nap); 127.31 (CH, CH Nap); 127.37 (CH, CH Nap); 127.49 (CH, CH Nap); 127.55 (CH, CH Nap);
127.67 (CH, CH Cbz); 127.72 (C, a-C AAbu); 127.75 (CH, CH Cbz); 127.78 (CH, CH Nap); 128.39
(CH, CH Cbz); 131.78 (C, C Nap); 132.58 (CH, B-CH AAbu); 133.00 (C, C Nap); 134.19 (C, C Nap);
137.29 (C, C Cbz); 156.14 (C, ¢=0 Cbz); 164.58 (C, C=0 AAbu); 170.15 (C, =0 Lys); 170.99 (C,
=0 Nap).

Synthesis of /+2-naphthylacetyl-L-lysyl(/Mbenzyloxycarbonyl)-Zdehydroaminobutyric acid
[Nap-L-Lys(Cbz)-ZAAbu-OH (1)]. Compound 8 (0.65 g, 1.19 mmol) was dissolved in 1,4-dioxane
(10 mL) and a solution of NaOH 1 M (1.5 equiv, 1.79 mL) was added. The reaction was followed by
thin-layer chromatography (TLC) until no starting material was detected. The organic solvent was removed
under reduced pressure, and the reaction mixture was acidified to pH 2 — 3 with KHSO4 (1 M). The solid
was filtered and identified as Nap-L-Lys(Cbz)-ZAAbu-OH (0,41 g, 64.7%) The synthetic procedure was

adapted from previous works (20,216).

"H NMR (400 MHz, DMS0-ds) & (ppm): 1.297-1.404 (4H, m, y-C+2 Lys + 8-C# Lys), 1.573-1.705 (5H,
m, B-CA2 Lys + y-CHs AAbu); 2.937 (2H, q, /= 6.4 Hz, e-CA2 Lys); 3.652 (2H, dd, /= 18.0 Hz and
J=14.0 Hz, CH> Nap); 4.352-4.407 (1H, m, a-CH Lys); 4.990 (2H, s, CH> Cbz); 6.528 (1H, q,
J=7.2Hz, B-CH AAbu); 7.194 (1H, t, / = 5.6 Hz, &NH Lys); 7.327-7.349 (5H, m, ArH Cbz);
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7.457-7.834 (7H, m, ArH Nap); 8.291 (1H, d, /= 8.0 Hz, a-NH Lys); 9.103 (1H, s, N/ AAbu); 11.521
(1H, s, CO2H AAbu).

13C NMR (100.6 MHz, DMS0-db) & (ppm): 13.61 (CH3, y-CH3 AAbu); 22.61 (CH2, y-CH2 Lys); 29.14
(CH2, 6-CH2 Lys); 31.97 (CH2, B-CH2 Lys); 40.21 (CHz2, e-CH2 Lys); 42.18 (CH2, CH2 Nap); 52.54 (CH,
o-CH Lys); 65.14 (CH2, CH2 Cbz); 125.49 (CH, CH Nap); 126.05 (CH, CH Nap); 127.29 (CH, CH Nap);
127.36 (CH, CH Nap); 127.48 (CH, CH Nap); 127.54 (CH, CH Nap); 127.66 (CH, CH Cbz); 127.74
(CH, CH Cbz); 127.77 (CH, CH Nap) ; 128.21 (C, a-C AAbu); 128.37 (CH, CH Cbz); 131.76 (C, CNap);
132.23 (CH, B-CH AAbu); 132.99 (C, C Nap); 134.20 (C, CNap); 137.29 (C, CCbz); 156.10 (C, =0
Cbz); 165.46 (C, C=0 AAbu); 170.11 (C, C=0 Lys); 170.64 (C, C=0 Nap).

HR-MS (ESI) m/z [M + H]* calcd for C30H34N30s: 532.24; found: 532.2415.

2.1.1.2 MN-2-naphthylacetyl-L-lysyl(cbenzyloxycarbonyl)-Zdehydrophenylalanine
(Nap-L-Lys(Cbz)-Z-APhe-OH) (compound 2)

Synthesis of the methyl ester of f-hydroxyphenylalanine [H-p,.-Phe(f-OH)-OMe (9)].
B-hydroxyphenylalanine [H-d,.-Phe(-OH)-OH] (4.53 g, 25 mmol) was added to 40 mL of methanol in an
ice bath. Thionyl chloride (3.4 equiv, 6.17 mL) was added dropwise, and the reaction mixture was left
stirring for 4 h at 40 °C. The solvent was removed under reduced pressure and ethyl ether was added.

The process was repeated until a white solid of compound 9 was formed (4.72 g, 81.5%).

H NMR (400 MHz, DMSO-c) & (ppm): 3.568 (3H, s, OC#A); 4.097 [1H, d, J= 5.6 Hz, a-C 4 Phe(B-OH)];
5.002 [1H, d, /= 5.6 Hz, B-CH Phe(B-OH)]; 6.555 [1H, s, B-OH Phe(B-OH)]; 7.303-7.385 [5H, m, ArH
Phe(B-OH)]; 8.594 [3H, s, N/A* Phe(B-OH)].

Synthesis of the methyl ester of N-tertbutyloxycarbonyl-L-lysyl(/Abenzyloxycarbonyl)-p,L-f-
hydroxyphenylalanine [Boc-L-Lys(Cbz)-b,.-Phe(f-OH)-OMe (10)]. Boc-L-Lys(Cbz)-OH (4) (1.14 g,
3 mmol) was dissolved in acetonitrile (7 mL) in an ice bath. HBTU (1.10 equiv, 1.25 g, 3.3 mmol),
H-p,L-Phe(B-OH)-OMe (1.00 equiv, 0.70 g, 3 mmol) and triethylamine (3.00 equiv, 1.25 mL, 9 mmol)
were added. The mixture was left stirring at room temperature overnight. The solvent was removed under
reduced pressure, resulting in a residue that was partitioned between ethyl acetate (25 mL) and KHSO4
(I M, 25 mL). The organic phase was carefully washed with KHSO4 (1 M, 2 x 25 mL), NaHCOs (1 M, 2
x 25 mL) and brine (1 x 35 mL) and dried with MgS04. Removal of the solvent afforded compound 10

as a diastereomeric mixture (1.54 g, 92.1%).
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"H NMR (400 MHz, DMSO-ds) & (ppm): 0.996 (2H, s, y-CH2 Lys); 1.312-1.373 (13H, m, 3xC/5 Boc +
0-CHz Lys + B-CHe Lys); 2.886 (2H, t, /= 6.4 Hz, eCHe Lys); 3.598 and 3.637 [3H, 2 s, OCHA
Phe(B-OH)]; 3.805-3.920 (1H, m, a-CH Lys); 4.547 [1H, t, /=5.2 Hz, a-CH Phe(B-OH)]; 4.993 (2H, s,
CHe Cbz); 5.119 [1H, q, /= 4.8 Hz, B-OH Phe(B-OH)]; 5.917 [1H, t, /= 6.4 Hz, B-CH Phe (B-OH)J;
6.964 (1H, d, /= 8.0 Hz, a-NH Lys); 7.181-7.367 [11H, m, &NH Lys + ArH Cbz + ArH Phe(B-OH)J;
7.744 [1H, d, /= 8.4 Hz, NH Phe(B-OH)].

Synthesis of the methyl ester of N-tertbutyloxycarbonyl-L-lysyl(Abenzyloxycarbonyl)-Z
dehydrophenylalanine [Boc-L-Lys(Cbz)-ZAPhe-OMe (11)]. To a solution of compound 10
(1.54 g, 2.76 mmol) in dry acetonitrile (5 mL), DMAP (0.11 equiv, 0.037 g, 0.30 mmol) and Boc20
(1.1 equiv, 0.66 g, 3.04 mmol) were added under stirring at room temperature. The mixture was
monitored by "H NMR until all reactant was consumed. N,N. NV, Ntetramethylguadinine (2% in volume,
0.1 mL) was added under continuous stirring. The mixture was left stirring at room temperature and
monitored by "H NMR until all reactant was consumed. Evaporation at reduced pressure gave a residue
that was partitioned between ethyl acetate (25 mL) and KHSO4 (1 M, 25 mL), washed with KHSO4 (1 M,
2 x 25 mL), NaHCO3 (1 M, 3 x 25 mL) and brine (1 x 30 mL) and dried with MgSQO4. Removal of the
solvent afforded compound 11 (1.06 g, 71.0%).

"H NMR (400 MHz, DMSO-a%) & (ppm): 1.372-1.574 (13H, m, /= 8.0 Hz, y-CH2 Lys + 3xC/A Boc +
O0-CHz Lys); 1.540-1.669 (2H, m, B-CH2 Lys); 2.970 (2H, t, /= 6.4 Hz, eCH> Lys); 3.671 (3H, s, OCHA
APhe); 3.990-4.051 (1H, m, a-CH Lys); 4.990 (2H, s, CH2 Cbz); 6.939 (1H, d, /= 8.0 Hz, a-NH Lys);
7.221 (1H, s, B-CH APhe); 7.290-7.370 (10H, m, ArHCbz + ArH APhe); 7.684 (1H, t, /= 3.6 Hz, ENH
Lys); 9.591 (1H, s, NH APhe).

Synthesis of the methyl ester of lysyl(Abenzyloxycarbonyl)-Zdehydrophenylalanine [H-L-
Lys(Cbz)-ZZAPhe-OMe (12)]. TFA (2 mL, 26.14 mmol) was added to Boc-L-Lys(Cbz)-ZAPhe-OMe
(1.06 g, 1.96 mmol), and the mixture was left stirring 1 h at room temperature. TFA was removed under
reduced pressure and ethyl ether was added. The solvent was removed under reduced pressure and the

process was repeated until a white solid of compound 12 was formed (1.01 g, 93.1%).

"H NMR (400 MHz, DMSO-a6) & (ppm): 1.369-1.457 (4H, m, y-CHe Lys + 8-CH Lys); 1.803 (2H, d,
J=6.4Hz, B-CH Lys); 2.983 (2H, t, /= 6.4 Hz, eCH Lys); 3.709 (3H, s, OCH5 APhe); 3.967 (1H, d,
J=5.2 Hz, a-CH\Lys); 4.988 (2H, s, CH2 Cbz); 7.225 (1H, t, /= 5.6 Hz, &NH Lys); 7.297-7.657 (11H,
m, B-CH APhe + ArH Cbz + ArH APhe); 8.175 (3H, s, a-N/5™ Lys); 10.164 (1H, s, NH APhe).
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Synthesis of the methyl ester of Af2-naphthylacetyl-L-lysyl(Abenzyloxycarbonyl)-Z
dehydrophenylalanine [Nap-.-Lys(Cbz)-ZAPhe-OMe (13)]. H-L-Lys(Cbz)-ZAPhe-OMe (1.01 g,
1.82 mmol) was dissolved in acetonitrile (5 mL) in an ice bath. HBTU (1.10 equiv, 0.76 g, 2.00 mmol),
2-naphthaleneacetic acid (1.00 equiv, 0.34 g, 1.82 mmol) and triethylamine (3.00 equiv, 0.76 mL,
5.46 mmol) were added. The mixture was left stirring at room temperature overnight. The solid was
filtered under reduced pressure, washed with KHSO4 (1 M, 2 x 12 mL), NaHCO3 (1 M, 2 x 12 mL) and
brine (2 x 12 mL) and identified as Nap-L-Lys(Cbz)-ZAPhe-OMe (0.77 g, 69.8%).

"H NMR (400 MHz, DMSO-a6) & (ppm): 1.331-1.433 (4H, m, y-C/# Lys + 8-CH2 Lys); 1.575-1.754 (2H,
m, B-CH. Lys); 2.962 (2H, q, /= 6.4 Hz, e-CH2 Lys); 3.664 (3H, s, OCH3 APhe); 3.679 (2H, s, CfL
Nap); 4.379 (1H, t, /= 5.6 Hz, a-CH Lys); 4.991 (2H, s, CH2 Cbz); 7.220 (1H, s, B-CH APhe); 7.265-
7.346 (10H, m, ArHCbz + ArH APhe); 7.457-7.826 (8H, m, &-NHLys + ArHNap); 8.391 (1H,d, /=7.6
Hz, a-NH Lys); 9.742 (1H, s, NH APhe).

13C NMR (100.6 MHz, DMSO-ds) & (ppm): 22.53 (CHz, y-CHz Lys); 29.18 (CHz, 8-CHz Lys); 31.33 (CHz,
B-CHz Lys); 40.22 (CH2, e-CH2 Lys); 42.10 (CH2, CH2 Nap); 52.12 (CH3, OCH3 APhe); 52.64 (CH, a-CH
Lys); 65.15 (CH2, CHz2 Cbz); 125.48 (CH, CH Nap); 125.94 (C, a-C APhe); 126.03 (CH, CH Nap);
127.30 (CH, CH Nap); 127.36 (CH, CH Nap); 127.47 (CH, CH Nap); 127.53 (CH, CH Nap); 127.66
(CH, CH Cbz); 127.74 (CH, CH Cbz); 128.36 (CH, CH Cbz) ; 128.50 (CH, CH Nap); 128.65 (CH, CH
APhe); 129.39 (CH, CH APhe); 130.09 (CH, CH APhe); 131.77 (C, CNap); 132.10 (CH, B-CH APhe);
132.99 (C, CNap); 133.21 (C, C APhe); 134.14 (C, CNap); 137.27 (C, CCbz); 156.11 (C, ¢=0 Cbz);
165.35 (C, =0 APhe); 170.21 (C, =0 Lys); 171.93 (C, =0 Nap).

Synthesis of /+2-naphthylacetyl-L-lysyl(/benzyloxycarbonyl)-Zdehydrophenylalanine [Nap-
L-Lys(Cbz)-ZAPhe-OH (2)]. Compound 13 (0.77 g, 1.27 mmol) was dissolved in 1,4-dioxane (10 mL)
and a solution of NaOH 1 M (1.5 equiv, 1.91 mL) was added. The reaction was followed by TLC until no
starting material was detected. The organic solvent was removed under reduced pressure, and the
reaction mixture was acidified to pH 2 - 3 with KHSO4 (1 M). The solid was filtered and identified as
Nap-L-Lys(Cbz)-ZAPhe-OH (0.65 g, 86.2%).

H NMR (400 MHz, DMSO-k) & (ppm): 1.319-1.416 (4H, m, y-C/5 Lys + 8-C/4 Lys); 1.579-1.751 (2H,
m, B-CHe Lys): 2.947 (2H, q, /= 6.4 Hz, &CH# Lys); 3.672 (2H, dd, /= 14.0 Hz and /= 21.2 Hz, Ct:
Nap); 4.360-4.414 (1H, m, a-CH Lys); 4.993 (2H, s, C/ Cbz); 7.199-7.347 (11H, m, B-CH APhe +
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ArHCbz + ArH APhe); 7.436-7.859 (8H, m, &NH Lys + ArH Nap); 8.363 (1H, d, /=7.6 Hz, a-NH Lys);
9.483 (1H, s, NH APhe).

13C NMR (100.6 MHz, DMSO-ds) & (ppm): 22.60 (CHz, y-CH2 Lys); 29.17 (CH2, 8-CHz Lys); 31.38 (CHz,
B-CH2 Lys); 40.23 (CH2, e-CH2 Lys); 42.15 (CH2, CH2 Nap); 52.68 (CH, a-CH Lys); 65.15 (CH2, CH2
Cbz); 125.48 (CH, CH Nap); 126.04 (CH, CH Nap); 126.76 (C, a-C APhe); 127.32 (CH, CH Nap);
127.39 (CH, CH Nap); 127.48 (CH, CH Nap); 127.54 (CH, CH Nap); 127.69 (CH, CH Cbz); 127.75
(CH, CH Cbz); 128.37 (CH, CH Cbz); 128.67 (CH, CH Nap); 129.07 (CH, CH APhe); 129.20 (CH, CH
APhe); 129.96 (CH, CH APhe); 131.65 (CH, B-CH APhe); 131.78 (C, CNap); 133.00 (C, CNap); 133.65
(C, C APhe); 134.17 (C, C Nap); 137.29 (C, C Cbz); 156.11 (C, (=0 Cbz); 166.25 (C, C=0 APhe);
170.21 (C, =0 Lys); 171.54 (C, ¢=0 Nap).

HR-MS (ESI) m/z [M + H]" calcd for C3sH3eN30s6: 594.26; found: 594.2621.

2.1.2 Nanoparticles
2.1.2.1 Manganese ferrite nanoparticles

2.1.2.1.1 By regular co-precipitation

This synthesis was based on a co-precipitation method previously reported (213). Manganese sulphate
monohydrate (MnS0O4.H20) and iron sulphate heptahydrate (FeSO4.7H20) were used as starting reagents
and different concentrations (several manganese/iron ratios: 0.4, 0.5, 0.6 in a total final salt
concentration of 0.1 mM) were tested. The metal sulphates were simultaneously dissolved in a minimum
amount of water (1 mL) to obtain a clear solution. The mixture was then added dropwise to 19 mL of an
aqueous solution of trisodium citrate dihydrate in different final concentrations (0 and 0.05 mM) and
NaOH (0.2 mM), under magnetic stirring at 90 °C. The reaction was completed in 2 h. Purification of
manganese ferrite nanoparticles was carried out by successive cycles of centrifugation and dispersion in

a mixture of water/ethanol (v/v 1:1), followed by drying at 100 °C.
2.1.2.1.2 By reverse co-precipitation

MnS04.H20 (111.55 mg, 0.66 mmol) and FeS04.7H20 (369.75 mg, 1.33 mmol) were used as starting
reagents. The metal sulphates were simultaneously dissolved in a minimum amount of water (1 mL), to
obtain a clear solution. The mixture was then added to 19 mL of an aqueous solution of trisodium citrate
dihydrate (294.1 mg, 1 mmol), under magnetic stirring at 90 °C. After homogenization, an aqueous

solution of NaOH (18.94 M, 211.19 ul) was added dropwise and the reaction was completed in 2 h.

36



Chapter 2
Experimental Procedures

Purification of manganese ferrite nanoparticles was carried out by successive cycles of centrifugation and

dispersion in a mixture of water/ethanol (v/v 1:1), followed by drying at 100 °C.
The summary of the different reaction conditions is shown in table 3.4, Chapter 3.
2.1.2.2 APTES-coated manganese ferrite nanoparticles

Previously synthesised manganese ferrite nanoparticles (manganese/iron ratio=0.4, described in section
2.1.2.1.1) were selected to be further functionalized; for this purpose, 150 mL of ethanol, 3 mL of water,
an ammonium hydroxide solution (5 M, 5.1 mL) and 944 uL of APTES were added to a flask and heated
to 40°C, under magnetic stirring. After 20 minutes, a solution of the above nanoparticles (4 mg/mL,
6 mL) was added, and the reaction continued for 5 h. The nanoparticles were subjected to three cycles

of magnetic decantation followed by redispersion in water (217).
2.1.2.3 Gold nanoparticles

Gold () chloride (HAuCl4) (1 mM, 25 mL) was heated to 100°C. When the solution began to reflux, a
trisodium citrate dihydrate solution (125 mM, 1 mL) was added and the mixture was allowed to reflux,
under magnetic stirring. After 15 minutes, the heating was removed. This procedure was recently

described by Nakagawa and Takagai (218).
2.1.2.4 Gold-decorated manganese ferrite nanoparticles

An aqueous solution of APTES-MnFe204 NPs (4 mg/mL, 0.7 mL) was sonicated until well dispersed.
Under vortex vigorous agitation, the same solution was added dropwise to 5 mL of the previously prepared

gold NPs.
2.1.2.5 Manganese ferrite/gold core/shell nanoparticles

An aqueous solution of gold-decorated APTES-MnFe204 (2 mg/mL, 1 mL) was diluted with water to a
total of 40 mL. Here, 400 pL of a 1% trisodium citrate dihydrate solution and 200 pL of a 1% of HAuCl4
solution were introduced. Finally, a hydroxylamine solution (80 mM, 200 pl) was added dropwise under
vigorous magnetic stirring. After 15 minutes, the resulting nanoparticles were purified with three cycles
of magnetic decantation followed by redispersion in water. This procedure consists of a modification of

Natan’s methodology, reported by Zhai (219,220).
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2.1.2.6 Liposome nanoparticles

Liposome nanoparticles were prepared according to the ethanol injection method (221). A 20 mM DPPC
ethanolic solution was injected, dropwise and under vigorous vortexing, in the volume of water required

for a final lipid concentration of 1 mM, kept above DPPC melting transition temperature (41 °C).
2.1.2.7 Aqueous plasmonic magnetoliposomes

Similarly, aqueous magnetoliposomes were prepared (222). For such, a 20 mM solution of DPPC in
ethanol was injected, dropwise at 70 °C, in an aqueous solution of core/shell MnFe204/Au NPs for a

final concentration of 1 mM in lipids and 0.1 wt% in core/shell nanoparticles.

2.2 PREPARATION OF pH BUFFER SOLUTIONS

Buffer solutions in the pH range 2 — 10 were prepared from a 0.1 M sodium phosphate solution and a
mixed solution of citric acid 0.05 M and boric acid 0.2 M in ultrapure water (Milli-Q grade), for a final
volume of 50 mL. Table 1 shows the volumes required for such (223). The pH was measured with
Metrohm 691 pH Meter, and the required adjustments were made using a solution of HCl 1 M or NaOH

1 M.

Table 2.1 - Calculated volumes for the preparation of different pH buffer solutions (224).

pH Sodium phosphate (mL) | Citric/boric acid (mL)
2 1.250 48.750
3 6.000 44.000
4 11.250 38.375
5 16.500 33.500
6 20.500 29.500
7 25.250 24.750
8 28.750 21.250
9 32.750 17.250
10 36.500 13.500
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2.3 HYDROGELATORS’ CHARACTERIZATION

2.3.1 Critical gelation concentration

Critical gelation concentration (CGC) values were determined using the tube inversion test. For such,
hydrogelator solutions were prepared in the concentration range 0.05 - 0.4 wt% (1 mL) by increasing the
pH using a NaOH solution (1 M, 20 uL). Gelation was triggered by the addition of different amounts of
glucono-8-lactone (GdL) (3, 4 and 5 mg) to promote a slow pH drop (225).

2.3.2 Spectroscopic measurements

All fluorescence measurements were made using a HORIBA Jobin Yvon Fluorolog 3 spectrofluorimeter,
with excitation and emission double monochromators, Glan-Thompson polarizers, and thermo-controlled
cuvette holder. The emission spectra have been corrected for the system's instrumental response. For
the self-assembly pH dependence studies, the hydrogelators were excited at 280 nm (naphthalene) and
the emission spectra were collected between 290 and 600 nm, with 6.0 nm slits in both excitation and
emission. In determining the critical aggregation concentration, Nile Red was used as a fluorescent probe,
whereby the system was excited at 520 nm and the fluorescence intensity from 530 to 750 nm was

collected, using 6.0 nm slits.
2.3.2.1 Self-assembly dependence on pH

A solution of the hydrogelator in ethanol (0.033 wt%) was used as stock for the preparation of the
corresponding aqueous solutions (2 uM, 2 mL) in the pH range 2 - 10. To evaluate the effect of pH on

the hydrogelator behaviour, the emission spectra were obtained for each hydrogelator solution.
2.3.2.2 Critical aggregation concentration

A fixed volume of an ethanolic solution of Nile Red (0.25 mM, 8 uL) was placed in several vials and the
solvent was evaporated. To these vials, hydrogelator solutions at concentrations ranging from 0.00001
to 0.01 wt%, for a final volume of 2 mL, were added. After sonication, the mixture was allowed to stand
for 2 h prior to spectroscopic measurements. Fluorescence emission spectra were obtained for each

solution. This procedure was adapted from (226).
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2.4 NANOPARTICLES’ CHARACTERIZATION
2.4.1 Structural characterization

2.4.1.1 Dynamic Light Scattering

Hydrodynamic diameter, polydispersity index (PDI) and zeta potential measurements were carried out
with an Anton Paar Litesizer 500 equipment, for a maximum of 1000 runs at 25 °C, using back scattering
and a semiconductor laser diode with a 658 nm wavelength. The aqueous suspension containing the

nanoparticles was filtered using a 0.22 um filter-equipped syringe.
2.4.1.2 Transmission electron microscopy

High resolution-transmission electron microscopy (TEM) images were recorded with a JEOL JEM 2010F
transmission electron microscope (at C.A.C.T.I. — Centro de Apoio Cientifico e Tecnolodxico a Investigacion,
Vigo, Spain), operating at 200 kV, and coupled to an electron dispersive spectroscopic analyser (EDS).
The nanoparticles were dispersed in water and a drop of that solution was placed on the TEM 400 mesh
copper grid with Formvar/Carbon (Ref. S162-4 from Agar Scientific), held by tweezers and allowed to dry.
The images were treated with the /mage/ software, which consisted of adjusting contrast and selecting

the particles.
2.4.1.3 X-ray diffraction

The X-ray diffraction (XRD) analysis was performed using the Malvern PAN’alytical X'Pert PRO
diffractometer (at UME-UTAD), in the Bragg-Brentano configuration, operating with Cu Ko, radiation. The

results were analysed with Fu//Prof software, on the basis of Rietveld refinement.
2.4.2 SQUID measurements

Magnetic properties were investigated with an MPMS3 Superconducting Quantum Interference Device
(SQUID) (Quantum Design) magnetometer. Hysteresis cycles were determined using the appropriate
range of magnetic fields for each sample. The trapped flux in the superconducting coil was corrected for

an accuracy of residual less than 2 Oe.
2.4.3 Magnetic Hyperthermia

The heating capacity of magnetic nanoparticles was investigated through the preparation of an aqueous
solution of MnFe204 NPs at 1 mg/mL, using the nanoTherics magneTherm equipment, at C.A.C.T.l. -

Centro de Apoio Cientifico e Tecnoldxico a Investigacion, Vigo, Spain.
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2.4.4 UV-Vis-NIR absorption spectroscopy

The absorption spectra of nanoparticles’ solutions were recorded with the Shimadzu UV-3600 Plus

UV-VIS-NIR spectrophotometer, with 2.0 nm slits.

2.5 HYDROGEL AND MAGNETOLIPOGEL CHARACTERIZATION

2.5.1 Incorporation of nanoparticles into hydrogel matrix

First, hydrogelator solutions (0.3 wt%) were prepared at pH 9 - 10 to a final volume of 200 pL. For
magnetolipogels, plasmonic magnetoliposomes (1 mM in lipids, 0.1 wt% in MnFe204/Au NPs, 100 ulL)
were introduced to a final concentration of 0.5 mM in lipids and 0.05 wt% in MnFe204/Au nanoparticles;
for magnetogels, MnFe204/Au nanoparticles (26.4 mg/mL, 3.8 uL) were added for a final concentration
of 0.05 wt%; for lipogels, a liposome solution (1 mM, 100 uL) was added for a final DPPC concentration

of 0.5 mM. Hydrogelation was achieved with the addition of GdL (0.5 wt%).
2.5.2 Scanning transmission electron microscopy

Gels’ scanning transmission electron microscopy (STEM) recordings were made with the NanoSEM—FEI
Nova 200, with an integrated system of X-ray microanalysis (EDS) and backscattered electron diffraction
patterns analysis (EBSD - Electron Backscatter Diffraction) EDAX - Pegasus X4M, operating at 15 kV. A
portion of each gel sample was placed on a TEM 400 copper mesh grid with Formvar/Carbon (Ref.
S162-4 from Agar Scientific), held by tweezers, and allowed to dry. Images were processed with /mage/

software to adjust contrast and select fibres/nanoparticles.
2.5.3 Rheology

The viscoelastic properties of the gels were determined using a stress-controlled rotational rheometer
Anton Paar MCR300. Gel-forming solutions were placed in a Couette cell with 1 mL volume and 0.5 mm
gap, and both elastic (G’) and viscous (G”) moduli measurements were performed at 25 °C. Gelation
kinetics was monitored during 10 h by applying a low amplitude oscillatory shear (1x103% for hydrogels;
1x10"% for the magnetolipogel) at 1 Hz. Mechanical spectra were obtained with a constant strain
amplitude (1x1073% and 1x1072% for hydrogels: 1x10-4% and 1x10-3% for the magnetolipogel), sweeping
the frequency from 0.024 to 100 Hz. To evaluate the influence of temperature on the viscoelastic
properties of compound 1-based hydrogel, a heating-cooling cycle between 25 and 80 °C (at a rate of

2 — 3 °C/min) was performed. Finally, the linear viscoelasticity (SAOS) and the large amplitude oscillatory
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shear (LAOS) regimes were determined sweeping the strain amplitude in the range 1x10% - 200% at

1 Hz.
2.5.4 Photophysical studies

With the exception of self-assembly kinetics studies, all fluorescence measurements were made using a
HORIBA Jobin Yvon Fluorolog 3 spectrofluorimeter, with double excitation and emission monochromators,
Glan-Thompson polarizers, and thermo-controlled cuvette holder. The emission spectra have been

corrected for the system's instrumental response.

2.5.4.1 Local environment of composite gel fibres

2.5.4.1.1 Hydrogelator emission spectra

The effect of the different nanoparticles on the hydrogel fibres was evaluated by collecting the emission
spectra of the hydrogel, magnetolipogel, magnetogel and lipogel. For this purpose, the composite gel
solutions were transferred to a microcuvette, and after gelation, fluorescence intensity was scanned in

the range 290 - 600 nm, using an excitation wavelength of 280 nm (naphthalene).
2.5.4.1.2 Fluorescence anisotropy

The local viscosity of fibres in the different composite hydrogels was studied by fluorescence anisotropy.
Thus, composites were prepared according to the conditions described in section 2.5.1 and Nile Red was
added to a final concentration of 2.5 uM. After gelation, an excitation wavelength of 520 nm was used to
collect fluorescence intensity from 530 to 750 nm. Steady-state fluorescence anisotropy values, r, were

determined by the following equation,
Iyy — Glyy

" oy + 26y

(2.1)

where I, and I,y are the fluorescence intensities of the emission spectra obtained with vertical and
horizontal polarization for vertically polarized excitation light, I, and I are the fluorescence intensities
obtained with vertical and horizontal polarization for horizontally polarized excitation light, respectively,

and G = Iy /Iyy is the experimental correction factor.
2.5.4.1.3 Self-assembly kinetics

To understand the impact of each component on the self-assembly process of the gel, the four different
systems were prepared as described above. Each composite gel solution was transferred to a

fluorescence cuvette and gelation was followed by exciting the fluorophore at 520 nm and collecting the
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fluorescence intensity at a fixed wavelength (620 nm) during 6 h. Steady-state spectra were obtained in
a SPEX Fluorolog 2 spectrofluorimeter with 4.0 nm slits on both the excitation and emission

monochromators.
2.5.4.2 Raman spectroscopy

To study the effect of the different nanoparticles in the intramolecular bonding pattern/secondary
structure of the hydrogel fibres, Raman spectroscopy was performed on the samples described in section
2.5.1, using a HORIBA LabRAM HR Evolution Raman Spectrometer, equipped with liquid nitrogen cooled
charge couple device (CCD) detector, with a resolution above 1 cm™. The excitation line, 532 nm of a
solid-state laser, was focused on the sample using a x100 objective of an Olympus Microscope
BXFM-ILHS in a backscattering geometry and with the configuration of 600 grooves/mm gratings. The
spectra were collected with a measured power of 5% x 7 mW, an acquisition time of 45 seconds averaged

over 10 scans, in the range of 770 — 1800 cm".

2.5.4.3 Drug release studies

2.5.4.3.1 Incorporation of drugs into hydrogel and magnetolipogel matrices

Hydrogels were prepared according to the procedure described in section 2.5.1, by adding

5(6)-carboxyfluorescein (CF) to the hydrogel solution for a final concentration of 10 uM.

Regarding magnetolipogels, three different magnetoliposome solutions were formulated. The first one
was prepared as described in section 2.1.2.7, in which CF was added to the MnFe204/Au NPs solution
for a final concentration of 20 uM; the second formulation was produced under the same conditions,
after which three centrifugation cycles (4000 rpm, 30 min) were carried out in order to remove the
carboxyfluorescein external to the magnetoliposomes (the volume of solvent was then replaced); for the
third solution, MnFe204/Au NPs and CF were used for a final concentration of 0.3 wt% and 20 uM,
respectively. Then, 100 pL of the required magnetoliposome solution was introduced into the hydrogel

one, to a final concentration of 0.5 mM in DPPC.
A summary of the composition of the different drug-loading gels is given in table 3.13, Chapter 3.
2.5.4.3.2 Fluorescence anisotropy

To ascertain the microstructure in which CF is located in both the hydrogel and magnetolipogels,
precursor gel solutions described above were transferred to a microcuvette. After gelation, fluorescence

intensity was measured by exciting the fluorophore at 495 nm and collecting the emission spectra in the
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range 505 - 650 nm with vertical and horizontal polarization for vertically polarized excitation light and

with vertical and horizontal polarization for horizontally polarized excitation light.
2.5.4.3.3 Drug release assays

Cargo release from hydrogels and magnetolipogels loaded with CF was assessed. The prepared gels were
allowed to stabilize overnight at room temperature, after which phosphate buffer pH=7.4 (0.01 M,
800 uL) was carefully added to their surface. Aliquots of the layered liquid (200 uL) were taken at 0.5,
1,1.5,2,3,4,5,6, 26, 32, 48 and 54 h from the time the buffer solution was placed on top of the gels;
after removing each aliquot, the volume of buffer solution equal to that removed was immediately
replaced. The concentration of CF in each aliquot was determined by collecting the fluorescence intensity
at 517 nm, at an excitation wavelength of 495 nm (5(6)-carboxyfluorescein). The result was converted to
percentage of release using a standard calibration curve. Each assay was performed in triplicate and the

mean percentage CF release was plotted against time.

For the active CF release tests, the same procedure was adopted, in which two cycles of stimulation were
included for the magnetolipogels at 26 and 48 h. Accordingly, an AMF (100 Hz, 2.09 mT - solenoid with
584 turns per metre, 5.75 c¢cm in radius and 28.4 cm long), a laser (808 nm, 500 mW, 1.67 W/cm?)
and a lamp (600 nm cut-on, 0.1 mW) or a second laser (808 nm, 800 mW, 5.00 W/cm?2) were applied

separately, during 30 min, to three equivalent sets of gels.
2.5.4.4 Complementary studies

To understand the changes in the matrix of the magnetolipogels upon stimulation, hydrogels and
magnetolipogels were prepared as detailed in section 2.5.1. Phosphate buffer pH=7.4 (0.01 M, 800 L)
was placed on the surface of the gels; 200 pL aliquots were removed, and the equivalent volume of buffer
solution was replaced at time intervals equivalent to those in the CF release assays. At 26 and 48 h, the
magnetolipogels were submitted to 30 minutes of laser irradiation (808 nm, 500 mW, 1.67 W/cm?). The
fibre release profile was followed by collecting the fluorescence intensity at 337 nm, using an excitation

wavelength of 280 nm (naphthalene). Again, each experiment was performed in triplicate.
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3.1 DEHYDRODIPEPTIDE-BASED HYDROGELS
3.1.1 Dehydrodipeptide synthesis

The rational design of the hydrogelator candidates considered the preponderance of n-m stacking and
hydrophobic interactions in gelation and properties of low molecular weight peptides, as well as the
additional advantages provided by dehydroamino acids, such as backbone conformational constraints

and resistance to proteolysis.

In this regard, we took advantage of the methodologies developed within our research group for the
synthesis of Mcapped dehydrodipeptides in order to adjust hydrophobicity/hydrophilicity balance and
thus favour their gelation at low concentrations. Accordingly, two dehydrodipeptides with a
L-(Me-benzyloxycarbonyl)lysine residue and a (Gterminus) dehydroamino acid — dehydroaminobutyric
acid AAbu, interesting for antimicrobial nanomaterials (227), and dehydrophenylalanine APhe, known for
stabilizing B-turns of short peptides (228) — were Mprotected with 2-naphthaleneacetic acid, resulting in

the amphipathic molecules schematized in figure 3.1.
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Figure 3.1 - Structure of the designed hydrogelator candidates: Nap-L-Lys(Chz)-ZAAbu-OH (1) and
Nap-L-Lys(Cbz)-ZAPhe-OH (2).
In these structures, it is possible to identify a central aromatic moiety, consisting of the protected lysine

residue, and a more hydrophilic terminus owing to the carboxylic acid function.

Concerning the synthesis of the dehydrodipeptide Nap-L-Lys(Cbz)-ZAAbu-OH (1) (scheme 3.1), the
coupling of AMfertbutyloxycarbonyl-L-lysine(/Mbenzyloxycarbonyl)-OH (Boc-L-Lys(Cbz)-OH, 4) with the
methyl ester of threonine (H-L-Thr-OMe, 3) afforded compound 5 in moderate-high yield. A standard
HBTU methodology was used, which involves the deprotonation of the carboxylic acid, followed by attack

on the carbonyl carbon of HBTU, forming an (Cacyl urea derivative and the anion of
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1-hydroxybenzotriazole. The latter reacted with each other to give rise to tetramethylurea and the activated

ester. Finally, the ester reacts with the amine, forming the amide and 1-hydroxybenzotriazole (229).
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Scheme 3.1 - Synthetic route for compound 1. a) HBTU, EtsN, MeCN; b) (i) Boc20, DMAP, dry MeCN, (i) TMG; c) (i) TFA,
(i) 2-maphthaleneacetic acid, HBTU, EtaN, MeCN; d) (i) NaOH (1 M), 1,4-dioxane, (i) KHSOa4 (1 M).
Compound 6 was obtained by dehydration of compound 5 using a two-step protocol developed by our
research group (scheme 3.2). This involves the formation of a carbonate as intermediate after the
addition of Boc20 in the presence of DMAP. Elimination occurs by the addition of TMG (230). At this
stage, the disappearance of the ™H NMR signals assigned to the S-hydroxy group (5 4.988 ppm) and
o-CH proton of threonine and to the shift of the PB-CHcorresponding signal of threonine
(0 4.259 - 4.289 ppm) were followed. This reaction leads to the thermodynamically more stable

Zisomer. The Boc protecting group of compound 6 was removed with TFA, exposing lysine a-amine, and
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thus making it available for coupling. Its protection with 2-naphthaleneacetic acid was done again using

the HBTU strategy.

0-H N U\H/UT<
'BuOH R" ©
CO,
'BuOH
CO,
R, R' = protecting group or amino acid derivative R"
R"=H, CH3, Ph 1
HI\II COsR'
R

Scheme 3.2 - Mechanism of dehydration of B-hydroxyamino acid derivatives with Boc20/DMAP and TMG.

The synthesis ended with alkaline hydrolysis of the methyl ester in 1,4-dioxane usinga 1 M NaOH solution,

followed by pH adjustment to 2. Here, compound 1 was afforded as a white solid in 64.7% yield.

The ™H NMR spectrum of Nap-L-Lys(Cbz)-ZAAbu-OH (1) dehydrodipeptide in DMSO-ds (figure 3.2)
shows all the expected signals. It is possible to observe that both the protons from the lysine side chain
and from the y-CHs of dehydroaminobutyric acid (duplet) emerge at low chemical shifts. The CH2 of
naphthalene appears as an AB-X system (double duplet) since the two strongly coupled non-equivalent
protons are weakly coupled to a third non-equivalent nucleus (231). The a-CH of lysine appears as a
multiplet and the signal at 6 4.990 ppm is assigned to the CH2 of the benzyloxycarbonyl protecting group.
Also noteworthy are the quartet (0 6.501 - 6.554 ppm) and the singlet due to the protons from 3-CH

and the carboxylic acid of dehydroamino butyric acid, respectively.
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Figure 3.2 - '"H NMR spectrum of Nap-.-Lys(Cbz)-ZAAbu-OH (1), in DMSO-dk.
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Nap-L-Lys(Cbz)-ZAPhe-OH (2) dehydrodipeptide was prepared following a synthetic strategy similar to
that described for compound 1 (scheme 3.3). This time, coupling of compound 4 with the methyl ester
of phydroxyphenylalanine (H-p,L-Phe(#OH)-OMe, 9) was performed, using the HBTU methodology to
give a diastereomeric mixture of the corresponding Ahydroxydipeptide. The stereospecific dehydration
reaction with Boc2O/DMAP and TMG gave compound 11. Next, the Mprotecting group removal was
carried with TFA, followed by coupling with 2-naphthaleneacetic acid in the presence of HBTU. Finally,

saponification of compound 13 and pH adjustment afforded compound 2 as a white solid (86.2% yield).

The "H NMR spectrum of hydrogelator 2 (figure 3.3) shows the CH2 of naphthalene as a double duplet
and the o-CH of the lysine residue as a multiplet at & 4.360 — 4.414 ppm. Next, one can see the
well-defined singlet from CH2 of benzyloxycarbonyl capping group, followed by a region that includes both
the aromatic nuclei and the B-CH of dehydrophenylalanine. Lastly, a duplet and a singlet were recorded
at 8.354 - 8.373 and 9.483 ppm, assigned to the o-NH of lysine and dehydrophenylalanine,

respectively.
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3.1.2 Evaluation of dehydrodipeptides as potential hydrogelators

3.1.2.1 Gelation and critical gelation concentration

The gelling capability of compounds 1 and 2 was tested. Several gelation-inducing stimuli for Mcapped
peptides are reported in literature, among which are solvent exchange, temperature, and pH (232). Given
the extremely low solubility of compound 2 at neutral pH, the gelation approach involved dissolving both
hydrogelators independently in the concentration range 0.07 — 0.4 wt% at pH 10 with a solution of NaOH
(I M, 2% (v/v)). Then, a gradual decrease of pH was promoted using GdL (in the concentration range
0.3 - 0.5 wt%). Gelation was evaluated using the tube inversion test and figures 3.4 and 3.5 show the

results obtained for the different assayed conditions.

Regarding Nap-L-Lys(Cbz)-ZAAbu-OH, gelation was achieved in a concentration range of 0.08 - 0.4 wt%
(figure 3.4). This low CGC is useful considering that it allows obtaining a gel with small amounts of
compound, which makes it economically feasible and more biocompatible in case the hydrogelator shows
some cytotoxicity (233). On the other hand, we anticipated by the tube inversion test that the hydrogelator

concentration has a direct impact on hydrogel viscoelastic properties, as will be confirmed by downstream
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rheological studies. Furthermore, the higher the concentration of GdL, the lower the pH of the hydrogel,
which limits its biomedical application (234,235).
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Figure 3.4 - Phase transition diagram of hydrogelator 1 (Nap-L-Lys(Cbz)-ZAAbu-OH) through addition of GdL to a basic
hydrogelator solution (NaOH 1 M, 2% (v/v)). The dimensionless numbers indicate the measured pH of the hydrogel.
Interestingly, Nap-L-Lys(Cbz)-ZAPhe-OH dehydrodipeptide formed milky-looking hydrogels in the same
concentration range: 0.08 — 0.4 wt% (figure 3.5). Unlike peptide 1, the low CGC resulted from the
addition of an intermediate amount of GdL (0.4 wt%), indicating that pH individually impacts de gelling

ability of the synthesised compounds. This topic will be further discussed in section 3.1.2.2.
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Figure 3.5 - Phase transition diagram of hydrogelator 2 (Nap-t-Lys(Cbz)-ZAPhe-OH) through addition of GdL to a basic
hydrogelator solution (NaOH 1 M, 2% (v/v)). The dimensionless numbers indicate the measured pH of the hydrogel.
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In the context of our research group, the synthesised hydrogelators have a significantly lower CGC
compared to the established library of hydrogel-forming dehydrodipeptides Mcapped with naproxen
(including Npx-L.-Phe-ZAPhe-OH and Npx-L-Phe-ZAAbu-0H) (236). Given the possibility of functionalizing
lysine with Cbz protecting group, we were able to play with -1t stacking and hydrophobic interactions,

which underlie peptide self-assembly (237).

The addition of 3 mg of GdL per millilitre of hydrogelator solution results in a final pH of 7 — 8. Here,
there is a slight difference in the relative CGC values of peptides 1 and 2, assigned to the dehydroamino
acid moiety. In fact, at this pH, both peptides are deprotonated at the terminal carboxylic acid, which
gives an advantage to dehydropeptide 2 in establishing anion-it interactions beyond aromatic stacking,
given the presence of an additional aromatic ring. This kind of attractive non-covalent interactions have
become vital in supramolecular chemistry, and several reports have already described their ability to

direct and stabilize the molecular self-assembly process (238-240).

The same phenomenon occurs (although at a smaller scale) when we use a concentration of 0.4 wt% in
GdL (final pH 6 - 7), which is visible by the 0.2 mg difference in the CGC values (compound 1: 0.1 wt%;
compound 2: 0.08 wt%).

Nevertheless, a twist in the gelation results is observed when 5 mg of GdL are added to 1 mL of the
hydrogelator solutions. For a pH ca. 5, the dehydrodipeptide Nap-L-Lys(Cbz)-ZAAbu-OH holds the lowest
CGC (0.08 wt% versus 1.0 wt% of hydrogelator 2). Here, the protonation of the monomers gains a
significant expression, making them more hydrophobic: the degree of solubility comes to control their
gelation ability. Indeed, Adams and co-workers argue that the hydrophobic/hydrophilic balance of the
hydrogelator is the dominant element for the formation of self-supporting gels, and intermediate logP
values (between 3.4 and 5.5) are desirable (241,242). So, we computed the predicted logP value and
noticed that the one of compound 2 exceeds that range, indicating that the thermodynamic stability of
the nanofibers may be compromised. Under these conditions, this effect is not as evident for
dehydrodipeptide 1 (cLogP of 4.54), allowing it to gel at a lower concentration. The optimum gelling

conditions for both compounds are summarized in table 3.1.

Table 3.1 - Optimized gelling conditions for the synthesised dehydrodipeptides. *Obtained from ChemDraw software.

Peptide | CGC (wt%) | CGC (mM)  GdL concentration (wt%) pH cLogP*
1 0.08 1.50 0.5 5 454

2 0.08 1.35 0.4 6-7 5.54
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3.1.2.2 Self-assembly dependence on pH
To better understand the gelation profile of the synthesised hydrogelators, the fluorescence emission of

the intrinsic probe naphthalene was followed in the pH range 2 — 10 (figure 3.6), exciting at 280 nm

and thus avoiding direct electronic excitation of dehydrophenylalanine.
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Figure 3.6 - Fluorescence emission spectra of Nap-L-Lys(Cbz)-ZAAbu-OH (A) and Nap-L-Lys(Cbz)-ZAPhe-OH (B) in the pH
range 2 -10. Insets: variation of maximum fluorescence intensity (11 — black squares) and intensity ratio (I2/11 — red circles)
of naphthalene aggregate (l2, 400 nm) and monomer band (l1, 340 nm) within the studied pH range. Aexc=280 nm.
Overall, a main band is observed at 340 nm and a subtle second band around 400 nm, attributed to the
monomer and aggregate state, respectively. Although the maximum emission wavelength remains stable

over the entire pH range and for both hydrogelators, there are considerable fluctuations in fluorescence

intensity.

Inregard to Nap-L-Lys(Cbz)-ZAAbu-OH (figure 3.6 A), an increasing fluorescence emission (A=340 nm)
was recorded up to pH=7, explained by the successively higher concentration of deprotonated species,
which favour the monomer state. For Nap-L-Lys(Cbz)-ZAPhe-OH, the same occurs up to pH=5

(figure 3.6 B), after which a dramatic reduction in the maximum fluorescence intensity is found.

Concerning the aggregate-to-monomer band ratio, there is a relative maximum at pH=3 for both
hydrogelators, close to the predicted pKaof the terminal carboxylic acid: 3.87 for compound 1 and 3.66
for compound 2 (determined using Marvin Sketch software). Indeed, it is well-known that dipeptides are
likely to aggregate when the carboxylic acid is protonated, which occurs to a 100% extension when the

pH is below their pKa.

A new maximum appears in the aggregate-to-monomer band ratio of compound 2 at pH=7, identified as

its sol-gel transition pH (243). The extent of deprotonation of the terminal carboxylic acid is pH dependent
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and dictates its solubility; thus, considering the greater hydrophobicity of that hydrogelator compared to
Nap-L-Lys(Cbz)-ZAAbu-OH (as supported by the cLogP values), it is reasonable the need of the latter for
a wider pH drop to achieve gelation. This may explain the higher CGC of compound 1 under neutral

conditions and that of compound 2 under acidic environments.

For both compounds, there is also an increase in the aggregate-to-monomer band ratio at pH=10, which

may be related to the generation of additional organized molecular structures, such as micelles.
3.1.2.3 Critical aggregation concentration

The aggregation and self-assembly properties of the synthesised dehydrodipeptides were evaluated with
a constant concentration of a fluorescent probe (Nile Red) for increasing amounts of compound, at pH=6.
Figure 3.7 shows fluorescence intensity of Nile Red plotted against dehydrodipeptide concentration. The
former is higher when the probe is located in the hydrophobic core of aggregates, so we can assume that
the formation of nanoassemblies capable of capitalizing hydrophobic molecules takes place after the

inflection point; here, CAC is found (226).

Overall, one can note the residual fluorescence for very low concentration values, which markedly
enhances with  increasing amounts of compound. Regarding dehydrodipeptide 1
(Nap-L-Lys(Cbz)-ZAAbu-OH), the inflection point appears at 115.7 uM (figure 3.7 A), while that of
dehydrodipeptide 2 (Nap-L-Lys(Cbz)-ZAPhe-OH) emerges at a concentration 16 times lower (7.1 uM)
(figure 3.7 B). This considerable difference may be related to the solubility of the compounds. By
observing their structure, one can notice the higher capacity of Nap-L-Lys(Cbz)-ZAPhe-OH for hydrophobic
interactions and aromatic stacking due to the extra aromatic ring in the dehydroamino acid moiety, which
privileges intersolute interactions over interactions with water. Furthermore, the predicted LogP values
(4.54 and 5.54 for Nap-L-Lys(Cbz)-ZAAbu-OH and Nap-L-Lys(Cbz)-ZAPhe-OH, respectively) support this
conjecture as they demonstrate the higher affinity of compound 1 for water. Interestingly, the large
difference in the CAC of compounds 1 and 2 does not translate into a difference of the same order of
magnitude in the previously reported CGC values at pH=6; this can be explained by the occurrence of
pre-fibrillar nanostructures for compound 2, such as micelles, vesicles, and nanotubes. The latter also
reveals a concentration beyond which Nile Red fluorescence intensity decays; here, the monomer state
might be favoured again, given the energy cost involved in forming higher self-assembled structures (e.g.,

hydrogel) (244).
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Figure 3.7 — CAC determination for Nap-L-Lys(Cbz)-ZAAbu-OH (A) and Nap-L-Lys(Cbz)-ZAPhe-OH (B) at pH=6, using Nile
Red as fluorescent probe. Aexc=520 nm, Aem=620 nm.

3.1.3 Hydrogels’ microstructure

To study hydrogels’ microstructure by STEM, hydrogelator solutions were prepared to a concentration of
0.3 wt% and the final pH was adjusted with the addition of GdL to a final concentration of 0.4 wt%. For
both gels, a network of long fibres ranging from 16 to 117 nm in thickness is visible, differing in density

and extent of entanglement (figure 3.8).

A

Figure 3.8 — STEM images of dehydrodipeptide 1- (A) and dehydrodipeptide 2 (B) -based hydrogels at 0.3 wt% (0.4 wt% in
GdL) at different magnifications — scale bar: 2 um (i) and 4 pm (ii).
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The network of peptide 1-based hydrogel presents a flexible ball-like structure (figure 3.8 Ai) due to the
higher degree of fibre entanglement, where nucleation and fibre branching points are observed. In
contrast, peptide 2-based hydrogel displays a predominantly homogeneous network shaped by the rigid
and regular arrangement of the fibres (figures 3.8 Bi and 3.8 Bii). One can also note the higher network

density of Nap-L-Lys(Cbz)-ZAAbu-OH-corresponding hydrogel, resulting in a smaller mesh size.

We investigated the fibre thickness distribution and found that hydrogel 1 shows slightly thinner fibres
than hydrogel 2, with an average cross section of 42 + 13 nm (versus an average of 56 + 15 nm).
Figure 3.9 reveals that approximately 75% of the fibres feature a diameter between 20 and 50 nm in

the former gel and between 40 and 70 nm in the latter.
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Figure 3.9 - Fibre diameter distribution of dehydrodipeptide 1- (A) and dehydrodipeptide 2 (B) -based hydrogels at 0.3 wt%
(0.4 wt% in GdL). Both histograms are fitted with a Gaussian function.

Indeed, the synthesised hydrogelators compose a more robust fibril network compared to similar
Mcapped dipeptides previously developed in our research group, including Npx-L-Phe-ZAAbu-OH and
Npx-L-Phe-ZAPhe-OH (243). Such morphological characteristics are expected to impact and even regulate

the mechanical behaviour of the hydrogels, as will be discussed below.
3.1.4 Hydrogels’ rheological properties

Rheology is known as flow science. It focuses not only on studying the flow of fluids but also on the
response of solids to deformation. In fact, these two states are often related because some deformation
induced by shear forces causes solid-like materials to start flowing (245). Rheological studies often involve
measuring the elastic modulus (G’), which represents the stiffness of the material, and the viscous

modulus (G”), i.e., its flow properties, as function of time, oscillatory frequency, and oscillatory strain
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amplitude (246,247). With these data, we have access to gelation kinetics, linear viscoelastic regions,
and relaxation timescales. The main drawback of this technique is that it requires a trial-and-error
approach because it is not possible to know a prioriwhich values of stress, frequency and time are needed
to reach equilibrium conditions and thus make the correct measurements (248). In this work, the
rheological properties of hydrogels 1 and 2 were determined using the same preparation conditions

(0.3 wt% compound and 0.4 wt% GdL) and protocol.
3.1.4.1 Time sweep

To study gelation kinetics, gel setting was followed for 10 h by applying an oscillatory strain amplitude of
10-3% and a frequency of 1 Hz. The results are expressed in figure 3.10. Overall, G’ and G"’ values are
well defined after 3 h for both gels, with hydrogel 1 requiring more time to reach equilibrium compared

to compound 2-based hydrogel.
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Figure 3.10 - Time dependence of elastic (solid symbols) and viscous (empty symbols) moduli for compound 1- (red) and
compound 2- (blue) based hydrogels.
The gelation process of hydrogel 1 seems to be more complex. Initially, a lag time of approximately
5000 seconds is observed, in which the hydrogel elastic character is not measurable. Here, we testify
the set of lower hierarchical structures whose elastic properties are not resolved by the rheometer; such
assemblies are characteristic of a very weak gel, which is actually a “structure liquid” (249). This
phenomenon is followed by a near-exponential growth of the elastic modulus, indicating a sol-gel
transition, which slows down around 10000 and stabilizes after 25000 seconds from the beginning of

the experiment; here, the G’ is one order of magnitude larger than G'’, demonstrating the formation of a
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true self-supporting hydrogel. With a distinctly different behaviour, hydrogel 2 self-assembly occurs almost
immediately after the addition of GdL — G’ stands out from G"’ in the first moments of the experiment
(t<5000 seconds). After this period, there is a flattening of both moduli where the elastic modulus is

about 50 times higher than the viscous one.

The longer sol-gel transition time of the peptide 1-based hydrogel is expected given the deficit of an
aromatic ring in the corresponding monomer structure regarding compound 2. With the charge density
decreasing after GdL addition, the primordial assemblies formed by hydrogelator 2 may undergo
increased lateral association, in a process driven by its high hydrophobicity (237,250). Although the
hydrogels turn out to display very similar elasticities during the timescale of the experiment, in the future,
the gelation kinetics of hydrogel 1 should be followed for a longer period of time since some doubts

remain concerning the reach of its equilibrium phase.
3.1.4.2 Frequency sweep

To obtain hydrogels’ mechanical spectra (figure 3.11), the oscillatory frequency was swept from 0.024

to 100 Hz, with a strain amplitude fixed at 0.01%.
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Figure 3.11 - Frequency dependence of elastic (solid symbols) and viscous (empty symbols) moduli for
compound 1- (red) and compound 2- (blue) based hydrogels.
Despite the different gelation kinetics, the mechanical spectra confirm the similarity of the elastic moduli
of hydrogels 1 and 2. Accordingly, the additional aromatic ring of compound 2 does not significantly
impacts the strength of the network neither its response under increasing oscillatory frequencies. In fact,

both hydrogels exhibit a frequency-independent elastic modulus, 50 - 70 times higher than the
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corresponding viscous modulus (table 3.2), which makes up mechanical spectra characteristic of

solid-like materials.

Table 3.2 - Rheological properties of hydrogels collected from the corresponding mechanical spectra.

Dynamic frequency sweep
G’ (Pa) G” (Pa)
Compound 1-based hydrogel 9990 151
Compound 2-based hydrogel 12900 246

At a lower compound concentration (0.3 wt%), these hydrogels achieve elastic moduli considerably higher
than those of the reported Acapped dehydrodipeptides, e.g., Npx-L-Trp-ZAAbu-OH (0.4 wt%,
5.74x103 Pa) and Npx-L-Phe-ZAPhe-OH (0.4 wt%, 1.6x102 Pa) (236). This consistency matches that
described for tissues subjected to high mechanical activity, such as bone, muscle, and cartilage. Further,
tumorigenesis often involves an increase in tissue hardness (251), which makes both hydrogels promising

for application in cancer treatment.
3.1.4.3 Amplitude sweep

Although the hydrogels demonstrate similar inertia towards strain frequency, the amplitude sweeps
proved that compounds 1 and 2 produce networks quite different in terms of response to increasing
strain intensities. This was concluded by changing the strain amplitude from 0.001 to 200% at a fixed

frequency of 1 Hz (figure 3.12).
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Figure 3.12 - Amplitude dependence of elastic (solid symbols) and viscous (empty symbols) moduli for compound 1- (red)
and compound 2- (blue) based hydrogels.
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The results show that the elastic moduli of the hydrogels are similar and remain stable up to an amplitude
of 1%, which allows us to define such interval as the SAOS regime (252). By increasing the amplitude,
both gels switch to a non-linear regime and the so-called LAOS response takes off (252). Here, both G’
and G” of hydrogel 1 start to gradually decrease until they cross. This profile is common in strain-thinning
or type | materials, as classified by Hyun in 2002 (253). It consists of the soft reduction of both moduli
as the amplitude increases and results from fibre disentanglement and alignment according to flow
direction. This phenomenon is found in shear-thinning polymers and characterizes simple viscoelastic
materials (254,255). On the contrary, LAOS of hydrogel 2 is marked by a local maximum in the viscous
modulus at intermediate amplitudes (weak strain overshoot), followed by a decrease of both G’ and G”.
This behaviour is described as the Payne effect and results from the resistance of plastic-like materials to
structural rupture. The explanation of strain overshoot remains a mystery, but several theories include
amplitude-dependent build up/break down, intra- and interparticle transitions, length scale-dependent

rearrangement and forced strain relaxation (254,255).

Ultimately, hydrogel 1 exhibits a softer character, while hydrogel 2 undergoes rearrangements in
structure before seeing its fibres align in the direction of flow. Table 3.3 also shows the higher energy
required for the breakdown of the latter which is justified by the higher stiffness of the fibres (visible in
figure 3.8 B) resulting from the larger number of interactions between the corresponding monomers

(225).

Table 3.3 - Hydrogels’ moduli under SAOS and breaking strain. The latter corresponds to the point where G’ equals G”.

Dynamic amplitude sweep
G’ (Pa) G” (Pa) Breaking strain (%)
Compound 1-based hydrogel 10300 343 24.9
Compound 2-based hydrogel 12700 241 93.1

Although the hydrogels arising from the synthesised dehydrodipeptides present differences in several
aspects, their magnitude is not determinant for the selection of the hydrogelator that will proceed to the
next stage of this work. However, given the extreme hydrophobicity of dehydrodipeptide 2 and challenging
preparation of the respective hydrogel precursor solutions, we chose hydrogelator 1 for further
functionalization. So henceforth, any mention of a hydrogelator and/or hydrogel in this thesis will refer to

compound 1 and the corresponding hydrogel, respectively.
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3.2 PLASMONIC MAGNETOLIPOSOMES
3.2.1 Manganese ferrite nanoparticles

3.2.1.1 Synthesis, size, and magnetic properties

Manganese ferrite nanoparticles are attractive regarding other spinel structures due to their high magnetic
susceptibility, good biocompatibility, and toxicity against Hela cells (74). Naturally, the synthesis method
influences their shape, size, surface chemistry and magnetic properties. Thus, in view of the low cost and
short timescale, in this work, the aqueous co-precipitation method was adopted (256). As the tuning of
particle size and magnetic properties remains a challenge (256), we chose to vary the salts molar ratio,
ionic strength and sequence of reagents addition around the conditions already reported for MnFe204

NPs’ synthesis (MF5) (213), as summarized in table 3.4.

Table 3.4 - Reaction conditions of the different synthesised manganese ferrite nanoparticles and those described in (213)

(highlighted).
Mn?*/Fe?* Citrate .
Label ) ] Synthetic methodology
molar ratio concentration (M)
MF4 0.4 0.05 Co-precipitation
MF5 (213) 0.5 0.05 Co-precipitation
MF6 0.6 0.05 Co-precipitation
MF5_CO 0.5 0 Co-precipitation
MF5_rev 0.5 0.05 Reverse co-precipitation

MF4 and MF6 syntheses consisted in ranging the Mn2*/Fe2* molar ratio from 0.4 to 0.6 in order to
enhance the magnetic properties of MnFe204 precipitates. In addition, the impact of (the absence of)
citrate ions and of the sequence of reagents addition on NP size distribution in water was studied with

MF5_CO0 and MF5_rev nanoparticles. Actually, we first characterized the NPs with respect to the

hydrodynamic diameter distribution, as listed in table 3.5.

Table 3.5 - Hydrodynamic diameter and polydispersity index of the synthesised manganese ferrite nanoparticles.

H-ydrodynamic PDI (%)
diameter (nm)
MF4 20.23 21.07
MF6 15.97 29.43
MF5_CO 99.27 37.06
MF5_rev 7.13 32.12
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The extremes in size stand out, with MF5_CO showing the largest diameter and MF_rev displaying the
smallest. For increasing Mn2* concentrations, where citrate and normal co-precipitation were employed,
the size reduction of MF6 regarding MF4 is probably related to the lower rate of crystal growth caused
by the reduced concentration of Fe2* ions (257). The NPs synthesised in the absence of citrate
(MF5_CO0) turned out to be larger than the others, also presenting a higher polydispersity. This can result
from the generation of large clumps after nucleation conducted by van der Waals forces (258). In fact,
citrate ions provide a negative charge to NPs’ surface in opposition to those attractive forces, allowing a
uniform crystal growth. Differently, the reduced size of MIF_rev NPs was expected, considering some
literature reports. Aono et al/ demonstrated that the gradual pH increase carried out in normal
co-precipitation reactions causes the enlargement of crystallites and particles’ final size; now, if reverse
co-precipitation involves the introduction of the precursor salts in an alkaline solution, the small

dimensions found for MIF5_rev NPs are reasonable (259,260).

Regarding the magnetic properties, the observable reaction of the synthesised NPs to the approach of a
magnet consisted of an increasing intensity in the following order. MF6 < MF5_rev < MF4 =~ MF5_CO.
Indeed, by placing the magnet at the same distance from each sample (6 = 7 cm), we noticed that MF6
and MF5_rev NPs did not show significant magnetism, as illustrated in figures 3.13 B and 3.13 D.
Contrarily, MF4 and MF5_CO NPs were clearly aligned under the effect of a magnetic field
(figures 3.13 A and 3.13 C).
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Figure 3.13 - Observable magnetic behaviour of MF4 (A), MF6 (B), MF5_CO (C) and MF5_rev (D) nanoparticles
under the effect of a magnet placed at a distance of 6 = 7 cm.

To resolve the magnetic properties of the latter, we quantitatively investigated their magnetisation as a
function of the applied magnetic field (figure 3.14) and compared the results with the reference particles

MF5. The corresponding magnetic parameters are tabulated in table 3.6.

63



Chapter 3
Results and Discussion

*— MF4 —"aAAAAAA MMM ]
60 - v MF5_CO0
P . SIS N
40 +
—~ 20}
o)
—
=] 0
L})
2 20} )
= i
40} :
(SN Salaiialalialal )
-60 = :gID -0.05 0.00 0.05 0.10
A vvvvvvvv‘""" H (kOe)
-40 -20 0 20 40

H (kOe)
Figure 3.14 - Hysteresis loops of the synthesised MF4 (pink stars) and MF5_CO (green triangles) nanoparticles. The
inset shows the small coercivity of the materials.
Both M-H loops are quite narrow at room temperature. Although the MF5_CO particles demonstrate
higher coercivity and remanent magnetisation, both nanoparticles exhibit superparamagnetic behaviour
as indicated by the M,./M; ratio less than 0.1 (75). Overall, the highest saturation magnetisation is
observed for the nanoparticles synthesised with no citrate and the lowest M is assessed to the

nanoparticles with smaller manganese content.

Table 3.6 - Saturation magnetization (M), coercivity (H,), remanent magnetization (M,.) and M,. /M ratio of the
synthesised MF4 and MF5_CO and of the reported MF5 nanoparticles (highlighted).

M (emu/g) H.(kOe) M, (emu/g)| M,/M;
MF4 48.04 12.08 1.05 0.022
MF5_CO 69.89 46.69 4.27 0.061
MF5 (213) 52.0 334 54 0.10

We shall first discuss the magnetic differences observed for the MF4 and the reported MF5 particles.
Manganese ferrites’ magnetic properties depend directly on the particle size and cation distribution in the
spinel structure. In MnFe204 nanoparticles, 20% of Mn2* ions occupy octahedral lattice sites, so that the
general distribution is (Mno.sFeo.2)[Mno.2Fe1.8]04 (curved brackets represent A sites (tetrahedral) and
square brackets denote B sites (octahedral)) (261-263). Comparing MF4 particles (which actually
correspond to Mno.seFe2.1404) with the reported MF5 (MnFe204), it is noted that the increase in

manganese content leads to the M enlargement. Mn2* ion has 5 unpaired electrons, while the Fe?* has
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only 4; thus, when Fe2* is replaced by Mn2* in the octahedral sublattice, the magnetization becomes
greater, as it is determined by the exchange interaction between the ions at the A and B sites, according

to the following equation (261):
'utheor = /uB + 'uA (3'1)

where g, ... is the net magnetic moment per formula and 1, and p, are the magnetic moments of
the cations in the A and B voids, respectively. However, when we continue to increase manganese
content, manganese ions become oxidized to Mn3* (four unpaired electrons) and start occupying the B
voids in the crystal lattice, reducing the exchange interaction between the A and B sites, and thus,
decreasing M (261,262). This is the reason why MF6 NPs, which are actually Mn1.64Fe1.3604, exhibit

a small magnetic response, visible in figure 3.13.

Nevertheless, when we compare the NPs synthesised in the absence of citrate MF5_C0 and its MF5
analogues, it is evident that the first ones have a much higher M;. Indeed, although citrate endows NPs
with good dispersibility in water, its diamagnetic organic character cannot be ignored, since it cancels

part of the magnetic moments of the particles.
3.2.1.2 Evaluation as magnetic hyperthermia agents

Magnetic hyperthermia experiments were carried in water, at a concentration of 1 mg/mL in NPs
(0.1 wt%). The heating curves for different values of external AMF strength and frequency were obtained,
considering the H — f product tolerated by living tissues. Figure 3.15 shows the temperature-time
plots for MF4 and MF5_CO nanoparticles and table 3.7 lists the corresponding achieved SLP and ILP
(intrinsic loss power) values. The former is defined as the electromagnetic power loss per mass unit of
fluid and expresses in watt per gram. In other words, that term evaluates the magnetic heating efficiency
of MNPs and to calculate it, the following equation is usually employed:

AT X C

SLP = —————
At X m/Vs

(3.2)

where C is the volumetric specific heat capacity of the solution, m is the mass of MNPs in solution and
Vs is the sample volume. To make it easier to compare the heat conversion efficiency of MNPs under
different magnetic fields, it is necessary to remove H and f factors. This results in ILP (equation 3.3),

which is independent of the magnetic field parameters.
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ILP = oLP 3.3

Looking at figure 3.15, different behaviours are observed for MF4 and MF5_CO0 NPs, with the former
reaching higher temperatures for all tested conditions. Although we thought that the magnetic properties
determined previously would accordingly shape NPs' magnetic hyperthermia profiles, several studies in
the literature argue that there is no correlation between the saturation magnetization or magnetic moment

of a single particle and the specific absorption power, or SLP, in the superparamagnetic regime.
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Figure 3.15 - Temperature variation over time of MF4 (A) and MF5_CO (B) nanoparticles (0.1 wt%), in water, under
different magnetic field strengths and frequencies.
On the other hand, the heating efficiency strongly depends on the average size, size distribution and
agglomeration of MNPs. Interestingly, table 3.7 reveals that MF4 NPs, being smaller, have higher SLP
than MF5_CO0 NPs and that this difference is enhanced for an AMF of 7.96 kA/m, 616 kHz. In fact,
there are data suggesting that the optimal diameter for maximum SLP has to be close to the critical size
of the single-to-multi domain transition for the manganese ferrite phase (264,265); in this sense, it is
possible that the MF4 present a closer diameter than MF5_C0 NPs. Moreover, the wide size distribution
of MF5_CO0 NPs indicates that the absence of citrate upon synthesis not only favours interparticle
interaction-induced cluster formation, but also the genesis of particles with various sizes. Although those
interactions may be favourable due to the eventual transition from the superparamagnetic to a
pseudo-single domain regime, the diversity of sizes may involve coercivities that are not exceeded by the

AMF amplitude (264,265).
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Table 3.7 - Calculated magnetic hyperthermia parameters for the synthesised MF4 and MF5_CO nanoparticles in
solution at 0.1 wt%.

H f Hxf SLP ILP
(kAm™1) (kHz) (x10°Am™1s™1) | (W/g) | (nHm?/kg)

13.53 161.00 2.18 15.90 0.54

< 13.53 270.00 3.65 35.15 0.71
= 12.73 382.00 4.86 32.64 0.53
7.96 616.00 4.90 35.15 0.90

13.53 161.00 2.18 14.23 0.48

8I 13.53 270.00 3.65 28.45 0.58
E 12.73 382.00 4.86 31.38 0.51
7.96 616.00 4.90 19.25 0.49

We further compared these NPs with the reported MF5 (213), where the same experimental conditions
were used. It is found that for higher H X f products, the NPs synthesised in this work reach slightly
lower temperatures than the MF5. This can be explained by the different stoichiometry in the spinel ferrite
arising from the different Mn/Fe ratio, in the case of MF4, and the absence of citrate for MIF5_CO NPs.
Furthermore, the particles are expected to vary in size and propensity to aggregate, as will be confirmed

by the upcoming TEM data.
3.2.1.3 Morphology and crystal structure

The TEM micrographs in figure 3.16 show the morphology (size, shape, and degree of aggregation) of
MF4 and MF5_CO nanoparticles. Both syntheses resulted in particles with nearly spherical shape, with
the MIF4 NPs presenting individual sizes of 17.54 + 4.02 nm and the MF5_CO of 72.0 + 32.11 nm

with very well-defined edges owing to the absence of the organic coating layer (citrate).

The histograms in figure 3.17 show the particle size distribution, where MF4 NPs appear to be more
uniform while MF5_CO0 take a much wider size spectrum, with a minimum of 15.62 nm and a maximum
of 165.29 nm. These results are in good agreement with the hydrodynamic diameter and dispersity
measurements listed in table 3.5. The slightly higher values of the latter are explained by the fact that
DLS technique considers, in addition to the metal core, the solvation sphere of the nanoparticles as well

as the occurrence of infrequent aggregates.

These data are actually very useful in further explaining the different M, values of the synthesised MF4

and the reported MF5 NPs since, as stated earlier, along with the cation distribution in the sublattices,
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the particle size plays a key role in defining the magnetic properties of the materials. Although MF5
particles present a higher M than the synthesised MF4 due to the higher Mn2*/Fe?* ratio, the difference
is smaller than expected. This results from the described smaller size of the former (14.4 + 2.6 nm)
(213); in fact, it is reported elsewhere (262) that smaller particles have lower Mg owing to a higher
surface/volume ratio and surface spin disorder. It follows that, to find the optimal NPs in the MnxFe3-xO4

series, it is necessary to find a compromise between those two factors.

Figure 3.16 - TEM images of MF4 (A) and MF5_CO (B) nanoparticles at different magnifications - scale bar: 200 nm (i)

and 500 nm (ii).
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Figure 3.17 - Diameter distribution of MF4 (A) and MF5_CO (B) nanoparticles. Both histograms are fitted with a
Gaussian function.
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The data discussed so far allowed us to select the manganese ferrite nanoparticles that would proceed
to the next stage of the present work, by carefully weighting their magnetic properties and size distribution.
We therefore chose MF4 NPs given their suitable size, good dispersity, negligible remanent
magnetization, and promising heating capabilities, which are very important aspects for biomedical

applications besides the saturation magnetization.

To achieve further insight into the spinel structural information of the selected nanoparticles, X-ray
diffraction technique was performed, and the results were fitted by FullProf software (266) on the basis
of Rietveld refinement (figure 3.18).
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Figure 3.18 - X-ray diffraction pattern of MF4 nanoparticles. Dark grey lines: experimental pattern; black lines: calculated
pattern; light grey lines: calculated pattern subtracted to the experimental one; vertical lines: Bragg diffraction positions.
Miller indices are indicated in black.

The background used in the fit is described by a linear interpolation. A well-defined pattern is observed,
with the peaks of the spinel structure presenting a width at half-maximum less than 2° 20, which reveals
the crystalline character of MF4 nanoparticles even without calcination. Those signals are found at
20=182(111),299(220),353(311),369(222),429(400),46.9(331),53.2(422),
56.7(333)and (511),622(440),654(531),66.5(442),70.6(620),73.6(533),74.6
(622),785(444),814(711)and(551),86.2(642),89.1(553)and (7 3 1), according to CIF
file 1528316 (space group Fd-3m). Table 3.8 shows the parameters determined for the refinement and
the Ry value translates a reasonable fit. The calculated particle size (18.6 nm) must be highlighted given

its similarity with the experimental value determined by TEM data.
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Table 3.8 — Calculated particle size, R and y* obtained by Rietveld refinement of the X-ray diffraction pattern of MF4
nanoparticles. SD: standard deviation.

Phase size + SD (nm) Ry 7
18.6 +0.12 4.41 1.57

3.2.2 Manganese ferrite/gold core/shell nanoparticles

3.2.2.1 Synthesis and spectroscopic characterization

We first passivated MF4 NPs with APTES in view of extra advantages, such as, enhanced dispersion in
water, prevention of leaching under acidic environments and the possibility of conjugation with
biomolecules or metals, namely gold (Au) (217). As previously mentioned, the combination of magnetic
materials with metals is of interest as it allows to obtain simultaneously magnetic and optical responses.
In order to prepare these nanocomposites in the form of gold-decorated manganese ferrite spheres, we
promoted the adsorption of the co-precipitated MF4 to gold nanoparticles that were previously
synthesised in the presence of citrate, which acted both as reducing agent and stabilizer. The UV-Vis

absorption profile of the latter is shown in figure 3.19.
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Figure 3.19 - UV-Vis absorption spectra of MF4 nanoparticles (grey line) and citrate-capped gold nanoparticles (deep red
line) in ultrapure water.
Those Au NPs display resonance at a wavelength of 530 nm, which can be associated with spheres of
approximately 10 — 13 nm in diameter, as explained in literature (267,268), making them suitable for
subsequent coating of the visible-silent magnetic cores. The adsorption resulted from the successive

injection of MF4 aliquots into the aqueous solution of gold nanoparticles, under vigorous stirring, until a
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colour change was noticed. Figure 3.20 illustrates this process, in which each spectrum was obtained

after injection of 100 plL of MF4 NPs (4 mg/mL).
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Figure 3.20 - UV-Vis absorption spectra of gold-decorated MF4 nanoparticles with different manganese ferrite
nanoparticles’ concentrations in ultrapure water.
It is evident that the absorption spectra in figure 3.20 express contributions from the magnetic (around
400 nm) and gold (500 — 650 nm) nanoparticles. However, effective adsorption of Au spheres to the
surface of the magnetic material is only achieved after a concentration of 0.226 mg/mL in MF4 NPs
because of the red shift in gold plasmon band (from 530 to 570 nm); the latter is induced by the powerful

interactions and coupling of surface plasmons between adjacent gold nanoparticles (269,270).

This unreported method is attractive, considering its simplicity, reduced timescale, and the fact that it is
done in an aqueous medium. The effective attachment of the metal NPs to the magnetic nanospheres is
ascribed to two main factors: the small size of the latter, endowing them with a large surface area available
for conjugation, and presence of the positively charged APTES; this aminosilane avoided MF4 NPs’
agglomeration, allowing the homogeneous distribution of gold over their surface, and promoted strong

electrostatic interactions between its NH3* moiety and the COO" groups of citrate ions in Au surface (271).

After MF4 NPs gold-modification, shell growth was conducted in the presence of hydroxylamine. This
reagent only further reduces HAuCl4 on the surface of pre-existing gold nanoparticles, hence the
earlier-described procedure. The result is a dense layer that provides a blackberry-like shape to the

nanoparticles, as schematised in figure 3.21.
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Figure 3.21 - Schematic representation of gold-shell growth and absorption spectrum of manganese ferrite/gold
core/shell nanoparticles in ultrapure water.
UV-vis-NIR absorption spectroscopy supported the successful preparation of the core/shell system
because of the enhancement of the NIR absorption as described in reference (220). The highly rough
topography of the surface is responsible for higher order multipole resonances (220), observed in peaks
at 535 and at 670 nm, which extend up to 830 nm. In fact, when the particle/shell becomes radially
inhomogeneous and its size increases, a description in terms of dipolar contributions, i.e., the Mie model,
is no longer adequate since dipolar localized surface plasmon no longer dominates (143). This kind of
structures is promising from a fundamental point of view as they are found in many biological systems
such as cell organelles (272). Obviously, the long absorption handrail obtained with the synthesised
magnetic-core/plasmonic-shell nanoparticles is very useful as biological tissues have low absorption and
high penetration in the 700 - 900 nm window (273); therefore, we envision their application in

laser-induced photothermia to destroy cancer cells through a non-invasive approach (274).
3.2.2.2 Evaluation as photothermal agents

The photothermal performance of MF4/Au core/shell NPs was evaluated in aqueous solution (1 mg/mlL,
0.1 wt%), under NIR irradiation (808 nm) with two continuous lasers (500 and 800 mW) (figure 3.22);
for the lower power laser, two power density levels were tested: 2.4 W/cm? and 5 W/cm?, for irradiated

areas of 21 and 10 mm?, respectively.

72



Chapter 3
Results and Discussion

500 mW, 2.4 Wiem’ e mEoE-EE--w
500 mW, 5 Wiem® TEL L
30 - = - 800 mw, 8 Wiem? .= _ 10
1mg/mL = E
25 B .. % 09
. E
. g oo
— . @
0 20 | 2 o7t
o 2
S— .' 'g, 06
- 15 - ’ = i
4 ‘ D‘%UD 460 560 660 760 BII)D 900
10 B .‘ A (nm)
S,
O : 1 1 ] 1
0 200 400 600 800

Time (s)

Figure 3.22 - Temperature variation over time of MF4/Au core/shell nanoparticles (0.1 wt%) in ultrapure water under
different irradiation conditions. Inset: positioning of the lasers’ wavelength on the NPs’ absorption spectrum.
The dependence of the temperature increase on the irradiation power was demonstrated. After
15 minutes, core/shell nanoparticles increased the solution temperature by ~10 °C for a power density
of 2.4 W/cm?2, 8 °C for 5W/cm? and 33 °C for 8 W/cmZ2. Indeed, the condition that promoted the
greatest heating efficiency was the one relative to 8 W/cm? irradiance, with an initial rate of 7 °C/min.
Interestingly, with the 500 mW laser, a lower irradiance results in a higher final temperature of the NP
solution. This is attributed to the preponderance of the irradiated area over the power per unit area, as it
is more advantageous to cover as many nanoparticles as possible simultaneously. We believe that the
irregular gold structures aggregated around the magnetic core are responsible for the significant heating
of the medium, through a collective heating effect. Here, each shell unit contacts with its neighbouring
unit, forming adherent spots, which locally increase the electromagnetic field and thus the efficiency of

radiation-to-heat conversion (275).

For cancer therapy, a balance between photothermal performance and irradiation power is required, as
high-power densities cause unnecessary cell damage (276). Accordingly, for 0.1 wt% in MF4/Au NPs, the
use of the 500 mW laser at 2.4 W/cm? promises a relevant local elevation of body temperature for tumour
tissue destruction, without significant side effects. In the future, concentration studies will be carried out
to find the optimal particle dose to allow precise control of photothermia by adjusting the irradiation power

of the external laser.
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3.2.3 Plasmonic magnetoliposomes

3.2.3.1 Synthesis and spectroscopic characterization

Aqueous plasmonic magnetoliposomes (plasmonic AMLs) were prepared by ethanolic injection of the
zwitterionic lipid DPPC (for a final concentration of 1 mM) into the aqueous solution of the synthesised
magnetic-core/plasmonic-shell nanoparticles (0.1 wt%). This technique was chosen owing to its simplicity
and the possibility of loading hydrophobic drugs (e.g., PTX) into the magnetoliposomes by co-injection.
UV-Vis absorption spectroscopy was used to characterise the plasmonic AMLs and to investigate the
differences with respect to their individual components, i.e., DPPC-based liposomes, MF4/Au core/shell
nanoparticles and a mixture of both. These structures were synthesised for the same concentration of

lipids and/or magneto-plasmonic nanoparticles as plasmonic magnetoliposomes.

As we saw in section 3.2.2.1, MF4/Au core/shell NPs exhibit a well-defined broad band with a maximum
at 535 nm that extends to NIR region. On the other hand, DPPC liposomes exhibit a completely different
absorption profile, as visible in figure 3.23; this is rather noisy owing to lipids’ light scattering and no
peak is observed in the studied wavelength range since DPPC has an absorption maximum located at
221 nm (277). When we place liposomes and the core/shell nanoparticles in the same cuvette, it is
observed that the higher-order multipole bands are quenched, while the 535 nm peak is kept. Differently,
measuring the absorption of plasmonic AMLs, the contribution of the gold shell is proportionally

attenuated for all resonances, which indicates that the incorporation of MF4/Au NPs into liposomes was

successful.
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Figure 3.23 - UV-Vis absorption spectra of MF4/Au core/shell nanoparticles, DPPC-based liposomes, mixture of MF4/Au
nanoparticles and liposomes and plasmonic AMLs in ultrapure water.
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3.2.3.2 Size and surface charge

The hydrodynamic size of the plasmonic AMLs (359.76 nm), shown in table 3.9, turn out to be almost
5 times larger than bare core/shell NPs and approximately three times larger than liposomes (without
MF4/Au nanoparticles). This demonstrates the possibility of incorporation of several nanoparticles by
each AML. A second diameter contribution (64.51 nm) with large expression in number is attributed to
core/shell nanoparticles that were not encapsulated. The size of the synthesised AMLs is considerably
higher than those reported in (278) and (75) for plasmonic MLs, owing to smaller magnetoplasmonic
nanoparticles, different lipid coatings and particular architectures; the former author used a mixture of
DPPC and octadecylamine and the latter dioleoylphosphatidylglycerol (DOPG). Nonetheless, the
application of a DPPC bilayer is advantageous, as DPPC membranes present a phase transition at 41 °C
(78), which coincides with the temperature of mild hyperthermia, thus promoting a potential increase in

drug release (222).

Table 3.9 - Hydrodynamic diameter, polydispersity index and C-potential of MF4/Au core/shell nanoparticles, DPPC-based
liposomes and plasmonic AMLs.

Hydrod i
ydrodynamic | oh1 (%) | ¢ - potential (mV)
diameter (nm)

MF4/Au NPs 74.98 26.64 -25.67
Liposomes 125.83 28.61 -5.38
Plasmonic AMLs 359.76; 64.51 25.09 -18.48

Table 3.9 also lists the zeta potential results for the same structures, measured via electrophoretic light
scattering technique. All samples hold a negative surface charge, with the core/shell nanoparticles
displaying the highest potential in modulus, coming from the citrate anions on the gold shell surface. On
the other hand, liposomes are the closest to neutrality due to the zwitterionic character of DPPC. This
lipid decreases the charge density of the MF4/Au nanoparticles upon synthesis of the AMLs, resulting in
composites with a charge of -18.48 mV. This potential prevents their aggregation, stabilizing the colloids

through electrostatic and steric repulsion (279).
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3.3 PLASMONIC MAGNETOLIPOGEL

3.3.1 Incorporation of particles into hydrogel matrix

After the synthesis and characterization of the hydrogelator and plasmonic magnetoliposomes, the
structure initially proposed in this work was developed. It was prepared for a final concentration of 0.3 wt%
in Nap-L-Lys(Cbz)-ZAAbu-OH hydrogelator (compound 1), 0.5 mM in DPPC and 0.05wt% in
nanoparticles. The last one was chosen considering some literature reports (280,281); indeed, those
studies point to a decrease in healthy cells’ viability for increasing concentrations of MnFe204/Au
core/shell nanoparticles, even though the gold coating makes manganese ferrite more biocompatible. To
achieve gelation, 5 mg/mL of GdL were used, which resulted in a final pH of 6. Considering that part of
the MF4/Au core/shell nanoparticles were not trapped in the lumen of the lipid bilayer, we believe that
the need for a larger amount of GdL for the gelation of compound 1, regarding CGC studies described
in section 3.1.2.1, is caused by the residual amount of hydroxylamine on the surface of the same
nanoparticles, which makes the pH of the hydrogel precursor solution higher. Figure 3.24 shows the

visible differences in compound 1-based hydrogel (H) and the derivative magnetolipogel (MLG).

H 9

oy

Figure 3.24 - lllustration of the formation of the hydrogel (0.3 wt% Nap-L-Lys(Cbz)-Z-AAbu-OH hydrogelator, 2% v/v 1 M
NaOH, 0.5 wt% GdL) (left) and magnetolipogel (0.3 wt% Nap-L-Lys(Cbz)-Z-AAbu-OH hydrogelator, 2% v/v 1 M NaOH,
0.05 wt% MF4/Au core/shell NPs, 0.5 mM DPPC, 0.5 wt% GdL) (right).

3.3.1.1 Effect of different components in hydrogelator behaviour, local viscosity,

secondary structure of hydrogel fibres and self-assembly kinetics

At this stage, we evaluated the effect of incorporating magnetoliposomes as well as their individual
constituents (DPPC-based liposomes and bare core/shell magneto-plasmonic nanoparticles) into the

hydrogel in order to isolate different contributions. To this end, gels without nanoparticles (H), with
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MF4/Au nanoparticles (magnetogels, MG), with liposomes (lipogels, LG) and with magnetoliposomes

(magnetolipogels, MLG) were developed for the same concentration of each material.

First, we followed the change in the photophysical behaviour of the intrinsic probe naphthalene in order
to detect possible changes in the fibres induced by those entities, so the composites were excited at
280 nm (figure 3.25). All gels exhibit maximum fluorescence emission at 340 nm, related to Nap
monomer state, and the aggregate-corresponding band (420 nm) is only visible for H and LG. Overall,

the maximum fluorescence intensity decreases in the following order: H > LG > MG > MLG.
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Figure 3.25 - Hydrogel (H), magnetogel (MG), lipogel (LG) and magnetolipogel (MLG) emission spectra of the
hydrogelator and corresponding aggregate-to-monomer band ratios. Aexc=280 nm.
In fact, one of the effects of the introduction of MF4/Au nanoparticles and plasmonic AMLs is the increase
in energy loss by non-radiative processes, such as quenching; the latter can result from two phenomena:
electron energy transfer to the nanoparticles due to their broad absorption spectrum and heavy atom
effect, which favours intersystem crossing (282). Additionally, liposomes are closely related to light
scattering, despite being the smallest effect observed. Thus, one can easily understand that the MLG
fluoresces the least, since it is the composite gel with the highest density of additional components. The
possible contribution of gold-shell localized surface plasmons should also be taken into account; indeed,
plasmonic modes may inhibit fluorescence in the vicinity of the nanoparticles due to the coupling of higher
order multipolar resonances (283). Figure 3.25 also shows the aggregate-to-monomer band ratios. It is

noticed that the introduction of lipids into the gel does not significantly impact that ratio contrary to
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core/shell nanoparticles. Therefore, it is deduced that the latter make peptide packing more difficult, so

that the low ratio calculated for the MLG is mainly caused by MF4/Au NPs.

The fluorescent probe Nile Red was added to the same composite gels to a final concentration of 2.5 uM
in order to study fibres’ microenvironment. This molecule was employed given its solvatochromic
character, barely fluorescing in polar environments and exhibiting high fluorescence quantum yield in
hydrophobic regions (284). Figure 3.26 A shows the fluorescence emission spectrum of Nile Red
incorporated in the gels and figure 3.26 B lists the calculated anisotropy values. The wavelength of
maximum emission is identical for all nanosystems, which indicates a similar polarity — between that of
water and ethanol (285). Interestingly, the introduction of liposomes and AMLs into the hydrogel matrix
equally reduce Nile Red fluorescence. This phenomenon results from the above-mentioned lipid light
scattering (component present in the same concentration in the LG and MLG), which makes probe

excitation less efficient.
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Figure 3.26 - Nile red fluorescence emission (A) and steady-state anisotropy values (B) for the hydrogel (H), magnetogel
(MG), lipogel (LG) and magnetolipogel (MLG). Aexc=520 nm.
The generally high anisotropy values also reveal that the microviscosity around the probe is equivalent for
all four gels, further pointing to very similar interactions between probe and the surrounding environment
(194). Now, if all systems have similar polarity and microviscosity, it is likely that Nile Red is settled on
the surface of the fibres. These results encourage the exploration of all structures (H, MG, LG and MLG)
for modulated delivery of hydrophobic and amphipathic drugs by assuming a distribution of

pharmaceuticals similar to that discussed here (194).
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To see whether the introduction of MF4/Au NPs, liposomes and magnetoliposomes induces important
changes in the secondary structure, conformation and bonding pattern of the hydrogel fibres, Raman
spectroscopy was employed. We sweeped the range 700 — 1800 cm in order to cover amide | region
(1640 - 1680 cm™), which is widely used to detect changes in the secondary structure of fibres (213).
Although this mode of C=0 vibration is not clearly detected in any of the spectra, possibly owing to the

noisy background, we can assign some peaks, as shown in figure 3.27.
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Figure 3.27 - Raman scattering spectra of the hydrogel (H), magnetogel (MG), lipogel (LG) and magnetolipogel (MLG,).
Vertical lines represent the reported Raman shifts of naphthalene, lysine, and benzene derivatives.
A well-defined band with medium intensity appears at 760 cm™" in the region of breathing and puckering
modes of naphthalene, and a strong one arises at 1384 cm', resulting from the C=C stretching of the
same functional group (286-291). The signal around 1003 cm™ is characteristic of phenyl rings, whose
vibration mode assignment has not yet been correctly determined (286). Finally, the weak band appearing

at 981 cm™ is ascribed to lysine, in a vibrational mode involving Cs and Ce (292-294).

Observing the MG spectrum, it is remarkable the increase in cross-section of the above-mentioned bands,
which may arise from the lower hydration of the fibres (295), mainly at the level of naphthalene protecting
group and lysine aliphatic chain. This phenomenon is attenuated when lipids are added to the hydrogel
(which may be related to the polar head of DPPC (fibre-contacting moiety)) and is again present for the
naphthalene-correponding bands when plasmonic AMLs are introduced. Here, all peaks shift to higher

wavenumbers (blue-shift) and a weak broad band appears in the amide | region, which is associated with
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hydrogelator-metal/membrane interactions (295) and changes in the peptide backbone conformation

(213), respectively.

Several interesting fluorescent molecules are described as molecular rotors since they are sensitive to
changes in viscosity of biopolymeric materials, i.e., their fluorescence quantum yield depends on the local
viscosity (296). Thus, they have been used to follow the self-assembly process as they allow to compare
the results with mechanical data obtained by rheology. Despite not being described as molecular rotor,
Nile Red was once again used to probe the self-assembly process upon the introduction of core/shell
nanoparticles, lipid bilayers and AMLs, using fluorescence spectroscopy. For such, after the addition of
GdL to the different gel precursor solutions, the fluorescence intensity of Nile Red at a fixed wavelength

(620 nm) was monitored as a function of time (figure 3.28).
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Figure 3.28 - Self-assembly kinetic profile of pristine hydrogel (H), magnetogel (MG), lipogel (LG) and magnetolipogel
(MLG). Lexc=520 nm, Aem=620 nm.
The lower terminal fluorescence intensities for the lipogel and the magnetolipogel agree with the results
presented in figure 3.26, where it is revealed that lipid-induced light scattering decreases Nile Red
excitation, leading to a lower fluorescence emission. Apart from this, all gels demonstrate sigmoidal
kinetics, where the initial lag phase corresponds to nucleation, the exponential one reflects the elongation
process, and the plateau translates fibrils’ maturation (213,297). Saité’s model describes the influence
of certain parameters on nucleation and aggregation rates, assuming a two-step mechanism (297-299),

as follows:

kn
noM = M, , = P,

80



Chapter 3
Results and Discussion

ke
M+Pn_>Pn+1

where M represents the monomer, n is the micelle aggregation number, M, correspond to the micelle
(precatalytic form of the monomer), P, is the nucleus of the fibril with n hydrogelator molecules and k,,
and k, represent the average nucleation and growth rate constants, respectively (298,299). Thus, fibril
formation can be described according to:

14+ pe(l'l'/?)kst

f@) = (3.4)

in which kg = k,[M] is the effective growth rate constant and p equals k,, / k¢ (298,299). We fitted this
equation to the experimental data, calculating the average nucleation and growth parameters, as shown

in table 3.10.

Table 3.10 - Curve-itting parameters obtained from the fitting of Sait6é’s model to the fluorescence spectroscopy profiles.

kn(s™) | ke Ms™) | ks (s
H 1.00 388.66 2.19
MG 1.10 342.20 1.93
LG 0.20 207.26 1.17
MLG =~ 004 389.06 2.20

The reader may immediately notice the similarity between the parameters calculated for the hydrogel and
magnetogel and for the lipogel and magnetolipogel, which is visible for the kinetic profiles (mainly the lag
phase) as well. Although the kinetic curves of H and MG are not exactly S-shaped, the adoption of Sait6's
sigmoidal model allows to quantitatively compare all systems. The short exponential period (in H and MG
curves) lasting up to 300 seconds points to the occurrence of a primordial phenomenon, such as the
early-assembly of lower hierarchical structures (e.g., oligomers); the latter may act as homologous seeds,
accelerating the nucleation process (300). It seems that the addition of the MF4/Au core/shell
nanoparticles has no major impact on this step, contrarily to the elongation phase, whose speed
decreases; here, the monomers take longer to join the previously formed nucleus possibly because of

their adsorption to the NPs (301).

A completely different scenario is found when DPPC liposomes are added to the hydrogel. Here, the
above-mentioned pre-established structures seem to be disturbed by the liposomes, slowing down the

nucleation as well as the elongation rate. Indeed, the literature states that lipid bilayers, depending on
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composition, size, shape, and curvature, can affect fibrillation in that a slower process may result from
fibre unfolding and/or local increases in concentration (which quench or shift the fibre equilibrium toward

monomer) (300).

For the addition of plasmonic AMLs, the kinetic constants are polarizing: if on the one hand the nucleation
phase is the slowest, on the other hand the shortest elongation period is recorded, with a rate of 2.20 s*.
Here, we have to consider the presence of a DPPC-based bilayer containing core/shell nanoparticles both
in the lumen and in the outside. Apparently, hydrogelator-magnetoliposome interplay (suggested by
Raman spectroscopy data) disrupts nucleus intermolecular interactions, promoting its fragmentation and,
thus, inhibiting nucleation. Although smaller, these fragments provide a larger number of sites for

monomer addition, which culminates in the acceleration of the exponential phase (302,303).

Overall, the results show that nucleation is the limiting-step regarding self-assembly kinetics, so the study
of the individual effect of core/shell NPs, liposomes and plasmonic AMLs opens new possibilities to
control and model that process. This type of experiments allows tracking small-scale phenomena, such
as structural rearrangements, that are not resolved by a rheometer (296). However, Nile Red probes the
hydrophobicity of the microenvironment during self-assembly and tells nothing about the mechanical
properties of the final systems. Thus, the characterization of the target composite gel (magnetolipogel)

was complemented with rheology.
3.3.2 Rheological properties

Time, frequency, and strain amplitude sweeps were performed in order to further understand the effect
of magnetoliposomes on the rheological properties of the hydrogel. For such, the bare hydrogel and
magnetolipogel were prepared as described in section 3.3.1 for a final volume of 1 mL, with the former

working as reference.
3.3.2.1 Time sweep

To evaluate the gelation time, the elastic and viscous moduli were monitored for 10 h at a fixed frequency
of 1 Hz by applying a strain amplitude of 0.0001% and 0.001% for the magnetolipogel and the bare

hydrogel, respectively. The results are shown in figure 3.29.
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Figure 3.29 - Time dependence of elastic (solid symbols) and viscous (empty symbols) moduli for the hydrogel (H) and
magnetolipogel (MLG).
The initial lag phase, quite noisy for both samples, represents the formation of lower hierarchical
structures that are not quantitatively characterised by the rheometer with respect to elasticity. It lasts
approximately 6600 seconds for the bare hydrogel and decreases to 4800 seconds for the
magnetolipogel. Then, the exponential growth of the elastic modulus takes place and equilibrium is
reached after 10200 seconds, decreasing to 9000 seconds with the addition of magnetoliposomes. At
this stage, the elastic moduli of the samples are clearly higher than their respective viscous moduli, so
we are definitely in the presence of self-supporting gels. For the bare hydrogel, the addition of 5 mg/mL
of GdL enables faster gel setting compared with the use of only 0.4 wt% (figure 3.10, compound 1-based
hydrogel); this phenomenon has already been described by Veloso et a/, who argue that both lag and
exponential phase are accelerated if more protons are available over time, assuming that GdL hydrolysis

is also a kinetic process (213).

The reader may notice that gelation is further accelerated by introducing plasmonic AMLs into the gel
precursor solution. To quantitatively confirm this, as for the previous "Nile red fluorescence intensity vs.
time" plots, we fitted Saitd's model to the obtained kinetic curves. The resulting parameters are provided

by table 3.11.

83



Chapter 3
Results and Discussion

Table 3.11 - Curve-fitting parameters obtained from the application of Saitd’s model to rheological data.
kn(s™") | ke (Ms™) | ks(s™)

H 0.058 120.48 0.68
MLG (74 143.05 0.81

Overall, these values are considerably smaller than those found in the self-assembly kinetics (except for
MLG k,,), so it follows that Nile Red does not make up a molecular rotor. This is not surprising in that
Nile Red fluorescence of the previous studies results from local hydrophobicity and has nothing to do with
the bulk mechanical characteristics of the systems (296). However, as explained in section 3.3.1.1, that
molecule allows probing nanoscale structural changes and locating their occurrence in the gelation

timescale by comparison with rheological data.

From that, and for the bare hydrogel data (H), comes the following interpretation: the nucleation and
elongation processes (~5000 seconds) fit in the lag phase of rheology kinetics, not contributing
significantly to the increase of the solution elastic modulus. Only during fibril maturation, an exponential
increase in G’ occurs, prompting us to conclude that a true gel is formed only at the final stage of fibre

development.

On the other hand, the nucleation and elongation periods found in MLG fluorescence kinetics match with
the lag and exponential phases of the corresponding rheological kinetics, respectively. Thus, the presence
of not fully developed assemblies has great relevance in terms of elasticity, possibly due to the occurrence
of stiffer structures, such as AMLs and core/shell NPs. We believe that the latter are responsible for
catalysing the transition of the self-assembled structures from a more random setup to a highly ordered
arrangement through electrostatic interactions (304); hence, higher values of k,, and kg were computed

for MLG gelation regarding the pristine hydrogel.
3.3.2.2 Frequency sweep

To obtain gels’ mechanical spectra, the oscillatory frequency was swept from 0.024 to 100 Hz, with a
strain amplitude fixed at 0.01% and 0.001% for the hydrogel and the plasmonic magnetolipogel,

respectively.

Besides the different gelation processes, figure 3.30 demonstrates that the incorporation of
magnetoliposomes and core/shell nanoparticles reinforces the elasticity of the gel, increasing G’ by a

factor of 4 (up to 45 kPa). Given the reported prevalence of rheological enhancement upon introduction
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of lipid vesicles into gels’ matrices (191,304-306), the present effect can be mostly attributed to the
DPPC bilayer constituting the plasmonic AMLs. The interplay between that bilayer and the hydrogelator
molecules by hydrophobic interactions is probable due to their competition for hydrophobic regions
(307,308). Hydrogen bonds and electrostatic interactions are also possible, given the polar head of DPPC
(positive charge) and the negative charge of compound 1 (at neutral-basic pH) (307,308). Therefore,
AMLs hypothetically function as nucleation points, enabling a more dispersed network with larger

elasticity.

101 - Y= 0.01% H
y=0.001% MLG
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Frequency (log Hz)

Figure 3.30 - Frequency dependence of elastic (solid symbols) and viscous (empty symbols) moduli for the hydrogel (H)
and magnetolipogel (MLG).

3.3.2.3 Amplitude sweep

To evaluate the mechanical response of the magnetolipogel and the reference hydrogel to an increasing
strain, successive amplitudes in the range of 0.001 to 200% were applied at a constant frequency of 1 Hz

(figure 3.31).
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Figure 3.31 - Strain amplitude dependence of elastic (solid symbols) and viscous (empty symbols) moduli for the
hydrogel (H) and magnetolipogel (MLG).
For the pristine hydrogel, SAOS takes place for amplitudes up to approximately 1%. Increasing strain
intensity, this gel switches to the LAOS regime, in which both G’ and G'' gradually decrease. For the
magnetolipogel, LAOS starts for amplitudes exceeding 2% and proceeds under the well-known Payne
effect. The latter is primarily related to the gel filler and not to the gel-forming peptide; it involves the
transition of a viscous liquid to a fluid state at higher amplitudes (309), which is confirmed by the breaking
strain values displayed in table 3.12. In this case, the main cause is likely to be structural
rearrangements involving the breaking and recovery of weak interactions and/or

aggregation/disaggregation of AMLs and core/shell NPs (213).

Table 3.12 - Breaking strain for the hydrogel (H) and magnetolipogel (MLG), taken at the point where G’ equals G”.

Breaking strain (%)
H 39.5
MLG 69.5

3.3.3 Microstructure

Figure 3.32 shows STEM micrographs of the MLG prepared according to the usual method.
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Figure 3.32 - STEM images of the magnetolipogel at different magnifications — scale bar: 4 um (i), 500 nm (ii) and
200 nm (iii).
The incorporation of plasmonic magnetoliposomes into the hydrogel along with the use of 5 mg/mL of
GdL to trigger gelation produces a network with a larger mesh size composed by shorter and thicker fibres
(figure 3.32 i). The corresponding histogram (figure 3.33 A) reveals an average cross-section of
64 nm, being considerably higher than that found for the bare hydrogel with 0.4 wt% in GdL
(figures 3.8 Aand 3.9 A).

The core/shell nanoparticles are well dispersed in the hydrogel matrix (black spots), with occasional
aggregates. By zooming these areas (figures 3.32 ii and 3.32 iii), MF4/Au NPs, with an average
diameter near 25 nm (figure 3.33 B), seem to be confined by a well-defined boundary, which we believe
to be a DPPC lipid bilayer (represented by the white dashed line) with, at least, 150 nm in diameter.
These organic structures are best visualised by other microscopy techniques, the most commonly used

being cryo-transmission electron microscopy.

87



Chapter 3
Results and Discussion

A B
20l Average: 0.064 + 0.023 ym 20 Average: 24.87 £ 4.48 nm
15+ 157
£ £
S 10f S 10
=} [}
(8] Q
5t 5L
0 T T T T 0 f T T T T
0.02 0.04 006 008 010 012 0.14 15 20 25 30 35 40
Diameter (um) Diameter (nm)

Figure 3.33 - Fibres’ (A) and incorporated core/shell nanoparticles’ (B) diameter distribution in the magnetolipogel. Both
histograms are fitted with a Gaussian function.

Indeed, among other factors, the mesh size is a key parameter for gel swelling and the morphology

studies suggest that it is influenced by the presence of core/shell nanoparticles and AMLs. Therefore, it

is likely that the concentration of the latter controls the degree of swelling, which, in turn, may have a

major impact on the release profile of any drug that is incorporated into the system. This topic will be

addressed in detail below.

3.4 EVALUATION OF THE COMPOSITE GEL AS A PLATFORM FOR DRUG DELIVERY

Having demonstrated the successful incorporation of plasmonic magnetoliposomes into the hydrogel
matrix, the next step was to perform release assays of content in response to an external trigger in order
to assess the performance of the system as a controlled drug delivery platform. To this end, the pristine
hydrogel (H) — which acted as a reference — and three different magnetolipogels (MLG) were prepared

and loaded with the model drug 5(6)-carboxyfluorescein (CF), according to table 3.13.

Table 3.13 - Summary of the composition of the systems developed for controlled drug delivery and CF location regarding
plasmonic AMLs. Gelation was achieved using 5 mg/mL of GdL.

Compound 1 MF4/Au NPs DPPC CF CF relative
(wt%) (wt%) (mM) | (uM) location
H 0.3 0 0 10 in and out
1 0.3 0.05 0.5 10 in and out
; 2 0.3 0.15 0.5 10 in and out
3 0.3 0.05 0.5 6.85 inside
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Compared to MLG1, MLG2 has three times its content in core/shell NPs and MLG3 has no CF in the
matrix, only inside the AMLs. From the latter, a CF encapsulation efficiency of 68.5% was determined by

measuring and converting fluorescence to concentration with a previously obtained calibration curve.

When the fluorescent dye CF has a high local concentration - for instance, inside magnetoliposomes -
self-quenching takes place, making its fluorescence negligible. The opposite occurs when this molecule
is released to the outside of the system (310,311), making it easy to convert fluorescence emission
intensity into payload concentration. Furthermore, the advantage of using this dye lies in its polyanionic
nature (figure 3.34), preventing its irreversible retention in the negatively charged hydrogel network

and, thus, enabling easy evaluation of the drug release profile.

cLogP =3.16
MW = 376.32 g/mol
Aex 495 nm; A, 517 nm in 0.01 M phosphate buffer pH 7.4

Figure 3.34 - Structure and molecular properties of the model drug 5(6)-carboxyfluorescein. cLogP calculated with
ChemDraw software.

3.4.1 5(6)-Carboxyfluorescein microenvironment

Steady-state fluorescence anisotropy measurements were carried out to study the effect of gelation on CF
local microviscosity and eventual differences in model drug location among the developed systems. Table

3.14 lists the values obtained before and after the addition of GdL to the gel precursor solutions.

Table 3.14 - Steady-state fluorescence anisotropy (r) values of CF incorporated both in the hydrogel (H) and in the
magnetolipogels (MLG1, MLG2 and MLG3) before and after gelation. Aexc=495 nm.

r
Before gelation After gelation
H -0.0474 0.0255
1 -0.0397 0.0183
é 2 -0.0032 0.0322
3 -0.0200 0.0179
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The lower the anisotropy, the higher the degree of rotation of the dye and therefore the lower the local
microviscosity (17). Accordingly, the low anisotropy values of the gels’ precursor solutions point to a highly

fluid local environment, which translates into almost free rotation of the model drug (17).

After gelation, the anisotropy increases as expected and some changes in the type of interactions
established by CF and the surrounding medium can be deduced, which may denote its settling in different
locations. With the addition of the AMLs solution with a concentration of 0.05 wt% in core/shell NPs, r
decreases, which suggests that CF is mostly located in the aqueous lumen of the plasmonic AMLs.
Actually, the similarities between the MLG1 and MLG3 (the latter only containing CF within the AMLs)
anisotropy values support that same explanation. Interestingly, anisotropy increases when we scale up
the concentration of core/shell NPs to 0.15 wt% in the system (MLGZ2). Here, a higher percentage of CF
may be in the gel matrix, which presents a higher microviscosity (213). This different distribution of the
model drug may result from the synthesis of the respective AMLs: part of CF molecules should have been
replaced by MF4/Au nanoparticles (as they are present in higher proportion regarding the AMLs of MLG1
and MLG3) inside the lipid vesicle at the time of its assembly.

Although no major structural changes can be deduced, this analysis may be useful in explaining CF

release profiles.
3.4.2 Drug release studies

In the last part of the work, the CF-loaded nanosystems mentioned in section 3.4 - 10 uM for H, MLG1
and MLG2 and 6.85 uM for MLG3 - were evaluated regarding their drug delivery ability at pH=7.4, in
which the pure hydrogel worked as blank and the magnetolipogels were investigated as to how the

concentration of the core/shell NPs and the relative location of the payload influence their performance.
3.4.2.1 Passive release

In a first stage, we studied passive release from those nanosystems during 54 h to ascertain whether the

inclusion of AMLs in the matrix influences CF release into the medium itself, i.e., in the absence of stimuli.

To quantitatively assess those effects, the mathematical Ritger-Peppas model (equation 3.5) was fitted
to “Cumulative CF release vs. time” plots (figure 3.35). As discussed in section 1.2.1.1.2 of the thesis
introduction, this model — in which M, /M, represents the fraction of drug released at time t - considers

both erosion/swelling of the gel matrix and diffusion, and is described by the constant k and exponent n
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(44,45). While the former translates the release rate, the latter defines the diffusion mechanism according

to table 3.15 (45).

L (3.5)
T .

o)

Table 3.15 - Interpretation of diffusional release mechanisms for Ritger-Peppas model.

n Drug transport mechanism
<05 Quasi-Fickian diffusion/Case-l transport
05 Fickian diffusion/Case-l transport

05<n<l1 Non-Fickian diffusion, anomalous transport

>1 Zero order kinetics/Case-ll transport

Overall, all gels exhibit an initial burst release that slows down from 10 h onwards. Such profile is similar
for other Cbz Mcapped peptide-based hydrogels previously developed in our research group (225). After
2 days and 6 h, the fraction of model drug released is less than 30% even for the blank hydrogel. This
may be related to constructive interactions between carboxyfluorescein and peptide fibres of the network
(e.g., by intercalation), already described elsewhere (28). Apart from this, it is evident that the composites

influence drug delivery.
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Figure 3.35 - Experimental passive CF release profiles for the gels loaded with 10 uM CF (H, MLG1 and MLG2) and
6.85 uM (MLG3) (solid symbols) and Ritger-Peppas model fitting for the first 60% release data (dashed line). Aexc=495 nm,
Aem=b517 nm.
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Interestingly, the introduction of AMLs and core/shell NPs and the partial encapsulation of the dye (MLG1
and MLG2) enhance its release compared to the pristine hydrogel. However, this is not verified for MLG3
(only holding CF inside the AMLs); these differences demonstrate not only the ability of the lipid bilayer
to retain CF in the nanosystem, but also the increased flux of the matrix-located dye in the case of MLG1

and MLG2, regarding H.

The kinetic model applied to the results provides valuable information to further understand these
differences. Therefore, the fitting parameters for the first 60% release data (as recommended by the
authors of the model (45)) were computed (table 3.16). The coefficients of determination reveal an
excellent fit to the experimental points, which allows us to draw some conclusions. All n values are in the
range 0.5 -1, revealing a complex CF transport mechanism (non-Fickian diffusion) based on the

combination between drug diffusion and matrix swelling/erosion (312).

Table 3.16 - Coefficients of determination and release parameters according to Ritger-Peppas model obtained for the CF
release profiles in the pristine hydrogel (H) and the magnetogels (MLG1, MLG2, MLG3).

R? n | k(s
H 099 @ 072 | 0.039
1 | (93 060 0064
098 | 062 | 0062
3 599 | 075 | 0030

MLG
N

The hydrogel presents the second highest n, which means that swelling impacts CF release the most. In
this system, the mesh size will be similar or slightly smaller than the model drug dimensions, hindering
its diffusion (312,313). On the other hand, the lower n of MLG1 and MLG2 (closer to 0.5) indicates
that the drug release is more diffusion-based. This may be related to a larger mesh size for the composite
gels, as confirmed by the previous morphology studies; the smaller size of the molecule relative to those
gaps makes it easier to escape from the fibre network into the medium (312,313). Obviously, MLG3
opposes this theory, presenting the highest n value. Here, the CF migration to the medium by diffusion
is less expressive since, initially, there is no dye outside the plasmonic magnetoliposomes. Only matrix

swelling/erosion should promote CF flow to the fibre network and from this to the phosphate buffer layer.
3.4.2.2 Active release

In most cases, a high-frequency AMF is employed to promote hyperthermia; however, low frequencies

have increasingly been used to investigate solely the field effect and leave aside the temperature
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contribution (314), either for magnetic polymer matrices or magnetoliposomes (315,316). Thus, the
application of such stimulus is expected to produce oscillating forces originating from the core of MF4/Au
nanoparticles, by magneto-mechanical action, increasing AMLs' membrane permeability to small
molecules (168). On the other hand, the shell of the same nanoparticles was used for heat production,
inducing the phase transition of AMLs’ lipid membrane and the rupture of the fibre network (317,318).
Interestingly, although plasmonic hydrogels have proven to be very successful in cell transport, they have
not shown such good results in drug delivery (318). Thus, this work further seeks to overturn the paradigm

of plasmonic control of molecule release.

Considering this, CF release was tracked for 54 h in which a low frequency magnetic field (2.09 mT,
100 Hz) and light (808 nm, 1.67 W/cm? (laser 1); 600 nm cut-on, 0.1 mW (lamp) or 808 nm, 5 W/cm?
(laser 2)) were separately used as dye release triggers and applied at 26 and 48 h for 30 minutes. The

experiments were conducted for MLG1, MLG2 and MLG3 and figure 3.36 displays the results.
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Figure 3.36 - Active CF release profiles (continuous lines) for the gels loaded with 10 uM CF (MLG1 and MLG2 (blue

and yellow, respectively)) and 6.85 uM (MLG3) (green), under different triggers: low frequency-alternating magnetic field

(A), 808 nm laser intensity of 1.67 W/cm? (B), lamp with cut-on wavelength at 600 nm (C) and 808 nm laser intensity of
5.00 W/cm? (D). Aexc=495 nm, Aem=517 nm.
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The plots show that all stimuli resulted in an increased final release of the model drug for all
magnetolipogels. Regarding the release profiles obtained from the application of a LF-AMF
(figure 3.36 A), the nanosystem with the most remarkable increase in release is MLG1, at 26 h, being
a combination of CF output from the AMLs and the matrix. Indeed, although MLG2 has higher magnetic
potential as it is more concentrated in MF4/Au NPs, these can occupy space in the matrix, clogging the
pathways through which the model drug tends to evacuate the composite. Moreover, as we have seen in
the previous anisotropy studies, CF is possibly more concentrated in the matrix of this magnetolipogel;
thus, the negligible increase in dye release at 26 h may also be related to its self-quenching effect. These
phenomena should also occur when MLG2 is exposed to laser light (figure 3.36 B), revealing that the
optimal concentration of core/shell nanoparticles and drug in the scaffold must rely on a compromise
between its magnetoplasmonic performance and the desirable arrangement of the individual
components. Meanwhile, in the case of MLG3, the smaller increase in CF release at 26 h compared to
that of MLG1 may result from a greater impact of the NPs’ magneto-mechanical oscillation on the peptide

fibres than on the DPPC membrane.

The picture changes for MLG3 when we apply NIR radiation with a power density of 1.67 W/cm? (figure
3.36 B). Here, the enhancement of the release rate after the first stimulation cycle is quite similar to
that of MILG1 (~ 4%). The photothermal effect of MF4/Au NPs’ gold shell might induce relevant structural
changes in AMLs’ membrane, enabling CF flow from the lumen to the matrix. Now, the latter should also

undergo some degradation considering the comparable profiles of those composite gels.

When the 600 nm cut-on wavelength lamp was experimented for MLG1 and MLG2 (figure 3.36 C),
an analogous triggered release was detected for both gels. In this instance, the incident wavelength range
included the region of the spectrum in which the core/shell NPs have a larger absorption cross section.
Thus, the eventual larger plasmonic heating caused by the higher concentration of those NPs in MLG2

will have counterbalanced the inhibition of CF release seen earlier.

Finally, instead of subjecting MLG3 to the lamp, we applied an 808 nm laser with a higher power density
(5.00 W/cm?) (figure 3.36 D). Remarkably, the greatest increase in triggered release among all assays
was observed, which suggests the occurrence of extensive structural changes both in AMLs’ and in the
gel matrix resulting from the significant temperature increase (as supported by the optical hyperthermia
studies for the MF4/Au nanoparticles). This allows to obtain an enhanced drug release control or with

shorter irradiation time.
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Figure 3.37 shows the change in CF release after the first (26 — 32 h) and the second (48 - 54 h)
stimulation cycles, according to the trigger. Despite the double stimulation, the reader will have noticed
that, in general, the second cycle had no effect. This was expected considering the morphological change
visible in the gels between 26 and 32 h. The same figure allows us to select the best plasmonic
magnetolipogel according to the desired stimulus. For the low frequency AMF and 600 nm cut-on
wavelength radiation, MLG1 is clearly the most promising platform. On the other hand, for the 808 nm
laser with a power density of 1.67 W/cm?, the percentage of encapsulated dye (68.5 and 100% for MLG1
and MLG3, respectively) is not preponderant in enhancing drug release. In the future, we will test the

lamp as a stimulus for MLG3 and laser 2 for MLG2 and MLG1.

5

= MLG1
MLG2
= MLG3

n

26-32h 48-54h | 26-32h 48-54h | 26-32h  48-54h | 26-32h 48-54h (26-32h 48-54 h

No Stimuli| LF-AMF

w
T

A CF Release (%)
N

—_

Laser 1 Laser 2

Lamp

Figure 3.37 - Percentage of CF released in the time ranges 26 — 32 h and 48 - 54 h for the gels loaded with 10 uM CF
(MLG1 and MLG2 (blue and yellow, respectively)) and 6.85 uM (MLG3) (green), without stimulation and under different
triggers (low frequency-alternating magnetic field, 808 nm laser intensity of 1.67 W/cm?, lamp with cut-on wavelength at

600 nm, and 808 nm laser intensity of 5.00 W/cm?2.

In short, the developed nanosystems show great potential for controlled drug delivery, as they can be

optimised in several aspects. So far, we highlight three key points: (i) the possibility of modelling passive

release by changing the percentage of encapsulated drug, (ii) the fact that the enhancement in triggered

drug release does not require an increase in core/shell NPs concentration, and (iii) the possibility of

controlling drug release through magneto-mechanical oscillation and photothermia.
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3.4.2.3 Hydrogelator release

As stated earlier, we believe that the dramatic changes in the appearance of the magnetolipogels after

the first cycle of stimulation (figure 3.38) are responsible for the ineffectiveness of the second cycle in

inducing CF release.

~ t=26h00 t = 26h30

Figure 3.38 - Aspect of plasmonic magnetolipogel before and after the first stimulation cycle.

To ascertain whether those volume losses correspond to gel shrinkage or fibre network degradation, we
followed hydrogelator passive release from the pristine hydrogel and active release from the MLG1,
which was irradiated with laser 1 at 26 and 48 h (magnetolipogel and trigger selected as models). The

results are plotted in figure 3.39.
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Figure 3.39 - Fraction of hydrogelator (Nap-L-Lys(Cbz)-Z-AAbu-OH) remaining in the hydrogel (H) (without stimulation) and
in the magnetolipogel loaded with 0.05 wt% core/shell NPs (MLG1) (irradiated with an 808 nm laser intensity of
1.67 W/cm? at 26 and 48 h for 30 minutes). Aexc=280 nm, Aem=340 nm.
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It should be noted that, after 54 h, both gels lose almost 50% of the hydrogelator used in their formulation
(0.3 wt%) to pH 7.4 buffer, with no equilibrium being reached in the timeframe studied. This suggests the
occurrence of erosion/degradation of peptide fibres; however, such phenomenon does not seem to

directly influence CF release, since figure 3.36 show its slowdown from 32 h onwards.

Aside from this, the profiles suggest that neither the presence of AMLs and core/shell MF4/Au NPs nor
the action of external stimulus severely affect the network weight reduction. Therefore, the striking volume
decrease in the magnetolipogel after 30 minutes of irradiation is probably related to water loss
(shrinkage); this might induce some error in the calculations of released CF after the first stimulation
cycle due to the dilution effect on the buffer-dissolved model drug. While the fundamental cause of
shrinkage in the developed composite gels is still to be investigated, similar phenomena have already
been attributed to temperature-induced helix inversion (319). Considering that this phenomenon was
observed either with light irradiation or with the application of a LF-AMF, these materials are also
interesting for the development of actuators sensitive to temperature and magnetic/mechanical signals

(320).
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4.1 CONCLUSIONS

In this work, we have developed, characterised, and explored a highly complex system with great potential

in cancer therapy.

Considering the versatile administration and the advantages of hydrogels’ porous structure in
encapsulating and modelling drug release, we started by synthesising two hydrogel-forming naphthalene
Mcapped dehydrodipeptides, diverging in the Cterminus dehydroamino acid. Although no significant
differences were recorded in the rheological properties of the resulting hydrogels, CAC studies revealed
that Nap-L-Lys(Cbz)-ZAPhe-OH forms aggregates at a much lower concentration than
Nap--Lys(Cbz)-ZAAbu-OH at pH=6, reflecting its extreme hydrophobicity. Magnetoplasmonic
nanoparticles with 25 nm size were further developed by growing a blackberry-like gold layer on the
surface of manganese ferrite nanoparticles, using the hydroxylamine methodology. The latter endowed
the particles with a broad plasmonic band in the visible-NIR region, which, together with the reasonable
M and SLP values of the core, makes them promising for hyperthermia and magnetic guidance. Coating
the particles with a lipid bilayer afforded plasmonic AMLs with negative surface charge, which ensured

their good stability in water.

The magnetolipogel was developed to a concentration of 0.05 wt% in core/shell NPs, 0.5 mM in DPPC
and 0.3 wt% in the selected hydrogelator (Nap-L-Lys(Cbz)-ZAAbu-OH). Its self-assembly process is
characterized by a faster fibre elongation, probably impacting the final network. In fact, the introduction
of AMLs into the hydrogel matrix enhanced the elastic modulus by a factor of 4, producing a network with

shorter and thicker fibres.

By using 5(6)-carboxyfluorescein as a model drug, the effect of the percentage of encapsulated dye and
core/shell NPs concentration on the passive and active dye release from the magnetolipogel was studied.
Encapsulation of the model drug by a lipid bilayer was found to delay its release, promoting sustained
drug delivery. This behaviour changed to a burst release when 5 W/cm?2 NIR radiation was applied,
suggesting the occurrence of photothermally-induced structural modifications in both lipids and fibres.
On the other hand, increasing the concentration of core/shell NPs did not add any advantage to the

control of dye release under the tested conditions.

Considering all this, the structural and functional properties of the developed system hold great promise
in changing the paradigm of cancer therapy, enabling several modalities, such as, magnetic guidance,

hyperthermia, and controlled drug delivery.
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4.2 PROSPECTS

Despite the promising results, to be able to consider transposing the developed system into clinical
practice, it is imperative to study it thoroughly from several perspectives. First, and considering the
dynamic interaction of the different materials included in the magnetolipogel, it is necessary to investigate
the effect of the particles on the gel swelling/shrinking capacity, the influence of the magnetic field-
induced rearrangement of core/shell nanoparticles and AMLs on the elasticity of the fibre network, and
the impact of the matrix on the heating efficiency of NPs by magnetic hyperthermia and photothermia.
Furthermore, biological tests will be carried out in order to evaluate the cytotoxicity of the composite gel
on different cell lines, as well as the effect of active and passive drug release on the viability of tumour

cells.

Depending on future results, optimisations can be made with regard to the magnetic and plasmonic
properties of the core/shell nanoparticles - including the development of anisotropic particles or with

different composition — and to the particle and hydrogelator content in the composite.

Finally, Nap-L-Lys(Cbz)-ZAPhe-OH dehydrodipeptide will be tested as the hydrogelator element of the
magnetolipogel and studied as to the advantages of its combination with Nap-L-Lys(Cbz)-ZAAbu-OH.

In fact, this work is just the beginning since, despite the potential applicability of these systems, there is
an urgent need to understand them from a fundamental point of view to overcome the challenges that
hinder their practical implementation. These problems are mainly related to the need for extensive /7 vivo
testing, determination of the number of particles per cell required to destroy certain tumours, identification
of formulations that maximise the heating efficiency and minimise the number of nanoparticles and the

development of predictive models that allow the rational design of new magnetolipogels.
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