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ABSTRACT

Cancer remains a major health concern worldwide and the development of effective
therapies remains a challenge. Laponite® is a synthetic nanoclay that possesses properties such
as easy functionalization, degradability, and biocompatibility. More importantly, Laponite® can
form strongly thixotropic gels at higher concentrations which can be explored as an avenue to
drug delivery. Amongst the drugs used for cancer therapy, cisplatin, a platinum-containing
metallodrug, is especially used due to its mechanism of action, which involves interference with
the cells” DNA. The main goal of this work was to formulate hydrogels composed by Laponite for
the delivery of cisplatin. These gels are aimed for topical application or, eventually, for direct
injection in the tumor site. As such, the preparation of Laponite hydrogels was first optimized
(regarding type of liquid medium, temperature, Laponite concentration, solvent pH vs gelation
time and gel consistency and transparency) and the gels were then studied to assess their ability
to load (different cisplatin concentrations were assayed) and release cisplatin (at two different
environmental pH values). Furthermore, the gels’ cytotoxicity was evaluated in vitro in two cell
lines, A2780 (human ovarian carcinoma) and its related cell line A2780cis (resistant to cisplatin).
Cytotoxicity studies were carried out using two different approaches which mainly differed
regarding the type of contact between the gels and the cells (direct and non-direct).
Characterization of the gels by SEM/EDS showed that cisplatin enhances cohesion within the
gels. Drug release was sustained but not sensitive to pH. Additionally, in vitro studies showed
that non-loaded Laponite gels promoted cells’ viability and gels containing cisplatin were
cytotoxic in a concentration-dependent manner. Even though it was not possible to distinguish
the two approaches used in this work regarding cytotoxicity, it was possible to conclude that

Laponite hydrogels are promising platforms for cisplatin delivery.

Keywo rds: Laponite, Cisplatin, Hydrogel, Drug release, Cytotoxicity, Cancer






RESUMO

O cancro continua a ser um grande problema de salide em todo o mundo e o
desenvolvimento de terapias eficazes continua a ser um desafio. A Laponite® é uma nanoargila
sintética que possui propriedades como facil funcionalizacdo, degradabilidade e
biocompatibilidade. Mais importante ainda, Laponite pode formar géis fortemente tixotrépicos
em concentracdes mais elevadas, o que pode ser explorado como uma via para a entrega de
farmacos. Entre os medicamentos utilizados para a terapia do cancro, a cisplatina, um
metalofdarmaco contendo platina, é especialmente usada devido ao seu mecanismo de agao, que
envolve interferéncia no DNA das células. O principal objetivo deste trabalho foi formular
hidrogéis compostos por Laponite para a entrega de cisplatina. Estes géis destinam-se a
aplicacdo tdpica ou, eventualmente, a injecdo direta no local do tumor. Como tal, a preparacao
de hidrogéis de Laponite foi primeiramente otimizada (em relacdo ao tipo de meio liquido,
temperatura, concentragdo de Laponite, pH do solvente vs tempo de gelificacdo e consisténcia
e transparéncia do gel) e os géis foram entdo estudados para avaliar sua capacidade de carregar
(diferentes concentracgdes de cisplatina foram testadas) e libertar cisplatina (em dois valores de
pH ambientais diferentes). Além disso, a citotoxicidade dos géis foi avaliada in vitro em duas
linhas celulares, A2780 (carcinoma do ovario humano) e sua linha celular relacionada A2780cis
(resistente a cisplatina). Os estudos de citotoxicidade foram realizados utilizando duas
abordagens diferentes que diferiram principalmente quanto ao tipo de contacto entre os géis e
as células (direta e ndo direta). A caracterizagdo dos géis por SEM/EDS mostrou que a cisplatina
aumenta a coesdo dentro dos géis. A libertagdao do farmaco foi sustentada, mas ndo sensivel ao
pH. Além disso, estudos in vitro mostraram que géis de Laponite ndo carregados promoveram a
viabilidade das células e géis contendo cisplatina foram citotdxicos de forma dependente da
concentracdo. Embora ndo tenha sido possivel distinguir as duas abordagens utilizadas neste
trabalho em relacdo a citotoxicidade, foi possivel concluir que os hidrogéis de laponite sdo

plataformas promissoras para a entrega de cisplatina.

Palavras-Chave: Laponite, Cisplatina, Hidrogel, Libertacdo de farmaco, Citotoxicidade,

Cancro
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1. Introduction

This thesis is focused on the development of hydrogels based on Laponite® for cisplatin
delivery and cancer treatment. As one of the leading causes of death around the globe (1),
cancer has been deeply studied in the past few decades. Many factors, both internal and
external, have been linked to the appearance of the different cancer types but the
unpredictability with which it manifests itself in the organism makes it one of the most
demanding diseases to investigate potential therapies. There are currently several approaches
for treatment for this disease such as chemotherapy, radiotherapy, immunotherapy, and surgery.
Regarding chemotherapy, although there is a success rate associated with these treatments,
there are also limitations such as harmful side effects, drug resistance or deficiency in tumor
targeting (2). Hence, various drug delivery strategies have been developed and tested in recent

years and, in particular, hydrogel-based systems should be highlighted.

1.1. Hydrogels and their biomedical applications

A hydrogel is a type of material that possesses a three-dimensional (3D) network
structure, primarily composed of reticulated hydrophilic polymers (3). This network structure
allows the hydrogel to retain a significant amount of water while maintaining its structural
integrity. Hydrogels exhibit properties such as high water content, flexibility, and the ability to
swell in response to changes in environmental conditions (4). These materials find widespread
applications in various fields, including biomedical, pharmaceuticals, and environmental
engineering, due to their unique ability to mimic biological tissues and provide a hydrated
environment for cells or substances (5,6). These applications capitalize on the versatility of

preparing hydrogels at various scales, including macro, micro, and nanogels (7).

In the biomedical field, especially, there are several areas where hydrogels’ utility and
benefits have been studied (Figure 1). One of the most important areas is that of wound dressing
and healing. This is made possible by the hydrogel’s creation of a moist environment that
promotes tissue regeneration and accelerates the wound healing process (8). However, with the
emergence of problems associated with the hydrogels’ mechanical performance, the recurrent
wound infections, and a low efficiency in the overall process (9), there was a necessity to develop

hydrogels with more active roles in the healing procedure. Hence, there have been designed
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systems in recent years involving hydrogels that are designed to release therapeutic agents to

further enhance the wound’s recovery (10).

Another area where there has been a lot of development for hydrogels is in tissue
engineering. Organ donation and all the variables that the entire process entails and that could
compromise it, such as compatibility, waiting time and survival benefit, is a very tricky procedure
hence the need of the science community to find a suitable alternative. Therefore, hydrogels
are a great strategy because they can serve as scaffolds for the cultivation and growth of cells
while also providing a supportive structure that mimics the extracellular matrix, fostering cell
attachment, proliferation, differentiation, and migration. Some of hydrogels’ properties that
may benefit regenerative medicine are their biocompatibility, thermal sensitivity, pH sensitivity,

swelling properties, crosslinking degree, porosity, anti-microbial activity, and biodegradation

(6).

For example, in the skeletal system, hydrogels can be used for bone tissue regeneration
and cartilage tissue repair. As mentioned, the hydrogel’s ability to deliver cells or growth factors
to damaged cartilage areas make it a good candidate to support tissue repair (11,12). Hydrogels
can also be used in ophthalmology, with soft contact lenses’ manufacturing often using these
materials. Their high water content and compatibility with the eye allow the necessary hydration
for extended wear and can also provide comfort (13). In the area of diagnosis, hydrogels can be
integrated into diagnostic devices for the identification of specific biomolecules. The hydrogels’
capacity to immobilize and embed molecules in their 3D structure, their high permeability for
small molecules and their viscoelastic properties enables the development and optimization of
biosensors. Furthermore, they can also be used as responsive materials since changes in their
properties, such as swelling or stiffness changes, can be indicative of the presence of specific
analytes (14). Another area where hydrogels are applicable is in dentistry, where they can be
used in oral delivery of substances such as drugs and antibacterial agents, as scaffold materials
for dental implants and regeneration of dental tissues, and as a component in dental materials
due to their biocompatibility (15). There is also a market for hydrogels in the cosmetic industry,
such as reconstructive surgery. In their injectable capacity, hydrogels such as hyaluronic acid-
based ones can be used as dermal fillers to enhance facial features or correct soft tissue defects,

also providing a non-invasive option for augmenting or restoring volume (16).
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Figure 1 — Application of hydrogels in biomedicine (17)

Arguably one of the most important applications for hydrogels is drug delivery,
particularly for cancer treatment (Figure 2). Due to some of their most attractive properties,
such as their high biocompatibility, biodegradability, low levels of cytotoxicity, their capacity to
encapsulate the drug and release in a sustained mode to the tumor (18) and due to their ability
to absorb and retain water, hydrogels may serve as efficient drug delivery vehicles. They are
particularly useful for the administration of medications over extended periods with

minimization of side effects.

As briefly mentioned, chemotherapy presents several challenges in its clinical use which
make it unable to completely eradicate all cancer cells while at the same time harming the
organism (19). Hydrogels can be used to reduce these effects due to their potential sensitivity
to temperature and pH changes, as evidenced by Lee et al. (20) with the development of a self-
assembled hydrogel composed of transferrin protein and dithiothreitol (DTT) mixed in a salt
solvent for the release of doxorubicin (DOX) into colon cancer cells. This system allowed for the
encapsulation of the intended amount of drug and its release in both a temperature and pH-
sensitive way and displayed cytotoxicity above 80% in the tested cells after 48 hours of

incubation.

Similarly to chemotherapy, radiation therapy (RT) has been extensively used in cancer

treatment because it leads to the tumors’ reduction and potential eradication. Furthermore, the
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ability to target this radiation to specific tissues enables both the killing of the cancer cells and
the least possible damage to normal cells (21). However, this therapy is more effective in early-
detected cancers vs in late stages due to the DNA's self-repair ability and cells’ emerged
resistance to the radiation. Hydrogel systems can prove beneficial due to their potential
capability to inhibit these repairs and lessen the state of resistance, leading to more DNA
damage (22,23). An injectable hydrogel based on Endostatin (ES) and hyaluronic acid-tyramine
was developed by Wang et al. (24) with the goal of releasing ES in cancer cells due to its ability
to reduce their microvascular density hypoxia which subsequently leads to an increase of the
cells’ sensitivity to radiation. They found that this hydrogel displayed sustained release, lower
systemic toxicity and greater antitumoral action than ES alone. Furthermore, with the addition
of RT, there was an increase in anti-angiogenic effects, the intended reduction in tumor hypoxia
and overall improvement of RT in tested mice with Lewis lung cancer. Also to address RT’s
challenges, Zhang et al. (25) developed a versatile hybrid hydrogel by incorporating gold
nanoparticle (GNP) aggregates and DOX into a polymeric hydrogel labeled with the radionuclide
iodine-131. The investigated system demonstrated outstanding biocompatibility, stability in
terms of photothermal and radiolabel properties, effective fluorescent imaging, and a sustained
release of DOX. GNP aggregates functioned as both radio- and photosensitizers, enhancing DNA
damage and contributing to photothermal therapy. This dual action impeded DNA self-repair
and addressed tumor hypoxic conditions, resulting in an overall improvement in treatment

effectiveness.

To fight the metastasis and recurrence phenomena associated with cancer,
immunotherapy harnesses the organism’s immune system to change the tumor
microenvironment with the help of immune cells and signaling proteins such as chemokines and
cytokines (26), creating anticancer effects and eradicating tumoral cells. However, the use of
monoclonal antibodies as inhibitors limits their penetration in the cells owing to their big size
and factors such as lackluster T cell infiltration rates and low immunogenicity provoke reduced
sensitivity and responsiveness (27). Hydrogels can play a benefic role due to their ability to
encapsulate these molecules and release them in a sustained way, increasing their effects. One
example is the development by Jin et al. (28) of a hybrid peptide hydrogel combining melittin
and RADA32, loaded with DOX, to achieve a potent chemoimmunotherapy against melanoma
by actively regulating the tumor microenvironments (TMEs). The hydrogel displayed great
biocompatibility, controlled drug release properties both in in vitro and in vivo studies and
enhanced cytotoxicity against melanoma cells. The hydrogel activated natural killer cells,

induced immunological responses, and depleted immunosuppressive elements, showcasing
18



robust anticancer efficacy against subcutaneous and metastatic tumors and potential for

durable immunological memory against tumor rechallenge.

Hyperthermia is also a promising option for cancer treatment due to its fewer side
effects, cost-effectiveness, and ability to be combined with other therapies, being usually
applied as an adjuvant to chemotherapy or radiotherapy. It consists of the exposure of the
organism to temperatures that exceed the physiological optimal level, around 39-45°C (29),
which can destabilize cancer cells. This damage occurs due to a cascade of phenomena starting
with protein denaturation, subsequent cell membrane and mitochondria disruption and
deregulation of several biochemical pathways, particularly concerning DNA-related functions
(30). Additionally, damage to the mitochondria compromises oxygen’s uptake by the cells and
induce hypoxia in the tumoral tissues, increasing their sensitivity to heat (31). Hyperthermia’s
effects on cancer cells enhance its potential synergistic effect with the previous discussed
therapies via reduction of resistance to chemotherapy drugs, radiation, and acceleration of
immune response. Hydrogels, particularly thermogels, have arisen as potential materials for a
successful combination of therapies, including hyperthermia, due to their ability to not only load
a variety of molecules and release them sustainably in the cancer cells but also respond to
temperature variations. A thermogel that undergoes a sol-gel transition at a certain temperature
(such as physiological temperature) can facilitate injectability in the organism which enhances
its potential in several treatments (32). Yang et al. (33) developed a thermosensitive hydrogel
based on PLGA-PEG-PLGA to deliver DOX and B-cyclodextrin-curcumin to osteosarcoma cells, in
a dual delivery system. This system harnessed curcumin’s ability to improve the cytotoxicity of
several chemotherapy drugs by combining it with DOX in a hydrogel with a well-defined sol-gel
transition temperature. This approach significantly improved cytotoxic efficiency and enhanced

the pro-apoptotic effects of DOX when compared to single-drug treatments.

Chemotherapy

' Al -
Radiotherapy \{y Photothermal and

(8 N / \ Photodynamic Therapy
(£ =

N

Types of

Cancer

Immunotherapy \\%(f/ Treatment }}} Hyperthermia
o
Nanogels Microgels ~ Macroscopic gels

Figure 2 — Different types of hydrogels and potential applications in cancer treatment (adapted from (34))
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As previously mentioned, hydrogels can also be classified by their size, with each having

advantages, limitations and different potential applications, which are summed up in Table 1.

These different sizes influence the methods of delivery and their efficiency. For example, a

macrogel is more adequate for in situ delivery such as an injection or direct application in the

wound or surgical cavity. On the other hand, microgels are more efficient via oral or pulmonary

delivery rather intravascular applications due to their higher liability to phagocytosis by

macrophages in the blood vessels (35). Finally, nanogels have the potential to overcome barriers

imposed to larger hydrogels, such as the penetration of the blood-brain-barrier (BBB), which

remains a challenge to this day.

Table 1 — Types of hydrogels classified by size

Type of
Size Advantages Limitations Example
hydrogel
High drug-carrying capacity, Surface-filled hydrogel
Difficult to
Macrogel >100 uM high stability, and high releases miRNA NPs with
deliver (34)
stimuli response (34) anticancer activity (36)
Pectin-based hydrogel
Prone to
Delivery of hydrophobic for the release of 5-
Microgel 0.5-10 uM phagocytosis
drugs (34) fluorouracil for colon
(34)
cancer treatment (37)
Crosslinking of pullulan
Rapid
Large surface area, high and poly(deca-4,6-
Nanogel <200 nm clearance
drug loading efficiency (34) 38) diynedioic acid) (PDDA)
38
to cross BBB (39)
1.2. Laponite

1.2.1. Structure, properties, and interactions with molecules

Clays are naturally occurring, fine-grained minerals or soil particles characterized by

their small particle size and sheet-like structure. They are part of the larger family of

phyllosilicates and are primarily composed of layered silicate minerals, such as kaolinite,

montmorillonite, and illite (40). Clays have a high surface area and a significant capacity to
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absorb water and other substances. Their properties can vary widely based on their mineral
composition, and they often exhibit plasticity when mixed with water, allowing them to be
molded and shaped (41). Clays are found in various geological formations and are commonly
used in a range of applications, including ceramics, construction materials, cosmetics, and as a

component in certain medical and industrial processes (42).

Due to their unique properties and versatile nature, clays have garnered increasing
attention in biomedical applications. Specifically, certain types of clays, such as montmorillonite
and halloysite nanotubes (43,44), exhibit characteristics that make them valuable in various
medical contexts. These clays are explored for drug delivery systems, acting as carriers that can
absorb/adsorb and release therapeutic agents in a controlled manner. Additionally, due to their
natural antimicrobial properties, clays have been investigated for wound healing applications,
with clay-based dressings providing a conducive environment for tissue regeneration. In tissue
engineering, clays may contribute to scaffolds that support cell growth and differentiation (45).
The biocompatibility and tunable properties of clays offer exciting prospects for advancing
biomedical technologies and improving therapeutic outcomes, hence ongoing research

continues to explore their full potential.

Laponite® is a nanoclay, classified as a synthetic smectite and whose structure and
composition resemble that of hectorite, a natural clay mineral. Although Laponite® is a
registered trademark, from now on it will be called Laponite for simplicity. These clays belong
to the group of phyllosilicates, silicate structures defined as 2:1 crystals composed of layered
units of two tetrahedral silica sheets that sandwich an octahedral metal cationic sheet (46).
Figure 3 presents the idealized structure of the unit cell, where the magnesium ions are
sandwiched between two layers of silicon atoms; these layers also contain oxygen atoms and
hydroxyl groups (47). This unit cell would ideally have a neutral charge; however, as Figure 3
depicts, some of the divalent magnesium ions are sometimes replaced by monovalent lithium

ions, leading to the following empirical formula:

Na*o.7 [(Slg Mgs,s Lio,3) Ozo(OH)4] -07
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Figure 3 — Idealized crystal structure of Laponite (47)

The negative charge of 0.7 per unit cell is neutralized during the manufacturing process
because of the sodium ions adsorbed on the crystal surfaces. When dispersed in water,
Laponite’s layer structure originates disk-shaped crystals. As displayed in Figure 4, the Laponite
disks have about 25 nm of diameter and 0.92 nm of height (48) and it is estimated that a Laponite

crystal has approximately 2000 unit cells.

Figure 4 — Representation of a Laponite disk (48)
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The structure of the groups present in the disks and the cation substitution previously
stated (magnesium substituted by lithium ions) both cause their surfaces to be negatively
charged, while having positively charged edges. The negative charge of the surfaces is balanced
by the sodium ions present between the crystals and adjacent water molecules. These ions are
responsible for the electrostatic interactions among the crystals in the interlayer regions,
creating stacks of crystals that appear as a white dry powder. When the disks absorb water,
Laponite can expand and delamination can occur. On the other hand, the disk edges possess
hydroxyl groups and their charge depends on the surrounding pH, with previous studies
indicating that the edges of the crystals possess a positive charge when the environmental pH is
11 (49). Studies on pH and conductivity have shown that Laponite acts as a base when dispersed
in deionized water, with solutions having a pH of approximately 10, and that the positive charges

of the crystal edges are approximately 10% of the negative charge on the disks’ faces (48,49).

When Laponite is dissolved in water at a low concentration a colloidal dispersion is
formed where all the crystals are surrounded by an electric double layer encompassing sodium
cations. Because of the electrostatic forces between these sodium ions and the crystal surfaces,
as well as osmotic pressure, which pulls them away from the surface, an equilibrium is created
where the ions are in the vicinity of both sides of the Laponite crystal. These electric double
layers create repulsive forces between the particles when they come into contact. When the
experimental conditions are altered, such as the introduction of additional ions or polar
molecules into the solution or the increase in concentration (50), there is interference with the
electric double layers, where there is a decrease in the osmotic pressure and subsequent
contraction of the layers. Consequently, this allows the weaker positive charges present in the
crystal edges to bond with the negatively charged surfaces of neighboring crystals. These
interactions can tip the balance in favor of attractive forces over repulsive forces, potentially

resulting in the formation of gel-like structures (Figure 5) (48).

These gels have strong thixotropic properties, which signify that their viscosity
decreases when shear stress is applied, and they can re-form once they are no longer under
these conditions. The formation of gels occurs because of the negative surface interactions of
the disks with the positive edges of other disks, which is commonly called a “House-of-Cards”

structure, with the disks bonded together by weak ionic forces (51), as evidenced in Figure 5.
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Figure 5 — House-of-Cards structure formed by electrostatic forces (47)

Laponite’s composition and structure provide it with properties such as high aqueous
stability (52), cation exchange capacity (CEC) (53), and swellability, which is dependent on both
the cations within the interlayer space and the solution’s concentration of Laponite (54).
Laponite exhibits versatile interactions with other molecules influenced by factors such as pH,
molecular size, and electrostatic forces. Its potential for drug delivery systems lies in its
capability to engage with drug molecules at different locations on its disks—interlayer spaces,
between particles, and edges of the disks. Various mechanisms govern drug localization on
Laponite nanoparticles, including Van der Waals bonds, cation exchange, water bridging
potential, and hydrogen bonding. These mechanisms enable effective loading of drugs into
interlayer sites and surface adsorption. The diverse ways drugs interact with Laponite
nanoparticles underscore the complexity of their adhesion, determined by specific chemical

features (55).

1.2.2. Applications

Due to several of its properties, Laponite has a broad range of applications. Its
thixotropic properties allow it to be a rheology modifier in several contexts. For industrial
functions, Laponite can be used in release suspensions, such as of mold, grinding pastes, oil
drilling fluids, ceramic glazes, rubber latex and electrorheological fluids (48). Furthermore, this
synthetic nanoclay has uses in personal care products, such as skincare emulsions, shampoos,
and toothpastes; in household products, such as gelled bleach cleaners, air fresheners and
sprayable cleaners; agricultural products, like seed germination gels and agrochemical

flowables; in building products, such as wood treatment suspensions and adhesives. Moreover,
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Laponite can be utilized for surface coatings, such as printing inks, pigment suspensions and
decorative/architectural finishes. Another function Laponite possesses is that of a film forming
agent, which can be taken advantage of for ink jet coatings, microparticle for retention and

drainage systems and inert barrier films, for example (56).

Most relevant for this thesis is the potential Laponite has shown for biomedical
applications (Figure 6). From bioimaging to regenerative medicine, several experiments have
been carried out using Laponite due to many of its properties that are valuable for the intended

goals.

1. Negatively Charged Surface 4. Large Surface Area

2. Ageous Gelation Properties 5. Biodegradable

®
Drug Delivery
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3. Positively Charged Edges /

Figure 6 — Laponite’s biomedical applications (56)

Tissue engineering and regenerative medicine

Tissue engineering is considered a subfield of regenerative medicine and its focus is the
utilization of materials, cells, and biochemical and physicochemical factors to reconstitute
biological tissues and to foster their regeneration in the long-run (57). One of Laponite’s
properties that is relevant to the tissue engineering field is its ability to interact with several
molecules, which makes it an effective carrier of biochemical factors necessary in regenerative
processes, while also being able to release them in a sustained manner. Laponite’s ability to

degrade is also relevant for its role in the fields of tissue engineering and regenerative medicine
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since it leads to the release of orthosilicic acid (Si(OH)4), an inorganic compound that has been
shown to play a role in collagen type | synthesis in early osteoblastic cells (58). Type | collagen
has been linked to the bone’s formation, strength, and structure (59) with its genes’
posttranslational modifications being crucial not only in bone turnover but also in the
mechanical properties of the bone matrix (60). Therefore, type | collagen’s synthesis by
osteoblasts (in early stages) and deposition is important for the bone formation process. It has
been investigated by Reffitt et al. that Si(OH), stimulated type | collagen synthesis in human
osteosarcoma cells, osteoblasts derived from the human bone marrow stromal cells and an
osteoblast precursor line. Besides type | collagen synthesis, alkaline phosphatase (ALP) activity
and osteocalcin synthesis also increased in the presence of Si(OH)s, with the latter signifying
osteoblastic differentiation (58). Moreover, Laponite’s degradation process also causes the
release of several ions, such as magnesium, lithium, and sodium. Magnesium plays numerous
crucial roles in the organism due to its ability to both chelate with compounds like adenosine
triphosphate (ATP), the cells’ main energy provider, and compete with other ions, like calcium,
for binding sites on proteins and membranes. It not only is a part of the synthesis of proteins
and nucleic acids but also intervenes in metabolic processes and has more particular actions in
a variety of organs and systems (61). Sodium also plays an important role in the human bodly,
especially in the nervous system where it aids in generating electrical potential that allows the
conduction of nerve impulses (62). Finally, lithium is said to interfere in neuronal behavior, being
a mood stabilizer, while also having a reported role as an inhibitor in enzymatic reactions (63).
In sum, Laponite’s bioactivity as a material can be considered an advantage in regenerative

medicine due to the beneficial biological roles its released products may have on the organism.

Laponite has also been studied regarding its potential in wound dressing. Gonzaga et al.
formulated Chitosan/Laponite nanocomposite scaffolds via a freeze-drying process, while also
testing different clay concentrations, for potential skin regeneration. It was concluded that
chitosan alone provided some important properties to the material’s application such as low
levels of cytotoxicity, antimicrobial activity and swelling but these were enhanced in the
presence of Laponite. Furthermore, this clay allowed for stronger mechanical properties, bio-
adhesive strength in vitro and cell adhesion in the scaffold, as well as fitting porosity values for
wound dressing. They also found that the higher Laponite’s concentration was, the more
efficient the bio-adhesion and its force were, with scanning electron microscopy (SEM) results
demonstrating that fibroblast cells’ attachment varied according to clay concentration present

in the scaffold (64).
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Bioimaging

One of the most important potential biomedical applications of Laponite is in
bioimaging, in which non-invasive methods are applied to make possible the observation of
biological processes, whether in vitro or in vivo. Laponite’s ability to interact with many
biochemical factors is beneficial to this application, since it means that several dyes, such as
fluorophores, can be linked to it. Furthermore, Laponite also facilitates the solubilization of
hydrophobic compounds by serving as a carrier of these dye molecules (46). Felbeck et al.
formulated Laponite nanoparticles functionalized with 3-aminopropyldimethylethoxysilane
(APES) and subsequently tested several dyes with these particles. The results showed that the
dyes’ bond with the Laponite’s disks’ edges influenced their charges and accumulation (65). It is
also possible to utilize Laponite in magnetic resonance imaging (MRI) applications, where
magnetic materials such as iron oxide nanoparticles can be blended with Laponite in
nanocomposites, as investigated by Tzitzios et al. (66). In this work, laponite-gamma-iron oxide
(LAP/y-Fe,03) composite nanomaterials were synthesized and several of their properties were
subsequently studied, including magnetism. The nanoparticles exhibited much higher T2-
weighted MRI divergence in comparison with Fe;03 not intercalated with Laponite. However, in
vivo results were not as satisfactory. Ling et al. introduced a different synthesis method based
on co-precipitation and prepared LAP-Fes;04 nanoparticles with properties such as colloidal
stability, water dispersibility and cytocompatibility (67). Both in in vitro tumor cell imaging MR
and in vivo tumor grafted nude mice MRI there was a clear alteration of signal intensity in the
presence of the LAP-Fe3O4 nanoparticles, due to their efficient cellular uptake. The fact that
Laponite possesses unique properties makes it so that it can be loaded with anti-cancer drugs
or modified for active targeting and makes this system effective for theranostic applications.
This was demonstrated later when the LAP-Fe304 nanoparticles were modified with folic acid

and were able to target cancer cells with overexpressed folate receptors (68).

For theranostics the main draw is the synergistic effect of combining both imaging and
therapy in the same process, which not only is a time-saver but also strengthens both
applications. More recently, Liu et al. synthesized nanoplatforms where Laponite was coated
with polydopamine (PDA), loaded with a photothermal dye, indocyanine green (ICG), and an
anti-cancer drug, DOX as well as modified with polyethylene glycol-arginine-glycine-aspartic acid
(PEG-RGD) for photoacoustic imaging-guided chemotherapy on cancer cells with an
overexpression of avp3 integrin (69). This integrin plays a critical role in tumor growth and

controls cancerous cells’ survival. The nanoplatforms displayed good imaging properties, both
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photothermal and photoacoustic, were successful in releasing DOX in a pH-sensitive way and
had good cellular uptake in the 4T1 cells (derived from mouse’s mammary gland tissue) with
avP3 overexpression, serving also as a great contrast agent for in vivo imaging of these cancer

cells. Overall, these nanoplatforms were presented as an effective method for theranostics.

Drug delivery

There is no doubt that drug delivery has been one of the most important challenges in
the biomedical field. Whenever drugs started being conceived for the treatment of several
diseases, the way the substance was delivered to the damaged organ and its cells became also
the subject of much investigation. There are many factors that contribute to a drug’s therapeutic
efficacy in the organism, such as the dosage administered and the frequency of administration
but these often result in toxicity and side effects (55). Hence, drug carriers must be able to
successfully encapsulate the drug and deliver enough of it to the specific site but also maintain

its frequent release for maximum therapeutic efficiency.

Laponite as a nanomaterial, alone or in combination with other materials, is an
interesting prospect for drug delivery (Figure 7) due to its ability to encapsulate or “trap” cationic
compounds in the large surfaces of its interlayer spaces as well as the high negative charge from
these surfaces. As mentioned before, these properties allow the adsorption of molecules with
positive charges on Laponite’s surfaces and an eventual controlled release through an ion-
exchange mechanism dependent on ambient pH, size, and electrostatic properties of the

interacting molecule (70,71).
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Figure 7 — Laponite’s properties that make them suitable for drug delivery (adapted from (72))
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Several factors affect both the drug encapsulation efficiency (EE) and the drug release
from Laponite. For the encapsulation of the drug molecule by Laponite, the mechanism is mainly
intercalation due to the spaces created by the electrostatic forces amongst the negatively
charged interlayers (73). The drug molecules are encapsulated by one of two mechanisms, an
ion-dipole interaction with hydrophilic molecules or an ion-exchange with ionic compounds (74).
Some of the factors influencing the EE are both the drug and Laponite’s net charges which are
always dependent on pH. Furthermore, the drug’s net charge influences the force of the
electrostatic interactions amongst both compounds and the stronger these are the more
efficient the encapsulation of the drug is. Moreover, the ionic strength can also influence the
drug’s net charge by pK, modulation. Both the drug and Laponite’s concentrations are also
crucial factors in EE. Regarding Laponite, there are two contradicting theories on concentration
versus EE. There are reported results of EE increasing with the increase of Laponite’s
concentration, with an example being Laponite/chitosan beads loaded with ofloxacin where the
EE increased from 50% to 91% when Laponite’s concentration varied between 10 to 40 mgmL™?
(75). Results such as these could support the idea that higher concentrations of Laponite would
lead to a more efficient dispersion of the drug in its interspaces. However, the second theory
states the opposite of the first and is supported by results showing that, with the increase of
Laponite’s concentration, EE decreases. For example, Wang et al. found that the increase of
Laponite from 3 mgmL™ to 10 mgmL™ in amoxicillin-loaded Laponite/chitosan nanofibers caused
a decrease of the EE from 10% to 3% (76). It’s been posited that increasing the concentration of
Laponite could lead to the aggregation of its disks and therefore interfere with the drug’s
entrapment and consequently its loading. For the drug’s concentration, it has been reported,
for example, that tetracycline’s concentration increase in a Laponite dispersion will lower the EE
(74). The success of the drug’s loading can be characterized by several techniques such as SEM,

zeta potential, Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD).

Regarding the drug release, there are also a set of factors that influence the process.
There are two main mechanisms by which the release can happen which are drug diffusion and
the carrier’s degradation. The former is more common, as the drug is more rapidly diffused than
the carrier is degraded. What happens is the intercalated drug is released from the carrier and
while the drug is diffused out, water is diffused into the carrier and any interfering factors will
have an impact on the release (55). Firstly, the physicochemical properties of the drugs play a
crucial role in whether the molecules will be released at a faster rate or suffer a bigger retention.
For example, hydrophilic and protonated compounds are evidently more retained due to their

interactions with Laponite’s negative surfaces and therefore will display a more sustained
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release profile (77,78). Furthermore, the microenvironment’s pH also has an important role in
drug release since physiological variations of pH levels always happen, especially in conditions
such as cancer or inflammation, with a lower pH being observed in these scenarios. This variation
in pH has long been studied for its potential in targeted drug delivery (79) and it is particularly
relevant for Laponite with its negative surface charges and pH-responsive edges with its
amphoteric groups (80). The reversible protonation and deprotonation of Laponite in response
to environmental pH and its influence on the electrostatic interactions between drugs and
Laponite make it suitable for controlled drug release as a pH-responsive material (46,81). For
example, the release of cationic drugs like DOX is due to an ion-exchange mechanism and it has
been shown that it occurs at a faster rate in an acidic pH, with Xiao et al. demonstrating that at
a pH of 5.4 there was a faster release for their compounds than at pH 7.4, where there was only

10% of DOX released (82).

Other factors that play a role in drug release include Laponite’s CEC, swelling behavior,
its own concentration and drug solubility. Drug’s solubility in water is a big factor in its release
rate and subsequent bioavailability in the organism. Regarding the CEC, a drug’s deintercalation
from the Laponite layer is significantly influenced by the quantity of drug released (83). The
substitution of the protonated drug with cations in the solution is a process whose pace is
governed by the physicochemical characteristics of both the drug and the clay (81). A greater
clay CEC signifies a more robust interaction between the drug and the clay, potentially resulting
in a slower release of the drug (55). On its swelling behavior, studies indicate that the inclusion
of Laponite has the capacity to influence the swelling behavior of hydrogels that incorporate it
(84) and it is known that the process of rehydration plays a crucial role in facilitating the release
of encapsulated drugs from Laponite (85). The concentration of Laponite is also important and
studies have shown that increased clay concentration may slow the drug’s release due to

possibly a more gradual degradation or a reduced diffusion (75,86).

As a drug carrier, Laponite has other appealing factors such as its degradation ability,
particularly in acidic environments. Some studies have shown that in the presence of solutions
with pH < 7, there is a higher concentration of silica, magnesium, and sodium ions dissolved in
the medium than in alkaline solutions. This implies that under acidic conditions, Laponite is more
degradable, and the ions in its composition are released into the solution, which is dissolved in
(87). Furthermore, some of the contributing factors to the chemical degradation of Laponite
were studied and it was found that time, salt concentration and Laponite concentration had a

significant influence in Laponite’s degradability, in which older suspensions with low salt and
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low Laponite concentrations displayed bigger degradation (52,88). Moreover, the cytotoxic
behavior of Laponite is crucial for its potential biomedical applications. This property has been
studied using a lactate dehydrogenase (LDH) assay in human mesenchymal stem cells (hMSCs),
and it has been reported that the addition of Laponite XLG at concentrations lower than the Half
Maximal Inhibitory Concentration (ICso) values did not cause a change in the LDH level in the
media, showing that at concentrations lower than 1 mgmL™, no significant cytotoxicity was
observed in hMSCs (89). Finally, one of the most important properties Laponite possesses is its
biocompatibility, with several studies showing that it doesn’t generally induce cytotoxicity in the
organism, can increase cell growth (90) and can enhance the attachment and proliferation of

cells such as mesenchymal stem cells (MSCs) (91).

Similarly to its role in nanoparticles, Laponite has been integrated with various polymers
to create hydrogels for drug delivery, showcasing diverse applications, including anti-cancer,

anti-inflammatory, and anti-bacterial activities (Table 2).

Table 2- Summary of some of Laponite’s past works in different applications

Application Polymer Synthesis Method Drug delivered References
PPO-PEO B-Lapachone (92)
Chitosan-
Solution mixing Curcumin (93)
PVA
Anti-cancer Alginate Doxorubicin (94,95)
Inverse Cisplatin,
None miniemulsion cyclophosphamide, 4- (96)
technique fluorouracil
Anti-
Alginate Solution mixing Theophylline (53)
inflammatory
Chitosan Co-precipitation Ofloxacin (97)
Anti-bacterial Free radical
Dextran Ciprofloxacin (98)
polymerization

For the delivery of small molecules like anti-cancer drugs, some Laponite-polymer
composite hydrogels have been developed, like Laponite-alginate for delivery of DOX (95) that
displayed high encapsulation efficiency, sustained drug release behavior, successful cell

internalization and high cytotoxicity in CAL-72 cells in comparison with the free drug. Becher et
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al. (96) designed a nanohydrogel platform based on Laponite nanodiscs, polyacrylate, and
sodium phosphate salts with tailored stiffness for drug delivery. Three drugs tested, which were
4-fluorouracil, cyclophosphamide, and cisplatin, and in vitro studies showed the nanohydrogels
displayed a lower 1Cso in MCF-7 cells in comparison with the free drugs. Furthermore, in vivo
studies demonstrated the nanohydrogels’ biocompatibility and non-accumulation in central

organs.

One of the anti-neoplasic drugs utilized in the aforementioned work is cisplatin, a well-
known metallodrug used for cancer treatment which will be further explored within the scope

of this work.

1.3. Platinum-based metallodrugs for cancer treatment

Metallodrugs, also known as metallopharmaceuticals, are compounds featuring a metal
atom as their active agent and are activated by ligand substitution or metal- or ligand-based
redox reactions. Their significance in clinical applications stems from their mechanisms of action,
which are primarily active targeting processes, through favorable interactions with various
biological molecules within the human body (99). Metallodrugs find application in treating a
multitude of diseases, particularly cancer. Notably, platinum-based metallodrugs exhibit
substantial anti-cancer potential. The electrophilic nature of platinum allows its reaction with

nucleophilic residues in DNA molecules, functioning akin to an alkylating agent.

Since the 1970s, three major drugs within the platinum-based antineoplastic medication
family have been available in the market: cisplatin, carboplatin, and oxaliplatin. These drugs
have demonstrated their capacity to disrupt DNA functions in cancer cells by forming
monoadducts and DNA crosslinks (100). Both carboplatin and oxaliplatin are derivatives of
cisplatin, distinguished mainly by their structures and toxicity levels. Carboplatin incorporates a
bidentate dicarboxylate-substituted ligand and is associated with significant myelosuppressive
effects in the organism, acting as its dose-limiting factor (101). Oxaliplatin, classified as an
organoplatinum compound, features a platinum atom complexed with trans-1,2-
diaminocyclohexane and a bidentate oxalate group and it causes side effects such as

neurotoxicity and ototoxicity (102).

The primary platinum-based compound employed in cancer treatment is cis-
diaminedichloroplatinum (ll) [Pt (NH3)2Cl,], medically referred to as cisplatin. Cisplatin features

a square planar molecular geometry, with two chloride ligands and two ammonia groups

32



complexed to the platinum atom in a cis- configuration (Figure 8). Upon entering the organism,
this molecule undergoes aquation, during which its chloride ions are displaced and replaced by
two water molecules (Figure 9). The resulting aquocomplex, cis-[Pt (NHs)2(H20),]%, is considered

crucial in the DNA platination process, which is the basis for its mechanism of action (103).
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Figure 8 — Chemical structure of cisplatin (100)
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Figure 9 — Cisplatin’s aquation process (adapted from (104))

Cisplatin’s mechanism of action, akin to other platinum-based drugs, involves inducing
cytotoxicity by impairing the DNA within the cells. The interference with DNA functions,
including replication and transcription, impacts processes such as cell mitosis. Cisplatin damages
DNA by crosslinking it, triggering DNA damage repair mechanisms that, if unsuccessful, result in

apoptosis (105).

However, the utilization of cisplatin in cancer treatment is constrained by various
limitations. Besides the occurrence of toxic side effects such as neurotoxicity, nephrotoxicity,
and the potential for nausea and vomiting, there is also the emergence of resistance
mechanisms in tumor cells. This resistance phenomenon has been attributed to several self-
defense mechanisms developed by the cells, including blocked endocytosis or mislocalization of
membrane transporters, which hinder cisplatin's influx and accumulation while promoting
increased efflux (106). Consequently, numerous preclinical models are dedicated to
understanding and addressing these resistance mechanisms, seeking ways to overcome these

challenges (100).
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2. Thesis Objectives

As a powerful anti-neoplasic drug, cisplatin has been used for cancer treatment since its

inception but its limitations make it imperative that new delivery methods are developed. In

this work, Laponite’s advantageous properties as a drug carrier and, most importantly, its

thixotropic nature, were harnessed to develop gels as new delivery method for cisplatin in

cancer cells. These gels are aimed for topical application or, eventually, for direct injection in

the tumor site. In this scope, research was mainly focused on the gels’ optimized

formulation, physicochemical characterization, efficacy in releasing the drug in different

environmental conditions (namely pH) and cytotoxic effects on tumor cells.

More specifically, the main goals proposed for this dissertation were:

a)

b)

d)

The establishment of an optimized formulation of Laponite gels and Laponite-
Cisplatin gels in terms of gel-forming conditions, namely gelation time and gel
consistency; the effect of variables such as temperature, pH, and concentration of
both Laponite and Cisplatin on gels’ properties were studied.

The characterization of the gels, namely their water content, their morphology and
their composition, the latter two analyzed by Scanning Electron Microscopy and
Energy-dispersive X-ray spectroscopy (SEM/EDS).

The evaluation of cisplatin’s release profile at two different environmental pH values
(the physiologic pH value of 7.4 and the pH value of 6.5 that, being more acidic, can
possibly be reached in the tumor microenvironment); here, the drug release was
followed by cisplatin’s quantification through a chemical derivatization method and
the possible sustained release behavior of the drug was investigated.

The evaluation of the Laponite and Laponite-cisplatin gels’ cytotoxicity in vitro; these
studies were performed using two different cell lines, the A2780 (human ovarian
carcinoma) and the A2780cis (resistant to cisplatin) cell lines; moreover, two
different approaches regarding the type of contact between the gels and the cells
were tested (direct and non-direct contact with the gel); in all studies, cell viability
was indirectly assessed through a metabolic activity assay (the resazurin reduction
assay). In this context, in order to validate the application of the resazurin reduction
method to assess cytotoxicity, the total protein quantification in culture (by the

bicinchoninic acid protein assay) was also performed in selected experiments.
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3. Materials and Methods

3.1. Materials

Laponite XLG was kindly donated by BYK, Germany. According to the supplier, it is a gel
forming grade Laponite with high purity, and certified low heavy metal and low microbiological
content (see the data sheet in Annex 1). Cisplatin (cisPt, IUPAC name: cis-
dichlorodiamineplatinum (1)) was purchased from Acros Organics (99.99%). For the phosphate
buffered saline (PBS) solution without calcium and magnesium ions, dibasic sodium phosphate
was purchased from Panreac, monobasic potassium phosphate from Panreac, sodium chloride
from Fisher and potassium chloride from Panreac. The pH was adjusted to 7.4 with sodium

hydroxide (NaOH) 0.01 M.

For cisplatin quantification, o-phenylenediamine was purchased from Aldrich (99.5%) and
for the potassium dihydrogen phosphate (KH,PQ,) buffer, the potassium dihydrogen phosphate
was purchased from Merck and sodium hydroxide from Fisher. Dimethylformamide (DMF) was

purchased from Fisher.

3.2. Formulation of the gels

For the optimization of the Laponite gels forming method, several variables were studied
including different ions present in the solvent (water), solvent pH, temperature of incubation,
Laponite concentration and mixing process. Furthermore, cisplatin concentration was also

assessed as a variable when cisplatin was added to prepare the Laponite-cisplatin gels.

To form pristine Laponite gels, a Laponite solution at the desired concentration (20 to 40
mgmL™?) was prepared in distilled water (depending on the cases, without or with pH adjustment
to 7.0 using NaOH 0.01 M) and mixed vigorously by vortexing for 10s. The solutions were

incubated at 37 °C until complete gelation was achieved (a Wisd incubator was used).

To form Laponite-cisplatin gels, a cisplatin solution was prepared at the desired
concentration in distilled water adjusted to a pH of 7.0. Subsequently, Laponite was poured into
the solution to obtain a final Laponite concentration of 30 mgmL?, and the solution was mixed
vigorously by vortexing for 10s. The solution was incubated at 37 °C until complete gelation was

achieved.
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3.3. Characterization of the gels

3.3.1. Water content

Laponite and Laponite-cisplatin gels (2 Laponite gels at 30 mgmL™® with 0 and 3 mgmL™ of
cisplatin, respectively) were prepared by the previously described methods and weighed
(Mhidrated gel) (Ohaus). Subsequently, the samples were lyophilized (Labconco) and weighed again

(Miyophiiized gel) t0 evaluate the water content of the gels using the following formula:

(m hidrated gel — m lyophilized gel)
x100

% water content = m hidrated gel

3.3.2. Morphology and composition of the gels by SEM/EDS

Several Laponite gels were prepared by the previously described methods, namely: a
pristine Laponite gel (30 mgmL?) and two Laponite-Cisplatin gels (containing 30 mgmL? in
Laponite and 1 mgmL™ or 3 mgmL™? of Cisplatin). Subsequently, the gels were lyophilized and
later analyzed by SEM/EDS (Bench SEM Phenom ProX) at 10-15 kV with different magnifications
(210x, 250x, 500x, 1000x, 2000x and 4000x).

3.4. Invitro drug release studies

To evaluate the effect of the environmental pH in the cisplatin’s release from the gels,
two different pH values were used in the drug release assays, namely the pH of 7.4 to mimic the
physiological pH of the human body and a pH of 6.5 to simulate the pH of the tumor

microenvironment (107).

To perform the cisplatin release assay, Laponite-cisplatin gels were prepared as
previously described. The Laponite concentration utilized for all solutions was 30 mgmL™? while
several cisplatin concentrations were used (0.08, 0.8, 8, 83, 833, 1700, 3300, 6700 and 10000
UM). Four gel replicates were prepared for each cisplatin concentration. Briefly, 0.1 mL Laponite-
Cisplatin gels were prepared in small flasks and once they were gelled, 2 mL of PBS (pH=7.4 or
6.5) were deposited on the top. Afterwards, the flasks were incubated at 37 °C, under stirring
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(Heidolph Unimax 1010), and, at determined times, 0.1 mL of PBS were removed from the flask,
stored, and 0.1 mL of fresh PBS were added to the flask again. For the controls, 0.1 mL of each
cisplatin solution were also deposited at the bottom of the flasks and 2 mL of PBS were
deposited on the top. The controls were then subjected to the same conditions as the samples.
The time points used for cisplatin analysis in solution were 30 min, 1h, 2h, 3h, 4h, 5h, 6h, 7h, 8h,
24h, 25h, and 26h in the first assay performed. For practical reasons, the following assays were

performed with the following times: 30 min, 1h, 2h, 4h, 6h, 8h, 24h, and 26h.

To quantify the cisplatin present in the PBS removed from each flask at the
aforementioned time points, a derivatization method was used which was adapted from
literature (108). For the experiment, a standard calibration curve was prepared by diluting a 1
mgmL? cisplatin stock solution to obtain six concentrations. These concentrations were 1, 5, 10,
20, 50, and 100 pgmL?, respectively. All dilutions were performed in PBS, and a blank was
prepared as a control. For the standard curve, four replicates were prepared for each
concentration, and for the samples obtained from the release assay, four replicates were
prepared too. In each Eppendorf tube, 0.1 mL of the cisplatin solution, 0.1 mL of a previously
prepared o-phenylenediamine solution (1.4 mgmL?, using DMF as solvent), and 0.2 mL of a
previously prepared KH,PO4 buffer (0.1 M, pH=6.8) were added. Afterwards, all Eppendorf tubes
were incubated at 90°C in a bath (Grant) for 30 min for the reaction between cisplatin and o-
phenylenediamine to occur. Finished this period and after the subsequent cooling of the
Eppendorf tubes, the volume of each Eppendorf tube (1.5 mL) was completed with DMF, and
the absorbance was read at 703 nm in the UV-Vis spectrophotometer (Thermo Scientific,

Genesys™ 180).

3.5. Cell culture

Two cell lines were used in these experiments: A2780 (ECACC 93112519), a human ovarian
cancer cell line, and A2780cis (ECACC 93112517). A2780 is the parent cell line of A2780cis, a
cisplatin-resistant cell line. Both cell lines were kept in culture in Roswell Park Memorial Institute
(RPMI) medium (Gibco, Thermo Fisher) supplemented with 10% fetal bovine serum (FBS), 1x AA
(antibiotic-antimycotic), and 1% L-glutamine (200 mM). A2780cis cells were treated with 1%
cisplatin (100 uM in 0.9% NaCl) added to the culture medium every time there was a medium
change which was performed 2-3 times a week (cisplatin was not added for trypsinization). All

additives were purchased from Gibco (Thermo Fisher Scientific).
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3.6. Cytotoxicity assays

3.6.1. Cells in direct contact with the hydrogels

Laponite and Laponite-cisplatin gels were prepared according to the previously described
method and added to the bottom of the wells of 96-well plates, with 0.05 mL of gel added to
each well. After the gels were prepared, cells (A2780 or A2780cis cells) were seeded on the top
of the gels at a cell density of 1.5x10* cells/cm? (Figure 10-A) and incubated for 24h and 48h, at
37 °C, and a 5% CO, humidified atmosphere (NUAIRE, 5800 incubator). For the experiments with
pristine Laponite gels, three concentrations of Laponite were tested (25, 28, and 30 mgmL™). For
the experiments with Laponite gels containing cisplatin, several cisplatin concentrations were
used in the gels: 0.08, 0.83, 8.3, 83, 833, 1700, 3300, 6700, and 10000 uM. Depending on the
experiments, negative control experiments involved cells only cultured with medium (RPMI,
CONTROL 1) and cells cultured on the pristine Laponite gel (30 mgmL™, CONTROL 2). The positive
control was 1% (v/v) Triton-X (Fisher) solution in RPMI. Additionally, cisplatin controls of all

concentrations present in the Laponite-cisplatin gels were used.

After 24h or 48h in culture, the cells were exposed to a 10% resazurin solution and
incubated for another 3h for metabolic activity assessment. Next, 0.1 mL of each well was
transferred to a microplate, and resorufin fluorescence was measured (Aex =530nm, Aem=

590nm) using a microplate reader (Victor3 1420, Perkin Elmer).

A)

B) N \7‘\ || | (7\'*"

Figure 10 — Scheme representing the well of the 96-well plate (A) and the 24-well plate with the insert (B)
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3.6.2. Cells in non-direct contact with the hydrogels

These assays evaluated the cytotoxic effect of cisplatin released from gels on 24-Well
Millicell® Hanging Cell Culture Inserts, which were placed in the wells of a 24-Well Plate as

presented in Figure 10-B.

Laponite and Laponite-cisplatin gels were prepared according to the previously described
method, with 0.1 mL of the gel added to each insert. After the gels were prepared, the cells
(A2780 or A2780cis) were seeded at a cell density of 1.5x10* cells/cm? (Figure 10-B) at the
bottom of the wells and incubated for 24h and 48h at 37 °C, and a humidified 5% CO,
atmosphere. The concentration of Laponite in the gels was fixed at 30 mgmL™, and the cisplatin
concentrations in the Laponite gels were 0.83, 8.3, 833, 1700, 3300, and 10000 puM. The negative
controls used were cells only cultured with medium (RPMI, CONTROL 1) and cells cultured with
medium but exposed to the Laponite gel without cisplatin (30 mgmL™, CONTROL 2). The positive
control was 1% (v/v) Triton-X (Fisher) solution in RPMI. Additionally, cisplatin controls were used

of all concentrations present in the Laponite-cisplatin gels.

After this period (24h or 48h), the cells were exposed to a 10% resazurin solution and
incubated for another 3h for metabolic activity assessment. Next, 0.1 mL of each well was
transferred to a microplate, and resorufin fluorescence was measured (Aex = 530 nm, Aem = 590

nm) using a microplate reader (Victor3 1420, Perkin Elmer).

After the resazurin reduction assays performed on non-adherent cells (section 3.6.2),
the total protein content (BCA assay) was determined on both cell lines (it was assumed that the
protein content was proportional to cell number). The bicinchoninic acid (BCA) assay, also known
as the Smith assay, is a biochemical assay performed for colorimetric detection and quantitation
of total protein in a sample. The method is based on the formation of a Cu?* protein complex,
with a bicinchoninic acid reagent, in an alkaline medium followed by the reduction of Cu?* to Cu*
(biuret reaction) (109). What occurs is the chelation of two BCA molecules to a cuprous cation
(Cu*), resulting in a color change from green to a purple reaction product that displays a strong
absorbance at 562 nm. The quantity of protein present in the sample will be proportional to the
amount of Cu?* that’s reduced to Cu* in an almost linear way within a certain range (20-2000
ugmL?). The BCA/Cu* complex is affected by several factors, such as the number of peptide
bonds and the presence of amino acids cystine, cysteine, tyrosine, and tryptophan side chains

(110).
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The assay was conducted using the Sigma-Aldrich “Bicinchoninic Acid Protein Assay Kit”

following the standard protocol described on Annex 2, provided by Sigma-Aldrich.
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4. Results and Discussion

4.1. Optimization of the Laponite gels forming method

In line with the primary goal of this thesis, focused on developing hydrogels based on
Laponite for the localized delivery of the anticancer drug cisplatin, the initial phase of the work
involved the investigation of clay’s gelation conditions. Importantly, considering that the
hydrogels are aimed at being applied in the biomedical field, Laponite XLG was selected for the
present studies due to its high purity and certification confirming low levels of heavy metals and

the absence of microbial contamination.

In fact, as described in the literature (50,51), the gelation process of Laponite can be very
complex. This is because the Laponite disks possess charges that are not homogeneously
distributed, that is, they are different in the faces and the edges, thus leading to a range of
repulsive (face-to-face, edge—edge) and attractive (face to edge) electrostatic interactions which
are very sensitive to changes in clay concentration, ionic force, type of ions present in the
environment, pH, and also the presence of other molecules (46). All of this justifies the need to
study the gelation process of Laponite under actual laboratory working conditions. As such, the
gelation process was here investigated in terms of capacity/time needed for the material to
achieve a self-standing behavior (hold its shape and stand independently without the need for a
container or additional support structure) and also regarding optical transparency. The impact

of the presence of cisplatin on the gelation behavior was also evaluated.

4.1.1. Formation of Laponite gels

To evaluate the gel-forming process of Laponite, a first set of experiments was made
where several clay concentrations were tested and 3 different liquid media were used: distilled
water, sodium chloride (0.15M NaCl) and PBS (pH=7.4). The experiments were also performed

at two different temperatures: 21 °C (room temperature) and 37 °C (Table 3). The initial
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dissolution of Laponite within the liquid media was always achieved by vigorous mixing using a
vortex for 10s.
Table 3- Results obtained regarding gel formation/time needed to achieve gelation by varying several

parameters: Laponite concentration, temperature, and liquid media (gelation was carried out at 21 and
37 °C after vigorous stirring for 10s).

(LAPONITE] H,0** 0.15 M NaCl** | PBS (pH=7.4)
(mgmL?) Room (tzez“f’c‘;rat“re 37°C 21°C | 37°Cc | 21°C | 37°C
20 No Yes—more than 24h No No No No
25 Yes - overnight * Yes - 5h No No No No
28 Yes - overnight * Yes - 5h No No No No
30 Yes - 5h Yes - 4 to 5h No No No No

* Highly viscous solution; **pH was not adjusted

Overall, it was possible to observe that the solutions exposed to 37 °C were faster in gel
formation than the ones at 21°C, with the same being observed in the solutions with higher
concentrations of Laponite versus the lower-concentrated ones. Furthermore, it was also
possible to conclude that only the Laponite solutions in distilled water suffered gelation as

opposed to the ones prepared with 0.15 M NaCl and PBS.

Regarding the effect of Laponite concentration on gelation, at higher concentrations,
there are more particles in close proximity, and this increased density can facilitate interparticle
interactions (50). This may lead to a faster gelation process but will not necessarily imply a higher
level of organization within the gel (aggregates of Laponite disks may form inside the gel with
an impact in gel structure). A higher temperature may, by itself, accelerate the proximity among
particles due to the associated increase in kinetic energy in the overall system, thus also
contributing for a faster gelation. Concerning the presence of other ions in solution (such those
present in the 0.15 M NaCl solution or in PBS), this may lead to an increase in the ionic force in
the medium that will impair the establishment of the electrostatic forces among the Laponite

disks.

Following these results, a second set of experiments was carried out where Laponite
solutions were always prepared in distilled water and incubated at 37 °C. In this case, the
variable tested was the pH of the water used in the Laponite solutions. Here, the Laponite

concentration was fixed at 30 mgmL* (3% wt) and the mixing process was maintained (Table 4).
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Table 4- Results obtained regarding gel formation/time needed to achieve gelation by varying the pH value
of the distilled water (Laponite concentration was fixed at 30 mgmL™; gelation was carried out at 37 °C
after vigorous stirring for 10s).

WATER PH TIME OPTICAL TRANSPARENCY
3.0 Overnight * YES
5.0 Overnight * YES
7.0 1h YES
9.0 Overnight YES
11.0 Overnight * YES

* In the first 5 hours it was possible to observe the formation of 2 phases: gel and sol

With the variation of the pH values, it is possible to conclude that Laponite solutions
prepared in distilled water with a pH of 7.0 suffered faster gelation than at any of the other pH
values tested. Thus, there is an optimal pH range that leads to a faster gelation. In agreement,
when comparing with the results obtained in the first set of experiments where simple distilled
water was used (which may have a slight acidic pH due to atmospheric exposure), gelation took
considerably less time (1h with distilled water adjusted to a pH of 7.0 vs 4/5h with simple distilled
water). This result shows that gelation time is very sensitive to pH. Not only can the edges of
Laponite disks be deprotonated at very high pH values, but also the charge on the faces of
Laponite disks can become less negative at very low pH values, in both cases impairing gelation
(52). Also, changes in the ionization state of water molecules may strongly alter the electrostatic

forces at play in solution.

After assessing that distilled water with a pH value of 7.0 was the best option for faster
gelation, different concentrations of Laponite were tested (from 28 to 40 mgmL™), being the

results summarized in Table 5.
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Table 5- Results obtained regarding gel formation/time needed to achieve gelation by varying Laponite
concentration (distilled water with a pH adjusted to 7.0 was used; gelation was carried out at 37 °C after
vigorous stirring for 10s)

[LAPONITE] (mgmL™) TME | anspARENCY
28 1h15 YES
30 1h10 YES
32 25 min YES
35 25 min YES
40 10 min YES

With the variation of the concentration, it is possible to observe that the solutions with
higher concentrations suffered a faster gelation (Table 5). This also aligns with the prior results
based on solutions prepared using simple distilled water (without pH adjustment to 7.0). In this
third set of experiments, the Laponite concentration was further increased, clearly showing the

favorable effect on gelation time due to a closer proximity among particles.

The effect of the mixing process on gelation time was also investigated. It was found
that the vigorous agitation applied (10 seconds using a vortex) was also an important
experimental parameter. A gentler stirring using a magnetic stirrer increased the gelation time
by 1.5 times for gels prepared at a concentration of 30 mgmL™ of Laponite at 37 °C. A strong
mixing is for sure important for Laponite dispersion in water, thus turning the gelation process
more effective.

Interestingly, all hydrogels obtained showed transparency. In the context of hydrogels,
transparency is often associated with a homogeneous structure, in the present case indicating
that the Laponite network is well-dispersed and there are minimal impurities or phase
separations. Transparency is also a property usually important if hydrogels are aimed at
biomedical applications (111). Transparent hydrogels are often preferred because they allow for
easy visual observation of cells, tissues, or any incorporated therapeutic agents.

With all these experiments conducted, an “optimized” method for the preparation of
Laponite hydrogels could be established. From this point further, Laponite gels were all made at
37 °C, in distilled water previously adjusted to a pH of 7.0, and vigorously mixing Laponite with
water using a vortex for 10s. Although the gelation process was faster for the higher Laponite

concentration tested (10 min at 40 mgmL?), a concentration of 30 mgmL?! was anyway
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established for future studies. This decision was based on: (a) the fact that a very high Laponite
concentration could strongly affect the internal structure of the gels giving rise to a less ordered
material (due to a faster gelation); (b) a slower gelation would be more advantageous in terms

of handling the gels for use in future studies with cell cultures (1h at 30 mgmL?).

Furthermore, since these Laponite hydrogels are aimed at being used as drug delivery
systems, the influence of the addition of PBS (pH=7.4) on gel integrity and optical properties was
also evaluated at this point of the thesis (Figure 11). Two experiments were then conducted,
one where PBS was added right after the Laponite solution was mixed with distilled water
(control) and the other where PBS was added after the gelation of the solution. In the control,
gelation did not occur although two liquid phases were apparently formed in the flask — a white
one in the bottom and another one in the top that was transparent (the white color observed in
the bottom solution could be due to some particle aggregation due to the presence of ions
coming from PBS; these heavier particles would tend to deposition). On the other hand, when
PBS was added after gelation, two transparent separate phases were created — the Laponite gel
in the bottom with the PBS solution in the top. One could then conclude that the formulated
gels could be used in the following drug delivery studies without special difficulties being

expected.
(1) (2) (3)

Figure 11 — Laponite gels in contact with PBS (pH=7.4). (1) Left: PBS added right after mixing ; Right: PBS
added after gelation was complete; (2) PBS added right after mixing; (3) PBS added after gelation was
complete.

4.1.2. Formation of Laponite-Cisplatin gels

To employ laponite hydrogels as cisplatin delivery systems, it is essential to examine how
the incorporation of this drug influences the gelation process. As such, Laponite-Cisplatin
hydrogels were formulated with varying concentrations of cisplatin (ranging from 0.5 to 3.0
mgmL?) by preparing a cisplatin solution at the desired concentration in distilled water adjusted

to a pH of 7.0. Afterwards, Laponite was poured in the solution, to obtain a final concentration
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of 30 mgmL?, and the solution was vigorously mixed with the vortex for 10s. Finally, the solution
was incubated at 37 °C until gelation was completely achieved. The evaluation encompassed
both gelation time and the transparency of the resulting gels (Table 6). It was possible to observe
that gelation time was slightly shorter with the increase in cisplatin concentration. Furthermore,
the two highest concentrations of cisplatin led to the gels’ light yellow color and slight turbidity
as opposed to the optical transparency displayed by the other concentrations (Figure 12). These

observations suggest that cisplatin may contribute to strengthening cohesion forces within the

gel.

Table 6- Results obtained regarding gel formation/time needed to achieve gelation by varying cisplatin
concentration in the distilled water with a pH adjusted to 7.0 (Laponite concentration was fixed at 30
mgmL!; gelation was carried out at 37 °C after vigorous stirring for 10s).

OPTICAL
. . . -1 "
Cisplatin concentration (mgmL™) Time TRANSPARENCY
0 1h30 YES
0.5 1h15 YES
1.0 1h15 YES
20 1h Some turbidity — light
yellow
30 1h Some turbidity — light
yellow
(A)

Figure 12 — (A) Gels obtained with the different concentrations of cisplatin displayed in Table 6 and
respective characteristics (left to right in concentrations of cisplatin: 0, 0.5, 1, 2 and 3 mgmL™); (B) Display
of gels’ self-standing behavior, in the same order as previous picture.
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4.2. Characterization of the gels

4.2.1. Water content

The water content of a hydrogel is a very important parameter that influences several
key properties of hydrogels. For example, since hydrogels with high water content can mimic the
natural environment of living tissues, they usually show higher biocompatibility. Hydrogels with
appropriate water content can support cellular activities, including adhesion, proliferation, and
migration (112). The water content also plays a significant role in determining the mechanical
properties of hydrogels. The high-water content contributes to the soft and pliable nature of
hydrogels, making them suitable for applications where flexibility and compliance with
surrounding tissues are essential. Moreover, if hydrogels are aimed at being used as drug delivery
platforms, as is the present case, water within hydrogels provides a medium for drug dissolution
and release. The water content thus may affect the rate and mechanism of drug release, making

it a critical factor in the process.

The water content was determined for both Laponite and Laponite-cisplatin gels and the
average of 3 replicates is presented in Table 7. The results obtained allow to infer that the
presence of cisplatin in the gels affected their hydration characteristics, probably by the
establishment of bonds between the drug and the Laponite disks. Anyway, the water content
still remained very high. It is possible to observe in Figure 13 the gels post-lyophilization and their
major differences namely in color (cisplatin’s presence causes the gel’s yellow color) but it was

also noted a difference in consistency of the materials.

Table 7— Water content of Laponite and Laponite-Cisplatin gels. Laponite concentration was 30 mgmL™?

and cisplatin concentration, when present, was 3 mgmL™?. Results are the average of 3 replicates.

Laponite Laponite-cisplatin

Water content (%) 9612 8514

Figure 13 — Gels post-lyophilization (left: Laponite gel; right: the Laponite-cisplatin gel at 3 mgmL?)
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LAP30

LAP30-cisPt1

4.2.2. Morphology and composition of the gels by SEM/EDS

The gels formulated were also characterized by scanning electron microscopy (SEM)
and Energy-dispersive X-ray spectroscopy (EDS) by using dehydrated samples obtained by
hydrogel lyophilization. Three different samples were analyzed: a) LAP30 (Laponite gel with
a concentration of 30 mgmL?); b) LAP30/cisPt-1 (Laponite gel with a Laponite concentration
of 30 mgmL*and a cisplatin concentration of 1 mgmL™); c) LAP30/cisPt-3 (Laponite gel with

a Laponite concentration of 30 mgmL™? and a cisplatin concentration of 3 mgmL?). The

results are shown in Figure 14 (A-C), as well as in Table 8.




LAP30-cisPt3

2000x

Figure 14 - SEM micrographs of Laponite gels and Laponite-Cisplatin gels. (A) SEM micrographs of LAP30,
LAP30-cisPt1 and LAP30- cisPt3 samples at 250x, 500x and 1000x (except for LAP30-cisPt3, that was 210x

instead of 250x). (B) SEM micrographs of LAP30-cisPt1 and LAP30-cisPt3 at 2000x. (C) SEM micrograph of
LAP30-cisPt3 at 4000x.

Table 8- EDS analyses of Laponite gels (LAP30) and Laponite-Cisplatin gels (LAP30-cisPtl and LAP30-
cisPt3).

Atomic concentration (%)
Element symbol
LAP30 LAP30/CisPt-1 LAP30/CisPt-3
0] 65.8 65.0 62.9
Si 19.2 16.1 14.5
Mg 13.0 11.6 10.3
Na 1.9 1.7 11
Pt - 1.5 6.4
N - 3.5 3.9
Cl - 0.4 0.6
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Figure 15- Graphs representing the EDS analysis of Laponite gels (LAP30-a) and Laponite-Cisplatin gels
(LAP30-cisPt1-b and LAP30-cisPt3-c).

The SEM images of the lyophilized Laponite gels (Figure 14) reveal the presence of stacks
of sheets in all hydrogels which show a high aspect ratio, that is, their length is significantly larger
than their thickness. These sheets should be composed of Laponite disks with some degree of
overlapping. At lower magnifications, the presence of areas in the material where these sheets
appear with different orientations is noticeable. These areas essentially constitute grains within

the material that resulted from the growth of independent "crystallization nuclei".

The effect of lyophilization (water removal) is particularly evident in the LAP30 samples.
The correspondent micrographs clearly show collapsed structures that were not able to resist
the forces involved in the dehydration process. Therefore, one is led to believe that the forces
established within the material were relatively weak. This was not a surprise as, indeed, there
are many works in the literature that describe the inclusion of polymers in Laponite gels in order
to increase their mechanical resistance. For example, in the biomedical field, collagen-Laponite
nanoclay hydrogels were prepared for tumor spheroid growth by Alaman-Diez et al (113). The
presence of collagen in the hydrogels conceived by these researchers resulted in a more

resistant material which was also possible to be observed in their SEM analysis.

Very interesting is the fact that the gels, after lyophilization, do not appear so collapsed
in the presence of cisplatin, especially at higher concentrations of this drug (sample LAP30-cisPt-
3). SEM images still exhibit stacks of Laponite sheets but, upon closer inspection, it is possible to
perceive a more organized structure inside the material. It can be inferred that the presence of
cisplatin at a higher concentration in the sample may lead to a higher level of cohesion between

the Laponite sheets, that is, interactions among particles are stronger. Although the conducted
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studies do not precisely reveal the type of interactions established between cisplatin and
Laponite in the gel, it is possible that the drug adsorbs to the surface of Laponite disks or reacts
with existing chemical groups on the surface, modulating the electrostatic interactions

established within the material.

EDS is a technique that analyzes the characteristic X-rays emitted by a sample when it is
bombarded with high-energy electrons. Each element has a unique X-ray signature, and by
measuring the energy and intensity of the X-rays emitted, one can identify the elements present
in the sample (114). In terms of EDS analysis (Table 8, Figure 15), it is possible to observe the
presence of silicon, magnesium and sodium in all hydrogels and in proportions identical to those
present in the empirical formula of Laponite. These are all elements characteristic of Laponite.
The element lithium was not detected but the sensitivity of EDS for detecting lithium depends
on several factors, including the concentration of lithium in the samples which is very low.
Moreover, lithium has a relatively low atomic number, and its X-ray signals might overlap with

those of lighter elements, making detection more challenging.

Regarding the EDS analysis of the hydrogels containing cisplatin (Table 8, Figure 15b and
15c¢), the elements platinum, nitrogen and chloride were also detected. This was expected since
they are present in cisplatin’s molecular structure. Moreover, the atomic concentration of
platinum detected in the samples increased with cisplatin’s concentration in the gels (1 to 3

mgmL?) in approximate proportion.
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4.3. Invitro drug release studies

To evaluate the release of cisplatin by the gels over time, assays were conducted where
the gels, with different cisplatin concentrations, were incubated with PBS at 37 °C with stirring.
The cisplatin that was released was quantified through a chemical derivatization process and the
cumulative release of the drug was calculated (the standard curves performed for both assays
can be found in Annex 3). In these studies, it was decided to use a broader range of cisplatin
concentrations in the gels (0.08, 0.8, 8, 83, 833, 1700, 3300, 6700, and 10000 uM) but the
cisplatin quantification method proved not to be sensitive enough to be used with low
concentrations. Therefore, results are only presented for cisplatin concentrations in the gels
equal to or greater than 1700 uM.

Figure 16 shows the results obtained in the assays conducted in PBS at pH=7.4. In the
upper graph, the experimental points correspondent to cisplatin release (cumulative release) are
presented, whereas the graph below shows the logarithmic functions adjusted to those points.
Based on these results, it is possible to conclude that all gels tested, independently of the
cisplatin concentration, tend to release the drug in a sustained mode with the passage of time
at physiological pH. The release is faster during the first 2h, and then it slows down. At the end
of the assays, a plateau seems to be reached (above 24-26h). These observations are consistent
with the idea that cisplatin is retained inside the gels in two different forms: a "less-bound" form
that tends to be released more rapidly (likely cisplatin encapsulated in the gel pores), and a
"more-bound" form (likely cisplatin that is adsorbed or chemically bound to the laponite disks
and thus establishes stronger interactions with the gel). It should be noticed that, after 24-26h,
only 70 to 85% of the drug initially incorporated in the gels was released. Of course, the drug
release profile may also be impacted by diffusion phenomena as drug molecules that are
immobilized in deeper regions of the gel need more time to reach their surface. However, since
the drug release profiles do not seem to vary significantly with the concentration of cisplatin
initially present in the gel, one may conclude that the diffusion of drug molecules within the gel

should be relatively facilitated.
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Figure 16 - In vitro release behavior of cisplatin in PBS (pH=7.4) for gels with the following cisplatin
concentrations: 1700, 3300, 6700 and 10000 uM (results are presented as a percentage of the total
cisplatin initially incorporated in the gels and are the average of 4 replicates). Graph on top: shows the
experimental points (average); Graph below: a logarithmic function was adjusted to the experimental
points.
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Figure 17 - In vitro release behavior of cisplatin in PBS (pH=6.5) for gels with the following cisplatin
concentrations: 1700, 3300, 6700 and 10000 uM (results are presented as a percentage of the total
cisplatin initially incorporated in the gels and are the average of 4 replicates). Graph on top: shows the
experimental points (average); Graph below: a logarithmic function was adjusted to the experimental
points.
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The results obtained in the assay conducted with PBS at pH=6.5 are shown in Figure 17.
Amongst the concentrations tested, there is not a notable difference in terms of the release
pattern. Indeed, the drug release profiles are very similar to those obtained at a pH of 7.4,
showing a sustained release behavior but absence of response to the change in the pH. This
result can be explained by the fact that cisplatin, although being a polar molecule, is not charged
at pHs near neutrality. As charges in Laponite disks strongly depend on pH and the capacity of
Laponite to release drugs in response to the pH is mainly due to its capacity to hold exchangeable
cations (CEC), since cisplatin is not charged, its release will not be importantly affected by proton
concentration in solution (55). However, it must be said that many other anticancer drugs
incorporated in drug delivery systems based on Laponite, such as DOX, show drug release
profiles sensitive to different environmental pH values (115). Several studies showed that when
this drug is released in PBS with pH=5.0, the release rate is notably more accelerated, and the
amount of drug released in the medium is higher (116). Also, when using other delivery
platforms, there is record of cisplatin release profiles at pH=7.4 and pH=5.0 that show no

noteworthy difference between them in terms of amount of drug released or release rate (117).

4.4. Cytotoxicity assays

As mentioned earlier, the main objective of this work was the development of Laponite-
based hydrogels for the localized delivery of cisplatin. Therefore, various exploratory assays
were conducted using cultured cells to assess the cytotoxicity of the Laponite-Cisplatin
hydrogels. These studies used A2780 and A2780cis cells and cytotoxicity was determined using

the resazurin reduction assay.

The A2780 cell line utilized derives from human ovarian carcinoma in an untreated patient
(118) and it is parent-line to the A2780cis cell line, with this one being obtained by chronic
exposure of the parent cisplatin-sensitive A2780 cell line to increasing concentrations of cisplatin
(119). Cisplatin and other platinum-compounds have been used to treat ovarian cancer since
their inception in 1978 and one of the main limitations to overcome has been the resistance
mechanisms the cells create to these compounds, which is an important focus of the research

regarding their pharmacology (120).

Resazurin (also known as Alamar Blue) is a phenoxazine dye with a blue, non-fluorescent
appearance in its oxidized form (resazurin). Resazurin can be reduced to a pink, highly
fluorescent compound called resorufin as a result of active cells’ metabolic activity (121),

induced by reductive species such as NADH, NADPH and FADH (122). This conversion from
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resazurin to resorufin at pH=7.4-7.5 is linked with a shift in the absorbance spectrum (Amax=600
nm for resazurin and Anax=570 nm for resorufin). Moreover, when resorufin is excited at
wavelengths matching its peak absorbance (Amax=590 nm), it exhibits fluorescence that can be
detected. In contrast, resazurin has weak fluorescence properties in the visible spectrum (121).
The dependence of this assay on cellular metabolism makes it useful for measuring cell
proliferation, cytotoxicity, and general health of a cell culture (123). Resazurin reduction assays
have been used for over 50 years to study cells’ metabolic activity in several systems, be it
biological or environmental, and they present several advantages in comparison with other
assays. Factors such as low cost, low cytotoxicity, high sensitivity, speed, and ability to be
combined with other assays for confirmation of the results make this method ideal for a simple
and efficient evaluation of cell viability (124-126). However, there are also disadvantages to this
assay, such as the possible interference of chemical interactions between the compounds being

tested and the resazurin (124).

The biological assays were conducted using two different approaches: a) direct contact
with the gel (with the cells seeded on top of the gels); and b) non-direct contact with the gel
(with the help of inserts, where the gel is in the insert and the cells are seeded in the bottom of
the well). Cytotoxicity was evaluated in both these cases by assessing the metabolic activity of
cells and, in non-direct contact experiments, it was also studied through total protein
quantification in culture using the bicinchoninic acid protein assay. The use of these two
approaches allowed to study the effect of cisplatin release on cell viability, but also on cell

adhesion/proliferation on pristine Laponite gels and cisplatin-loaded gels.

4.4.1. Cells cultured on the surface of pristine Laponite hydrogels

In a first set of experiments, the objective was to study the possibility of culturing cells in
the surface of pristine Laponite gels. Here, cell viability was evaluated using Laponite gels at
different concentrations (25, 28 and 30 mgmL™) and using both A2780 and A2780cis cell lines.
The results are shown in Figures 18 and 19. All graphs represent the average of 3 assays. In each
figure, the graphs in the top show cell viability as a percentage of the control (cells adherent to

the cell culture dish) and the graphs below show cell viability as fluorescence intensity.

Importantly, cells were able to adhere and grow in direct contact with the surface of
Laponite gels. For both cell lines studied, it is possible to observe that, in general terms, there is
an increase in cell viability between, not only both times studied (24h and 48h), but also the

different Laponite concentrations tested. For the A2780 cell line, it can be inferred that the
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Laponite gels promoted the cells’ metabolic activity, notably with the increase in Laponite
concentration and with the passage of time. For the A2780cis cell line, there is also an increase
of cell viability with time, but it is not possible to observe the same trend in relation to the
Laponite concentrations (in this case, cell growth was higher between 24 and 48h in culture in
the gels having a lower Laponite concentration). Indeed, it is described in the literature (61-63)
that Laponite can degrade and release ions that may contribute to a lower rate of cellular
proliferation. At this point, it should be noticed that reproducibility was an important issue when
working with these hydrogels and cells cultured on their surfaces due to higher difficulties in the

manipulation of these systems in the laboratory.
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Figure 18 - Cell viability of A2780 cells cultured on the surface of pristine Laponite gels of different
concentrations (LAP25=25 mgmL™?; LAP28=28 mgmL?! and LAP30=30 mgmL) for 24h and 48h (results are
an average of the 3 assays performed). Top graph: cell viability as a percentage of the control (cells

adherent to the cell culture dish). Bottom graph: cell viability as fluorescence intensity.
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Figure 19 - Cell viability of A2780cis cells cultured on the surface of pristine Laponite gels of different
concentrations (LAP25=25 mgmL™?; LAP28=28 mgmL; and LAP30=30 mgmL?) for 24h and 48h (results are
an average of the 3 assays performed). Top graph: cell viability as a percentage of the control (cells

adherent to the cell culture dish). Bottom graph: cell viability as fluorescence intensity.
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4.4.2. Cells cultured on the surface of Laponite-Cisplatin hydrogels

The cytotoxicity of Laponite-cisplatin gels, with different cisplatin concentrations, was
evaluated for both cell lines when cultured in direct contact with the gel surface after 24 and

48h. The results of representative experiments are summarized in Figures 20, 21, and 22.

Figure 20 shows the results obtained with the A2780 cell line when using gels containing
cisplatin at high concentrations (in the range 833-10000 uM). Graph A shows cell viability as a
percentage of the control (CONTROL 1: cells adherent to the cell culture dish and cultured only
in the presence of cell culture medium) and graph B shows cell viability as fluorescence intensity.
Graph Cis the same as graph A but cell viability is presented as a percentage of the “real” control
(CONTROL 2: cells adherent to the surface of the pristine Laponite hydrogel but not exposed to
the drug) for the experiments where gels were present. Overall, one can observe that cells grew
from 24 to 48h in both CONTROL 1 and CONTROL 2 experiments, while in the presence of
cisplatin their metabolic activity always decreased in that period of time. As expected,
cytotoxicity was dependent on cisplatin concentration, increasing for higher drug
concentrations. When comparing the experiments where cisplatin was released by the Laponite
gels to those where cells were directly exposed to free cisplatin solutions, one can conclude that
the cytotoxic effects were higher in the last case. This is consonant with a controlled release of

cisplatin from the gels.

Since cytotoxicity was very high in the previous experiments, one has decided to do
similar experiments with lower cisplatin concentrations (in the range 0.083-83 uM, according to
the literature (127)), although evaluating cytotoxicity only for 24h. The objective was to be able
to determine the ICs for cisplatin when loaded on Laponite hydrogels to have a quantitative idea
of the efficacy of the systems. These results are shown in Figure 21. Graph A shows cell viability
as a percentage of CONTROL 1 and graph B shows cell viability as a percentage of CONTROL 2 for
the experiments where gels were present. After determination of the ICso values using CONTROL
1 as 100% of cell viability, it was possible to see that the ICso for cisplatin in A2780 cells was 1.6
UM when cells were cultured directly on gel surface, whereas it was higher (5.1 uM) when free
cisplatin was used. However, since cell adhesion on the gels surface seems to be lower when
compared to that on the substrate of the cell culture dish, CONTROL 2 corresponding to 100%
cell viability is a better (more real) option to calculate the ICso. In this case, the ICso value for

cisplatin is 21.4 uM. One can thus conclude that the use of gels to deliver cisplatin seems not to
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emphasize cisplatin toxicity. Likely, A2780 cells are not so much affected at the same cisplatin

concentrations because of the beneficial effect of Laponite in cell proliferation.

Figure 22 shows the correspondent results for A2780cis cells. Again, graph A shows cell
viability as a percentage of CONTROL 1 and graph B shows cell viability as a percentage of
CONTROL 2 for the experiments where gels were present. The 1Cso values were >83 uM for free
cisplatin (CONTROL 1 was used as 100% cell viability) as well as for cisplatin released from the
gels (CONTROL 2 was used as 100% cell viability). These results led to two important conclusions.
First, it was confirmed that A2780cis cells were resistant to cisplatin (one can see that the ICso
values are much higher than when using A2780 cells which is associated with cell resistance to

the drug). Second, it was not possible to distinguish cytotoxicity between the two conditions.

It is important to note that the ICso values found in the literature for cisplatin are indeed
different from those determined in the present work, likely due to a myriad of factors such as
the type of assays being performed, the methodology and time of exposure, all of which
influence calculation of 1Cso. Anyway, 1Cso values of 1.1 uM and >50 uM were found using A2780
and A2780cis cells by Gouveia et al. (127), respectively, but the values determined are for 72h

of exposure, which is not comparable to the present work.

In summary, Laponite hydrogels demonstrated effectiveness as a delivery system for
both A2780 and A2780cis cells in cancer treatment. They exhibited cytocompatibility, the

capacity to release cisplatin, and the drug exerted a cytotoxic effect on the cells.
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Figure 20 — Cytotoxicity of Laponite-Cisplatin gels at high cisplatin concentrations using A2780 cells
(representative experiment from 3 assays). (A) Cell viability as a percentage of CONTROL 1 (cells adherent
to the cell culture dish and cultured only in the presence of cell culture medium); (B) Cell viability as
fluorescence intensity; and (C) Cell viability as a percentage of CONTROL 2 (cells adherent to the surface
of the pristine Laponite hydrogel) for experiments involving gels. LAP30: Laponite gel at 30 mgmL?; LC —
Laponite-Cisplatin gel with Laponite at 30 mgmL™* and the displayed cisplatin concentrations: 833, 1700,

3300, 6700 and 10000 uM. C - Cisplatin controls with the same concentrations used in the gels.
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Figure 21 — Cytotoxicity of Laponite-Cisplatin gels at low cisplatin concentrations using A2780 cells after
24 hours (representative experiment from 3 assays). (A) Cell viability as a percentage of CONTROL 1 (cells
adherent to the cell culture dish and cultured only in the presence of cell culture medium); and (B) Cell
viability as a percentage of CONTROL 2 (cells adherent to the surface of the pristine Laponite hydrogel) for
experiments involving gels. LAP30: Laponite gel at 30 mgmL™; LC — Laponite-Cisplatin gel with Laponite at
30 mgmL? and the displayed cisplatin concentrations: 0.083, 0.83, 8.3 and 83 uM. Cisplatin controls were

used with the same concentrations used in the gels.
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Figure 22 — Cytotoxicity of Laponite-Cisplatin gels at low cisplatin concentrations using A2780cis cells after
24 hours (representative experiment from 3 assays). (A) Cell viability as a percentage of CONTROL 1 (cells
adherent to the cell culture dish and cultured only in the presence of cell culture medium); and (B) Cell
viability as a percentage of CONTROL 2 (cells adherent to the surface of the pristine Laponite hydrogel) for
experiments involving gels. LAP30: Laponite gel at 30 mgmL™; LC — Laponite-Cisplatin gel with Laponite at
30 mgmL? and the displayed cisplatin concentrations: 0.083, 0.83, 8.3 and 83 uM. Cisplatin controls were

used with the same concentrations used in the gels.
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4.4.3. Cells cultured without direct contact with Laponite-Cisplatin
hydrogels

As previously described, assays were also performed where the gels were placed inside
inserts which were then placed on the cell culture wells. In this case, the cells grew on the plastic
surface of the cell culture dishes and did not have direct contact with the gels. The results of

representative experiments are summarized in Figures 23, 24, and 25.
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Figure 23 — Cytotoxicity of Laponite-Cisplatin gels (placed in inserts) at high cisplatin concentrations using
A2780 cells (representative experiment from 3 assays). (A) Cell viability as a percentage of CONTROL 1
(cells adherent to the cell culture dish and cultured only in the presence of cell culture medium); (B) Cell
viability as fluorescence intensity; and (C) Cell viability as a percentage of CONTROL 2 (experiments with
gel in the insert but without cisplatin in the gel) for experiments involving gels. LAP30: Laponite gel at 30
mgmL?; LC — Laponite-Cisplatin gel with Laponite at 30 mgmL™ and the displayed cisplatin concentrations:

1700, 3300 and 10000 uM. C - Cisplatin controls with the same concentrations used in the gels.

Figure 23 shows the results obtained with the A2780 cell line when using gels containing
cisplatin at high concentrations (in the range 1700-10000 uM). Graph A shows cell viability as a
percentage of the control (CONTROL 1: cells adherent to the cell culture dish and cultured only
in the presence of cell culture medium, without gel in the insert) and graph B shows cell viability
as fluorescence intensity. Graph C is the same as graph A, but cell viability is presented as a
percentage of the “real” control (CONTROL 2: experiments with gel in the insert but without
cisplatin in the gel). In general, one can observe that cells grew from 24 to 48h in CONTROL 1, as
well as in CONTROL 2. As such, it can be concluded that the presence of the gel did not have an
impact on cell viability (by the contrary, cells grew a little bit more in CONTROL 2 as evidenced
by the fluorescence intensity values after 48h). In the presence of cisplatin, the metabolic
activity of cells was very low after 24h and continued to decrease until 48h, a fact attributed to

cisplatin’s high concentrations. Yet, it still could be observed that cytotoxicity was dependent on
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cisplatin concentration, increasing even more for higher drug concentrations. When comparing
the experiments where cisplatin was released by the Laponite gels in the inserts to those where
cells were directly exposed to free cisplatin solutions (at equivalent amounts of cisplatin in the
system), one can conclude that the cytotoxic effects, although always very strong, were even
higher in the last case. Again, like the previous set of experiments when cells were in direct

contact with the gels, this is consonant with a controlled release of cisplatin from the gels.

As before, experiments have been made at lower cisplatin concentrations too. These
results are shown in Figure 24. Graph A and B show cell viability as a percentage of CONTROL 1
for A2780 cells and A2780cis cells, respectively. These assays led to lower cytotoxicity values as
the drug concentration was much lower. The ICso values for cisplatin were not determined in
these cases as the number of experimental points was reduced. As in previous experiments,

cytotoxicity was dependent on cisplatin concentration.

Comparing both approaches used in this study (direct and non-direct contact of cells
with the hydrogel), after 24 hours in culture, it was observed that both A2780 and A2780cis cells
were sensitive to the range of cisplatin concentrations used, although the level of cytotoxicity
was not significantly different. In both situations, the Laponite hydrogel was effective as a
cisplatin delivery system and demonstrated cytocompatibility on its own. Although it was
expected a lower level of cytotoxicity when the hydrogels were present in the inserts, our results

were not conclusive in that sense.
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Figure 24 — Cytotoxicity of Laponite-Cisplatin gels (placed in inserts) after 24 hours at low cisplatin
concentrations using (A) A2780 cells and (B) A2780cis cells (representative experiment from 3 assays for
each cell line). Cell viability as a percentage of CONTROL 1 (cells adherent to the cell culture dish and
cultured only in the presence of cell culture medium); LAP30: Laponite gel at 30 mgmL™; LC — Laponite-
Cisplatin gel with Laponite at 30 mgmL™ and the displayed cisplatin concentrations: 0.83, 8.3, and 833 uM.

Cisplatin controls were used with the same concentrations used in the gels.
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In order to assess whether the metabolic activity measured in the assays reflected an
actual decrease in the number of cultured cells, i.e., to confirm that there were no variables
present that could affect the method used to evaluate cell viability itself (for example, Laponite
gels could potentially impact the resazurin reduction assay), two additional simple experiments
were conducted. In these experiments, the total protein content (determined using the BCA
assay) was used as an indicative parameter of the cytotoxicity of cisplatin released by Laponite
gels in non-direct contact with the cells after 48 hours. These experiments were carried out with
A2780 and A2780cis cells after the resazurin reduction assay. Figures 25 and 26 present the
results obtained in these assays for two cisplatin concentrations, 0.83 uM and 8.3 uM. As shown,
for both cell types, a slight decrease in total protein in culture was also observed with anincrease
in cisplatin concentration (both in its free form and incorporated into Laponite gels). In
comparison with the correspondent resazurin assay, it is possible to observe that in both assays
both cisplatin concentrations studied had a cytotoxic effect, with this being more evident in the
A2780 cells than A2780cis cells due to acquired drug resistance the latter have. Therefore, this
suggest that the results of metabolic activity obtained in the studies conducted throughout this

thesis should effectively reflect cisplatin-induced cytotoxicity.
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Figure 25— (A) Total protein content (ugmL™) for A2780 cells exposed to increasing concentrations of free
cisplatin and cisplatin incorporated in Laponite gels (gels were inside inserts) during 48h. (B)
Corresponding resazurin reduction assay performed in the same cells prior to the BCA assay for

comparison.
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Figure 26 — (A) Total protein content (ugmL™) for A2780cis cells exposed to increasing concentrations of
free cisplatin and cisplatin incorporated in Laponite gels (gels were inside inserts) during 48h. (B)
Corresponding resazurin reduction assay performed in the same cells prior to the BCA assay for

comparison.
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5. Conclusions and future work

As one of the deadliest diseases of our time, cancer is a complex and harrowing condition to
treat, with new methods being developed every day to combat it. Drug delivery systems play a
big role in this research because of the role they play in the success of the treatment by the anti-
neoplasic compounds. Hydrogels have emerged as systems able to not only actively deliver the
drug to the tumor but to also maintain the microenvironment necessary for that drug to exert
its effect. So, exploring gels’ properties in drug delivery seems imperative when looking for new
cancer therapies. Laponite and its ability to form gels under certain conditions, along with its
properties regarding interactions with molecules and pH-sensitive nature, is a good material to

study in this context.

In this work, Laponite gels were successfully formed and the gel-forming conditions, such as
pH, temperature, and concentration, were studied and optimized. When cisplatin was added to
form Laponite-Cisplatin gels, the gels were successfully formed under the same conditions.
Indeed, it was found that self-standing Laponite gels could be prepared at 37 °C, in distilled water
(previously adjusted to a pH of 7.0), by vigorously mixing using a vortex for 10s. Although the
gelation rate was higher for higher Laponite concentrations, for technical reasons, a

concentration of 30 mgmL? was selected for further studies.

Interestingly, the Laponite-Cisplatin gels displayed a lower percentage of water content in
comparison with pristine Laponite gels. After characterization of lyophilized gels by SEM/EDS to
observe their morphology and composition, it was observed that the higher the cisplatin
concentration in the gels, the more cohesive the structures seemed to be, with the stacks of
Laponite sheets displaying higher organization. Thus, it could be concluded that cisplatin plays
an important role in Laponite disks cohesion inside the gel. In terms of composition, the atomic
concentrations found by EDS analysis matched the ratios present in Laponite empirical formula

and confirmed the presence of cisplatin in Laponite-Cisplatin gels.

Regarding the in vitro drug release studies, it was found that the gels displayed sustained
release behavior of cisplatin. However, the system was not sensitive to the environmental pH
which can be explained by the characteristics of cisplatin that is not charged at pHs near

neutrality.

Finally, the cytotoxicity assays performed in vitro (in A2780 and A2780cis cells) showed

that pristine Laponite gels do not affect cell viability and, indeed, even seem to stimulate cells’
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metabolic activity in a small extent (this may be related to the compounds/ions that Laponite
can release into the medium, such as magnesium ions). Moreover, it was shown that in the
higher range of cisplatin concentrations tested in the A2780 cells there were very elevated levels
of cytotoxicity and that the gels displayed a more controlled release after 24h in comparison with
the free drug. In the lower range of cisplatin concentrations tested, when ICso values were
compared, it was possible to conclude that the gels didn’t potentiate cisplatin’s toxicity in
comparison with its free form in either of the cell lines tested. In the assays where the cells were
not in direct contact with the gels, it was possible to conclude the same regarding the highest
range of cisplatin concentrations in A2780 cells, in that cytotoxicity is dependent on drug
concentration and that the gels display a controlled release after both 24h and 48h in comparison
with the controls of free drug. Regarding the lower range of concentrations, it was once again
observed that cytotoxicity was dependent on cisplatin’s concentration and that the gels exerted
a less cytotoxic effect in the A2780cis cells in comparison with A2780 after 24h, due to their
resistance to the drug. Finally, in relation to the BCA assay performed as a complementary assay
for the resazurin assays where the cells and gels had no direct contact, it is possible to conclude
that lower metabolic activity evaluated in the resazurin assays indeed corresponded to a higher
cell death, corroborating the results presented in this dissertation regarding cytotoxicity. In
summary, Laponite hydrogels proved to be effective delivery systems for cancer treatment in
both A2780 and A2780cis cells. They displayed cytocompatibility, the ability to release cisplatin,

and the drug induced a cytotoxic effect on the cells.

In conclusion, in this work, exploratory studies on the development of Laponite gels as new
delivery systems for cisplatin in cancer cells were performed. The drug release behavior of
Laponite-Cisplatin gels and their cytotoxic effects on cells were studied using two different
approaches: with and without direct cell-gel contact. For future work, the gel-forming studies
need to be repeated to ensure reproducibility and the gels should be further characterized for
their mechanical properties, utilizing techniques like Atomic Force Microscopy (AFM) or
Rheometry. The incorporation of polymers inside the gels in order to try to modulate their drug
release properties could also be an interesting study to do. Furthermore, the cisplatin’s release
profile of these gels may be evaluated at different conditions and the gels’ cytotoxic effects may
be tested in more cell lines (for example, melanoma cells as the system could be potentially

applied in the skin).
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7. Annexes

Annex 1. Laponite XLG data sheet
0 BYK LAPONITE-XLG

Data shest
bssue 1172023

LAPONITE-XLG

Rheology additive based on synthetic phyllosilicate for agueous systems to provide
thixotropic stabilization in personal care applications.

Product data

Composition Vegan
Synthetic {(modified) phyllosilicate

(INCI: Lithium Magnesium Sodium Silicate (nano))
Typical properties

The values indicated in this data sheet describe typical properties and do not constitute specification limits.
Bulk density: 1000 kg/m*

pH value (2% in H,0): approx. 10

Moisture content: max. 10%

Sieve residue (60 mesh/250 pm): max. 2%

Surface area: 370 m¥g

Gel strength: min. 22 g

Gel tima: max. 6 min
Dispersion rate: max. 25

Clarity: max. 22

Lead content: max. 5 mgkg
Arsenic content: max. 1 mg/kg

Total viable count: max. 750 cfu/g
Color: white

Delivery form: free-flowing powder
Storage and transportation

LAPONITE-XLG is hygroscopic and should be transported and stored dry in the unopened original container
at temperatures between 0 °C and 30 °C.

[ Applications

Personal care

Special features and benefits

LAPONITE-XLG is suitable for use in formulations with a pH value of 6.5 and lower. In water or aqueous
solutions of alcohols, it swells to dear and colorless colloidal dispersions, leading to the formation of a
gel structure. At additive concentrations of more than 2 % in water, strongly thixotropic gels are formed.
The unique thixotropic properties provided by LAPONITE-XLG improve the skin feal of personal care products
and create a light, non-sticky texture. In addition, the additive enhances the stability of emulsions and
prevents the settling of particles, pigments, and solid actives. It is also effective for stabilizing oil-in-water
emulsions and is compatible with solutions of up to 40 % ethanol. When used in combination with
co-thickeners, it can be added to formulations containing > 60 % ethanol.

A member of £ ALTANA
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LAPONITE-XLG

Data sheat
lssue 1172023

Recommended use

Creams and lotions
Sunscreen products
Depilatory creams
Toothpastes

Shower gels and shampoos
Liquid makeup

Eye makeup

| | ihy e |

Recommended levels
0.1-59% additive (as supplied) based on the total formulation, depending on the application. T

he above recommended levels can be used for orientation. The optimum dosage should be determined
by application-related test series.

Incorporation and processing instructions

LAPONITE-XLG should be added steadily to deionized water at a temperature of 15 to 25 °C under high
shear within 10 to 30 seconds. It should be stirred fast enough that a turbulent vortex current is formed,
so that the powder is well dispersed and clumps are avoided. After complete addition, stirring is continued
for 20 minutes. At complete dispersion, a dear, colorless, and low-viscosity pre-mix is obtained. Once this
pre-mix is combined with other components of the formulation, viscosity develops instantaneously.

This can be affected by temperature, electrolytes, or pH value.

Special note

LAPONITE-XLG is not compatible with cationic compounds. Therefore, for pH adjustment, citric acid,
lactic acid, or sodium dihydrogen phosphate are recommended to lower the pH value and sodium
hydroxide to increase the pH value. As the additive is 3 weak base and can thus lead to an increase in pH,
it may be necessary to adjust the initial pH to a value below the target pH value.
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Annex 2. Bicinchoninic Acid Protein Assay Kit

SIGMA-ALDRICH"

Product Information
Bicinchoninic Acid Protein Assay Kit
Catalog Numbers BCA1 AND B9643

sigma-aldrich.com

3050 Spruce Street, 51 Lous, MO 63103 US4
Tel: (B00) 521-8956 (314} 771-5765 Fax (BOO) 325-5052 (314) 771-5757

emal techsenice@aal.com sgma-aldach.com

TECHNICAL BULLETIN
Synonym: BCA Reagents
Bicinchoninic Acid Solution, Catalog Number B9643
Product Description Reagent A is a 1,000 ml solution containing

Protein determination is one of the most common
operations performed in biochemical research. The
principle of the bicinchoninic acid (BCA) assay is similar
to the Lowry procedure,' in that both rely on the
formation of a Cu**-protein complex under alkaline
conditions, followed by reduction of the Cu** to Cu™.
The amount of reduction is proportional to the protein
present. It has been shown that cysteine, cystine,
tryptophan, tyrosine, and the peptide bond® are able to
reduce Cu”* to Cu'*. BCA forms a purple-blue complex
with Cu™ in alkaline environments, thus providing a
basis to monitor the reduction of alkaline Cu** by
proteins.?

The BCA assay is more sensitive and applicable than
either biuret or Lowry procedures. In addition, it has
less variability than the Bradford assay. The BCA assay
has many advantages over other protein determination
techniques:

[tis easy to use.

The color complex is stable.

There is less susceptibility to detergents.

It is applicable over a broad range of protein
concentrations.

In addition to protein determination in solution, the BCA
protein assay has other applications, including
determination of protein covalently bound to agarose
supports and protein adsorbed to muitiwell plates.

There are two distinct ways to perform a protein assay.
A protein assay can be set up to measure the
concentration of the unknown protein sample (mag/ml),
or it can be set up to determine the total amount of
protein in the unknown protein sample (mg). The BCA
assay has a linear concentration range between
200-1,000 pg of protein per miliiliter. In the standard
assay, only 0.1 ml protein sample is used, so the assay
has a total linear protein range of 20—100 ug.
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hicinchoninic acid, sodium carbonate, sodium tartrate,
and sodium bicarbonate in 0.1 N NaOH
(final pH 11.25).

Copper(ll) Sulfate Pentahydrate 4% Solution,
Catalog Number C2284

Reagent B is a 25 ml solution containing

4% (wiv) copper(ll) sulfate pentahydrate.

Protein Standard (Bovine Serum Albumin - BSA)
Solution, Catalog Number P0914

This product is supplied in 5 flame-sealed glass
ampules, each containing 1.0 ml of a solution consisting
of 1.0 mg/ml bovine serum albumin in 0.15 M NaCl with
0.05% sodium azide as a preservative.

Materials required depending on assay format used
but not provided
« Spectrophotometer capable of accurately
measuring absorbance in the 560 nm region.
« 96 well plates, Catalog Number M0156
96 well plate sealing film, Catalog Number Z369667
Test tubes, 13 x 100 mm,
Catalog Number CLS980013
* 1 ml Disposable Plastic Cuvettes,
Catalog Number C5416

Precautions and Disclaimer

This product is for R&D use only, not for drug,
household, or other uses. Please consult the Material
Safety Data Sheet for information regarding hazards
and safe handling practices.

Preparation Instructions

The BCA Working Reagent is prepared by mixing

50 parts of Reagent A with 1 part of Reagent B. Mix the
BCA Working Reagent until it is light green in color.



Storage/Stability

Store Reagents A and B at room temperature. Reagent
A, without Reagent B added, is stable for at least one
year at room temperature in a closed container. The
BCA Working Reagent (Reagent A mixed with Reagent
B) is stable for one day.

Store the Protein Standard at 2-8 °C.

Procedure

In the standard assay, 20 parts of the BCA Working
Reagent are then mixed with 1 part of a protein sample.
For the 96 well plate assay, 8 parts of the BCA Working
Reagent are mixed with 1 part of a protein sample. The
sample is either a blank, a BSA protein standard, or an
unknown sample. The blank consists of buffer with no
protein. The BSA protein standard consists of a known
concentration of bovine serum albumin, and the
unknown sample is the solution to be assayed.

BCA assays are routinely performed at 37 °C. Color
development begins immediately and can be
accelerated by incubation at higher temperatures.
Higher temperatures and/or longer incubation times can
be used for increased sensitivity. Incubation at lower
temperatures can slow down color development (see
Procedures A and B). The absorbance at 562 nm is
recorded and the protein concentration is determined
by comparison to a standard curve.

A. Standard 2.1 ml Assay Protocol

(Linear concentration range is 200-1.000 ua/ml or
20-100 ug of total protein)

This is the standard assay that can be performed in a
test tube. This procedure uses 0.1 ml of a protein
sample and 2 mi of the prepared BCA Working
Reagent. The instructions are a step-hy-step procedure
on how to perform the standard assay. If a nonstandard
assay is used (96 well plate) adjust the volumes
accordingly.

Note: It is necessary to create a standard curve during
each assay, regardless of the format used.
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1. Prepare the required amount of BCA Working
Reagent needed for the assays (see Table 1). The
final volume used in the assay depends upon the
application and the equipment available. Table 1
can be used to determine the volume of BCA
Working Reagent to prepare, depending on how
many blanks, BSA protein standards, and unknown
samples are to he assayed. Combine the volumes
of Reagents A and B specified in the table. Mix until
the BCA Working Reagent is a uniform, light green
color.

Table 1.

Volume of BCA Working Reagent to prepare. This is
dependent on how many blanks, BSA protein
standards, and unknown samples are to be assayed.

Number of Assays | Amount of Each Reagent Used
Total
Number
of 21 ml Number of Reagent | Reagent volume of
wellsina BCA
Standard A B -
Test tube p,;’tg “'a:;'ay my | (i &Ve‘;g'f'g?t
assays
(mi)
4 40 8 0.16 8.16
8 80 16 0.32 16.32
9 96 19 0.38 19.38
12 127 25 05 255

2. Prepare standards of different concentrations.
These BSA protein standards can range from
200—1,000 pg/mil (20—100 ug of total protein). This
is accomplished by making sernial dilutions starting
from the 1 mg/ml standard, and then using 0.1 mi of
each diluted standard in the assay. It is best to
make the dilutions in the same buffer as the
unknown sample (see Table 2). Deionized water
may be used as a substitute for the buffer, but any
interference due to the buffer will not be
compensated for in the BSA protein standards.



Table 2

EXAMPLE of Standard Assay Set Up Table

For protein samples with unknown concentrations, it
may be necessary to prepare a dilution scheme to
ensure the concentration is within the linear range of
200-1,000 pg/ml. Two different unknown samples are
represented in Table 2 by tubes 7 and 8. Tube 7 is an
unknown sample with a 5-fold dilution, while tube 8 is a
different unknown sample at a 10-fold dilution.
Researchers must determine their own dilution
schemes based on their estimation of the concentration
of each unknown sample.

Tube Sample [BSA] BCA
No. (ml) Protein Standard| Working
(ug/ml) Reagent
(ml)
1 0.1 0 2
2 0.1 200 2
3 0.1 400 2
4 0.1 600 2
5 0.1 800 2
6 0.1 1,000 2
7 01 (unknown 1) 2
8 0.1 (unknown 2) 2

3. Add 2 ml of the BCA Working Reagent to 0.1 ml of
each BSA protein standard, blank, and unknown
sample. Vortex gently for thorough mixing. The total
liquid volume in the test tube is 2.1 mi.

4. The following incubation parameters may be used:
60 =C for 15 minutes Or
37 =C for 30 minutes Or
25 °C (Room Temperature) from 2 hours to
ovemight

5. If required, allow the tubes to cool to room
temperature.

6. Transfer the reaction solutions into a cuvetie.

7. Measure the absorbance of the solution at 562 nm.
Color development continues slowly after cooling to
room temperature, but no significant error is seen if
all the tubes are read within 10 minutes of each
other. Create an assay fahle as needed and a
standard curve hased on either the BSA protein
standard concentration or on the amount of protein
present in the BSA protein standard (Examples are
shown in the resulis).

8. Determine protein concentration by comparison of
the absorbance of the unknown samples to the
standard curve prepared using the BSA protein
standards.

Resulis Based on the Standard Assay
Create a table with the absorbance results obtained

during the assay. A separate standard curve should be
generated for each assay performed. The amount of
protein for tubes 1-6 was obtained from the known
amount of BSA protein standard added.
Note: The data below should not be used as a
replacement of a standard curve. The absorbance of
the BSA protein standards (tubes 1-6) in each assay
will differ from those presented here. The amount of
protein recorded for tubes 7 and 8 was obtained from
the standard curve.

Table 3.
EXAMPLE of Assay Data Table
rotein
Tube Net | Amountof gfaprotei’! Dilution
No. | A | Ago piﬁmg%‘fg’ sample | Factor
(ng/mi)
T (0045 | © 0 0 7
2 10207 [0.162 20 200 s
3 [ 0364 0319 20 400 -
4 | 0510 | 0465 50 500 -
5 0661 0616 ) 500 -
5 (0823|0778 100 7000 | <
7 10587 | 0542 70 700 5
8 | 0743 | 0698 90 500 10

After obtaining the resuits, create a standard curve to
determine the protein concentration in the unknown
sample. Plot the Net Absorbance at 562 nm versus the
BSA protein standard concentrations

(ug/mi, Tubes 1-5).
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Graph 1.
Standard Curve produced from Assay Data

The standard curve indicates the unknown protein
sample in test tube 7 (Net A=z, = 0.542) contains
700 pg/mi of protein.
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The actual concentration of protein present in the
unknown sample is calculated as follows:

(ng/ml of unknown protein sample) times
(Dilution Factor)

(700 pg/mi) x (5) = 3,500 ug/ml of protein

B.

96 Well Plate Assay

(Linear concentration range is 200-1.000 pa/ml or

5-25 uq of total protein)
The BCA assay can be adapted for use in 96 well

plates. These plates can be used as long as five main
points remain unchanged:

1.

Read the absorbance at 562 nm. For a plate
reader, which does not have the exact wavelength
filter, a filter in the range of 540-590 nm can be
substituted.

The ratio of BCA Working Reagent to protein
sample will have to be modified from the Standard
Assay.

Examples:

Standard Assay - (Test Tube): 0.10 ml protein
sample to 2 ml BCA Working Reagent (1:20)

96 well plate - 25 ul protein sample to 200 ul BCA
Working Reagent (1:8). When using multiwell
plates, make sure the unknown samples, blanks, or
standards are present in the wells prior to adding
the BCA Working Reagent to facilitate mixing.
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3. Make sure the protein assay containers are sealed
(cover the plates with film) and incubate the
samples for:

60 °C for 15 minutes Or

37 °C for 30 minutes Or

25 °C (Room Temperature) from 2 hours to
overnight

4. Keep the protein sample concentration between
200-1,000 pg/mi (5-25 ug total protein).

5. A separate standard curve will have to be
determined for each assay protocol. The pathlength
in each assay is dependent on the assay container
(cuvettes or multiwell plates) and/or the reaction
volume. These and others changes like the BCA
Working Reagent to protein sample ratio affect the
Net Absorbance values.

C. TCA Concentration-BCA Assay Protocol

By using this procedure it is possible to remove some of
the interfering substances that are described in the
compatibility chart. It is also possible to increase the
concentration of the unknown sample using this

procedure.

1. Add the unknown samples and BSA protein
standards to separate microcentrifuge tubes and
adjust the final volumes to 1 ml with deionized
water. Larger volumes can also be used by
adjusting the following volumes accordingly.

2. Add 0.1 ml of a 0.15% (w/v) solution of sodium
deoxycholate (Catalog Number D5670) prepared
with deionized water.

3. Mix and let stand for 10 minutes at room

temperature. It is also acceptable to let stand on ice
for 10 minutes.

4. Add 0.1 mlof 6.1 N (~100% w/v) solution of
trchloroacetic acid (TCA, Catalog Number TO699).

5. Cap and vortex each sample.

6. Incubate for 5 minutes at room temperature. Itis
also possible to let stand on ice for 5 minutes.

7. Centrifuge the samples for 15 minutes at room
temperature in a microcentrifuge at full speed.

8. Carefully decant or pipette the supematant of each
sample. Do not disturb the pellet.



9. Solubilize each pellet by adding 0.04 ml of a
5% (w/v) solution of sodium dodecyl sulfate (SDS,
Catalog Number L6026) prepared with a 0.1 N
sodium hydroxide solution (Catalog Number
72076). Mix well until the pellet is completely

dissolved.

10. Pipette 0.06 mi of deionized water into the tube to
hring the sample volume to 0.10 ml, which can then
he used in the standard 2.1 ml assay procedure. it
is possible to add less water if a smaller volume

assay is to be performed.

11. Vortex each sample and proceed onto the 2.1 ml
standard assay protocol or a custom assay.

Compatibility Chart

The amount listed is the maximum amount of material
allowed in the protein sample without causing a

noticeable interference.

Incompatible Substances C:nT:ali?l:Ie
Buffer Systems
N-Acetylglucosamine (10 mM) in
ek %972 ( ) 10 mM
ACES,pH 738 25 mM
tBicine, pH84 20 mM
Bis-Tns, pH6.5 33_mM

3 undiluted
CellLytic™ B Reagent no interference
Calcium chlonde in TBS, pH 7.2 10mM
CHES, pH 9.0 100 mM
Cobalt chloride in TBS, pH 7.2 08M
EPPS, pH 8.0 100 mM
Fernc chloride in TBS, pH 7.2 10 mM
HEPES 100 mM
|:MOPS, pH 7.2 100 mM
Nickel chloride in TBS 10_mM
PBS; Phosphate (0.1 M), undiluted
NaCl (0.15M),pH 7.2 no interference
PIPES, pH 6.8 100 mM
Sodium acetate, pH 4.8 200 mM
Sodium citrate, pH 4.8 or pH 6.4 200 mM
Tricine, pH 8.0 25 mM
Trethanolamine, pH 7.8 25 mM
Tris 250 mM
TBS; Tris (25 mM), NaCl (0.15 M), undiluted
I_pH 7.6 (Catalog Number T5030) no interference

hiw) JU B no interference
(Catalog Number T4904)
Zinc chloride (10 mM) in TBS,
b7z (10 10mM
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Incompatible Substances Amount
(Continued) Compatible
Buffer Additives

Ammonium sulfate 15M
Aprotinin 10 mg/L
Cesium hicarbonate 100 mM
Glucose 10 mM
Glycerol 10%
Guanidine-HCI 4M
Hydrochiloric acid 100 mM
Imidazole 50 mM
[Ceupeptin 10 maiL
PMSF 1TmM
Sodium azide 0.20%
Sodium bicarbonate 100 mM
Sodium chloride 1™
Sodium hydroxide 100 mM
Sodium phosphate 25 mM
Sucrose 40%
TLCK 0.1 mg/L
TPCK 0.1 mg/L
Sodium orthovanadate in PBS, 1 mM
I_pH 7.2

Thimerosal 0.01%
Urea 3M
Chelating agents

[EDTA 10 mM
EGTA not compatible
Sodium citrate 200 mM
[Detergents

Brij™ 35 5%
Bnj 52 1%
CHAPS 5%
CHAPSO 5%
Deoxycholic acid 5%
|Nonidet P-40 (IGEPAL® CA-630) 5%
Octyl g-glucoside 5%
Octyl g-thioglucopyranoside 5%
SDS 5%
Span® 20 1%
TRITON® X-100 5%
TRITON X-114 1%
TRITON X-305 1%
TRITON X-405 1%
TWEEN® 20 5%
TWEEN 60 5%
TWEEN 80 5%
Zwittergents® 1%




Incompatible Substances Amount
(Continued) Compatible
Reducing & Thiol Containing

Agents

Dithioerythritol (DTE) 1mM
Dithiothreitol (DTT) 1mM
2-Mercaptoethanol 1TmM
Tributyl Phosphine 0.01%
Solvents

Acetone 10%
Acetonitrile 10%
DMF 10%
DMSO 10%
|:Ethanol 10%
Methanol 10%

Note: This is not a complete compatibility chart. There
are many substances that can affect different proteins
in different ways. One may assay the protein of interest
in deionized water alone, then in the buffer with
possible interfering substances. Comparison of the
readings will indicate if an interference exists. Refer to
References for additional information on interfering
substances.™

Note: Reagents that chelate metal ions, change the pH
of the assay, or reduce copper will interfere with the
BCA assay. Examples are shown below:

1. Metal chelators such as EDTA (>10 mM) and EGTA
(any level).

2. Thiol containing reagents such as cysteine (any
level), DTT (>1 mM), dithioerythritol {(>1 mM), and
2-mercaptoethanol (>0.01%).

3. High salt or buffers concentrations such as
ammonium sulfate (>1.5 M), Tris (>0.25 M), and
sodium phosphate (>0.1 M).

Troubleshooting Guide - Protein sample contains
incompatible reagents or substances.

1. If the starting concentration of the protein is high,
try diluting the sample so the substance no longer
interferes.

2. Use the TCA Concentration-BCA procedure and
discard the incompatible liquid after the pellet is
spun down.

3. Theinterference caused by chelating reagents
decreases when the relative amount of the
copper(ll) sulfate solution is increased in the
prepared BCA Working Reagent. The standard
preparation has 50 parts of bicinchoninic acid
solution to 1 part copper(ll) suifate solution. The
amount of copper(ll) sulfate solution may be
increased to 3 parts.

Technical Tips

1. Make sure the glassware being used has been
cleaned well.

2. Consider a different protein assay procedure. If
certain incompatible reagents cannot he removed
from the assay, consider the use of the Bradford
Reagent (Catalog Number B6916).

3. Ifthe protein levels are too low, try using the
QuantiPro BCA Kit (Catalog Number QPBCA).
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Annex 3. Standard curves for in vitro drug release studies
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