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ABSTRACT

The human skin provides a unique delivery pathway for therapeutic and other active agents.
Although several approaches have been proposed and implemented, including the use of syn-
thetic and natural polymers, there is a persistent pursuit of alternative biomaterials for enhanc-
ing the development of transdermal delivery systems. Therefore, in this study, natural poly-
mers, namely the chitin-glucan complex (CGC), FucoPol, and polyhydroxyalkanoates (PHA),
have been prospected for use as biomaterials for the fabrication of hydrogels and micronee-
dles (MN) arrays, two innovative approaches for efficient and controlled drug delivery through
the skin.

CGC was solubilized using NaOH/urea solvent systems through a freeze/thaw procedure,
overcoming its previous insolubility challenge. This approach resulted in a significant solubili-
zation rate of 63-68%, yielding a chitosan-glucan complex (ChGC). Based on this process, hy-
drogels were fabricated using different alkali solvent systems, NaOH and KOH solutions, via a
freeze-thaw procedure. The hydrogels exhibited varying microstructures, viscoelastic proper-
ties, and textures depending on the type of solvent used and their ionic strength. Furthermore,
the hydrogels were biocompatible. Subsequently, optimization of the process parameters al-
lowed the reduction of the time needed to prepare the CGC hydrogels, and the optimized
structures demonstrated a spontaneous swelling ratio and good water retention capacity.
When loaded with caffeine, hydrogels' mechanical and rheological properties were significantly
affected, and the caffeine release rate depended on the pH and ionic strength of the surround-
ing solution. Additionally, it was shown that increasing the CGC concentration led to the for-
mation of hydrogels with a denser and tighter microstructure and increased their mechanical
and rheological parameters. The hydrogels were loaded with different types of active pharma-
ceutical ingredients (APIs), exhibiting permeation fluxes through artificial membranes corre-
lated to the APIs' physicochemical characteristics.

FucoPol was used as a structuring agent to fabricate hydrogel membranes (HMs) using Fe**
as a crosslinker. It was demonstrated that, after a threshold of 1.5 g/L, Fe** concentration had
a limited effect on HMs strength, while varying the concentration of FucoPol significantly in-
fluenced their properties. Three FucoPol concentrations (1.0, 1.75, and 2.5wt%) combined with
Fe’* (1.5 g/L) resulted in HMs with varying microstructures, swelling ratios, and hardness values.

These HMs were non-cytotoxic and exhibited anti-inflammatory properties. Additionally, the



FucoPol HMs were loaded with caffeine or diclofenac sodium using different methods to assess
drug loading capacity. The results showed that the loading method had an impact on the me-
chanical and rheological properties of the HMs and led to distinct drug release profiles.

PHAs with different compositions, including homopolymer poly(3-hydroxybutyrate) (PHB),
copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) with varying HV content
(14, 43, and 87wt%), and terpolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hy-
droxyhexanoate) (PHBVHXx), were used to fabricate MNs through a micromolding process.
While these biopolymers were successfully utilized for MN fabrication, their distinct physico-
chemical properties led to MNs with differing characteristics. PHB, PHBV (43% HV), and
PHBVHx produced sharp MNs with similar failure forces (~5.5 N), suggesting the ability to
pierce the human skin. PHBVHx MNs displayed greater deformation resistance and insertion
studies in Parafilm multilayer systems revealed their ability to penetrate up to 396 pm without
breaking. Furthermore, diclofenac sodium was coated onto PHBVHx MNs and the resulting
coated MNs exhibited comparable failure forces, decreased mechanical stiffness, and a rapid
drug release profile.

Overall, this work demonstrated that the natural polymers CGC, FucoPol, and PHAs can be
used as structuring agents for the development of novel biomaterials, namely, hydrogels and
MNs, with very promising properties, thus contributing to the sustainable fabrication of im-

proved transdermal delivery systems.

Keywords: Biopolymers, Hydrogels, Microneedles arrays, Drug delivery, Transdermal

drug delivery systems.
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RESUMO

A pele humana proporciona uma via de administracao Unica para agentes terapéuticos e
outros compostos ativos. Embora varias abordagens tenham sido propostas e implementadas,
incluindo o uso de polimeros sintéticos e naturais, persiste a procura por biomateriais alterna-
tivos para melhorar o desenvolvimento de sistemas de administragdo transdérmica. Assim,
nesta tese foram utilizados biomateriais naturais, nomeadamente o complexo quitina-glucano
(CQG), FucoPol e polihidroxialcanoatos (PHAs), na fabricacdo de hidrogéis e matrizes de mi-
croagulhas (MN), duas abordagens inovadoras para entrega eficiente e controlada de farmacos
através da pele.

CQG foi solubilizado utilizando sistemas de solventes NaOH/ureia através de um procedi-
mento de congelamento/descongelamento, superando seu desafio de insolubilidade. Esta
abordagem resultou em uma taxa de solubilizacdo significativa de 63-68%, produzindo um
complexo quitosano-glucano (ChGC). Com base nesse processo, foram fabricados hidrogéis
utilizando diferentes sistemas de solventes alcalinos, nomeadamente solucbes de NaOH e
KOH, por meio de um procedimento de congelamento/descongelamento. Esses hidrogéis
apresentaram microestruturas, propriedades viscoelasticas e texturas variaveis, dependendo
do tipo de solvente utilizado e da sua forga idnica. Além disso, os hidrogéis demonstraram ser
biocompativeis. Posteriormente, a otimiza¢do dos parametros do processo permitiu a redugao
do tempo necessario para preparar os hidrogéis, e as estruturas otimizadas demonstraram
absorcao de agua espontanea, bem como uma boa capacidade de retencdo de dgua. Quando
carregados com cafeina, as propriedades mecanicas e reoldgicas dos hidrogéis foram signifi-
cativamente afetadas, e a taxa de liberacdo de cafeina dependeu do pH e da forga idnica da
solucao de libertacao. Além disso, foi demonstrado que o aumento da concentragdo de CQG
levou a formacgéo de hidrogéis com uma microestrutura mais densa e compacta, e ao aumento
dos parametros mecanicos e reoldgicos. Os hidrogéis de CQG foram capazes de ser carregados
com diferentes tipos de ingredientes farmacéuticos ativos (APIs), exibindo fluxos de permeacao
através de membranas artificiais correlacionados com as caracteristicas fisico-quimicas dos
APIs.

FucoPol foi utilizado como agente estruturante no fabrico de membranas de hidrogel (HMs)
usando Fe** como reticulante. Foi demonstrado que, acima de um valor de 1,5 g/L, a concen-

tracdo de Fe** tem um efeito limitado na resisténcia das membranas, enquanto a variacio da
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concentragdo de FucoPol influenciou significativamente suas propriedades. Trés concentragdes
de FucoPol (1,0, 1,75 e 2,5%) combinadas com Fe3* (1,5 g/L) resultaram em membranas com
diferentes microestruturas, capacidade de absorcdo de agua e propriedades mecanicas. As
membranas demonstraram ser biocompativeis, exibindo propriedades anti-inflamatodrias. Além
disso, as membranas de FucoPol foram carregadas com cafeina ou diclofenac de sddio através
de diferentes métodos para avaliar a sua capacidade de incorporacao de farmacos. Os resul-
tados demostraram que o método de incorporagao utilizado teve impacto nas propriedades
mecanicas e reoldgicas das membranas, levando a perfis distintos de libertagdo.

PHAs com diferentes composig¢des, incluindo PHB, PHBV com diferentes contelidos em 3HV
(14, 43 e 87%), e PHBVHYx, foram usados para fabricar MNs através de um processo de micro-
moldagem por fusdo. Embora estes biopolimeros tenham sido bem-sucedidos no fabrico das
MNs, as suas distintas propriedades fisico-quimicas resultaram em MNs com caracteristicas
diferentes. PHB, PHBV contendo 43% em 3HV, e PHBVHx produziram MNs pontiagudas com
forcas de falha semelhantes (~5,5 N), sugerindo capacidade de perfurar a pele humana. As
MNs de PHBVHx exibiram maior resisténcia a deformacao e estudos de insercdo em sistemas
multicamadas de Parafilm revelaram a sua capacidade de penetrar até 396 um sem quebrar.
Além disso, diclofenac de sddio foi utilizado para revestir MNs de PHBVHx, sendo que as MNs
revestidas apresentaram forcas de falha comparaveis as MNs néo revestidas, rigidez mecanica
diminuida e um perfil de libertagdo rapida do farmaco.

No geral, esta tese demonstrou que os polimeros naturais CGC, FucoPol e PHAs podem ser
usados como agentes de estruturagdo para o desenvolvimento de novos biomateriais, nome-
adamente, hidrogéis e MNs, com propriedades muito promissoras, contribuindo, assim, para

a fabricacao sustentavel de melhores sistemas de administracao transdérmica.

Palavas chave: Biopolimeros, Hidrogéis, Matrizes de microagulhas, Libertacao de farmacos,

Sistemas de administracdo transdérmica.
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I. Background and Motivation

|. BACKGROUND AND MOTIVATION

l.1. Background

1.1. Introduction

Drug delivery plays a crucial role in healthcare, and its extensive application in modern med-
icine has integrated it into our daily lives. It can be defined as the process of administering
therapeutic substances such as drugs, to a specific site of the body for the purpose of achieving
a therapeutic effect [1]. According to the delivery route, several modalities are available, in-
cluding the enteral route (e.g., oral, sublingual, rectal), the parenteral route (e.g., intramuscular,
subcutaneous, intravenous, intradermal injections), the topical route (e.g., epidermal, mucosal),
and the inhalation route (e.g., vaporization, gas inhalation) [2]. For centuries, drug administra-
tion has been done conventionally through oral and intravenous routes [3,4]. Although the oral
route remains the most convenient method since drugs can be self-administrated and porta-
ble, and doses are pre-determined, there is of low bioavailability due to their enzymatic deg-
radation and poor absorption in the gastrointestinal tract [5,6]. On the other hand, the intra-
venous route allows the administration of macromolecules, such as proteins and peptides, but
is limited by pain, risk of infection, and needle phobia [7,8]. Both these routes have additional
limitations since drugs have to be administered multiple times per day and the introduction of
the drug into the body occurs at once [9].

To mitigate these drawbacks and limitations, the search for alternative routes for drug de-
livery has been the subject of intensive research. Taking advantage of the unique delivery path-
way for therapeutics provided by the human skin, transdermal drug delivery systems emerged
as an attractive approach. These systems are pharmaceutical formulations and devices de-
signed to administer drugs through the skin into the systemic circulation for systemic or local-

ized therapeutic effects [7,10].
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1.2. Human Skin

The human skin is the body's largest organ, representing around 15% of the body mass. It
is a complex organ that acts as a protective barrier to the external environment, preventing the
invasion of foreign pathogens, while also hosting beneficial commensal microbiota [11,12]. It
also provides thermal regulation and sensory perception, is involved in the synthesis of vitamin
D, and possesses immune-neuroendocrine functions that contribute to the body’'s homeostasis
[13,14].

The human skin comprises three main layers: the epidermis, the dermis, and the subcuta-

neous tissue, also known as hypodermis, each with distinct functions and structures (Fig. 1.1.1).
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Figure 1.1.1 - Schematic representation of the structure of human skin presenting the (A) three main layers and

(B) sublayers of the epidermis (reproduced from [15]).

The epidermis, the outermost layer of the skin, is mainly composed of specialized epithelial
cells, so-called keratinocytes, and secondarily it also has melanocytes, Langerhans cells, and
Merkel cells [7,11]. It consists of several sublayers, with the outermost being the stratum
corneum, composed of flattened dead cells (corneocytes) that form a protective barrier against
environmental factors and moisture loss. Beneath it lies the stratum granulosum, where cells
undergo keratinization, producing the protein keratin for strength and waterproofing. Then,
the stratum spinosum contains living keratinocytes that provide structural support, while the
stratum basale accommodates actively dividing cells that continually replenish the upper lay-
ers. Additionally, melanocytes in the basal layer produce melanin, responsible for skin pigmen-
tation and UV protection. Langerhans cells, part of the immune system, are also scattered
throughout the epidermis, contributing to the skin's defense mechanisms [16,17]. The dermis,
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the second layer of the skin, is mainly composed of fibroblasts that synthesize collagen and
elastin fibers, crucial for skin firmness, elasticity, and structural support. It also contains macro-
phages and mast cells that contribute to immune responses and healing processes. This layer
includes blood vessels, nerves, hair follicles, and glands, essential for functions such as hair
growth, thermoregulation, and skin hydration [7,11]. The innermost skin layer is the hypoder-
mis, it is mainly composed of adipose tissue, it serves mainly as a support structure and thermal
insulator. The hypodermis also plays a role in energy storage, and it contains blood vessels that
supply the skin and underlying tissues [11,17].

Skin penetration by micro and macromolecules involves either the transepidermal pathway,
including intercellular and intracellular routes, or the transappendageal pathway, resulting in
the topical delivery to the skin or the transdermal delivery into the systemic circulation (Fig.
1.1.2) [7,18]. The transepidermal pathway implies the drug permeation across the epidermis,
more specifically through the stratum corneum. It can be performed by the intercellular route
where small hydrophobic drugs (usually with a molecular weight < 500 Da) diffuse within the
lipid matrix between the corneocytes cells [19]. Drugs can also permeate directly through the
keratinized corneocytes in a so-called intracellular route. This route allows the diffusion of small
hydrophilic or moderately lipophilic molecules [7]. On the other hand, the transappendageal
pathway involves drug permeation through structures associated with skin appendages such
as sweat glands and hair follicles. This pathway is especially followed by large hydrophilic mol-

ecules [19].

Transepidermal Transappendageal
Intercellular Transcellular Transglandular Transfollicular
\\ 7
EPIDERMIS | /
|/
CORNEOCYTES
INTERCELLULAR
UPDS
DERMIS SWEAT GLAND HAR FOLLICLE

Figure I.1.2 - Schematic representation of different pathways through drug skin permeation

(adapted from [20]).
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1.3. Transdermal Drug Delivery Systems

Contrary to topical drug delivery that aims to treat dermatological conditions working pri-
marily within the superficial skin layers, transdermal drug delivery allow the drug administration
through the skin to achieve systemic circulation. Transdermal drug delivery represents an at-
tractive alternative to oral and intravenous delivery, providing several advantages that include
avoidance of the first pass hepatic metabolism, prevention of gastrointestinal degradation and
food-related inconsistency in absorption, the possibility of enhanced bioavailability, elimina-
tion of pain and discomfort, and improved patient compliance [4,7,18]. However, only a limited
number of drugs can penetrate the lipophilic stratum corneum, which is the most superficial
layer of the skin and provides the main barrier to exogenous substances. Successful drugs
should have optimal physicochemical properties, such as low molecular weight, reasonable
lipophilicity, and low melting point, correlating with good solubility [18,21,22]. In the last dec-
ades, several strategies for transdermal delivery have been developed to improve the delivery
of hydrophilic drugs, peptides, and macromolecules [4,7].

Nowadays, transdermal drug delivery systems (TDDS) can act through two different meth-
odologies: passive/chemical and active/physical delivery technologies. Passive delivery is char-
acterized by modification of the stratum corneum without its disruption, influenced by drug-
vehicle interactions and optimization of formulation. These delivery systems are based on par-
ticulate systems (e.g., liposomes, transferosomes, emulsions, nanoparticles) and chemical en-
hancers (e.g., glycols, fatty acids) [23]. However, passive approaches have disadvantages as the
small size of the molecules that can be delivered and the extensive time in drug release [7,24].
To overcome the poor drug transport via the skin and the drawbacks of passive delivery, active
delivery systems have been developed. Active delivery is characterized by the physical disrup-
tion of the stratum corneum or the use of external energy to act as a drug transport across the
skin. These methods are more effective in transdermal delivery, allowing a wide class of drugs
to be delivered into the skin and overcoming lag times in drug release when compared with
passive methods [7]. In this way, electrically based techniques, such as sonophoresis (ultra-
sound) and electroporation, allow the formation of aqueous pores in the lipid bilayers of the
stratum corneum, while iontophoresis has been used to drive drugs through the transappend-
ageal route. Mechanical methodologies, including tape stripping and MNs, are also used and
involve either removing or piercing the stratum corneum, respectively [23].

Hydrogels have emerged as versatile and promising materials as TDDS. These three-dimen-

sional, water-rich networks of polymers possess unique properties that make them ideal
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candidates for delivering a wide range of therapeutic agents through the skin [25,26]. Hydro-
gels can be tailored to control the release of drugs in a sustained and controlled way, ensuring
therapeutic efficacy while minimizing side effects. Their biocompatibility, ease of application,
and ability to maintain skin hydration contribute to patient comfort and adherence [27]. Addi-
tionally, the customizable nature of hydrogels allows for fine-tuning their mechanical and
chemical properties, making them suitable for various drug formulations and applications. One
notable example is the use of hydrogel patches for the delivery of pain relief medications such
as lidocaine [28] and diclofenac [29]. These patches adhere comfortably to the skin and slowly
release the drug over time, providing localized pain relief without the need for frequent reap-
plication. Another example is the use of hydrogel-based dressings for wound care. As dress-
ings, hydrogels offer distinct advantages essentially due to their adaptability to match wound
type and stage, while meeting crucial criteria including exudate absorption, maintenance of
moist wound environment, thermal insulation, preservation of gas exchanges, painless re-
moval, and ease of handling [30]. Moreover, hydrogel dressings can present antimicrobial ac-
tivity or be loaded with antimicrobial agents preventing infection [31]. Overall, the use of hy-
drogels as TDDS represents a promising avenue for improving drug delivery, enhancing patient
outcomes, and advancing the field of transdermal therapeutics. In this thesis, the fundamental
principles of hydrogel design and their specific advantages in drug delivery through the skin
will be explored and detailed in Section Il, where the polysaccharides chitin-glucan complex
(CGC) and FucoPol, will be used as innovative biomaterials for the development of these struc-
tures.

A cutting-edge innovation in the field of TDDS are the MN arrays. These microscopic nee-
dles, barely visible to the naked eye, have opened up new horizons in drug delivery by provid-
ing a minimally invasive means to transport therapeutic agents through the skin [32,33]. MNs
puncture the stratum corneum creating microchannels that enable precise and controlled drug
administration. Their potential for painless and efficient drug delivery makes them a topic of
increasing interest and exploration across the fields of pharmaceuticals, cosmetics, and be-
yond. Generally, these promising technologies are under development for the delivery of bi-
omacromolecules including proteins, peptides, hormones, vaccines, and genes [34,35]. In the
field of vaccination, MNs arrays have undergone extensive research and were found to be on
par with traditional methods of administration, overcoming some drawbacks associated with
pain, needle phobia, self-administration, and safety [36,37]. Initially employed for the delivery
of vaccines against influenza, the use of MNs to deliver vaccines to a diverse range of viral and

bacterial infections, as well as immunotherapy for cancer treatment has been reported in
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several studies [38,39]. In the cosmetic industry, MN arrays have also gained significant rele-
vance in recent times, particularly for applications related to skin moisturization and anti-aging
treatments. For this application, most of the MNs are composed of hyaluronic acid which dis-
solves into the skin upon application. These MNs provide skin hydration and facilitate the de-
livery of active ingredients for enhancing skin health through their gradual dissolution [33,40].
In this thesis, the fascinating world of MN arrays will be explored in Section Ill where design
principles, properties, and promising use of the biopolymers polyhydroxyalkanoates will be

investigated.

|.2. Motivation

Considering that the biomedical and pharmaceutical fields are continuously evolving, sev-
eral challenges in these TDDS have been taken into consideration. Although significant pro-
gress has been made in enhancing biocompatibility, drug loading, drug release mechanisms,
and treatment duration in hydrogel-based drug delivery systems, challenges related to their
practical clinical application persist. Issues such as shelf life, sterilization methods, user compli-
ance, and scalability must be effectively addressed prior to the deployment of these systems
for therapeutic agent delivery to patients [41]. Regarding MN arrays, the translation from aca-
demic research to viable products in the market requires the consideration of some challenges
in crucial fields including safety (e.g., skin irritation, patient compliance), regulation (e.g., clinical
adaptation, regulatory approval), compatibility (e.g., biocompatibility, stability), manufacture
(e.g., reproducibility, packaging, cost) and loading (e.g., dose accuracy, stability) [33].

The use of biopolymers for the fabrication of TDDS is mainly driven by their biocompatibility,
biodegradability, and safety properties. Different from synthetic materials, biopolymers are de-
rived from natural sources, making them more biocompatible and reducing the risk of adverse
reactions or toxicity. These macromolecules can often be metabolized over time, minimizing
the accumulation of foreign substances within the body. Additionally, biopolymers are envi-
ronmentally friendly and sustainable, aligning with the growing focus on green and sustainable
technologies in various industries, including healthcare. They offer a promising alternative to
traditional materials that may have environmental concerns.

The motivation behind this thesis is rooted in the pursuit of innovative solutions to advance
TDDS. Therefore, the potential of different microbial polymers to revolutionize transdermal
drug delivery was studied by leveraging the unique properties of those natural polymers, spe-

cifically FucoPol, a fucose-rich bioactive bacterial polysaccharide, CGC, a yeast copolymer of
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chitin and glucan, and PHAs, natural biocompatible polyesters. These natural polymers possess
unique and distinct functional properties that make them ideal candidates for the development
of innovative TDDS that include two distinct delivery approaches: hydrogels and MN arrays.
The investigation of both types of structures provides a comprehensive understanding of how
these natural polymeric biomaterials can be tailored to suit various drug delivery needs.
Overall, the main goal was to contribute to the development of TDDS that are both effective
and versatile, offering new possibilities for enhancing patient care, treatment outcomes, and

safety while reducing environmental impact.

I.3. Thesis Outline

This PhD thesis is structured into four sections, encompassing nine chapters, designed as
research papers or book chapters, which were either published or submitted for publication.
Each chapter provides an introductory context, detailing the materials and methods utilized,
and discussing the obtained results and key conclusions. The specific methodology applied in
each chapter is comprehensively described within the context of the subject and, where appli-
cable, linked to methodologies employed in previous chapters. In this thesis, sections Il and 11l
focus on the investigation of hydrogels and microneedles arrays, respectively, based on natural
polymeric biomaterials, as potential TDDS. Hence, the structure of this thesis has the following
outline:

Section | presents the background, motivation, and main objectives of this thesis.

Section Il describes the fabrication of hydrogels based on two polysaccharides, chitin-glu-
can complex (CGC) and FucoPol. This section is divided into three main chapters:

Chapter 1 provides a fundamental overview of the state of the art on polysaccharide
hydrogels.

Chapter 2 focuses on the dissolution of the polysaccharide CGC and its ability for hy-
drogels' fabrication. This chapter is divided into four sub-chapters:

2.1 - Low temperature dissolution of yeast chitin-glucan complex and characterization
of the regenerated polymer describes the use of non-toxic solvents to dissolve CGC and pro-
vides a detailed characterization of the regenerated biopolymer.

2.2 - Novel hydrogels based on yeast chitin glucan complex: characterization and safety
assessment focus on the development of hydrogels using different solvent systems and poly-

mer concentration.



I. Background and Motivation

2.3 - Chitin-glucan complex hydrogels: Optimization of gel formation and demonstra-
tion of drug loading and release ability describes the optimization of the hydrogel fabrication
process regarding the number of freeze-thaw cycles and freezing time. Additionally, the hy-
drogel prepared under the optimized conditions was used to study their ability to load and
release drugs.

2.4 - Chitin-glucan complex hydrogels: Physical-chemical characterization, stability, in
vitro drug permeation, and biological assessment in primary cells reports the effect of polymer
concentration on hydrogel preparation. The obtained hydrogels were characterized and their
ability to load and release different types of drugs was assessed by /n vitrorelease and perme-
ation studies.

Chapter 3 demonstrates the use of the polysaccharide FucoPol to produce hydrogel
membranes. This chapter is divided into two sub-chapters:

3.1 - Novel hydrogel membranes based on the bacterial polysaccharide FucoPol: De-
sign, characterization, and biological properties demonstrated the preparation of hydrogel
membranes using Fe** cations as crosslinking agent. The effect of polymer and Fe** concen-
tration was evaluated, and the optimized conditions were used to prepare membranes that
were further characterized. Additionally, the obtained membranes were evaluated regarding
their cytotoxicity and anti-inflammatory activity.

3.2 - Exploring the drug loading and release ability of FucoPol hydrogel membranes
focuses on the capacity of the prepared hydrogel membranes to be loaded with different drugs
following two distinct loading methods. The loaded membranes were characterized, and the
influence of the loading method was evaluated. Moreover, their ability to release the loaded

drugs was assessed by /n vitro release studies.

Section Ill focuses on the fabrication of MNs from polyhydroxyalkanoates. This section is
divided into two chapters:
Chapter 4 provides a fundamental overview of the state of the art on MNs arrays fab-
rication.
Chapter 5 describes the preparation of microneedles arrays from different types of pol-
yhydroxyalkanoates. The fabricated microneedles arrays were characterized and their ability to

be coated was evaluated.

Section IV reports the main conclusions of this dissertation and provides suggestions for

future work.



I. Background and Motivation

The work developed during this PhD resulted in several significant scientific outputs includ-
ing two book chapters and six scientific papers. Additionally, there is an ongoing manuscript
in preparation. The information regarding the publications is presented at the beginning of

each respective chapter.
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I[l. HYDROGELS

1. Polysaccharide Hydrogels

This chapter was adapted from the following published book chapter:

« Freitas, F., Torres, C.A\V., Aradjo, D., Farinha, |., Pereira, J. R,, Concérdio-Reis, P., Reis,
M.A.M. (2021) "Advanced Microbial Polysaccharides.” In B. Rehm & M. F. Moradali (Eds.), Bi-
opolymers for Biomedical and Biotechnological Applications (1st ed., pp. 19-62). Wiley. DOI:
10.1002/9783527818310.ch2

1.4. Hydrogels

Hydrogels represent a class of materials composed of a three-dimensional, hydrophilic pol-
ymeric network able to absorb large amounts of water or biological fluids [42,43]. Their tunable
properties, functionalities, and versatile fabrication methods allow their application in a wide
range of applications in several fields such as food and agriculture [44], cosmetics [45], bio-
medicine [46], soft robotics [47], and wastewater treatment [48]. Hydrogels' unique properties,
characterized by high water content and extracellular matrix-mimicking structure, render them
potential to act as soft tissue biomaterials with application in various areas of biomedicine from
tissue engineering scaffolds [49] and drug delivery systems [41] to soft contact lenses [50] and
biosensors [51], among others. Hydrogels can be classified based on various parameters, in-
cluding material source, crosslinking type, charge, composition, response characteristics, and

structure/configuration (Fig. 1.1).
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Figure 1.1 - Schematic representation of classification of hydrogels.

According to their preparation method and physical structure, hydrogels can be produced
by physical or chemical crosslinking (Fig. 1.2) [52,53]. Physically crosslinked hydrogels are re-
versible under specific conditions, and polymer chains are weakly stabilized by secondary
forces such as ionic interactions, hydrogen bonding, or hydrophobic interactions. On the other
hand, chemically crosslinked hydrogels are irreversible and stable, with strong covalent bonds
involving reactions of polymeric backbone with a crosslinking agent. Chemical hydrogels can
be produced by different techniques, including radiation, graft copolymerization, or in the

presence of a crosslinking agent [54].
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Figure 1.2 - Schematic representation of chemical and physical crosslinked hydrogels (adapted from [55]).

Depending on the polymers involved, hydrogels can be classified as homopolymer hydro-
gels, if composed of a single type of repeating unit (e.g., poly(ethylene glycol) (PEG)), copoly-
mer hydrogels, if constituted by two or more different repeating units (e.g., poly(ethylene gly-
col)-diacrylate (PEGDA)), and interpenetrating polymeric network (IPN) hydrogels when two
independent crosslinked networks intermesh each other in the presence of crosslinker. There-
fore, hydrogels can be semi-IPN if one of the components is a non-crosslinked polymer [56,57].

Additionally, hydrogels can also be categorized based on their ionic charge as non-ionic
(neutral), ionic (cationic or anionic), and ampholytic hydrogels. Such classification refers to the
overall charge, namely no charge groups are present in neutral hydrogels, and cationic and
anionic hydrogels are characterized by the presence of either positively or negatively charged
groups, respectively. In the presence of both, negatively and positively charged groups, am-
pholytic hydrogels are produced [54,58]. lonic and ampholytic hydrogels are also known as
polyelectrolytes.

Considering their final application, hydrogels can be designed to be stimulus sensitive, re-
sponding distinctively towards external conditions such as temperature, pH, ionic strength, and
magnetic or electric field [59,60]. In fact, the ability to respond to external stimuli makes them
usually called “smart” or "stimuli-sensitive” hydrogels. Moreover, exhibiting “smart” character-
istics is an advantage for biomedical applications such as controlled drug delivery [61,62] or
agriculture [63].

Based on the source of the polymers used to fabricate the structures, hydrogels can be
classified as natural, synthetic, or semi-synthetic hydrogels [56,64]. Natural hydrogels are fab-
ricated from natural sources such as polysaccharides (e.g., alginate, chitosan, cellulose, hyalu-
ronic acid) or proteins (e.g., collagen, gelatin). Natural polymers are generally biocompatible
and biodegradable and often exhibit inherent bioactivity, a feature that renders them suitable

for several biomedical applications [41,65]. Natural hydrogels demonstrate a remarkable
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resemblance to the natural extracellular matrix, providing an ideal environment for cell growth
and tissue regeneration. However, poor mechanical properties and weak stabilization are iden-
tified as the main disadvantages of these structures [65]. Synthetic hydrogels are created from
synthetic polymers such as poly(vinyl alcohol) (PVA), PEG, and polyacrylamide. These hydrogels
are synthesized through chemical reactions allowing for precise tuning of their properties,
namely improved mechanical properties and high stability [66]. Nonetheless, synthetic poly-
mers are considered environmentally unfriendly due to their recalcitrancy to biological degra-
dation, resulting in the accumulation of non-biodegradable solid waste materials [43]. Semi-
synthetic hydrogels, also known as hybrid hydrogels, are hydrogel materials that are created
by combining both natural and synthetic components. These hydrogels leverage the ad-
vantages of both natural and synthetic materials to achieve a balance of desirable properties
for specific applications.

This chapter focuses on the use of natural polysaccharides to fabricate hydrogels. It
starts with a brief overview of polysaccharides, followed by the role of these macromolecules
in the hydrogel formation, detailing the currently more relevant polysaccharides for this pur-

pose and describing their advantages and challenges.

1.5. Polysaccharides

Polysaccharides are high molecular weight molecules composed of repeated units of sac-
charide monomers linked together by glycosidic bonds [67]. The specific arrangement and the
type of monosaccharides present in the macromolecule chain determine the type and proper-
ties of the polysaccharide. According to their chemical composition, polysaccharides can be
classified as homopolysaccharides when composed of only one type of monosaccharide mon-
omer (e.g., cellulose, starch) or heteropolysaccharides when composed of two or more different
types of monosaccharides (e.g., hyaluronic acid, xanthan) [67,68]. Besides the presence of the
most common monomers glucose, galactose, and mannose, other neutral sugars such as
rhamnose, arabinose, and fucose, as well as uronic acids and aminosugars are also frequently
found. Additionally, several other substituents including organic acyl groups (e.g., ester-linked
groups, pyruvate ketals) and inorganic groups (e.g., sulfate, phosphate) are also common in
their composition [68]. Most of these substituents are ionizable groups that confer the poly-
saccharides a polyelectrolyte character, greatly affecting their properties, as well as the nature

and number of intra/intermolecular interactions. In fact, the possible multiple combinations of
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monomeric units in these macromolecules, along with the stereospecificity of glycosidic link-
ages (a or B anomers), leads to structural variations ranging from linear to highly branched
structures. The most common glycosidic bonds between saccharide monomers are a-1,4 and
B-1,4 characteristics of the linear backbone, and a-1,6 and B-1,6, responsible for branching the
structure [69].

Polysaccharides are the most abundant naturally occurring macromolecules and are found
in a variety of natural sources that include plants (e.g., starch, cellulose, pectin), animals (e.g.,
glycogen, chitin), seaweeds (e.g., alginate) and microorganisms (e.g., xanthan, glucans). Several
key features of polysaccharides over synthetic materials include their biocompatibility, biodeg-
radability, renewability, and abundance, making them valuable materials for a wide range of
applications in various industries such as pharmaceuticals, food, and cosmetics [70-72]. Com-
pared to other natural polysaccharides, those of microbial origin have been extensively studied
due to their improved properties and easy production when compared to other natural poly-
saccharides [73]. For example, microorganisms usually have much higher growth rates than
algae or plants, and their production processes can easily be manipulated to improve yields
and productivity. Moreover, the production process is not climate- or seasonal-dependent and
can rely on the use of low-cost by-products or wastes as raw materials [73-76].

Microbial polysaccharides, produced by bacteria, fungi, yeasts, and algae, can be found in-
tracellularly in different cellular components and/or in the extracellular environment. Generally,
intracellular polysaccharides are often reserve materials for energy and carbon sources (e.g.,
glycogen) and can be found within the cell cytoplasm, while cell-wall-associated polysaccha-
rides are anchored to the cell-wall of the microbial cell, contributing to its structural integrity
(e.g., CGQ), and extracellular polysaccharides are secreted by the cells, forming either a capsule
that remains associated with the cell surface (capsular polysaccharides, CPS) or a slime that is
loosely bound to the cell surface (exopolysaccharides, EPS) [77]. CPS are mostly associated with
the pathogenicity of the microorganism and include virulence-promoting factors [78], whilst
EPS has been proposed to provide protection against environmental stress, cell adherence to
surfaces, and carbon or water storage reserves [79].

Due to their functional properties, polysaccharides can be used as structuring agents, based
on their ability to form polymeric structures (e.g., films, gels, emulsions, micro- and nanoparti-
cles). Moreover, their inherent biological properties (e.g., anti-inflammatory, antitumor, im-
munomodulator, antiviral) make them valuable bioactive compounds in the development of

novel pharmaceutical drugs [67,80-82].
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1.6. Hydrogels Based on Polysaccharides

The potential use of polysaccharides in the biomedical field has gained considerable atten-
tion due to their biocompatibility, biodegradability, and nontoxicity. Moreover, the presence
of several functional groups, as well as variable physicochemical properties and valuable bio-
logical activities, boosts the use of polysaccharides in numerous pharmaceutical areas, includ-
ing drug delivery, wound healing, and tissue engineering [67,83].

Owing to their hydrophilicity and characteristic charge given by their functional groups, one
of the polysaccharides' most valuable property is their ability to form hydrogels which have
emerged as a new class of biomaterials [56]. Several polysaccharides, such as alginate, chitosan,
hyaluronic acid, cellulose, dextran, and xanthan, either alone or in blends, have been used for

the design and fabrication of hydrogels (Table 1.1).
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Table 1.1 - Examples of natural polysaccharides used to fabricate hydrogels.

Polysaccharide Charge Sugar monomers Chemical structure Source Properties Biomedical Application  Reference
Alginate Anionic Guluronic acid ) Hooc OH Brown seaweed (laminaria Water soluble Drug delivery [84-86]
Mannuronic acid |.* [ 7% fo LOEF sp., Lessonia sp.), Gel-forming ability Wound dressing
\\\/x / Bacteria (Azotobacter sp., Tissue regeneration
",J /n Pseudomonas sp.)
HOOC
Carrageenan Anionic Galactose o) Red seaweed (Kappaphycus Water soluble Drug delivery [87,88]
| ;\LbDHD SDHD"DH '| sp., Chondlrus sp.) Gel-forming ability Wound drgssings
‘ELHWO\.{-:S ;' ) Tissue engineering
Cellulose Neutral Glucose OH Plants, Bacteria (Acetobacter Water insoluble Drug delivery [89,90]
{ N\ o “-I sp., Rhizobium sp.) Chiral Tissue regeneration
| . . . . .
THO - --"""\"—:\:\.-’D\)]\ High crystallinity Surgical material
W OH .
\ n Wound dressing
Chitosan Cationic N-acetyl-glucosa- Deacetylation of chitin ex- Soluble in acidic media  Drug delivery [91-93]
mine ' "|'OH/Y" &/ JOK} o\/o_ - tracted .from marine crusta- Mu;ogdheglve Wound drgssmg
Glucosamine o" ceans, insects, yeasts, and Antimicrobial Tissue engineering
i fungi Bioadhesive
Dextran Neutral Glucose / HO—, Bacteria (Leuconostoc sp., Water soluble Drug delivery [94,95]
Li Lactobacillus sp., Weissella High stability Tissue engineering
\/ ,
sp.) Wound dressings
Biosensing
Hyaluronic acid Anionic N-acetyl-gluco- , CQ" o \ Animal (rooster comb), Water soluble Drug delivery [96-98]
samine |' Hofhfj,"f ’_TJ; . Bacteria (Streptococcus sp.) Viscoelastic behavior Tissue regeneration
Glucuronic acid {D“\LO;Q < 7 o< ) Antimicrobial Wound healing
OH /n
Pullulan Neutral Glucose ® Fungi (Aureobasidium sp.) Water soluble Drug delivery [99,100]
U oo Film forming ability Tissue engineering
" o H/D\‘:‘ ! CH,OH H
o b Imaging
Xanthan Anionic Glucose L Bacteria (Xanthomonas sp.) Water soluble Drug delivery [101,102]
Mannose Jf’w"mo High viscosity Tissue engineering

Glucuronic acid
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As one of the major compounds of brown seaweed, alginate is a hydrophilic heteropolysac-
charide that provides flexibility and strength to the organism [103]. Owing to their anionic
nature, conferred by their constituent monomers guluronic and mannuronic acids, alginates
form hydrogels when interacting with multivalent cations through a typical ionotropic gelation
process [84]. The most well-known example of alginate hydrogel formation is in the presence
of Ca?* which crosslinks the polymeric chain by the “egg-box” model [104]. This model de-
scribes the interaction between the Ca** ions and two antiparallel blocks of guluronate residues
(G-blocks) of alginate, creating a diamond-shaped cavity that binds the cation through multi-

coordination involving the oxygen atoms of the carboxyl functional groups (Fig. 1.3) [86].

COO HO.
HO

oo k 0

o OH 00C

Figure 1.3 - lllustration of the “egg-box” model between alginate G-blocks and Ca®* ions (adapted from [86]).

Alginate hydrogels have been extensively used as drug delivery vehicles, mainly due to the
possibility of encapsulating drugs, increasing their bioavailability, under different physical
structures that include microspheres [105], nanoparticles, and nanofibers [106]. Different types
of drugs and bioactive molecules, such as doxorubicin [107], quercetin [108], and miltefosine
[109], have been orally, parenterally, and transdermally delivered from alginate gel nanoparti-
cles. Moreover, its specific biological and tissue-mimicking properties along with its intrinsic
antibacterial activity [103], improve the injured skin tissue treatment, preventing bacterial in-
fection. These features make alginate hydrogels potential biomaterials to be used as scaffolds
in wound healing and tissue engineering [85,110].

Chitosan is another widely studied polysaccharide extensively used in hydrogel design and
production. It is a semi-crystalline cationic polysaccharide obtained by the deacetylation of
chitin extracted from marine crustaceans, insects, and the cell wall of yeasts and fungi [91].

Chitosan based hydrogels have been prepared either by physical or chemical crosslinked
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methods to develop materials suitable to be applied in the biomedical field as drug delivery
systems or wound healing dressings [83,111].

It is well known that chitosan has low water solubility and can only be maintained in aqueous
solution under acidic conditions. Consequently, the neutralization of a chitosan solution to a
pH above 6.2 (amine pKa) displays the gelation phenomenon [112,113]. This unique behavior
allows the utilization of chitosan to produce pH-sensitive hydrogels [114]. These hydrogels
exhibit the ability to undergo reversible swelling in response to changes in the surrounding pH
environment. Thus, at acid conditions (pH<4), the protonation of the polymer's amino groups
promotes hydrogel swelling, while under alkaline conditions (pH>7), the amino groups be-
come deprotonated, leading to a reduction in positive charges, thus decreasing the hydrogels’
swelling [115,116]. The pH-responsive behavior of chitosan hydrogels makes them particularly
useful for drug delivery applications since drug release can be tailored to environments of
specific pH values. For example, Jing et al. [117] developed hydrogel beads of sodium algi-
nate/carboxymethyl chitosan that exhibited a pH-dependent release profile of the protein lac-
toferrin. The obtained beads maintained their structure during the loading and release pro-
cesses and were able to prevent protein release in the gastric environment. Additionally, these
types of hydrogels can also be used in wound dressing applications dealing with the changes
in pH associated with infection. For this purpose, a chitosan/polyphenolic patch was designed
to load a topical antibiotic (neomycin) and act as a wound dressing [118]. The results showed
neomycin release concomitant with the environment's pH, being stimulated at pH 5.5 (normal
skin environment) and sustained released at pH 7.5 (wound environment), demonstrating po-
tential for chronic wound infection.

Chitosan hydrogels can also exhibit thermo-responsive behavior by incorporation of polyol-
or sugar-phosphate salts such as glycerophosphate [113,119]. In this case, increasing the tem-
perature disrupts the electrostatic attraction of the amino groups, and sodium glycerophos-
phate, dehydrating the chitosan chain into a gel [120]. Chitosan based thermo-reversible hy-
drogels have a low critical solution temperature (LCST) which means that below the LCST, a
polymer solution presents low viscosity, and above an LCST a gel-like state is obtained [112].
This feature is interesting for biomedical applications since LCST is typically close to human
body temperature, particularly for the preparation of injectable hydrogels [120]. Once injected
into the body, the hydrogels undergo a /n situ gelation process as the temperature increases
to body temperature. This property is valuable for minimally invasive drug delivery systems
and for tissue engineering applications. Ahsan et al. [121] prepared a chitosan/hyaluronic acid

hydrogel for sustained delivery of disulfiram for anticancer treatment. These hydrogels
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exhibited high biocompatibility upon fast gelation at physiological temperature and demon-
strated to be pH-responsive with selective drug release properties.

Hyaluronic acid is a naturally occurring polysaccharide found in the human body, particu-
larly in articular cartilage and synovial fluid [97]. It belongs to a group of glycosaminoglycan
heteropolysaccharides, consisting of N-acetyl-glucosamine and D-glucuronic acid linked by
glycoside bonds. Hyaluronic acid, a key component of the extracellular matrix, plays a vital
structural and functional role in various processes. It contributes to functions such as lubricat-
ing arthritic joints and regulating the viscoelastic properties of soft tissues [122]. Due to its
intrinsic properties, such as high water retention and viscoelasticity, hyaluronic acid has been
used for the fabrication of hydrogels [123]. To improve the mechanical properties as well as
degradation rate, hyaluronic acid has been chemically modified (e.g., esterification) or cross-
linked with several compounds (e.g., divinyl sulfone) [123]. Among several biomedical applica-
tions, hyaluronic acid based hydrogels have been widely used in tissue engineering and con-
trolled drug release [98,122].

Regarding drug release applications, smart hydrogels have also been developed using hy-
aluronic acid. For this purpose, pH-sensitive hydroxyethyl cellulose/hyaluronic acid hydrogels
were designed as transdermal delivery systems for skin lesion treatment [124]. In this case,
hydroxyethyl cellulose provided structural support, while hyaluronic acid offered skin compat-
ibility and pH-responsive properties. Various hydrogel formulations were synthesized and
characterized, with the structures consisting of hydroxyethyl cellulose and hyaluronic acid at a
mass ratio of 1:3, exhibiting optimal rheological and adhesive properties. This formulation
demonstrated efficient drug release (>70%), at pH 7, and displayed antimicrobial activity
against Propionibacterium acnes, making it a promising transdermal delivery system for acne
treatment, primarily penetrating the skin through hair follicles. Jung et al. [125] explored the
use of hyaluronic acid and the gelling agent Pluronic F-127, to prepare injectable thermos-
sensitive hydrogels for treating arthritis by long-term delivery of a nonsteroidal anti-inflamma-
tory drug. The results demonstrated that the incorporation of high molecular weight hyaluronic
acid not only enhanced the hydrogel's mechanical strength but also facilitated sustained drug
release. Notably, the critical gelation temperature of the prepared hydrogel was significantly
lower than that of native Pluronic F-127. Moreover, the fabricated hydrogel exhibited both
sustained drug release characteristics and superior bioavailability under physiological condi-
tions. For cartilage tissue engineering, Park et al. [126] developed an innovative injectable hy-
aluronic acid hydrogel chemically crosslinked and containing cytomodulin-2 for chondrogenic

differentiation. In this study, human periodontal ligament stem cells were employed as a cell
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source known for their tolerance to ex vivo manipulation. The fabricated hydrogel displayed
notable stiffness and a porous interconnected structure with excellent biocompatibility, and it
persisted /n vitro and in vivo for an extended duration compared to unmodified hyaluronic
acid.

Despite their numerous advantages including biocompatibility and biodegradability, poly-
saccharide-based hydrogels present several challenges in their development and application
[127]. These include variability in biodegradability rates, mechanical weaknesses for some nat-
ural polysaccharides, and potential variability in the sourced materials. Moreover, the choice of
cross-linking agents can impact their biocompatibility, pose regulatory constraints, and may
difficult to achieve precise drug release control. Additionally, not all polysaccharides offer the
same level of tunability as synthetic polymers, limiting their adaptability in certain applications.
These challenges can be addressed through optimization, innovative cross-linking techniques,
hybrid materials, and rigorous quality control to enhance the reliability and safety of polysac-

charide-based hydrogels across various applications.

1.7. Conclusions and Perspective

Polysaccharide hydrogels represent a remarkable class of biomaterials with enormous po-
tential in the biomedical and biotechnological fields. Driven by their inherent properties such
as biocompatibility, non-toxicity, degradability, and swelling properties, they are highly attrac-
tive for a wide range of applications, including tissue engineering, wound healing, and con-
trolled drug release systems. Several polysaccharides have been successfully used as materials
for the design and fabrication of hydrogels under different physical forms such as beads, mem-
branes, and films. In particular, the ability to deliver therapeutics in a controlled and targeted
way, while providing a supportive environment for tissue regeneration, positions polysaccha-
ride hydrogels at the forefront of cutting-edge biomedical advancements.

It is crucial to understand that several challenges remain associated with these structures
and optimizations should be performed to overcome them. Regarding materials, more precise
chemical modifications of polysaccharides, coupled with their combination with other poly-
mers, could enhance the overall structural characteristics of these systems. Furthermore, the
advancement of 3D printing and bioprinting technologies will enable the creation of highly
reproducible and intricate structures using polysaccharide hydrogels. This includes the devel-
opment of heterogeneous systems capable of achieving controlled release of biotherapeutics

with precise temporal and spatial control.
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Low Temperature dissolution of yeast chitin-glucan complex and characterization of the regenerated polymer

2. Chitin-glucan complex Hydrogels

2.1. Low Temperature dissolution of yeast chitin-glucan com-
plex and characterization of the regenerated polymer

The results shown in this chapter were adapted from the following publication:
e Araujo, D; Alves, V.D.; Marques, A.C,; Fortunato, E.; Reis, M.A.M,; Freitas, F. Low temper-
ature dissolution of yeast chitin-glucan complex and characterization of the regener-

ated polymer. Bioengineering 2020, 7, 28. https://doi.org/10.3390/bioengineer-

ing7010028
Summary

Chitin-glucan complex (CGC) is a copolymer composed of chitin and glucan moieties extracted
from the cell-walls of several yeasts and fungi. Despite its proven valuable properties, which
include antibacterial, antioxidant, and anticancer activity, the utilization of CGC in many appli-
cations is hindered by its insolubility in water and most solvents. In this study, NaOH/urea
solvent systems were used for the first time for the solubilization of CGC extracted from the
yeast Komagataella pastoris. Different NaOH/urea ratios (6:8, 8:4, and 11:4 (w/w), respectively)
were used to obtain aqueous solutions using a freeze-thaw procedure. There was an overall
solubilization of 63-68%, with the highest solubilization rate obtained for the highest tested
urea concentration (8 wt%). The regenerated polymer, obtained by dialysis of the alkali solu-
tions followed by lyophilization, formed porous macrostructures characterized by a chemical
composition similar to that of the starting copolymer, although the acetylation degree de-
creased from 61.3% to 33.9-50.6%, indicating that chitin was converted into chitosan, yielding
chitosan-glucan complex (ChGC). Consistent with this, there was a reduction in the crystallinity
index and thermal degradation temperature. Given these results, this study reports a simple
and green procedure to solubilize CGC and obtain aqueous ChGC solutions that can be pro-

cessed as novel biomaterials.
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2.1.1. Introduction

Chitin-glucan complex (CGC), a copolymer composed of chitin (N-acetyl-D-glucosamine
polymer) and glucan (glucose homopolymer) moieties linked through B-(1,3) and B-(1,6) gly-
cosidic linkages [128,129], is the main component of the inner cell wall of yeasts and fungi,
contributing for the stiffness and stability of the cells [75,128]. Therefore, those microorganisms
can be a source of CGC, whose biodegradability and biocompatibility, combined with its inher-
ent bioactivity, render this biopolymer interesting for high-value applications. In fact, CGC of
microbial origin has been reported to possess antibacterial [130], antioxidant [131], and anti-
cancer activity [132], and has been used as an anti-aging component in cosmetics formulations
[129], as a food additive [133], in wound dressing [134] and in pharmaceuticals for obesity and
diabetes treatments [135].

Despite its proven properties, the utilization of CGC in a broader range of applications is
still hindered by its insolubility in water and most organic and inorganic solvents [136,137].
Similarly to chitin and cellulose, CGC solubility is limited to toxic and/or corrosive polar solvents
(e.g. dimethylacetamide/lithium chloride) [138,139] and the resulting solutions are often un-
stable, which difficulties their processing. CGC's insolubility is given by the inter- and intramo-
lecular hydrogen bonds established between CGC chains and due to the strong covalent link-
ages between B-glucan and chitin [140]. In order to improve CGC solubility, chemical modifi-
cation (e.g., carboxymethylation) [141,142], and physical methods (e.g., sonication) that induce
depolymerization [136], have been developed. However, those modifications the physical-
chemical properties of the original biopolymer, such as its biodegradability and bioactivity.
Other strategies include the use of alternative "eco-friendly” solvents, such as ionic liquids (ILs)
[143], for CGC solubilization.

In recent years, alkali solvent systems, mainly based on NaOH or KOH, have been proposed
for the dissolution of crustacean chitin [144,145], B-glucans [146,147], and cellulose [148,149]
from plant sources, and yeast CGC [150]. The addition of urea to the alkali solution was re-
ported to enhance the polymers’ solubilization by disrupting the inter- and intramolecular hy-
drogen bonds [151,152]. Moreover, it was reported that low temperature steps (below the
freezing point of the solvent system) play an important role in the solubilization process. At
such low temperatures, the hydrated alkali component disrupts the polymer chain matrix by
breaking the hydrogen bonds and allowing the formation of new ones. This yields a stable

structure composed of the polymer chain associated with the alkali component and water
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clusters [151,153]. The solubilization of the polymer chains is allowed by the volume expansion
of the matrix upon freezing-induced strength and disruption of the hydrogen bonds.

In this study, NaOH/urea solvent systems were used for the first time for the solubilization
of CGC extracted from Komagataella pastoris biomass and the preparation of aqueous solu-
tions. Several concentrations of NaOH and urea were tested, and the rheological properties of
the resulting solutions were studied. Moreover, the CGC was regenerated from such solutions,
and the resulting polymers were characterized in terms of acetylation degree, structural and

thermal properties.

2.1.2. Materials and Methods

2.1.2.1. Materials

Yeast biomass was obtained by cultivation of Komagataella pastoris DSM 70877 using glyc-
erol as the sole carbon source, as described by Farinha et al. [154]. CGC was extracted from K
pastoris biomass by the hot alkaline extraction procedure described by Araujo et al. [155], with
slight modifications. Briefly, 1 L culture broth was mixed with 1 L NaOH 2 mol/L (to yield a
suspension with a NaOH concentration of 1 mol/L) and treated at 65 °C for 2 h, under constant
stirring. After centrifugation (13000xg, 15 min), the alkaline-insoluble material was re-sus-
pended in deionized water (200 mL), neutralized with H,SO4 95%, and washed repeatedly until
constant conductivity values were reached (below 50 uS/cm), keeping a neutral pH. The CGC
thus obtained was freeze dried (ScanVac CoolSafe™, LaboGene, Lillerad, Denmark) at =110 °C
for 48 h and stored at room temperature in a closed vessel. NaOH pellets (99% purity) and urea
(99% purity) were purchased from AzkoNobel (Amsterdam, the Netherlands) and Panreac (Bar-

celona, Spain), respectively.
2.1.2.2. CGC Dissolution in NaOH/Urea Solvent Systems

Three different NaOH/urea solvent systems were prepared with varying concentrations of
each solute (Table 2.1). The selected NaOH/urea ratios were reported for solubilization of crus-
tacean chitin and/or cellulose [144,152,156—-158]. For the dissolution experiments, the CGC
powder (0.5 g) was dispersed in the solvent systems (25 g) and the suspensions were kept at
—20 °C for 48 h. During this period, four freeze-thaw cycles were performed in which the thawed
suspensions were extensively stirred (at 500 rpm, for 1 h), at room temperature. The insoluble
fractions of the suspensions were separated from the soluble ones (first soluble fractions,

coded as CGCi;, CGCpi, and CGGCsq, for solvent systems 1, 2 and 3, respectively) by
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centrifugation (20,000x g, 30 min, 4 °C). The obtained insoluble fraction was re-suspended in
fresh NaOH/urea solvent system and subjected to the same freeze-thaw process to obtain a
second soluble fraction (coded as CGCi,, CGCzz and CGCsy, for solvent systems 1, 2 and 3,

respectively).
2.1.2.3. Polymer Regeneration

All soluble fractions were subjected to dialysis with a 12,000 molecular weight cut-off
(MWCO) membrane (Nadir® dialysis tubing, Carl Roth, Karlsruhe, Germany) against deionized
water until neutral pH and constant conductivity values (20 uS/cm) were achieved. The samples
were freeze dried and kept in closed vessels, at room temperature.

The overall recovery yield (% recovery) in each solvent system was determined by equa-
tion (2.1.1):

% recovery = —1+ 2 x 100 (211)
y
initial

where W is the weight (g) of the first soluble fraction, W: is the weight (g) of the second soluble

fraction and Winitial is the initial polymer weight (g). All experiments were performed in triplicate.
2.1.24. Rheological Properties of the Polymer Solutions

The rheological properties of solutions obtained with the three solvent systems were as-
sessed using a controlled stress rheometer (HAAKE MARSIII, Thermo Scientific, Waltham, MA,
USA) equipped with a cone-plate geometry (diameter 3.5 mm, angle 2°), with a gap of 0.1 mm.
The samples were equilibrated at 20 °C, for 5 min, after which the flow curves were performed
using a steady state flow ramp in the shear rate of 10-1000 s™". The viscoelastic properties were
evaluated by carrying out stress sweeps at a constant frequency (1 Hz) for a stress range from
10~ to 1000 Pa, and frequency sweeps at a constant tension within the linear viscoelastic re-

gion, for a frequency range from 107 to 1 Hz.
2.1.2.5. Characterization of the Regenerated Polymer
2.1.2.5.1. Elemental Analysis and Degree of Acetylation

Elemental analysis of the regenerated samples was performed by a Flash EA 1112 Series
CHNS analyzer (Thermo Scientific). The chitin content (Q, %) was calculated based on the sam-

ples’ nitrogen content (%), using the following formula (2.1.2) [159]:

Q = 14.199N (2.1.2)
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where N is the nitrogen content (%) in the sample.
The degree of acetylation (DA, %) was calculated by the following formula (2.1.3) [144]:

3 (5 xQ)-5.14

DA x 100 (2.1.3)

where C/N is the ratio (%) of carbon to nitrogen contents, as determined by elemental analysis

and Q represents the chitin content.
2.1.2.5.2. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FT-IR) was performed using a Nicolet 6700 FT-IR
(Thermo Electron Corporation, Waltham, MA, USA) with a diamond crystal attenuated total
reflectance (ATR) accessory. The spectra were obtained between 500 and 4000 cm™ after 10

scans, at room temperature.
2.1.2.5.3. X-ray Diffraction Profiles

X-ray diffraction (XRD) was performed with a diffractometer (X'Pert Pro, PANalytical, Almelo,
The Netherlands) with a CuKa target and wavelength of 1.5406 A. The crystallinity index (Cl, %)
of the samples was determined by the following equation (2.1.4) [154]:

¢l = laozlam 100 (2.1.4)

I110

where l110 is the maximum intensity of the (110) peak at a 26 angle around 19° and lan is the

intensity of the amorphous diffraction at 26 = 20°, corresponding to the minimum intensity.
2.1.2.54. Thermal Properties

Thermogravimetry analysis (DSC-TGA) was performed with a Simultaneous Thermal Ana-
lyser (STA 449 F3 Jupiter, NETZSCH Thermal Analysis, Wittelsbacherstra3e, Germany), in an air
atmosphere, with a heating rate of 20 °C/min, from 0 to 500 °C.

2.1.3. Results and Discussion

2.1.3.1. Preparation of CGC Solutions in NaOH/urea Solvent Systems

Previous studies reported the solubilization of yeast CGC, in alkali solutions (NaOH, KOH)
for the preparation of hydrogels [150]. Moreover, it has been described that the addition of
urea in aqueous alkali solutions improves the solubility and stability of cellulose [160] and crus-

tacean chitin [144]. Therefore, in this study, three solvent systems based on NaOH and urea at
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different ratios (6:8, 8:4 and 11:4 wt%, for solvent systems 1, 2 and 3, respectively) (Table 2.1)
were prepared and tested to obtain CGC aqueous solutions using freeze-thaw procedures de-
scribed for solubilization of crustacean chitin [144,156,157] and cellulose [152,158].

CGC solubilization was observed for all tested solvent systems (Fig. 2.1), although with
slightly different solubility rates (Table 2.1). As shown in Fig. 2.1, the obtained CGC solutions
were opaque and presented a yellowish coloration (Fig. 2.1A). After the removal of the insolu-
ble fraction, the solutions became translucid but kept the yellow color, which might be due to
the presence of impurities (Fig. 2.1B). During the dialysis process, impurities were removed and

CGC solutions became white and opaque (Fig. 2.1C).

Figure 2.1 — Macroscopic aspect of: (A) initial CGC suspensions in the three NaOH/urea solvent systems; (B)

the CGC solutions obtained after removal of the insoluble fraction by centrifugation; (C) the corresponding CGC
solutions after dialysis against deionized water. Solvent systems 1, 2 and 3 are represented by the numbers 1, 2

and 3, respectively.

Table 2.1 — Solubilized CGC mass, polymer concentration and overall solubilization of the soluble fractions in

different NaOH/urea solvent systems.

Starting ) Solubilized Polymer Overall
Solvent  NaOH:Urea Fraction . Recovery
Polymer ] Polymer Concentration recovery
System (Wt%:wt%) Solution (%)
Mass (mg) Mass (mg) (Wt%) (%)
CGCu 2758 +4.1 13.8+0.2 54.7+1.4
1 6:8 504.4+5.1 68.0+1.7
CGCiz 67.2+0.9 3.4+0.1 13.3+0.3
CGCa 275.4+6.0 13.8+0.3 544+17
2 8:4 506.0 +4.7 65.2+0.3
CGC22 54.4+10.8 2.7+0.5 10.7 2.0
CGCsa 258.3+22.3 129+1.1 51.4+4.6
3 11:4 502.7+1.2 629+3.1
CGGCs2 57.8+7.5 29+0.4 115+15

The highest overall recovery (68.0 + 1.7%) was obtained from solvent system 1 that con-
tained the highest urea concentration (8wt%) and the lowest NaOH concentration (6 wt%),
suggesting that urea contributes to CGC solubilization. The same solvent system was reported
to result in significantly lower solubility for shrimp shell chitin and cotton linter cellulose (30.0
and 36.1%, respectively) [144,152], even if only the first soluble fraction is considered (57.0 +
1.4%).
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The use of solvent systems 2 and 3, which had lower urea concentration (4wt%) and higher
NaOH concentrations (8 and 11wt%, respectively), resulted in similar overall recovery values
(65.2 £ 0.3 and 62.9 + 3.1%, respectively) (Table 2.1). These results seem to indicate that in-
creasing NaOH concentration in the solvent system, for the same urea concentration, has no
significant impact on CGC solubilization. Hu et al. [144] and Zhou et al. [152] tested solvent
system 2 for solubilization of shrimp shell chitin and cotton linter cellulose, respectively, achiev-
ing contrasting results. While a high solubility rate was reported for chitin in this solvent (85.0%)
[144], a low solubility was obtained for cellulose (40.5%) [152].

These findings may be related to the differing nature of the macromolecules under study,
namely, chitin, cellulose, and CGC, which have distinct composition and molecular structures.
Moreover, different procedures were adopted for chitin and cellulose solubilization, namely,
the initial polymer content, the number of freeze-thaw cycles, and the exposure time to the
solvent at low temperatures, which have probably also influenced the reported results.

These results demonstrate that the tested NaOH/urea solvent systems were suitable to
achieve high CGC solubilization, yielding solutions (first soluble fractions CGC11, CGC,1 and
CGCz,1) with polymer concentrations of 12.9 + 1.1wt% and 13.8 + 0.2wt% (Table 2.1). Further-
more, most of the polymer was solubilized during the first solubilization step since lower pol-
ymer concentrations were obtained in the second soluble fractions (below 3.4 + 0.1wt%).

The polymer concentration in the first soluble fractions for all tested solvent systems is
within the range of those reported for crustacean chitin and cellulose using different types of
solvents. In fact, a similar polymer concentration (14%) was reported for the solubilization of
chitin crab shell in dimethylacetamide/lithium chloride [161]. Lower values were also obtained
using green solvents, such as deep eutectic solvents (DES) and ILs. Sharma et al. [162] reported
the dissolution of crab chitin and cellulose in DES that resulted in a concentration below 8wt%.
On the other hand, shrimp chitin solubilization in 1-ethyl-3-methyl-imidazolium bromide

([Emim][Br]) resulted in polymer concentrations of 12% [163].
2.1.3.2. Rheological Behavior of the Solutions

The rheological behavior of the first soluble fractions of CGC in each NaOH/urea solvent
system (CGCi1, CGCy1 and CGCs;) is shown in Fig. 2.2 and 2.3. The second soluble fraction was

not analyzed due to their considerably low polymer concentrations.
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Figure 2.2 — Apparent viscosity of first soluble fractions of CGC1 (), CGC2 (&) and CGC3 (#), and solvent systems
1 @), 2 (£) and 3 (<*), measured at 20 °C.

The flow curves of the three solutions (Fig. 2.2) had a similar behavior with a constant ap-
parent viscosity at low shear rates (characteristics of Newtonian fluids), followed by a slight
decrease in apparent viscosity values with the increase of the shear rate (shear-thinning be-
havior). As shown in Fig. 2.2, solution CGCy; approaches a Newtonian plateau at 11.6—
12.9 mPa-s, while CGC,1 and CGCz; solutions approached this plateau at higher values (19.1-
19.5 and 24.6-25.2 mPa:s, respectively).

Similar flow behavior was reported by Hu et al. [144] for shrimp chitin solutions in
NaOH/urea at a concentration of 2wt%. In that study, the solutions were reported to exhibit a
Newtonian plateau at low shear rates (0.1-1.0 s™"), followed by a shear-thinning behavior with
the increase of shear rate [145]. The observed flow behavior of the polymer solutions was not
due to the solvent systems that exhibited a quite low viscosity (below 2.2 mPa.s) and no shear
thinning behavior (Fig. 2.2).

Fig. 2.2 shows that solution CGC;; presented the lowest apparent viscosity values
(11.7 mPa-s, at 13.3 s7"), while CGC1 and CGCs1 had slightly higher values (19.5 and 25.2 mPa-s
at 13.3 s7', respectively). Since the polymer concentration was similar for all three solutions
(12.91-13.79wt%), these results might suggest that the flow behavior was influenced by the
solvent systems’ composition. The low concentration of NaOH (6wt%) and high urea content
(8wt%) present in solvent 1 might have prevented the interaction of the polymer macromole-

cules, thus decreasing the viscosity of solution CGCs.1. Similar behavior was reported by Huber
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et al. [164] for cellulose solutions in NaOH/urea, in which a viscosity reduction of almost 40%
was observed by increasing the urea concentration in the solvent.

On the other hand, increasing the concentration of NaOH in solvent systems 2 and 3 (to 8
and 11wt%, respectively) has apparently led to higher apparent viscosity in solutions CGC;
and CGCs; (Fig. 2.2). The increasing ionic strength of these solutions may have contributed to
the higher apparent viscosity observed.

The mechanical spectra (Fig. 2.3) revealed that all the solutions presented a loss modulus
(G") considerably higher than the storage modulus (G'), both highly dependent on the fre-
quency. This result is indicative of liquid-like fluid behavior since the polymer solutions show a
higher viscous behavior than the elastic one. As the frequency increases, both moduli tend to
the same value. A similar trend was reported for chitin in NaOH/urea aqueous solution. Hu et
al. [165] demonstrated that chitin solutions with a concentration range from 0.5 to 1.5% also
present values of G” higher than G’ for low frequency values. In the case of chitin solutions, at
low concentrations (0.5 and 1%) both moduli have different values at a frequency 1 Hz which
is consistent with a dilute solution. Once concentration is increased to 1.5%, analogous to the

results obtained for CGC solutions, a cross-over is observed at a frequency below 1 Hz.
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Figure 2.3 — Viscoelastic properties of first soluble fractions of CGC1 (H), CGC2 (&) and CGC3 (#). Mechanical

spectrum storage [G’ (full symbols)] and loss moduli [G” (open symbols)].
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2.1.3.3. Characterization of the Regenerated Polymer

2.1.3.3.1. Elemental Analysis and Degree of Acetylation

The polymers regenerated from the soluble fractions in solvent systems 1 (CGCs; and
CGC12), 2 (CGCz1 and CGC;2) and 3 (CGCsq and CGCsp) were characterized in terms of their
physical and chemical composition. Table 2.2 shows the elemental characterization of the orig-

inal CGC (CGCo), and the polymers regenerated from all solutions.

Table 2.2 — Elemental characterization of the original CGC (CGCo) and polymer samples regenerated from the

NaOH/urea solvent systems (DA, degree of acetylation).

Elemental Analysis (%)

Sample C 0 Chitin Content (%) DA (%)
CGCo 43.6 +0.05 7.2+0.05 1.7 £0.01 23.8+0.10 61.3+0.41
CGCi1 404 +0.17 7.2 £0.05 1.3+0.15 18.8 £2.11 34.5+1.40
CGCi2 42.0+0.09 7.2+0.10 1.5+0.03 21.7+0.40 47.6 +0.76
CGC2a 40.3+0.12 7.2+0.09 1.5+0.03 20.7 £0.40 33.9+0.99
CGCa22 41.6 +0.35 7.0+0.18 1.9+0.16 26.5+2.31 44.8 +2.86
CGGCsa 41.2+0.22 7.1 +£0.06 1.7 £0.18 23.4+2.61 41.6 £1.81
CGGCs2 42.3+0.12 6.9 +0.06 2.3+0.11 32.8+1.61 50.6 +0.99

The chitin content of the original CGCo, as determined based on the elemental analysis data,
was 23.8 + 0.10%. The first soluble fractions (CGC1.1, CGC,1 and CGCs1) had lower chitin con-
tents (18.8 £ 2.11%, 20.7 + 0.40% and 23.4 + 2.61%, respectively, Table 2.2). Interestingly, the
second soluble fractions (CGCi,, CGC,, and CGCs,2) were apparently richer in chitin, with higher
content values (21.7 £ 0.40%, 26.5 + 2.31% and 32.8 + 1.61%, respectively) than the first soluble
ones. This might be explained by the fact that the CGCo sample was probably composed of
polymer chains of different composition in terms of chitin:glucan ratio, which may have been
solubilized differently during the freeze-thaw procedure. It is likely that the macromolecule
chains with lower chitin:glucan ratio were more easily solubilized, thus resulting in solutions
with lower chitin content (i.e., the first soluble fractions CGC1, CGCz1 and CGCs), while the
chains with higher chitin:glucan ratio only solubilized later, during the second solubilization
step (i.e., the second soluble fractions CGC;,, CGCz2 and CGCs)).

On the other hand, it can be also observed that the chitin content of the regenerated poly-
mers increased as the NaOH concentration in the solvent systems increased (Table 2.2). In fact,
as the NaOH concentration increased (6, 8 and 11%, in solvents 1, 2 and 3, respectively), the

chitin content of the corresponding regenerated polymers also increased (18.8 + 2.11%, 20.7
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+ 0.40% and 23.4 + 2.61% for the first soluble fractions, and 21.7 + 0.40%, 26.5 + 2.31% and
32.8 + 1.61% for the second soluble fractions). These results are in accordance with the study
reported by Hu et al. [144], in which the solubilization of chitin was improved from 30 to 85%
by increasing the NaOH concentration by 2% in the NaOH/urea solvent system.

The dissolution process had a significant impact on the chitin acetylation degree. Initially,
CGCo presented a DA of 61.3 + 0.41%, while the regenerated polymers presented lower values
of acetylation degree (between 33.9 + 0.99 and 50.6 + 0.99%) indicating that chitin was con-
verted into chitosan, its soluble and N-deacetylated derivative [166,167]. Focusing on the re-
generated polymers, concomitant with the values obtained for chitin content, the second sol-
uble fractions display a higher degree of acetylation when comparing with the first ones (Table
2.2). According to these results, it can be suggested that chitin molecules with higher concen-
tration of N-acetyl-glucosamine monomers on their structure are more difficult to solubilize

and it was only possible after the second dissolution phase.
2.1.3.3.2. Fourier Transform Infrared Spectroscopy

The FTIR spectra of the CGCp and the co-polymers regenerated from the NaOH/urea solvent
systems are presented in Fig. 2.4. Despite the structural differences related to the chitin
deacetylation, no significant impact on the chemical structure was noticed. All spectra pre-
sented a broad and intense band around 3400 cm™ (Fig. 2.4), characteristic of O-H stretching
of hydroxyl groups, which is common to chitin/chitosan and glucan polymers [142,168,169]. As
reported by Farinha et al. [154], this band overlaps the N-H (asymmetric) and N-H (symmetric)
stretching peaks. Two peaks, corresponding to the C-H stretching of CHs and CH, groups,
appear at 2916 and 2848 cm™, respectively. For CGCo, the intensity of those peaks is higher,
when comparing with the spectra of the regenerated polymers CGC1, CGC2 and CGC3. This
difference was expected since these peaks are more evident in chitin than chitosan [170]. Ad-
ditionally, it can be noticed that a decrease in the absorption at around 1650 cm™" occurs for
the regenerated polymers, which is associated with the frequency of the vibration modes of
amide | (Fig. 2.4). This reduction in intensity is higher for the first soluble fractions, which is
concomitant with the lower chitin content of CGC1.1, CGCz1 and CGCs; polymers (Table 2.2).
Similarly, the N-H deformation of amide Il and C-N stretching in amide Il (1550 and 1311
cm™', respectively) [171] which are present in all the spectra but with low intensity in the CGCy 1,
CGCy1 and CGGCa.

33



/. Hydrogels - Chitin-glucan complex Hydrogels

Low Temperature dissolution of yeast chitin-glucan complex and characterization of the regenerated polymer

C iC iC

N N R o, B > B
2 \ i "\WM ‘/\\‘M f\-/w"
8 CcGC H f‘f\ PP ' hi A " A
E X ey M U \ = | ——— \'l f\ CGGCs, \
- 5 J \/ A | A \
e Vi S A\ Y bl
2 |cGC, » '\ '\l lcce.. '» ,‘n CGCis \
E //v*—"ﬂ A |\| \ s //_____,_\ | ‘ e . ,/P—-’\ ‘

, " ! oy

1\ ’v,\ \ ’('
||

V

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)

Figure 2.4 — FTIR spectra of CGCy and the polymer regenerated from the soluble fractions of CGC in: (A) solvent
system 1 (CGCy.1and CGCy), (B) solvent system 2 (CGCy1and CGC,) and (C) solvent system 3 (CGCz 1 and CGCa)).

The nature of the linkages between B-glucan units can also be assessed by FTIR spectros-
copy [169]. As described by Farinha et al. [154], B-1,3-glucan linkages are represented by small
peaks at 890, 1156 and 1370 cm™" and characteristic peaks of B-1,6-glucans linkage are noticed
around 920, 1045 and 1730 cm™. Fig. 2.4 shows that all the polymers presented the small peaks
assigned to B-1,3-glucans linkages. However, due to the low content of B-1,6-glucans in K
pastoris CGC, the peaks attributed to this linkage are vague and doubtful in all the spectra,
including in CGCo.

2.1.3.3.3. XRD Analysis

Similar XRD patterns were obtained for CGCy and the regenerated polymers (Fig. 2.5). The
diffractograms of all the polymers presented a broad peak around 26 ~ 20°, which is charac-
teristic of amorphous polymers [172]. These results are in accordance with Farinha et al. [154]
who reported a large peak in this region for K. pastoris CGC. The authors described the amor-
phous nature of chitin and glucan co-polymers mainly due to the presence of high B-glucan

contents.
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Figure 2.5 — X-ray diffraction profiles of CGCo and the polymer regenerated from the soluble fractions of CGC in:

(A) solvent systems 1 (CGCq.1and CGCy.), (B) solvent systems 2 (CGCz1 and CGC;») and (C) solvent systems 3 (CGCs
and CGC;s)).

Nevertheless, the peak intensity was different for CGCo and the regenerated polymers, re-
flecting differences in the polymers’ crystallinity. The Cl of CGCo determined based on the XRD
data was 35%. This value is lower than the one reported in the literature for CGC from K pas-
toris (50%) composed of 24.6mol% of chitin [154]. Despite this difference, the low crystallinity
value was expected due to the presence of B-glucans within the co-polymer’s structure. Con-
sidering the regenerated polymers, apparently, the exposure to the NaOH/urea solvent sys-

tems and the dissolution procedure led to a decrease in the Cl to 23-32% (Table 2.3).

Table 2.3 — Degradation temperature (Tqeq) and crystallinity index (Cl) of the original. CGC (CGCop) and polymer
samples regenerated from the NaOH/urea solvent systems.
Sample CGCo CGCii CGCiz CGCz1 CGCz2 CGGCsi CGGCs2
Taeg (°C) 302 250 293 256 300 267 302
CI (%) 35 28 30 32 32 23 25

These results may be related to the DA of the polymers. As suggested by Kumirska et al.
[173], lower DA values lead to a decrease in the intensity of the peak and, consequently, to a
decrease in crystallinity. Additionally, Seoudi and Nada [174] reported that the Cl of chitin crab

shells decreased after treatment with NaOH, which caused hydrolysis of acetamide groups.
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Similar results were obtained for cellulose, where a decrease of around 8% in Cl was verified

after the dissolution with NaOH/urea aqueous solution [175].

2.1.3.34. Thermal Properties

The TGA demonstrates that CGCo and the regenerated polymers exhibited similar profiles,
comprising three of thermal degradation steps. The main degradation (Am = 60%) proceeds in
the second step that occurs between 220 and 320 °C, corresponding to the degradation of
saccharide structure including dehydration of the saccharide rings, depolymerization of the
branched part of the molecules, and decomposition of acetylated and deacetylated units of
chitin [154]. The third degradation step occurring at temperatures above 320 °C might be re-
lated to the destruction of pyranose rings.

For CGCo, the degradation temperature (Tgeg) was 302 °C and there was a char yield of 26%,
at 550 °C (Fig. 2.6). The results are in accordance with the ones reported by Farinha et al. [154]
where the Tgeq of CGC from K pastoris was found to be 315 °C.
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Figure 2.6 —Thermogravimetric analysis (TGA) of the polymers: CGC1 (A), CGC2 (B) and CGC3 (C). Continuous line

represents CGCo; Dotted and dashed lines correspond to first and second soluble fractions, respectively.

The polymers regenerated from the first soluble fractions (CGCy1, CGC,1 and CGCs1) had
lower Taeq (250 °C, 256 °C and 267 °C, respectively). This result is probably due to the lower DA
(33.9-41.6%) and Cl (23-32%) of those polymers compared to CGCo (DA = 61.3% and Cl =
35%). On the other hand, the polymers regenerated from the second soluble fractions (CGCi .,
CGC,2 and CGCs,), owing to the higher DA (44.8-50.6%) and Cl (25-32%), had higher Tgeg (293—
302 °C) similar to CGCo (302 °C). As expected, these results revealed the lower thermal stability
of the regenerated polymers is a consequence of the decreased acetyl content since chitosan

molecules are known for their lower thermal stability compared to chitin [176].
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2.1.4. Conclusions

Three different water based solvent systems were designed to dissolve CGC, a biopolymer
known for its intractability due to insolubility in water and most organic solvents. High polymer
solubility (over 60%) was achieved for all the tested solvent systems. The solutions' rheological
properties showed similar shear thinning behavior with Newtonian plateaus at shear rates be-
tween 13.3 and 21.5 57", and liquid-like fluid behavior for all solutions. The characterization of
the regenerated polymers obtained by freeze drying the solutions indicated that the original
CGC co-polymer was deacetylated, yielding a chitosan-glucan complex (ChGC) that was char-
acterized by lower crystallinity and lower Tqeg. This study demonstrated the feasibility of using
a water based green solvent to dissolve CGC, thus opening up the possibility of processing this

biopolymer in different areas of application as a novel biomaterial.
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2.2. Novel hydrogel based on yeast chitin-glucan complex:
characterization and safety assessment

The results shown in this chapter were adapted from:

e Araljo, D., Alves, V.D., Lima, SAC, Reis, S., Freitas, F., Reis, M.AM. Novel hydrogels
based on yeast chitin-glucan complex: Characterization and safety assessment. Inter-

national Journal of Biological Macromolecules 2020, 156, 1104-111.

https://doi.org/10.1016/j.ijbiomac.2019.11.141

Summary

Chitin-glucan complex (CGC) was used for the first time for the preparation of hydrogels.
Alkali solvent systems, NaOH and KOH solutions, either at 1 or 5 mol/L, were used for CGC
dissolution using a freeze-thaw procedure (freezing at =20 °C and thawing at room tempera-
ture; four cycles). The CGC solutions thus obtained were subjected to dialysis that induced the
spontaneous gelation of the biopolymer, yielding translucid hydrogels with a yellowish color-
ation. Although all CGC hydrogels exhibited porous microstructures, high water content (above
97%), and good mechanical properties, their morphology, viscoelastic properties, and texture
were influenced by the type of solvent system used for CGC dissolution, as well as by their ionic
strength. The K-based hydrogels presented a less compact network with larger pores and ex-
hibited lower elastic properties. The Na-based hydrogels, on the other hand, exhibited a denser
structure with smaller pores and a stiffer gel structure. These results show that it is possible to
prepare CGC hydrogels with differing characteristics that can be suitable for different applica-
tions. Furthermore, all hydrogels were non-cytotoxic towards L929 fibroblasts and HaCaT
keratinocytes. This study demonstrates that CGC can be used to prepare biocompatible hydro-

gels with properties render them promising biomaterials.
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2.2.1. Introduction

Hydrogels are three-dimensional macromolecular networks capable of adsorbing high
amounts of water, saline and physiological media in their structure and swell [177-179]. These
soft and pliable structures can be based on synthetic polymers (e.g. acrylic acid, acrylamide,
poly(vinyl alcohol)) or biopolymers (e.g. gelatin, starch, alginate) [178-180]. The later have at-
tracted considerable interest due to their biocompatibility, biodegradability, and tissue-mim-
icking consistency, and are used in applications that range from agriculture and water treat-
ment to hygiene products and biomedicine [177,181]. Hydrogels can be divided into two types,
namely, physical or chemical, depending on the type of procedure used to crosslink their pol-
ymer chains. Physical hydrogels are obtained by the establishment of physical interactions (e.g.,
chain entanglements, van der Waals forces, hydrogen bonds or ionic interactions), which are
driven by exposing a polymer solution to specific temperatures, pH values and/or ionic
strength. On the other hand, in chemical hydrogels, chemical crosslinkers (e.g., epichlorohydrin,
succinic anhydride) are used to induce the formation of a hydrophilic network stabilized
through covalent linkages [180,182].

Several natural polysaccharides have been used to obtain hydrogels, including starch, algi-
nate, hyaluronic acid, cellulose, and chitin. These biopolymers hold great potential due to the
high number of hydrophilic functional groups (e.g., hydroxyl groups) in their molecules. Most
hydrogels are usually prepared using a procedure that involves polymer dissolution in a suita-
ble solvent system, followed by gelation [177,180]. This constitutes a problem for biopolymers
such as cellulose and chitin, whose solubility is limited to toxic and/or corrosive organic sol-
vents (e.g., dimethylacetamide/lithium chloride, tetrabutylammonium chloride/dimethyl sul-
foxide). ILs [182], DES [183], and alkali or alkali/urea aqueous solutions [165,180,184] have been
proposed as alternative solvent systems for the dissolution of cellulose and chitin, and the
production of hydrogels.

Similarly to cellulose and chitin, CGC is insoluble in water and aqueous solutions, and also
in most organic solvents. Therefore, the development of CGC into commercial products has
been hindered by its intractability. In this study, aqueous alkali systems based on NaOH or KOH
were used for the first time for CGC dissolution by the freeze-thaw method, and the resulting
solutions were subjected to dialysis to induce the biopolymer's gelation. The CGC hydrogels
thus obtained were characterized in terms of morphology, rheology, mechanical properties,

and biocompatibility.
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2.2.2. Materials and Methods

2.2.2.1. Materials

Yeast biomass was obtained by cultivation of the yeast Komagataella pastoris (DSM 70877)
using glycerol as the sole carbon source, as described by Farinha et al. [154]. CGC represented
20wt% of the cell dry mass. It was extracted from K. pastoris biomass by the hot alkaline pro-

cedure described by Araujo et al. [155].
22.2.2. Preparation of CGC hydrogels

Two aqueous alkali solvent systems, namely, NaOH and KOH, were tested at different con-
centrations (1 mol/L and 5 mol/L). CGC powder (0.5 g) was dispersed in the alkali solvent sys-
tems (25 g) and the suspensions were kept at =20 °C for 48 h. During this period, four freeze-
thaw cycles were performed in which the thawed suspensions were extensively stirred (at 500
rpm, for 1 h), at room temperature. The insoluble fractions of the suspensions were separated
from the soluble ones by centrifugation (20,000 xg, 30 min, 4 °C). CGC hydrogels were pre-
pared by dialysis of the soluble fractions with a 12,000 MWCO membrane (Nadir®, dialysis
tubing, Carl Roth) against deionized water for 48 h, at 20 °C, until neutral pH and constant
conductivity values (20 uS/cm) were achieved. The hydrogels prepared with NaOH or KOH, 1

mol/L and 5 mol/L, were labelled as Na1 and Na5, or K1 and K5, respectively.
22.23. Chemical characterization of CGC hydrogels

For quantification of sodium and potassium in the hydrogels, freeze dried CGC hydrogel
samples (~5 mg) were hydrolyzed with nitric acid (5mL HNOs 5%, v/v), at 120 °C, for 2 h, under
constant stirring. Hydrolyzed samples were filtered (0.2 um nylon, Whatman) and their content
in sodium and potassium was determined by Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES) (Horiba Jobin-Yvon, France, Ultima, equipped with a 40.68 MHz RF
generator, Czerny-Turner monochromator with 1.00 m (sequential) and autosampler AS500).
Nitric acid solution (HNOs 5%, v/v) was used as blank, being subjected to the same hydrolysis
procedure as the samples.

The water content of the hydrogels was determined according to equation. (2.2.1) [185]:

t -d
Water content (%) = (wet mass—dry mass)

x 100 (2.2.1)

wet mass

where the dry mass (g) was determined by freeze drying a pre-weighed amount of the gels
(wet mass, g).
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The chemical composition of the hydrogels was analyzed by high performance liquid chro-

matography (HPLC) after two acid hydrolysis methods, as described by Aradjo et al. [155].
2.2.24. Rheological properties

The rheological behavior of the CGC hydrogels was measured and analyzed using a con-
trolled stress rheometer (HAAKEMARSIII, Thermo Scientific) equipped with a plate-plate ser-
rated geometry (diameter 20 mm) with a gap of 1 mm. The hydrogels samples were equili-
brated at 25 + 0.03 °C for 5 min, after which the viscoelastic properties were evaluated by
carrying out frequency sweeps at a constant tension within the linear viscoelastic region, for a

frequency range from 0.01 to 1 Hz.
2.2.2.5. Texture profile analysis

The texture properties of the CGC hydrogels were determined with a texture analyzer TA-
XT plus (Stable Micro Systems Ltd., Surrey, UK) equipped with a 50 N load cell. A double com-
pression cycle was carried out up to 50% strain of the samples' original height at a speed rate
of 1 mm/s using an aluminum plunger with a 60 mm diameter. A delay period of 5 seconds
was allowed between the two compression cycles. The maximum tension of the first compres-
sion was defined as the hardness (Pa) and the ratio between the second and first compression
distances until maximum forces was used to measure the springiness. Cohesiveness was de-
fined as the ratio between the positive force area during the second cycle and that of the first
compression cycle. All the measurements were performed in duplicate at room temperature
(20 £ 0.2 °C).

2.2.2.6. Cryo-Scanning Electron Microscopy

The CGC hydrogels were characterized in terms of their structure and morphology by Scan-
ning Electron Microscopy (SEM). The hydrogels were analyzed with a Tabletop Microscope
TM3030 (Hitachi in High Technologies, America) equipped with a sample holder with refriger-
ation. Samples were observed at low temperature (-4 °C) using a magnification in the range of

150-500x.
22.2.7. Cytotoxicity tests

The cytocompatibility of the CGC hydrogels was evaluated according to the International
Standard ISO 10993-5:2009(E) through assessment of metabolic activity (MTT (3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium reduction assay) in two cell
lines, human keratinocytes HaCaT and mouse L929 fibroblasts. The cells were grown in
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Dulbecco's Modified Eagle Medium (DMEM) media supplemented with 10% (v/v) fetal bovine
serum and 1% (v/v) streptomycin/penicillin and maintained at 37 °C in a humidified atmos-
phere of 5% (v/v) CO.. For the cell viability assay, 5 x 10* cells per well were seeded in 96 well
plates and cultured at the conditions above described. After 24 h, the medium was removed
and 100 pL of fresh medium containing serial dilutions, up to 1000 pg/mL, of freeze dried CGC
hydrogels dissolved in alkaline solvent (NaOH 1mol/L, at neutral pH) were added. Upon 24 h
of exposure, the supernatant was replaced by the MTT solution (0.5 mg/mL) and incubated (37
°C, 5% (v/v) COy) for 2 h. During incubation, tetrazolium dye MTT is reduced by dehydrogenase
enzymes to insoluble formazan. Following the incubation step, the medium was eliminated and
replaced with dimethylsulfoxide to dissolve the formazan crystals accumulated inside living
cells. For the quantification of formazan produced, the absorbance was measured at 590 nm
using a Synergy™ HT Multi-mode microplate reader (BioTek Instruments Inc., Winooski, VT,
USA), subtracting the background read at 630 nm. Cells grown in fresh medium without treat-
ment and cells treated with Triton™X-100 (1% v/v) were used as positive and negative controls,
respectively. Results were expressed as a percentage of metabolic activity relative to the values

obtained at 2 h and considering the metabolic activity of non-treated cells as 100%.

2.2.3. Results and Discussion

2.2.3.1. Hydrogels formation

Four alkali solvent systems, NaOH and KOH solutions, either at 1 mol/L or 5 mol/L, were
used for CGC dissolution using a freeze-thaw procedure (Fig. 2.7), proposed for dissolution of
chitin and cellulose [165,177,180,184]. At temperatures below the freezing point, the hydrated
alkali component disrupts the inter- and intramolecular hydrogen bonds between the poly-
meric chains. The hydrogels were obtained by dialyzing the CGC solutions, against deionized

water until complete removal of the salt ions.
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Figure 2.7 —Schematic illustration of CGC hydrogels preparation, comprising polymer suspension in the alkali

systems, application of freeze-thaw cycles for polymer dissolution and dialysis for polymer gelation.

As shown in Fig. 2.8, the CGC hydrogels presented a yellow coloration and were translucid.
The yellow color might be due to the presence of protein whose content in the gels was be-
tween 4.4 and 8.8wt%. The gels’ shape was molded by the dialysis tubing, thus showing that
the CGC hydrogels obtained by this methodology can be molded into other shapes by inducing

gelation in appropriate molds.

(A) B) Na1 Na5

Figure 2.8 — Photographs of: (A) the CGC solutions obtained by the freeze-thaw procedure in the alkali solvent
systems: NaOH 1 mol/L (Na1 hydrogel) and 5 mol/L (Na5 hydrogel) and in KOH 1 mol/L ( K1 hydrogel) and 5
mol/L (K5 hydrogel); (B) the corresponding CGC hydrogels obtained by dialysis of the alkali solutions against de-

ionized water.

As shown in Table 2.4, no sodium was detected in Na1 and Na5 samples, and only traces of
potassium (0.14-0.17wt%) were detected in K1 and K5 hydrogels. In the alkali solutions, CGC
molecules do not undergo gelation due to the strong ionic forces that promoted their solva-
tion. During the dialysis procedure, the salt ions diffuse from the solutions into the dialysis
water. The lack of ions available to promote CGC molecules' solvation results in the reduction

of the ionic forces and allows more interaction among the CGC molecules, thus inducing gel

formation.
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Table 2.4 — Chemical characterization of CGC hydrogels (n.d. — not detected).

Polymer Content =~ Water content Na content K content Chitin:glucan

Sample .
(wWt%) (wWt%) (wWt%) (wWt%) ratio (%omol)
CGC - - n.d. n.d. 29:71
Na1 gel 2.07 97.93 n.d. - 2773
Na5 gel 2.28 97.72 n.d. - 25:75
K1 gel 1.42 98.58 - 0.14 24:76
K5 gel 1.70 98.30 - 0.17 22:78

The chitin:glucan molar ratios in all hydrogels ranged between 22:78 and 27:73 %mol (Table
2.4), which is similar to the composition of the original CGC sample (29:71 %mol) and also to
that reported in previous studies (25:75 %mol) [154]. Although a slight reduction of the chitin
fraction in the co-polymer hydrogels was noticed in comparison with the original sample, these
results show that CGC was effectively dissolved in the alkali solvents used. All hydrogels pre-
sented a water content above 90% which is characteristic of this type of structures. Neverthe-
less, hydrogels prepared by dissolution of CGC in NaOH solutions had a slightly higher polymer
content (2.07-2.28wt%) than the ones prepared with KOH (1.42-1.70wt%) (Table 2.4).

22.3.2. Morphological characterization

The morphological characteristics of the CGC hydrogels were assessed by cryo-SEM analysis
(Fig. 2.9 and 2.10). Fig. 2.9 shows the K-based hydrogels microstructure, which consisted of a
complex three-dimensional network made of CGC polymer chains, holding water inside. Both
K-based hydrogels, K1 and K5, exhibited homogenous microstructures (Fig. 2.9a and 2.9¢c).
Upon magnification (Fig. 2.9b and 2.9d), some differences of the pore sizes of K1 and K5 hy-
drogels can be noticed suggesting the influence of KOH concentration on the gels’ network
formation. Hydrogels prepared with KOH 1 mol/L presented a less compact network with larger
pores (Fig. 2.9b) when compared to the hydrogels prepared with KOH 5 mol/L (Fig. 2.9d). A
similar microstructure was reported by Nogueira et al. [186] for silk fibroin hydrogels prepared
by dissolution in a ternary solvent of CaClx:CH3CH.OH:H.O followed by dialysis for calcium

removal and hydrogel formation.
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Figure 2.9 — SEM images of the K1 hydrogel prepared with KOH 1 mol/L (a, b) and of the K5 hydrogel prepared
with 5 mol/L (c, d). Hydrogels' regions observed under magnification 500 (b, d) were expanded from images pre-

sented under magnification 150x (a, c).

The microstructure of the Na-based hydrogels exhibited a more compact and denser net-
work than the ones prepared with KOH (Fig. 2.10a and 2.10c). In addition, they presented het-
erogeneous and irregular structures. This fact may be explained by the difference in the ionic
radius of sodium and potassium atoms. During the hydrogelation process, the sodium atoms
may have induced the formation of smaller pores within the hydrogel structure, while the big-
ger potassium atoms may have allowed the formation of larger pores in the polymeric struc-
ture. The NaOH concentration used for CGC dissolution and hydrogel preparation seems to
have influenced the microstructure of the formed hydrogels. Na5 CGC hydrogels presented
more regions of dense networks (Fig. 2.10c) than the Na1 CGC hydrogels (Fig. 2.10a). Upon
magnification, small pores with thick pore walls are detected that explains the tighter micro-
structure of the hydrogels (Fig. 2.10b and 2.10d). The wide area of dense regions of Na5 CGC
hydrogels has limited a clear observation of the pore size (Fig. 2.10d). The porous structure
CGC hydrogels present renders them potentially suitable for use in applications such as drug

delivery vectors and/or as matrices for cells in tissue engineering.
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Figure 2.10 — SEM images of the Na1 hydrogels prepared with NaOH 1 mol/L (a, b), and of the Na5 hydrogels
prepared 5 mol/L (c, d). Hydrogels' regions observed under magnification 500x (b, d) were expanded from images

presented under magnification 150x (a, c).

2.2.3.3. Rheological properties

The mechanical properties of hydrogels are determinant to envisage the functional pur-
poses of these biomaterials. In order to assess those parameters, the viscoelastic properties of
CGC hydrogels were studied. As shown in Fig. 2.11, for the two types of CGC hydrogels pre-
pared with either NaOH or KOH as solvent systems, it can be noticed that the storage moduli
(G') exhibited values one order of magnitude higher than the loss moduli (G") in the whole
range of frequencies. This fact is consistent with the gel-like nature of the samples. Similar
profiles were obtained for hydrogels developed using hyaluronic acid (HA) crosslinked with
divinyl sulfone [181]. Despite the identical behavior, CGC hydrogels revealed to have improved
mechanical properties compared to HA hydrogels. In particular, for the same frequency (0.1
Hz), Na-based CGC hydrogels presented storage moduli values of 389 Pa and 685 Pa (Na1 and
Na5, respectively), while for the HA hydrogels G' lower value was reported (304.30 Pa). On the
other hand, lower storage moduli (218 and 270 Pa) were obtained with K1 and K5 CGC
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hydrogels, respectively. Lower values of G’ indicate that K-based CGC hydrogels exhibited

lower elastic properties when stress was applied.
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Figure 2.11 — Rheological properties of CGC hydrogels using (a) NaOH (Na1 and Na5 hydrogels) and (b) KOH (K1

and K5 hydrogels). Mechanical spectrum storage (G', solid symbols) and loss moduli (G”, open symbols).

As can be observed, CGC hydrogels prepared using NaOH (Fig. 2.11a) exhibited higher dy-
namic moduli than CGC hydrogels prepared with KOH (Fig. 2.11b), which is related to stronger
mechanical properties. This result is in line with the morphology analysis, in which Na-based
CGC hydrogels exhibited a denser structure with smaller pores with thicker pore walls (Fig. 2.9
and 2.10). As mentioned above, the characteristics of CGC hydrogels microstructure may be
affected by the difference in ionic radius between sodium and potassium atoms.

Additionally, the mechanical spectra of CGC hydrogels shows that as the concentration of
alkali solvents used increased, both dynamic moduli increased indicating a stronger structure
(Fig. 2.11). In fact, higher values of both moduli, G’ and G", were observed for the hydrogels
prepared with 5 mol/L when compared to those for 1 mol/L, this fact being more evident for
Na-based CGC hydrogels. The observed changes may be related to the higher ionic strength
present during the formation of the Na5 and K5 hydrogel structures. In fact, it was reported
that ionic strength has a significant impact on hydrogelation and modulation of hydrogels’
properties [187]. For example, Martinez-Ruvalcaba and co-workers [188] reported that for the
same polymer content in chitosan-xanthan hydrogels (7%), the storage moduli increased
around 6 times with the ionic strength of the different dispersion media used, namely distilled

water and 0.05 mol/L potassium phosphate monobasic-sodium hydroxide buffer.
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The differing properties displayed by the gels obtained under different ionic strength and
cations render them potentially suitable for distinct applications: the stiffer structures of the
Na-based gels may be used, for example, for the development of tissue scaffolds, while the

more elastic K-based gels would be more appropriate for example as wound dressings.
22.34. Texture profile analysis

Texture profile analysis (TPA) parameters were obtained by applying a 50% strain of the
hydrogels’ original height in a double compression cycle. The results obtained, including hard-
ness, springiness and cohesiveness, are represented in Fig. 2.12. It may be observed that the
hardness, which is related to the maximum force required to cause the selected deformation
of the gel [189], was affected by the type of alkali and by the ionic strength of the solvent used
to prepare the hydrogels (Fig. 2.12A). Thus, a considerably higher hardness was obtained for
the Na5 hydrogels (7229 + 781 Pa) when compared to Na1 hydrogels (1647 + 411 Pa), showing
that a higher ionic strength favored the formation of a stronger gel in the presence of NaOH.
On the other hand, for the K-based CGC hydrogels, the hardness values were similar for both
ionic strength values tested (3169 + 768 and 3423 + 450 Pa, respectively). Moreover, the hard-
ness of both K-based hydrogels was lower than that of the Na5 hydrogel (Fig. 2.12A).
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Figure 2.12 — Texture Profile Analysis parameters for hydrogels prepared with NaOH 1 mol/L (Na1) and 5 mol/L
(Na5), and with KOH 1 mol/L (K1) and 5 mol/L (K5): (A) hardness, (B) springiness and (C) cohesiveness.

Springiness reflects how well the gel sample physically springs back after it has been de-
formed during the first compression and has been allowed to wait for a period between com-
pressions [189]. It can be observed that similar values of springiness were obtained for all CGC
hydrogels (Fig. 2.12B), which is indicative of elastic behavior, as the fraction of the sample’s
original height is quite high, in a range of 0.85 to 0.93. Cohesiveness is related to how well the
product withstands compression, so that, if a hard product maintains its internal structure with-

out failures when subjected to compression, it would also present a high cohesiveness [189].
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This fact was only substantially observed for Na5 hydrogels, presenting a value of 0.716 + 0.043
(Fig. 2.12C), while the other hydrogels, were much less cohesive. The results suggest that the
energy required for the second compression was significantly lower than that for the first com-
pression, indicating that the gel matrix of the Na1 and K-hydrogels was disrupted during the
first compression. The low strength of polymer chain molecular interactions may have led to
this hydrogel behavior [178].

Concomitantly with the mechanical spectra (Fig. 2.11), the TPA results demonstrate that the
ionic strength of the solvent used has more impact on Na-based hydrogels than on K-based
hydrogels (Fig. 2.12). Additionally, the Na5 hydrogels presented improved mechanical proper-
ties since significantly higher hardness and cohesiveness values were observed.

Several authors reported the improvement of the texture properties of hydrogels by in-
creasing the concentration of the polymer [190,191]. The same strategy could be used to im-

prove the mechanical properties of CGC hydrogels.
2.2.3.5. Cytotoxicity of the CGC hydrogels

The evaluation of CGC hydrogels’ cytotoxicity was performed using L929 fibroblasts (Inter-
national Standard ISO 10993-5:2009(E)). Fig. 2.13 shows the results of the cytotoxicity tests on
the CGC hydrogels. The cell viability values on all tested hydrogels are greater than 90%, indi-
cating nearly no cytotoxicity to the fibroblasts (Fig. 2.13). The non-cytotoxicity of the solvent
used to prepare the CGC samples (NaOH 1 mol/L) was confirmed by exposing the cells solely
to this solvent (Appendix A1). Chang and collaborators [180] have reported similar cytotoxicity
results for chitin-based hydrogels towards 293T cells, most probably related to the biological
nature of these macromolecules. Similarly, Abdel-Mohsen et al. [192] have demonstrated that
chitin/chitosan-glucan complex (ChCsGC) revealed to be non-toxic for mouse fibroblasts cells

(NIH-3T3) over all concentrations tested (100 — 1000 pug/mL).
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Figure 2.13 — L929 fibroblasts and HaCaT keratinocytes viability when exposed to different concentrations of freeze
dried CGC hydrogels dissolved in NaOH 1mol/L, for 24 h. The dotted line at 70% represents the viability limits for
non-toxic condition (ISO 10993-5, 2009).

To further evaluate the cytotoxicity of the CGC hydrogels for skin applications, HaCaT
keratinocytes cells were used to assess the hydrogels for 24 h. Fig. 2.13 shows the viability of
keratinocytes. Compared with the control group, the HaCaT cells exposed to the highest CGC
hydrogel concentration (1000 pg/mL) exhibited reduced cellular viability to values around 70%.
These results confirm that the CGC hydrogels could be used as an excellent matrix being non-
cytotoxic, with potential applications in the field of skin wounds and skin therapies. Biocom-
patibility of chitin-based hydrogels obtained by various methods has been reported in the
literature through /n vitro cytotoxicity tests [193—-195].

2.2.4. Conclusions

This study reported for the preparation of hydrogels based on the yeast biopolymer CGC. It
was demonstrated that CGC gels form spontaneously during dialysis of CGC alkali solutions,
obtained by the freeze-thaw procedure. The mechanical properties of the CGC hydrogels can
be tailored according to the alkali solvent used for CGC dissolution, either NaOH or KOH, and
also by changing the solution's ionic strength. Moreover, the best-performing hydrogels in
terms of mechanical properties, namely, higher hardness and cohesiveness, were the ones ob-
tained with NaOH 5 mol/L. Due to their non-cytotoxicity, CGC hydrogels are promising
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materials for use in several biomedical areas. Their characteristics, namely, their porous struc-

ture and mechanical properties, support their potential use as drug delivery vectors and/or as

matrices for cells in tissue engineering.
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2.3. Chitin-glucan complex hydrogels: optimization of gel for-
mation and demonstration of drug loading and release abil-
ity

The results shown in this chapter were adapted from:

e Arauljo, D., Rodrigues, T., Alves, V.D., Freitas, F. Chitin-glucan complex hydrogels: Opti-
mization of gel formation and demonstration of drug loading and release ability. Poly-

mers 2022, 14, 785. https://doi.org/10.3390/polym14040785.

Summary

Chitin-glucan complex (CGC) hydrogels were fabricated through a freeze-thaw procedure
for biopolymer dissolution in NaOH 5 mol/L, followed by a dialysis step to promote gelation.
Compared to a previously reported methodology, reducing the number of freeze-thaw cycles
from 4 to 1 had no significant impact on the hydrogels’ formation, as well as reducing the total
freezing time from 48 to 18 h. The optimized CGC hydrogels exhibited a high nearly sponta-
neous swelling ratio (2528 + 68 %) and a water retention capacity of 55 + 3 %, after 2 h incu-
bation in water, at 37 °C. The hydrogel was loaded with caffeine as a model drug and an en-
hancement in the mechanical and rheological properties of the hydrogels was achieved. In
particular, compressive modulus was improved from 0.23 + 0.004 to 1.2 + 0.62 kPa and storage
modulus was boosted from 149.9 + 9.8 to 315.0 + 76.7 Pa. Although the release profile of
caffeine was similar in PBS and NaCl 0.9% solutions, the release rate was influenced by the
solutions’ pH and ionic strength, being faster in the NaCl solution. These results highlight the
potential of CGC based hydrogels as promising structures to be used as drug delivery devices

in biomedical applications.
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2.3.1. Introduction

Hydrogels are three-dimensional network structures fabricated from synthetic or natural
polymers capable of absorbing large amounts of water [177,196,197]. Biopolymer hydrogels
have attracted increasing interest due to their biocompatibility, biodegradability, environmen-
tally friendly features, and tissue-mimicking consistency. These interesting characteristics make
them suitable materials to be used in a wide range of applications from food and agriculture
[44] to cosmetics [45] and biomedicine [198].

Depending on the method used to crosslink the polymer chains, hydrogels can be classified
as chemical or physical. Chemical hydrogels are mostly connected through a covalently cross-
linked network, in which the addition of crosslinking agents allows the reaction between the
functional groups of the polymer chains [43,199]. However, those chemical agents are often
toxic compounds, and their presence may promote adverse effects, such as undesirable reac-
tions with bioactive substances or affect hydrogels’ biocompatibility [200]. On the other hand,
physical hydrogels are synthesized by crosslinking among the polymer chains through non-
covalent interactions such as ionic interaction, hydrogen bonds, chain entanglements, Van der
Waals forces and hydrophobic interactions [43]. Therefore, physically crosslinked hydrogels,
especially biopolymer-based ones, are promising materials to be used in the biomedical field
due to the use of mild conditions during their fabrication, and the absence of organic solvents
and toxic crosslinking agents [201,202].

Recently, alkali solvents based on NaOH or KOH have emerged as alternative solvents sys-
tems for CGC dissolution, through the freeze-thaw method [203]. In this process, the presence
of a hydrated alkali component, below the freezing point, promotes the disruption of the pol-
ymer chain matrix by breaking inter and intramolecular hydrogen bonds, allowing for polymer
dissolution [151]. CGC based physical hydrogels can be obtained by dialyzing the CGC dis-
solved in the alkali systems. During the dialysis process, gelation is induced by interactions
between the CGC molecules that are promoted by the reduction of the ionic forces [150].

In this study, the impact of the number of freeze-thaw cycles and the freezing time on the
hydrogel-forming capacity of CGC was evaluated in terms of hydrogels’ chemical composition,
morphology, and mechanical properties. The optimized CGC hydrogel was characterized ac-

cording to its rheology, swelling properties, drug loading and drug release capacity.
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2.3.2. Materials and Methods

2.3.2.1. Materials

Yeast biomass was obtained by cultivation of the yeast Komagataella pastoris (DSM 70877)
using glycerol as the sole carbon source, as described by Farinha et al. [154]. CGC was extracted
from K pastoris biomass by the hot alkaline procedure described by Araujo et al. [155] and it
represented 20wt% of the cell dry mass. CGC presented a chitin content of 35.6% and a DA of
63.4%.

23.2.2. Preparation of CGC hydrogels

The CGC hydrogels were prepared as described in section 2.2.2.2, with slight modifications.
Briefly, the CGC powder (0.5 g) was dispersed in a NaOH 5 mol/L solution (25 g), and the
suspensions were kept at -20 °C, for either 18 or 48 h. During that period, different number of
freeze-thaw cycles were performed, being the thawed suspensions extensively stirred (500 rpm,
1 h), at room temperature in each cycle. After centrifugation (20000 xg, 30 min, 4 °C) to elim-
inate the undissolved material, the hydrogels were prepared by dialyzing the soluble fractions,
in deionized water, at room temperature, for 48 h. The obtained hydrogels were labelled ac-
cording to the solvent system used (NaOH 5 mol/L) and the number of freeze-thaw cycles
performed. The hydrogels prepared by freezing during 48 h using 0, 1, 2 or 3 freeze-thaw cycles
were identified as Na5o, Na51, Na52 and Nab5s hydrogels, respectively, while the hydrogel pre-
pared by 1 freezing cycle of 18 h was coded as Na5:* hydrogel (Table 2.5).

23.2.3. CGC hydrogels characterization
23.2.3.1. Chemical characterization

The water content of the hydrogels was assessed gravimetrically by freeze drying using
equation 2.2.1. The chitin content was determined by elemental analysis as described in equa-

tion 2.1.2.
23.2.3.2. Morphology, density and porosity

The morphology of the CGC hydrogels was characterized by SEM, as described in section
2.2.2.6, using a magnification of 500x.
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The density (o, g/cm?®) of the freeze-dried CGC hydrogels was determined by the following

equation: (2.3.1)
= Wary
p= Vars (2.3.1)

where Wqry and Vg represent the weight (g) and volume (cm®) of the hydrogel, respectively.

The porosity of the CGC hydrogels was determined using the solvent replacement method
[204]. Pre-weighed freeze-dried CGC hydrogels (W, g) were immersed in absolute ethanol, for
30 min, in sealed tubes. After 30 min, excess ethanol on the surface was blotted and the sam-
ples were weighed. The porosity (%) was calculated using the following equation (2.3.2):

Porosity = % (2.3.2)
T

where Ws0and Wy represent the hydrogel weight (g) at 30 min and 0 min, respectively, o is the
density of ethanol (0.790 g/cm?®) and Vr (cm?®) is the total volume of the hydrogel sample.

2.3.2.3.3. Compressive mechanical analysis

The compressive mechanical properties of the CGC hydrogels were assessed with a texture
analyzer TMS-Pro (Food Technology Corporation, England) equipped with a 50 N load cell.
Cylindrical hydrogels samples in the wet state (13.8 mm diameter, 0.7-1.1 cm height) were
subjected to a compression of up to 80% strain of the samples' original height, at a speed rate
of 60 mm/min, using an aluminum plunger with 60 mm diameter. The maximum tension of the
compression corresponds to the hardness (kPa) and the toughness (kJ/m?) was calculated by
measuring the area underneath the stress-strain curve of each sample. Compressive modulus
(kPa) was obtained as the slope of the initial linear region. All the experiments were performed

at room temperature (20+0.2 °C).
23.234. Rheological properties

The rheological properties of the selected hydrogels (Na5:* hydrogels) with a similar thick-

ness (~ 3 mm) were analyzed as described in section 2.2.2.4, with a 1.5 mm gap.
2.3.2.3.5. Swelling and water retention behavior

To assess the swelling properties, pre-weighed cylindrical freeze-dried samples of Na5*
hydrogel were immersed in deionized water, NaCl 0.9% or phosphate buffered saline (PBS), at

37 °C. At different time intervals, samples were carefully taken out from the solutions, blotted
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with filter paper, and weighed (Wuwet, g). The swelling ratio (g/g) was determined using the
equation (2.3.3):
Swelling ratio = Wwet~ Wary (2.3.3)
Wdry
where Wy (g) represents the initial mass of dry hydrogel.

To evaluate the water retention behavior of the structures, the equilibrated hydrogels were
taken out from the solutions and weighed (W), after being blotted with a tissue paper. Swollen
hydrogels were incubated at 37 °C and weighed (W;) over time. Water retention (%) was cal-
culated by the equation (2.3.4):

Water retention = % x 100 (2.3.4)

e

23.24. Drug loading

Caffeine (Alfa Aesar, 99%) was used as a model drug to assess the drug loading and drug
release behavior of the Na5:* hydrogels. For drug loading, pre-weighed cylindrical freeze-dried
hydrogel samples were immersed in a caffeine solution (1.0wt%), for 24 h, at room tempera-
ture. After that period, the loaded hydrogels' samples were carefully taken out from the solu-
tion, blotted with filter paper, and weighed (W, g). Drug loading (DL, g) was determined by
the equation (2.3.5):

DL = (WL - Wdry) X Ccaf (235)

where Wqry, (g) represents the initial mass of dry hydrogel and Ccar (Wt%) corresponds to the
concentration of caffeine loading solution.

The entrapment efficiency (EE, %) of caffeine in hydrogels was calculated using the equation
(2.3.6):

DL
Wcaf

EE = x 100 (2.3.6)

where W (g) represents the mass of caffeine available.
2.3.2.5. Characterization of the loaded hydrogels

The Na5+* hydrogels and the caffeine loaded Na5:* hydrogels (coded as Na5:* loaded hy-

drogels) were chemically characterized by FTIR. The analysis was conducted with a Spectrum II
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spectrometer (PerkinElmer, Llantrisant, UK), equipped with the attenuated total reflectance
(ATR) accessory, and the spectra were obtained between 500 and 4000 cm™ after 10 scans, at
room temperature.

The mechanical and rheological properties of Na5:* loaded hydrogels were assessed as de-

scribed in sections 2.3.2.3.3 and 2.2.2.4, respectively.
2.3.2.6. In vitro drug release studies

The freeze-dried Na5+* loaded hydrogels samples were immersed in 100 mL of different
physiological media: PBS (pH 7.4) and NaCl 0.9% (pH 5.5), at 37 °C, for 3 h, under constant
stirring (100 rpm). Periodically, 2 mL of the release medium were withdrawn, and 2 mL of fresh
medium, preheated at 37 °C, were added to keep the volume of the solution constant. The
caffeine concentration in the withdraw solution was determined by UV-Vis spectrophotometer
(CamSpec M509T, Leeds, UK) at 273 nm [205], for a concentration range of 0.16 — 10 mg/L.
Caffeine release (%) was obtained by the equation (2.3.7):

Cw XV
DL

Caffeine release = x 100 (2.3.7)

where C,, (g/L) is the caffeine concentration in withdraw solution, V (L) represents the volume
of the release media, and DL (g) is the amount of loaded drug. The caffeine cumulative release

was fitted to the Korsmeyer-Peppas model [206].
2.3.2.7. Statistical analysis

The experimental data from all the studies were analyzed and the results were expressed as

mean + standard deviation (SD). Error bars represent the standard deviation (n = 3).

2.3.3. Results and Discussion

2.3.3.1. Hydrogel formation

The freeze-thaw procedure followed by dialysis, recently reported by Araujo et al. [150], was
used to dissolve CGC in NaOH 5 mol/L (freezing at -20 °C, 4 freeze-thaw cycles, 48 h total
freezing time) and prepare CGC hydrogels (labelled as Na5 hydrogels), which exhibited a dense
and stiff gel structure. Following those results, the present study aimed at optimizing the pro-
cedure by assessing the impact of reducing the number of freeze-thaw cycles and of the freez-

ing time on the hydrogels' properties.
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Firstly, the effect of the number of cycles was studied by applying 1, 2, or 3 freeze-thaw
cycles (samples Na5;, Na5,, and Nab5s, respectively). The procedures’ performance was com-
pared to that previously reported for four cycles. An experiment with no freeze-thaw cycles
(sample Na5p), in which CGC was simply contacted with the NaOH solution (at room tempera-
ture, for 48 h), was also performed for comparison. In this case, a viscous slurry was formed,
with very low CGC dissolution, and no hydrogel formation upon dialyzing the supernatant re-
covered from the mixture. This outcome may be due to the non-deacetylation of chitin that
the freeze—thaw procedure induces [203], and consequently, the low dissolution of CGC in the
solvent system.

Except for Na5g, all CGC solutions in NaOH 5 mol/L formed hydrogels upon coagulation by
dialysis (Fig. 2.14). For the same freezing time (48 h), increasing the number of freeze-thaw
cycles, from 1 to 3 cycles, led to a slight decrease in the polymer’s content (from 1.68 + 0.17
to 1.42 + 0.02wt%, respectively). These results show that a single freeze-thaw cycle is sufficient
for CGC gelling and the obtained hydrogels have a higher polymer content. Subsequently, the
experiment was repeated for 1 freeze-thaw cycle, but the freezing time was reduced from 48
to 18 h (sample Na5+*). The Na5; and Na5+* hydrogels, both prepared with 1 freeze-thaw cycle,
presented similar polymer content (1.68 + 0.17 and 1.66 £0.11wt %, respectively), indicating

that freezing time had no significant impact on CGC dissolution in the NaOH solvent system.
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Figure 2.14 — Macroscopic aspect and SEM images of (A) Na54, (B) Na5;, (C) Na53, and (D) Na5+* hydrogels under

magnification 500x; (E) chemical structure of CGC and schematic representation of the CGC hydrogel.
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These results show that the procedure for CGC gelling can be simplified by reducing both
the number of freeze-thaw cycles and the total freezing time. All the resulting hydrogels were
characterized to evaluate their physicochemical properties and select the most suitable proce-

dure for yielding structures with superior performance.
2.3.3.2. Chemical Characterization of the Hydrogels

Table 2.5 shows the chemical characterization of the CGC hydrogels. It can be observed that
all hydrogels exhibited a water content above 98%, characteristic of these structures. No so-
dium was detected in the hydrogels, demonstrating the efficient removal of the ion from the

structure during dialysis.

Table 2.5 — Chemical characterization of CGC hydrogels obtained by different number of freeze-thaw cycles: 1
cycle (Na51 hydrogel), 2 cycles (Na5; hydrogel), 3 cycles (Na53 hydrogel) and 1 cycle with reduced freezing time
(Na5+* hydrogel); n.a., data not available.

Samples Na51 Na52 Na5s Na5:* Nab5 [150]
No. of cycles 1 2 3 1 4
Freezing time (h) 48 48 48 18 48
Polymer content (wt %) 1.68+0.17 1.58 + 0.04 142+0.02 1.66+0.11 2.28

Water content (wt %)  98.32+0.17 98.42+0.04 9858+0.02 98.34+0.11 97.72
Chitin content (%) 25.63+0.78 2471+298 23.85+0.14 21.51+1.49 n.a.

As shown in Table 2.5, the chitin content was similar for all CGC hydrogels, however, a slight
decrease was observed as the freezing cycles increased. In fact, the Na51 hydrogels presented
a chitin content of 25.63 + 0.78%, while the Na5; hydrogels showed 23.85 + 0.14% of chitin.
Moreover, the Na51* hydrogels exhibited the lowest chitin content (21.51 + 1.49%), suggesting
that extended freezing time might be required to dissolve the enriched chitin CGC macromol-

ecules in the NaOH solution.
2.3.3.3. Morphological Characterization

As shown in Fig. 2.14, all CGC hydrogels were translucid, presented a yellow coloration and
their shape was molded by the dialysis tubing. Furthermore, despite the different approaches
applied for their preparation, all hydrogels exhibit similar macroscopic characteristics.

The morphological features of the CGC hydrogels were evaluated by SEM analysis (Fig. 2.14).
Similarly to the Na5 hydrogels [150], all structures presented a heterogeneous, compact, and
dense three-dimensional network microstructure made of polymeric chains. The porous struc-

tures of the obtained hydrogels seem to be slightly affected by the number of freeze-thaw
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cycles, with the pore size increasing as the number of cycles increases. As shown in Fig. 2.14,
the Na5s3 hydrogels exhibited a microstructure composed of larger pores when compared to
Na5; hydrogels. This fact might be explained by the lower polymer concentration present in
the Na5; hydrogels (Table 2.5). It has been reported that pore volume and pore size distribution
are affected by the polymer content present during hydrogel formation [207]. Indeed, the in-
creasing intermolecular crosslinks and physical entanglements present in hydrogels with high
polymer concentrations leads to the formation of smaller pore volumes and pore sizes. Similar
results were reported for chitin hydrogels [180], where the average pore size decreased from
8 to 5 um in diameter as the chitin concentration decreased from 1 to 2wt%.

Additionally, the SEM micrographs demonstrated that reducing the freezing time affected
the hydrogels’ microstructure (Fig. 2.14). Despite the similar polymer content of the Na5; and
Na5+* hydrogels (1.68 + 0.17 and 1.66 +0.11wt%, respectively), the lower freezing time (18 h)
applied during preparation of the Na5:* hydrogels induced the formation of microstructures
with larger pores. Analogous results were reported by Figueroa-Pizano et al. [208] for chitosan-
PVA hydrogels, where those produced with 4 h of freezing time presented larger pores than

those formed with 12 h of freezing time.
23.34. Hydrogels' Porosity and Density

The porosity and density of the hydrogels are significantly dependent on their morpholog-
ical characteristics and are important parameters for controlling the hydrogels’ physicochemi-
cal properties and kinetics of drug release [204]. As shown in Fig. 2.15, the porosity values were
similar for all CGC hydrogels, ranging from 53.8 + 10.3 to 62.6 + 3.9%. Even so, the Na53 hy-
drogels presented the highest porosity value (62.6 + 3.9%) which suggests that the porosity
might have increased with increasing number of freeze-thaw cycles. Porosity depends on the
size and number of pores per unit of volume. From the SEM micrographs, the pore size is easier
to observe, and the structure of the Na5s hydrogels comprised larger pores than Na5; and
Na5: (Fig. 2.14), which is consistent with the higher porosity measured. On the other hand, the
Na5+* hydrogels exhibited the lowest porosity values (53.8 + 10.3%), demonstrating that re-
ducing the freezing time might have induced a decrease in the hydrogels’ porosity. Overall, the
prepared CGC hydrogels exhibited interesting porosity levels that render them suitable for ap-

plication in areas such as drug delivery [209] and/or tissue engineering [210].
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Figure 2.15 — Porosity @) and density (O) of the CGC hydrogels.
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The density of the CGC hydrogels is shown in Fig. 2.15. It can be observed that the density
of the hydrogels slightly decreased with the number of freeze-thaw cycles. Thus, the Na51 and
Na5:* hydrogels exhibited similar density values (0.019 = 0.001 g/cm?) and the highest ones.
These results are consistent with the higher polymer content present in such hydrogels (Table
2.5), and the resulting increase in the degree of crosslinking observed in the SEM micrographs
(Fig. 2.14). Hence, the denser CGC hydrogels (Na5; and Na5+*) showed the lowest porosity,
similar to the results reported for several polymer-based hydrogels, including chitosan [204]

and collagen hydrogels [210].
2.3.3.5. Mechanical Properties

The mechanical properties of the CGC hydrogels (Fig. 2.16)—namely, their hardness, com-
pressive modulus, and toughness—were obtained by applying a single compression (80% of
the initial height) to wet CGC hydrogel samples. As shown in Fig. 2.16, the mechanical charac-
teristics of the CGC hydrogels were not significantly influenced by the number of freeze-thaw
cycles. The compressive stress—strain curves of the CGC hydrogels are represented in Fig. 2.16A.
The maximum compressive stress obtained represents the force required to produce the de-
formation of the hydrogels and corresponds to the hardness value (Fig. 2.16B). It can be ob-
served that similar stress—strain profiles were obtained for all hydrogels, with rupture strain
occurring between 50% and 60% for compressive stress values of 80% (Fig. 2.16A). Additionally,
identical hardness values were achieved for the Na51, Na5, and Na5; hydrogels (3.55 + 0.23,
3.85 +0.38 and 3.69 + 0.21 kPa, respectively), while higher values were presented by the Na5+*

hydrogels (5.04 + 0.14 kPa). The hardness values obtained were lower than those previously
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reported for the CGC Na5 hydrogels (7.23 + 0.78 kPa) [150]. This difference is mainly related
to the higher polymer content of those hydrogels (2.28wt%), which increased the crosslinking
between the polymer chains and, consequently, improved the hydrogel’s mechanical proper-
ties [191].
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Figure 2.16 — Compressive mechanical properties of the CGC hydrogels compressive stress: (A) stress—strain curves,

(B) hardness, (C) compressive modulus, and (D) toughness.

The compressive modulus and toughness of the CGC hydrogels, obtained from the stress—
strain curves, are represented in Fig. 2.16C and 2.16D, respectively. As shown in Fig. 2.16C,
similar compressive moduli were displayed by the Na5+, Na5,, and Na5; hydrogels (16.8 + 2.6,
16.2 £ 1.0, and 16.6 * 0.3 kPa, respectively), demonstrating that the number of freezing cycles
had no significant impact on their stiffness. Nonetheless, the Na5+1* hydrogels were the stiffest
material, characterized by a considerably higher compressive modulus (23.0 + 0.89 kPa). As
expected, analogous behavior was obtained for the hydrogels’ toughness values. Fig. 2.16D
shows that the Na5:* hydrogels exhibited the highest toughness value (0.78 + 0.015 kJ/m3),

while the remaining hydrogel samples displayed values between 0.47 + 0.003 and 0.55 + 0.045
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kJ/m?. Despite the similar polymer content, the wispy porous structure of the Na5:* hydrogels
might have resulted in higher strength, thus improving their compressive modulus.
Given these results, the Na5:* CGC hydrogels were selected for further characterization, in-

cluding rheological properties, swelling behavior, and drug delivery capability.
2.3.3.6. Rheological Properties

The viscoelastic properties of the Na5:* hydrogels (Fig. 2.17A) show that the storage mod-
ulus (G') displayed values one order of magnitude higher than the loss modulus (G") over the
entire range of frequencies, characteristic of their solid-like nature [150]. This behavior also
indicates that the hydrogels exhibited predominately elastic characteristics [211]. Analogous
behavior and similar G' and G" values (~100 and ~10 Pa, respectively) were obtained for hy-
drogels prepared with a chitin nanofiber content of 0.4wt%, in the same range of frequency
[212]. Recently, Ferreira et al. [143] also described an identical profile for gels prepared with
Aspergillus niger CGC dissolved in ILs. However, those gels presented higher values of both

dynamic moduli which might be explained by the presence of ILs in the gel structure.
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Figure 2.17 — Rheological properties of the (A) Na5:* hydrogel, (B) Na5:* rehydrated hydrogel, and (C) Na5+* caf-

feine loaded hydrogel, at 25 °C. Mechanical spectrum storage (G’, solid symbols) and loss moduli (G”, open symbols).

A similar profile was reported for the CGC Na5 hydrogels [150], however, this hydrogel pre-
sented significantly higher values for both G" and G". In particular, for the same frequency (0.1
Hz), the Na5:* hydrogel presented a G' of 136.8 + 11.1 Pa, while a higher value (685 Pa) was
found for the Na5 hydrogel. This fact is explained by the increased polymer content of the Na5
hydrogels (2.28wt%) compared to the Na5+* hydrogels (1.66wt%), which directly improve their

rheological properties.
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23.3.7. Swelling Behavior and Water Retention Kinetics

The hydrogels’ water absorption capacity (swelling behavior) directly affects their drug load-
ing and delivery capability [213]. The swelling ratio of the CGC hydrogels in the different tested
media (PBS, NaCl 0.9%, and deionized water) at 37 °C is shown in Fig. 2.18A. For the three
tested media, the Na5+* hydrogels displayed excellent water absorption capacity, reaching the
swelling equilibrium immediately (less than 1 min). This can be explained by the high hydro-
philicity of CGC macromolecules that possess numerous hydrophilic groups, namely, hydroxyl

and amino groups, capable of establishing hydrogen bonds with the water molecules [214].
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Figure 2.18 — Swelling behavior of (A) Na5:* hydrogels in PBS (.), NaCl 0.9% (A ) and deionized water (‘),
water retention kinetics of (B) water-swollen hydrogels, at 37 °C, and (C) macroscopic aspect of hydrogels after the

two processes.
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It can be noticed that the swelling capacity of the Na5+* hydrogel was slightly higher in
deionized water than in the other tested media (Fig. 2.18A). Indeed, after 30 s, the hydrogel
placed in water reached a swelling ratio of 25.3 + 0.28 g/g, while lower values were obtained
in PBS and NaCl 0.9% (21.5 + 2.42 and 18.6 + 1.20 g/g, respectively), for the same period. This
fact is probably related to the higher ionic strength of the PBS and NaCl 0.9% solutions, which
decreases the swelling ability of polyelectrolyte hydrogels, due to the decreased osmotic pres-
sure difference between the hydrogel structure and the solution [215].Significantly lower values
were reported by Wu et al. [216] and Udeni Gunathilake et al. [217] for chitin-based hydrogels
(~6 g/g) and chitosan-based hydrogels (4.1 g/g), respectively. In fact, the nearly spontaneous
swelling of Na5+* hydrogels renders them a sponge-like behavior which might enhance the
drug loading capacity [218]. Interestingly, as shown in Fig. 2.18C, despite their high swelling
ratio, the size of the hydrogels remained similar upon swelling in all the tested media.

The water retention kinetics of the Na5:* hydrogels are shown in Fig. 2.18B. It can be ob-
served that after placing at 37 °C for 320 min, over 95% of their water content was evaporated
and the hydrogels considerably reduced their volume (Fig. 2.18C).

Additionally, the water-swollen hydrogels exhibited a lower water loss rate than those swol-
len in PBS or NaCl 0.9% (Fig. 2.18B). The largest difference was noticed after 160 min, where
the water-swollen hydrogels still had retained 42% of their initial water content, while the PBS-
and NaCl-swollen hydrogels had only kept 27% and 25%, respectively. The faster evaporation
of water in these hydrogels may indicate the presence of higher levels of free water in their
structures since free water has the highest mobility and is the first to evaporate [219].

The macroscopic aspect of water-swollen hydrogels is shown in Fig. 2.18C. It was observed
that the visual characteristics of the hydrogel swollen in all three tested media were similar,

with all hydrogels showing a white color.
2.3.3.38. Hydrogels Loading and Release Ability
2.3.3.8.1. Loading Na51* Hydrogels with Caffeine

The Na5+* hydrogels were loaded with caffeine as a model drug (Fig. 2.19). The procedure
involved soaking the freeze-dried structures with a caffeine solution (1.0wt%). The resulting
loaded Na5+* hydrogels were opaque with a whitish color and their dimensions remained sim-

ilar to those before soaking.
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Figure 2.19 — Macroscopic aspect of Na5¢* hydrogels loaded with caffeine.

The entrapment efficiency of caffeine in the Na5+* hydrogels was found to be 13.24 + 1.03%,
with caffeine representing 1.01 + 0.03% of the total weight of the wet hydrogel. This result is
lower than the values reported in the literature for caffeine entrapment in cellulose-based hy-
drogel membranes (100%) [205] and B-glucans microparticles (96.52 +0.63%) [220]. This low
EE% might be explained by the chemical structure of caffeine, which in water tends to proto-
nate, and by the lower acetylation degree of the N-acetyl-glucosamine monomers of CGC. In
fact, it was reported that the use of alkali solvent systems and freeze—thaw cycles promote the
deacetylation of CGC chitin molecules [203]. The Na5+* hydrogels presented a degree of acet-
ylation of 27.93 + 2.82%, which indicates that chitin was converted into chitosan. Thus, the
interactions between protonated caffeine and positively charged deacetylated chitin groups
lead to repulsion due to similar charges. Similar behavior was reported for nanocarriers of chi-

tosan where a caffeine entrapment efficiency of 17.25 + 1.48% was observed [221].
2.3.3.8.2. Characterization of the Na5+* Loaded Hydrogels

The presence of caffeine in the Na5:* hydrogel was detected by FTIR analysis. Fig. 2.20
shows the FTIR spectra of caffeine, the Na5+* hydrogel, and the Na5+* loaded hydrogel. The
caffeine spectrum (Fig. 2.20A) displayed the typical bands of heterocyclic compounds, namely,
at 3115 and 2952 cm™ which depict the stretching of C-H bonds. The absorption peaks at 1697
and 1650 cm™" are characteristic of the carbonyl group (C = O) of amide | and the additional

adsorption peak at 1549 cm™ can be attributed to amide Il [222].
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Figure 2.20 — FTIR spectra of (A) caffeine, (B) Na5+* hydrogels, and (C) Na5:* loaded hydrogels.

As expected, the Na5+* hydrogel spectrum (Fig. 2.20B) is similar to the previously reported
CGC spectrum [203], presenting a characteristic broad and intense band between 3000-3500
cm™, typical of the O-H stretching of hydroxyl groups, which overlaps the stretching peaks of
N-H. The C-H stretching corresponding to CHs; and CH, appeared at wavenumbers 2919 and
2852 cm™’ respectively. The small peaks characteristics of B-1,3-glucans are noticed at 890,
1156, and 1370 cm™" while B-1,6-glucans are represented by peaks at 922, 1045, and 1730 cm™.
The incorporation of caffeine in the hydrogel structure led to a general decrease in the intensity
of Na5¢* hydrogel spectrum bands, namely the O-H band around 3400 cm™ and the C-O
stretching of the saccharide structure at 1020 cm™ (Fig. 2.20C). This impact on the band's in-
tensity might be explained by the high content of caffeine in the hydrogel structure (30.58 +
4.28%, on a dry basis). Furthermore, peaks appearing at 3113 and 2955 cm™' (heterocyclic com-
pounds), 1697 and 1650 cm™' (amide I) confirm the presence of caffeine, indicating a successful
loading. Similar results were reported in several studies where caffeine was encapsulated in
alginate beads [222] and chitosan nanoliposomes [223].

The effect of dehydration and the presence of caffeine on the mechanical and rheological

properties of the Na5:* hydrogels are presented in Table 2.6. Both the rehydration of the
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freeze-dried structure and its loading with caffeine apparently improved the mechanical pa-
rameters of the Na5:* hydrogels, in particular the compressive modulus, which increased sig-
nificantly from 23.0 + 0.89 to 38.06 + 4.46 and 120.0 + 61.64 kPa, respectively, thus demon-
strating that caffeine increased the structure’s rigidity. Consequently, the rehydrated and the
caffeine-loaded hydrogels presented higher toughness (1.67 + 0.09 and 1.8 + 0.33 kJ/m?, re-
spectively) and hardness (11.50 + 0.58 and 15.6 + 2.53 kPa, respectively) values than the orig-
inal Na5:* hydrogel (0.78 + 0.01 kJ/m? 5.04 + 0.14 kPa, respectively). These results suggest
that the freeze-drying process reinforces the hydrogel structure, thus inducing a more rigid
structure upon rehydration. It is attributed to an increase of interactions (hydrogen bonds)
between macromolecules upon drying, forming pore walls made of a more tightly packed and
ordered hydrogen-bonded network structure, similar to what is referred when producing pol-
ysaccharide films by solution casting and drying [224]. Loading caffeine into the same struc-
tures further strengthened the hydrogel’s network and endows enhanced mechanical proper-
ties. According to the literature [225], caffeine molecules are able to bind to saccharide mole-
cules (e.g., glucose), which may promote the observed reinforcement of the hydrogel pore
walls. Though, the nature of caffeine interactions with the polymeric CGC is likely to be more
complex than simple hydrophobic binding. Further studies (e.g., NMR) would be needed to

fully characterize CGC-caffeine bonds.

Table 2.6 — Effect of caffeine on the mechanical and rheological properties of the Na51* hydrogel.

Na5:* Na5:* Rehydrated Na5:* Loaded
Sample
Hydrogel Hydrogel Hydrogel

5 5 Compressive modulus (kPa) 23.0£0.89 38.06 + 4.46 120.0 £ 61.64
E:s g Toughness (kJ/m?3) 0.78 £0.01 1.67 £ 0.09 1.8+0.33
9 ©
% g, Hardness (kPa) 5.04+0.14 11.50 £ 0.58 15.6 £2.53
= o Storage modulus: 1z
S 9 , 1499+ 9.8 186.8 £22.0 315.0+76.7
& 48 (G, Pa)
§ & Loss modulusi Hz e 168 + 25 0.3 4 8.4
5 5 S U 0 2. D to.
2 = (G”, Pa)

In the same way, the rheological properties of hydrogels were also improved by the pres-
ence of caffeine within the structure (Table 2.6, Fig. 2.17C). The Na5:* rehydrated and the
loaded hydrogels presented a rheological profile similar to the original Na5:* hydrogels, ex-
hibiting a predominant elastic behavior (Fig. 2.17B and 2.17C). This fact shows that rehydration

of the freeze-dried hydrogels and the incorporation of caffeine into their structure had no
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significant impact on the viscoelastic degree of the structure and the crosslinked network re-
mained homogenous [211]. As a solid-like structures, the storage moduli values were one order
of magnitude higher than the loss moduli values (Fig. 2.17). Nevertheless, both the rehydration
process and caffeine loading increased the storage and the loss moduli, which is consistent
with the observed enhanced mechanical properties. As demonstrated in Table 2.6, at a fre-
quency of 1 Hz, G’ value was improved from 149.9 + 9.8 to 186.6 + 22.0 Pa and 315.0 £ 76.7
Pa and values of G" increased from 11.9 £ 0.5 to 16.8 £ 2.5 and 29.3 Pa, for rehydrated and
loaded hydrogels, respectively. The strengthening of hydrogels network of polycapro-lactone-
co-lactide (PCLA) by loading certain drugs into the structure was reported by Prince et al. [226].
Additional linkages promoted polymer-polymer interactions which increased G’ values and

new polymer—drug interactions that raised G" values.
2.3.3.8.3. Release of Caffeine from the Na51* Hydrogels

The caffeine release profile of the Na5+* loaded hydrogels was essayed in PBS (pH 7.4) and
NaCl 0.9% (pH 5.5), at 37 °C (Fig. 2.21). It can be observed that a similar caffeine release profile
was obtained for both media, comprising an initial phase where caffeine was rapidly released
(burst phase) followed by a second phase where a steady slower release was achieved. The
initial burst can be explained by the release of caffeine loaded close to the surface of the hy-
drogel [227,228]. Moreover, the maximum caffeine released achieved was similar in both PBS
and NaCl 0.9% solutions (98.7 £ 1.6 and 96.3 + 8.0%, respectively), which might be explained
by the similar swelling behavior of Na5:* hydrogels in each media (Fig. 2.18A).

120

Cumulative release (%)

80 100 120 140 160 180 200
Time (min)

Figure 2.21 — Caffeine release profile of Na5:* hydrogel in PBS (.) and NaCl 0.9% (A ), at 37 °C.
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However, it can be noticed that the release of caffeine from the hydrogel was slightly faster
in NaCl 0.9% solution than in PBS solution. In the NaCl 0.9% solution, 50% of the loaded caf-
feine was release in the first 6 min, whereas in PBS solution it took 10 min to reach the same
release. This behavior might be related to the difference in pH of the solutions that might have
affected the solubility of caffeine [229]. Due to its alkalinity, caffeine solubility is enhanced by
low pH values, which explains its rapid release rate in NaCl solution (pH 5.5). Additionally, the
slightly higher ionic strength of the NaCl 0.9% solution promoted a faster release of caffeine
due to decreased osmotic pressure within the hydrogel structure and weakened interactions
between caffeine and polymer [230].

The mechanism of caffeine release from hydrogels is predominantly controlled by diffusion
[231]. To evaluate the caffeine release kinetics from Na5:* loaded hydrogels, the first 60% of
the released caffeine were analyzed using the Korsmeyer-Peppas model [206], according to

the equation (2.3.8):

— = kt" (2.3.8)

where M; and M. represent the amount of caffeine (g) released at time t and infinite time,
respectively, k is the kinetic constant and nis an empirical parameter for the release mecha-
nism. According to this model, the diffusion mechanism can be classified as controlled diffusion
(Fickian diffusion), anomalous transport (non-Fickian diffusion) and controlled swelling, as a
function of the relationship between the diffusion rate and the polymer relaxation process
[206,232]. For cylinder samples, a value of n< 0.45 indicates a Fickian diffusion, 0.45 < n<0.89
is a non-Fickian diffusion and 72 0.89 represents a relaxation-controlled diffusion. Plotting In
(Mt/Me) vs. In (t), the kinetic parameters n and k can be calculated from the slope and the
interception, respectively.

As shown in Fig. 2.22, the kinetic parameters obtained in the PBS solution (7=0.52 and
k=0.26) and in a NaCl 0.9% solution (n=0.69 and k=0.24) revealed that both release profiles
followed a non-Fickian mechanism of diffusion, where the drug diffusion rate and the polymer
relaxation process are relevant to the drug release rate [211,232]. The results obtained revealed
that drug release from Na5+* hydrogels is not only dependent on the physicochemical prop-

erties of the loaded drug but also on the properties of the medium used to release the drug.
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Figure 2.22 — Plot of In (Mt/M0) vs. In (t) for the caffeine release from Na5:* loaded hydrogels in PBS (.) and

NaCl 0.9% (A ) solutions, following the Korsmeyer-Peppas model.

2.3.4. Conclusions

The procedure for preparing CGC hydrogels comprising polymer dissolution in NaOH by
the freeze-thaw method, followed by coagulation by dialysis of the obtained aqueous solution,
was optimized by reducing the number of freeze-thaw cycles and the total freezing time. The
optimized methodology resulted in CGC hydrogels with improved rheological, mechanical, and
swelling properties, which were assayed for their ability for caffeine loading. The loaded hy-
drogels displayed improved mechanical and rheological properties, with caffeine release pro-
files following a non-Fickian diffusion mechanism in PBS and NaCl 0.9% solutions. Therefore,
this study demonstrated that CGC can be processed into hydrogels by a simple procedure and

the resulting structures possess suitable properties for their use as drug delivery systems.
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2.4. Chitin-glucan complex hydrogels: physical-chemical char-
acterization, stability /n vitro drug permeation, and biological
assessment in primary cells

The results shown in this chapter were adapted from:

e Araljo, D., Rodrigues, T., Roma-Rodrigues, C., Alves, V.D., Fernandes, AR, Freitas, F.
Chitin-glucan complex hydrogels: Physical-chemical characterization, stability, /n vitro
drug permeation and biological assessment in primary cells. Polymers 2023, 15, 791.

https://doi.org/10.3390/polym15040791.

Summary

Chitin-glucan complex (CGC) hydrogels were fabricated by coagulation of the biopolymer
from an aqueous alkaline solution, and their morphology, swelling behavior, mechanical, rhe-
ological, and biological properties were studied. In addition, their /n vitro drug loading/release
ability and permeation through mimic-skin artificial membranes (Strat-M) were assessed. The
CGC hydrogels prepared from 4 and 6wt% CGC suspensions (Na5:** and Na5:*® hydrogels,
respectively) had polymer contents of 240 + 0.15 and 3.09 + 0.22wt%, respectively, and dis-
played a highly porous microstructure, characterized by compressive modulus of 39.36 and
47.30 kPa and storage modulus of 523.20 and 7012.25 Pa, respectively. Both hydrogels had a
spontaneous and almost immediate swelling in aqueous media, and a high-water retention
capacity (>80%), after 30 min incubation, at 37 °C. Nevertheless, the Na5:** hydrogels had
higher fatigue resistance and slightly higher-water retention capacity. These hydrogels were
loaded with caffeine, ibuprofen, diclofenac, or salicylic acid, reaching entrapment efficiency
values ranging between 13.11 + 0.49% for caffeine, and 15.15 + 1.54% for salicylic acid. Similar
release profiles in PBS were observed for all tested APIs, comprising an initial fast release fol-
lowed by a steady slower release. /n vitro permeation experiments through Strat-M membranes
using Franz diffusion cells showed considerably higher permeation fluxes for caffeine (33.09
ug/cm?/h) and salicylic acid (19.53 pg/cm?/h), compared to ibuprofen sodium and diclofenac
sodium (4.26 and 0.44 pg/cm?®/h, respectively). Analysis in normal human dermal fibroblasts
revealed that CGC hydrogels have no major effects on the viability, migration ability and mor-

phology of the cells. Given their demonstrated features, CGC hydrogels are very promising
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structures, displaying tunable physical properties, which support their future development into

novel transdermal drug delivery platforms.
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2.4.1. Introduction

Hydrogels are hydrophilic structures with the ability to absorb large amounts of water inside
their three-dimensional polymeric network [196,233].

Polysaccharides emerged as very promising materials for the fabrication of hydrogels due
to their nontoxicity, biocompatibility, biodegradability, and affordability [127,234]. Polysaccha-
ride-based hydrogels have demonstrated great potential as delivery platforms for controlled
drug delivery [235,236]. As drug delivery systems, polysaccharide-based hydrogels present im-
proved functionalities such as stimuli-responsiveness, sustained drug release, target specificity,
and therapeutic efficacy [237,238].

CGC hydrogels can be fabricated by polymer coagulation from an alkali solution [150,239].
The procedure involves CGC dissolution in alkali solvent systems based on NaOH, to which
freeze-thaw cycles are applied. CGC-based physical hydrogels spontaneously form during di-
alysis of the CGC alkali solution in water. This methodology was optimized in terms of freeze-
thaw cycles and total freezing time, thus reducing the overall hydrogel preparation procedure
time without impacting on their physical properties. The resulting CGC-based hydrogels were
evaluated as a drug delivery system, using caffeine as a model drug (Section 2.3).

In this study, the procedure was further optimized by increasing the CGC concentration used
for hydrogel fabrication, whose morphology, mechanical and rheological properties were as-
sessed. Furthermore, the hydrogels’ drug loading and release were studied, and permeation
studies were performed to evaluate the potential of CGC hydrogels to be used as topical or

transdermal delivery platforms.

2.4.2. Materials and Methods

24.2.1. Materials

CGC with a chitin content of 35.6% was extracted from the yeast Komagataella pastoris
(DSM 70877) produced as described by Araujo et al. [155]. Caffeine (99%), diclofenac sodium
salt (98%), ibuprofen sodium salt (98%), and salicylic acid (99%) were purchased from Alfa Ae-
sar, Tokyo Chemical Industry Co, Sigma-Aldrich, and BDH, respectively.

24.2.2. Preparation of the CGC hydrogels

The CGC hydrogels were prepared as described in section 2.3.2.2, with slight modifications.
Briefly, the CGC powder was dispersed in a NaOH 5 mol/L solution, at two biopolymer
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concentrations (4 and 6wt%), and the suspensions were kept at -20 °C. After that, the samples
were thawed, extensively stirred (500 rpm, 1 h), at room temperature, and frozen again at -20
°C until achieving a total freezing time of 18 h. The undissolved fraction was removed from the
suspensions by centrifugation (at 40 000 or 60 000 x g for the 4 and the 6wt% solutions, re-
spectively), for 30 min, at 8 °C. The hydrogels were obtained by coagulation of the biopolymer
during dialysis (12-14 kDa MWCO membranes, Spectra/Por®, Spectrum Laboratories Inc., Pis-
cataway, NJ, USA) of the alkali solutions, against deionized water, as described in section
2.2.2.2. The hydrogels prepared with 4 and 6wt% were labelled as Na5:* and Na5:*¢ hydrogels,

respectively.
24.2.3. CGC hydrogels characterization
24.2.3.1. Chemical characterization

The water content of the hydrogels was assessed gravimetrically by freeze drying using the
equation 2.2.1. The chitin content was determined by elemental analysis following equation

2.1.2.
24232 Morphology, density and porosity

The morphology of the Na5:** and Na5:*¢ hydrogels were analyzed by SEM, as described in
section 2.2.2.6, using magnifications of 500x and 1500x.
The hydrogels' density and porosity were assessed gravimetrically and by the solvent re-

placement method, respectively as described in section 2.3.2.3.2.
24.24. Compressive mechanical analysis

The compressive mechanical properties of the CGC hydrogels were evaluated with a texture
analyzer TMS-Pro (Food Technology Corporation, Slinfold, West Sussex, UK) equipped with a
50 N load cell. The uniaxial compressive tests were performed as described in section 2.3.2.3.3.
The hysteresis test was performed by compressing the cylindrical hydrogel samples in loading
cycles to a maximum compression of 50% strain, with a speed rate of 60 mm/min and unload-
ing at the same rate. The dissipation energy was calculated by measuring the area between the
loading—unloading curves. To prevent water evaporation during the test, a thin layer of paraffin
oil was applied to the hydrogel surface. All the experiments were performed at room temper-

ature (20 = 0.2 °Q).
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2.4.2.5. Rheological properties
The rheological properties of the samples were analyzed as described in section 2.2.2.4.
24.2.6. Swelling and water retention behavior

The swelling ability and the water retention behavior of the Na5:** and Na5:*® hydrogels

were determined gravimetrically, as described in section 2.3.2.3.5.
24.27. Preparation of API-Loaded CGC Hydrogels

The Na5:** hydrogels were individually loaded with four different APIs, namely, caffeine,
diclofenac, ibuprofen, and salicylic acid by diffusion method. Given the different water solubil-
ities of the four APIs, solutions of 1.0wt% caffeine, 0.1wt% diclofenac, 1.0wt% ibuprofen, and
0.1wt% salicylic acid were prepared. For APl loading, pre-weighed cylindrical freeze-dried hy-
drogel samples were immersed in the corresponding solution, for 24 h, at room temperature.
After that period, APl-loaded hydrogel samples were removed from the solutions, blotted with
filter paper, and weighed (W, mg). Drug loading (DL, mgapi/cm?) and entrapment efficiency
(EE, %) were calculated with equations (2.4.1) and (2.4.2) [205,240] as follows:

_ (wy— Wdry)x Capr
\%4

EE = Yeaded » 10 (2.4.2)

Wapr

DL

(2.4.1)

where Wqry (g) represents the initial mass of dry hydrogel, Capi (Wt%) corresponds to the con-
centration of the API solution, Wicaded is the APIl-loaded weight, and Wap (g) represents the

mass of API available.
24.2.8. In Vitro Drug Release Studies

Drug release studies were performed by immersion of cylindrical freeze-dried API
loaded hydrogels in 100 mL of PBS (pH 7.4), at 37 °C, for 4 h, under constant stirring (100 rpm).
At predetermined time intervals, samples of 2 mL of the receptor medium were withdrawn and
the same volume was replaced with a fresh and preheated medium. APIs concentrations in the
withdrawn solution were determined by UV-Vis spectrophotometer (CamSpec M509T, Leeds,
UK), at a wavelength of 273 nm for caffeine, 275 nm for diclofenac, 264 nm for ibuprofen, and
296 nm for salicylic acid. The APIs' cumulative release values were fitted to the Korsmeyer—

Peppas model, according to equation 2.3.8.
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2.4.2.9. In Vitro Drug Permeation Studies

The drug permeation studies were performed using a Franz diffusion cell (PermeGear Inc.,
Hellertown, PA, USA) with a 3.14 cm? diffusion area and a receptor volume of 10 mL. Strat-M
membranes (Merck Millipore, Darmstadt, Germany) were used as skin-mimic artificial mem-
branes. Prior to the diffusion experiments, the membranes were soaked in PBS (pH 7.4), at
room temperature, for 12 h. After that period, the membranes were placed between the donor
and the receptor compartments, and the latter was filled with PBS. The system was maintained
under constant magnetic stirring (500 rpm), and the temperature was controlled at 37 °C by a
circulating water bath.

In each experiment, a cylindrical API-loaded hydrogel sample (1.7 cm diameter; 0.3-0.5 cm
thickness) was applied to the membrane. To minimize evaporation, the donor compartment
and sampling port were occluded with parafilm. Periodically, a 400 pL sample was collected
from the receptor compartment, and the same volume was replaced with a fresh and preheated
receptor solution. Ibuprofen, caffeine, and diclofenac concentrations in the withdrawn solution
were determined by HPLC (Dionex Summit, Sunnyvale, CA, USA) using an Eclipse C18 column
4.6x250 mm (Agilent, Santa Clara, CA, USA) equipped with an amperometric detector. The
analysis was performed at 25 °C, with acetonitrile-dipotassium hydrogen phosphate (65:35 v/v)
as eluent, at a flow rate of 0.7 mL/min. The salicylic acid concentration in the withdrawn solution
was determined by HPLC, using a Luna C18 column 4.6x250 mm (Phenomenex, Torrance, CA,
USA). The mobile phase was a mixture of acetonitrile and 0.1% of trifluoroacetic acid (TFA) used
with the concentration of ACN varying from 12.5 to 100 to 12.5% in 0.1% TFA with the flow

rate of 0.5 mL/min. The analysis was performed at 25 °C.
24.2.10. CGC Hydrogels Effect on Fibroblasts

For the wound scratch assay, normal human dermal fibroblasts, acquired from ATCC (PCS-
201-010, Manassas, VA, USA), were seeded on a 35 cm? tissue plate at a cell density of 4x10°
cells/plate, in Dulbecco’s modified Eagle medium (DMEM, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% (v/v) fetal bovine serum (ThermoFisher Scientific) and a
mixture of 100 U/mL penicillin and 100 pg/mL streptomycin, and incubated at 37 C, 5% (v/v),
and 99% (v/v) relative humidity, until confluence was reached. A scratch on the confluent mon-
olayer was performed using a sterile micropipette tip, the medium was replaced by fresh me-
dium and a sterilized CGC hydrogel freeze-dried sample with 5 mm diameter was placed over

the scratch. For control purposes, a scratch was also done on another tissue plate that was not
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submitted to the presence of the CGC hydrogel. Regions of the scratch were imaged at 0 h and
after 12 h with a Cytosmart Lux2 (Cytosmart technologies, Eindhoven, The Netherlands) and
the size of the wound scratch was measured using ImageJ software.

The morphology of fibroblast cells after exposure to the hydrogel sample was evaluated by
confocal microscopy. After measuring the scratch, the cells were fixed with 4% (w/v) formalde-
hyde, washed 3 times with PBS, and then permeabilized for 5 min with 0.1% (v/v) Triton X-100.
Afterwards, the cells were incubated with 1% (w/v) bovine serum albumin, actin was stained
with AlexaFluor 488 Phalloidin (Thermo Fisher Scientific) according to the manufacturer’s pro-
cedure recommendations, and nuclei were stained with 7.5 ug/mL Hoechst 33258 (Thermo
Fisher Scientific). Cells were visualized in a Zeiss LSM 710 confocal microscope, and five differ-
ent images of cells exposed to CGC hydrogel were acquired using microscope software (Zen
black edition, 2011).

Fibroblasts' viability was evaluated by preparing four wells in a 24-well plate, two with 7500
cells/well and two without cells. After 24 h for cell adherence, the CGC hydrogel sample (5 mm
diameter) was added to a well with cells and to a well without cells. After 24 h, the medium
was replaced by fresh medium supplemented with 3-(4,5-dimethylthiazol-2-yl)-5-(3-carbox-
ymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium, inner salt (MTS, Promega, Madison, WI,
USA), and the absorbance was measured at 490 nm, according to manufacturer’s instructions.
The percentage of fibroblasts' viability (%) exposed to CGC hydrogel was measured using

equation (2.4.3) as follows:

, iys Abs. ibroblasts with CGC hydrogel— Abs. medium with CGC hydrogel
Viability = 490 f Yerog 490 Y09 % 100 (2.4.3)

AbS49¢ fibroblasts— Abs,gg medium

24.2.11. Statistical Analysis

The experimental data from all the studies were expressed as mean + standard deviation

(SD). Error bars represent the standard deviation (n > 3).

2.4.3. Results and Discussion

24.3.1. Hydrogels Fabrication

The CGC hydrogels, named Na5:** and Na51*¢, prepared from 4 and 6wt% CGC suspensions,
respectively, had polymer contents of 2.40 + 0.15 and 3.09 + 0.22wt% (Table 2.7), respectively,
which shows that the CGC content of the suspensions was not completely solubilized in the

NaOH solution. In fact, around 60% of the polymer in the 4wt% suspension was dissolved in
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NaOH, while it decreased to 51.5% for the 6wt% suspension. Compared to previous work,
where hydrogels with a polymer content of 1.66 + 0.11wt% were obtained from a 2wt% CGC
suspension in NaOH 5 M (named Na5+* hydrogels) [239], corresponding to a dissolution of
83% of the biopolymer, it is clear that increasing the initial CGC content in the alkali suspension
results in lower solubilization of the biopolymer. Nevertheless, the obtained hydrogels had
higher polymer content (Table 2.7). As demonstrated in Table 2.7, all CGC hydrogels presented
characteristic high water contents, above 96%, and had similar chitin contents (20.9 + 0.78 and

214 + 0.71%, for the Na5:** and Na51*® hydrogels, respectively).

Table 2.7 —Chemical characterization, compressive mechanical properties (under 80% strain), and dissipation

energies (cycles under 50% strain) of Na5:** and Na51*® hydrogels.

Samples Na5* Na5* Na5*
CGCinitial (Wt%) 2 4 6
CGCrydrogel (Wt%) 1.66 + 0.11 240 £ 0.15 3.09 £0.22
Water content (wt%) 98.34 + 0.11 97.60 + 0.15 9691 + 0.22
Porosity (%) 538 £ 10.3 794 £ 0.60 72.0 £ 043
Density (g/cm?) 0.019 £ 0.001  0.037 + 0.005 0.052 + 0.010
Hardness (kPa) 5.04 £ 0.14 10.08 + 0.89 13.16 £ 0.15
Compressive modulus (kPa) 23.00 + 0.89 39.36 + 0.36 4730 + 2.04
Toughness (kJ/m?) 0.78 + 0.015 1.61 +£0.33 2.14 + 012
Dissipation energy (kJ/m?)
0 min - 0.38 + 0.09 2.38 £ 0.56
30 min - 0.26 £ 0.02 0.70 £ 0.02
60 min - 0.24 +0.01 0.40 + 0.04
120 min - 0.19 £ 0.01 0.25 + 0.06
References [239] This study This study

The Na51*¢ hydrogels revealed a slightly lower porosity (72.0 + 0.43%) than the Na5:™ hy-
drogels (79.4 + 0.60%) (Table 2.7), but considerably higher than the value reported for the
Na5+* hydrogels (53.8 + 10.3%) [239]. The higher CGC concentration of the Na5:*® hydrogels
resulted in structures with a higher density (0.052 + 0.010 g/cm?) compared to the values found
for the Na5¢** (0.037 + 0.005 g/cm?®) and the Na5:* (0.019 + 0.001 g/cm®) hydrogels (Table 2.7).
The porosity and density of hydrogels are essential parameters determined by their micro-
structure that significantly influence their physicochemical properties and their loading and

release ability [241].
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24.3.2. Morphological Characterization

Fig. 2.23 shows the macroscopic appearance of the Na5:** and Na5:*® hydrogels immedi-
ately after the removal from the dialysis membrane (Fig. 2.23A) and after being cut into small
samples (13.7 mm diameter, 0.7-1.1 cm height) (Fig. 2.23B), using a cylindrical mold to obtain
samples with similar dimensions. Macroscopically, no significant differences were observed be-
tween the Na5:** and Na5:*® hydrogels. The fresh hydrogels were translucid and exhibited a
yellowish coloration (Fig. 2.23A and 2.23B). However, a more intense coloration was observed

for the Na5:*¢ hydrogels, which can be related to their higher polymer content.

(A) (B) (C) (D)

gy N .

Figure 2.23 — Na5:** and Na5:*¢ hydrogels: (A) immediately after dialysis, (B) after being cut with cylindrical
mold and (C, D) SEM images of the hydrogels. Hydrogel regions observed under magnification 1500x (D) were

expanded from images presented under magnification 500x (C).

SEM analysis (Fig. 2.23C and 2.23D) revealed that for both hydrogels the polymeric chains
formed a heterogeneous and compact three-dimensional network, which is concomitant with
the structures previously reported for CGC hydrogels [150,239]. However, the Na5:** hydrogels
presented more irregular and open regions, while a regular and consistent microstructure was
observed for the Na5:*® hydrogels (Fig. 2.23C). Upon magpnification, smaller pores were ob-
served for the Na5:*® hydrogels (Fig. 2.23D) which explains the denser and tighter microstruc-
ture of these structures. Similar observations were reported for chitosan [242] and cellulose
hydrogels [243] upon increasing polymer concentration. The denser inner structure of the
Na5:*® sample can be explained by the higher physical crosslinking and chain entangling of
CGC molecules displayed by those hydrogels. The observed lower pore size and denser struc-

ture of the Na5:*® hydrogels are related to their higher polymer content [244]. These
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observations are in line with the increased density and lower porosity values obtained for the

Na5:* hydrogels (Table 2.7).
24.3.3. Mechanical properties

The mechanical properties were evaluated by performing two types of experiments, namely,
the application of a single 80% strain compression (Fig. 2.24) to determine the hydrogels’ hard-
ness, compressive modulus, and toughness (Table 2.7), and the application of cyclic compres-
sive tests (Fig. 2.25A and 2.25B) to evaluate the dissipation energy (Table 2.7). As shown in
Table 2.7, the highest hardness (13.16 + 0.15 kPa), compressive modulus (47.30 + 2.04 kPa),
and toughness values (2.14 = 0.12 kJ/m?) were observed for the Na5:*® hydrogels. This result
is probably related to the higher polymer content of those hydrogels (3.09 + 0.22wt%) com-
pared to the Na5:** and Na5+* hydrogels (2.40 + 0.15 and 1.66 + 0.11wt%, respectively) (Table
2.7). Liu et al. [245] reported higher hardness (2.0 kPa) for carboxymethyl chitin 2.0wt% hydro-
gels, compared to 0.5 kPa for hydrogels with 1.0wt% polymer content. Similar behavior was
also demonstrated for gelatin methacrylate hydrogels, where the compressive modulus was
significantly improved when the polymer concentration was increased from 5 to 10% [244]. In
general, these results can be explained by the increase in multiple physical interaction sites and
entrapped entanglements resulting from increased polymer concentration [246].

Despite this, all samples displayed similar compressive stress-strain curves (Fig. 2.24), char-
acteristic of non-linear and viscoelastic solids [247], for which the rupture strain occurred be-
tween 50 and 60%. These results suggest that increasing the polymer concentration in the CGC

hydrogels has no significant impact on their capacity to withstand deformation.
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Figure 2.24 — Compression stress-strain curves of Na5¢* (blue line), Na5:** (orange line), and Na5:*¢ (black

line) hydrogels.
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The cyclic compressive tests, in which the wet hydrogel samples were subjected to loading
cycles at increasing periods of time (30, 60 and 120 min) at a maximum compression of 50%
strain, revealed that the Na5:*¢ hydrogels presented higher dissipation energy values than the
Na5:** hydrogels (Table 2.7), for all tested loading times, despite decreasing with increasing
loading cycles. In fact, the original Na5:* hydrogel sample presented a dissipation energy of
2.38 + 0.56 kJ/m?, while after 120 min the value decreased to 0.25 + 0.06 kJ/m?>. The Na5;**
hydrogels, on the other hand, although having a lower original dissipation energy (0.38 + 0.09
kJ/m?), was less impacted by the consecutive loading cycles, displaying a value of 0.19 + 0.001
kJ/m? after 120 min (Table 2.7). These results indicate that increasing the polymer concentra-
tion led to a more efficient energy dissipation of the Na5:*® hydrogels, but the efficiency de-
creased by applying more cycles.

The compression loading-unloading curves are shown in Fig. 2.25A and 2.25B. It can be
observed that the loading curves differed from the unloading curves for all the tested periods
of time. Moreover, the hysteresis loops or the area of loading and unloading closed curves,
which reflected the dissipated energy, decreased as the number of cycles increased for all hy-
drogel samples. Nonetheless, the Na5:** hydrogels had a better recovery behavior as shown
by the compressive stress values that decreased from 7.99 kPa for the first cycle to 5.56 kPa for
the fourth cycles (Fig. 2.25A), compared to the Na5:*¢ hydrogels for which a more significant
decrease was observed (from 18.91 to 6.25 kPa, for the first and second cycles, respectively)
(Fig. 2.25B). A similar behavior was reported by Shen et al. [248] for chitosan-gelatin hydrogels,
for which a decrease in the hysteresis loop area was observed, followed by a plateau value, as
compressive cycles increased. The authors attributed this behavior to the remarkable fatigue
resistance of the hydrogels.

For the Na5:*¢ hydrogels, there was a drastic decrease in the dissipated energy and com-
pressive stress. As shown in Fig. 2.25B, a large hysteresis was obtained for the first cycle, cor-
responding to a compressive stress of 18.91 kPa, which decreased to 6.25, 3.83, and 3.36 kPa
for the subsequent cycles. This significant reduction in dissipated energy concomitant with a
decrease in strength might be attributed to a low recovery ability due to the internal fracture
of the hydrogel structure during the first loading-unloading cycle [249]. These results show
that, although the Na5:*® hydrogels were tougher probably due to their higher polymer con-

tent, the Na5:** had higher fatigue resistance.
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Figure 2.25 — Loading-unloading curves of (A) Na5:** and (B) Na5:*¢ hydrogels, under 50% strain.

2434. Rheological properties

As shown in Fig. 2.26A, both hydrogels exhibited predominantly elastic characteristics, with
the elastic (storage) modulus G’ exceeding in one order of magnitude their corresponding vis-
cous (loss) modulus G” over the whole range of frequencies. Both G’ and G were mainly fre-
quency-independent, suggesting the formation of a stable structure [250]. Similar elastic be-

havior has been previously reported for Na-based CGC hydrogels [150,239].
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Figure 2.26 — Rheological properties of the Na5:** (A) and Na5:1*¢ (®) hydrogels at 25 °C: (A) Mechanical spec-

trum storage (G, solid symbols) and loss moduli (G", open symbols), (B) Loss tangent (Tan 3).

The Na5:*¢ hydrogels exhibited higher values of both G' and G" across the entire range of
frequencies (Fig. 2.26A), which can be related to their higher polymer content. For a frequency

of 1 Hz, the Na5:* hydrogels presented a G' of 702.25 + 28.65 Pa, while lower values were
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reached for the Na5:** hydrogels (523.20 + 21.08 Pa), as well as for the Na5* hydrogels (149.9
+ 9.8 Pa) [239]. This behavior can be explained by the denser crosslinked structure of the Na5*®
hydrogels formed (Fig. 2.23C) due to the higher polymer concentration and has been reported
for other CGC-based hydrogels. An example is the hydrogel prepared with Ganoderma lucid-
/um CGC dissolved in ILs [251], for which the authors reported a gel strength increase (from
~3500 to ~7000 Pa, at 1 Hz) by increasing the polymer concentration from 4 to 6wt%.

The viscoelastic behavior of CGC hydrogels was also determined by the value of the loss
tangent of delta (tan 8) which represents the ratio of energy lost to energy stored during de-
formation [252]. As shown in Fig. 2.26B, both hydrogels exhibited tan & values below 1, which
confirms the elastic characteristics of CGC hydrogels [252]. Moreover, it can be observed that
by increasing the frequency a decrease in the tan & values was achieved, and for both hydro-
gels, a plateau was reached. This behavior is associated with the mostly frequency-independent
performance of both moduli (Fig. 2.26A). Similar behavior was reported for chitosan-based
hydrogels [253], however, those structures were weaker than CGC hydrogels since higher tan §
values (above 0.15) were obtained. Over the whole range of frequencies, the Na5:** hydrogels
presented lower tan § values (0.049 — 0.100) compared to Na5:*® hydrogels (0.067 — 0.118). The
results indicate that during deformation, Na5:** hydrogels have more elastic characteristics
which give them a higher ability to store energy than to dissipate it. These findings are in
accordance with the mechanical properties and revealed that increasing the polymer content

led to the fabrication of more rigid hydrogels.
24.3.5. Swelling ratio and water retention behavior

The swelling ability of CGC hydrogels was assessed by immersing freeze-dried hydrogel
samples in three different media (deionized water, PBS, and NaCl 0.9%) at 37 °C, for 10 min.
Macroscopically, after freeze-drying, the structures’ dimensions were kept (Fig. 2.27A), showing
that the polymer network was not significantly affected by water removal. Moreover, the struc-
tures presented a lighter yellowish coloration and were rigid. Upon rehydration, in spite of the

similar dimensions, hydrogels exhibited a whitish color and became opaque (Fig. 2.27B).
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Figure 2.27 — Macroscopic appearance of (A) freeze-dried and (B) swollen CGC hydrogel samples.

As shown in Fig. 2.28A, upon immersion in the aqueous media for 10 min, the Na5,* hy-
drogels presented a high swelling ratio, achieving values of 20.3 + 0.4, 194 + 1.5, and 19.0 +
1.1 g/g for deionized water, PBS, and NaCl 0.9%, respectively. Due to their lower polymer con-
tent, these structures presented a decreased crosslink density and, consequently, higher pore
sizes for water absorption, as demonstrated by the SEM images (Figs. 2.23C and 2.23D). In
contrast, for a similar time period, lower swelling ratio values (17.8 + 0.3, 15.3 £ 1.5, and 15.5
+ 1.9 g/g, respectively) were obtained for the Na5:*® hydrogels. In general, the obtained values
for Na5:** and Na5:*® hydrogels were lower than the ones reported for Na5:* hydrogels (28.6
+ 1.3, 21.0 £ 0.5, and 19.2 + 0.5 g/g, respectively) which is in line with the lower polymer
content of the later (Table 2.7). Analogous performance was reported by Liu et al. [251] for the
Ganoderma lucidium CGC hydrogels, whose swelling ratio also decreased (from 1181.0 to
1891.0%) as the polymer concentration increased from 2 to 7wt%. However, in deionized water,
the hydrogels prepared with 4 and 6wt% of polymer exhibited lower swelling ratio values

(~1400%, corresponding to 14 g/g) when compared to Na-based CGC hydrogels.

Swelling ratio (g/g)
Water retention (%)

Deionized PBS NaCl10.9% Deionized PBS NaCl10.9%
water water
Figure 2.28 — Swelling ratio (A) after 10 min and water retention capacity (B) after 30 min incubation of the

Na5+** (dark grey) and the Na51*® (light grey) hydrogels, in deionized water, PBS, and NaCl 0.9%, at 37 °C.
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For all the tested media, both hydrogels exhibited exceptional water absorption ability
(19.0-20.3 and 15.3-17.8 g/g, for the Na5:** and the Na5:*® hydrogels, respectively), due to the
presence of hydroxy and amino groups in the CGC macromolecules that provided it high hy-
drophilicity and surface polarity [214]. Moreover, it can be observed that for both hydrogels
the swelling ratio was higher in deionized water than in either PBS or NaCl 0.9% (Fig. 2.28A).
This behavior has been also reported for Na5:1* hydrogels and it can be related to the difference
in osmotic pressure between the hydrogel's structure and the saline solutions [239]. Further-
more, the neutral pH of the PBS solution (7.4) might induce an increase in the swelling ratio of
hydrogels due to the deprotonation of -NHs and the intra-chain hydrogen bonds in the hy-
drogel matrix [254]. Nonetheless, the slight difference between the swelling ratio in PBS and
NaCl 0.9% suggested the absence of a pH-sensitive swelling behavior. Additionally, for both
hydrogels, the swelling equilibrium was reached almost spontaneously (data not shown) in all
the tested media, which demonstrates the sponge-like behavior of these structures (Fig. 2.27).

For the assessment of the water retention ability, swollen samples of the three different
media were incubated at 37 °C, for 30 min. At specific times, the water loss was evaluated by
weighing the samples. Fig. 2.28B shows the water retention ability of the Na5:** and Na5*®
hydrogels. As demonstrated, after 30 min at 37 °C, both hydrogels were able to retain above
80% of their water content. Despite their lower swelling ratio, the Na5:*¢ hydrogels had a higher
water retention capacity (87.3 — 90.2%) than the Na5:** hydrogels (84.6 — 86.2%), which may
be due to their more compact network structure. Nevertheless, for the tested period, no sig-
nificant differences were observed between the hydrogels’ water retention ability in the differ-
ent media.

The swelling behavior defines the water absorption capacity of hydrogels, and it has a direct
impact on their ability to load and deliver drugs [255]. In fact, a conventional method for load-
ing hydrogel structures is performed by soaking a preformed hydrogel in a drug solution and
allowing it to swell to equilibrium, avoiding adverse effects on drug properties caused by
polymerization [213]. The subsequent drug release includes the simultaneous absorption of
water into the hydrogel matrix and the desorption of drugs via diffusion. Several studies
demonstrated that higher swelling ability leads to increased drug loading and drug release
rates. For example, Suhail et al. [256] reported a decreased drug loading capacity of chondroitin
sulfate-based hydrogels that presented lower swelling when compared to the ones with higher

swelling.
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Given their interesting mechanical and rheological properties, particularly their higher fa-
tigue resistance, as well as their higher swelling ability, the Na5:** hydrogels were selected for

the subsequent tests, namely APIs loading and /n vitro release, and permeation tests.
2.4.3.6. Hydrogels loading and release ability
24.3.6.1. Loading of API

The drug loading capacity of the Na5:** was evaluated by soaking cylindrical freeze-dried
hydrogel samples in four individual APIs solutions, namely caffeine, salicylic acid, diclofenac
sodium, and ibuprofen sodium, at room temperature, for 24 h. Table 2.8 shows that the higher
concentration of caffeine and ibuprofen sodium loading solutions (1.0wt%) led to a higher
amount of those APIs within the hydrogel’s matrix (11.98 and 11.25 mg/cm’, respectively). On
the other hand, due to the low water solubility of diclofenac sodium and salicylic acid, lower
concentrations of those APIs (0.1wt%) were used and, consequently lower drug loading capac-
ity values were obtained (1.30 and 1.49 mg/cm?, respectively). In fact, the drug concentration
of the loading solution has a direct effect on the hydrogels’ drug loading since the increase in
the concentration of the drug leads to a higher amount of drug available to be loaded in the
hydrogels’ structure. A similar effect has been reported for several drug delivery systems in-
cluding calcium pectinate beads [257] and chitosan-silk fibroin films [258]. Indeed, the latter
structures achieved an increase in diclofenac content from 1.075 to 4.564 ug/mm? using drug

loading solutions of 62.5 and 250 pg/mL, respectively.

Table 2.8 —Concentration of loading solutions, drug loading (DL, mg/cm3), entrapment efficiency (EE, %) and
Korsmeyer-Peppas model parameters obtained from the /n vitro release kinetics of Na5:*4 hydrogels; R?, regression

coefficient; n, release exponent.

API Loadl?vgti/z;utlon (mgldms) (]i/f) " R2
Caffeine 1.0 11.98 £ 1.29 13.11+0.49 0.523  0.996
Sodium Diclofenac 0.1 1.30 £ 0.05 14.70 £ 0.60 0.520  0.996
Salicylic Acid 0.1 1.49 +0.15 15.15+1.54 0.666  0.996
Sodium Ibuprofen 1.0 11.25+2.04 14.43 + 0.88 0.491  0.995

Additionally, the loading method also significantly affects the drug loading content. For
example, Sriamornsak et al. [257] reported a decrease in the drug content on calcium pectinate

beads when the drug loading process was based on gel swelling (0.97 —4.37 mg/g), compared
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to mixing (27.97 — 29.15 mg/g). Despite the higher values of drug content achieved, the pro-
cesses used for the formation of CGC hydrogels preclude the use of mixing methods.

Moreover, it was noticed that the entrapment efficiency was also affected by the physico-
chemical characteristics of the different tested APIs. As shown in Table 2.8, caffeine reached
the lowest value of EE% (13.11 £ 0.49%), which can be explained by the API ionization and the
lower acetylation degree of the N-acetyl-glucosamine monomers of CGC [239]. On contrary,
the highest EE% values were obtained for salicylic acid, reaching values of 15.15 + 1.54%, which
might be justified by the low molecular weight (138.12 Da) of the API's molecules. In fact, with
the loading swelling method, the drug’'s molecular weight has a significant impact on the drug
loading process. For example, Caliceti et al. [259] reported a linear correlation between drug
molecular weight and loading yield where a decrease in loaded drug amount was obtained as
the drug molecular weight increased.

This behavior was also observed by Sethi et al. [260] that described a similar soaking method
to load xanthan gum-starch hydrogels with paracetamol and aspirin, and higher EE% values
were achieved (70.12 and 62.14%, respectively). Despite the low solubility of aspirin, its higher
molecular weight might have a negative impact on the loading process. Wong et al. [211] re-
ported a higher loading percentage of ibuprofen (59.08 + 3.97%) compared to diclofenac
(20.68 £ 0.47%) in poly(ethylene oxide) hydrogels using loading solutions with concentrations
of 8.01 and 1.98% (w/v), respectively. In this case, the use of higher concentrations of loading

solutions may contribute to the increased values achieved compared to CGC-based hydrogels.
24.3.6.2. In vitro release studies

The release studies were conducted by placing the API-loaded Na5:** hydrogels in PBS so-
lution, at 37 °C. The cumulative release profiles of the four APIs are shown in Fig. 2.29. It can
be observed that hydrogels presented a release profile predominantly controlled by diffusion,
characterized by an initial burst release [261]. For all the APIs tested, within 3 h of the experi-
ment, the amount of APl loaded in the structure of the hydrogel was totally released. An anal-
ogous drug release profile has been previously reported for caffeine-loaded CGC hydrogels
[239]. However, due to their higher polymer content and consequent lower pore size, slightly
lower release rates were displayed by the Na5:** hydrogels compared to the Na5:* hydrogels.
In particular, the latter achieved a caffeine release of around 50% after 10 min in the same

release media, while values of 40% were reached for Na5:** hydrogels. A similar behavior was
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described for the polyacrylamide hydrogels that presented a 30% decrease in drug delivery
rate when polymer concentration was increased from 2.5 to 10% [262].

Pore dimensions determine the diffusion of the drug through the hydrogel since it controls
the steric interactions between the drug and the polymer network [261]. Moreover, when the
drug molecules are smaller than the hydrogels” pores, a fast diffusion occurs, and a short re-
lease duration is obtained. Fig. 2.29 shows that as the molecular weight of the APl increased, a
slight decrease in the drug release was observed. Indeed, salicylic acid, which was the API with
the lower molecular weight, presented the highest release rate. On the other hand, the slowest
release rate was obtained for diclofenac which has a higher molecular height. As shown in Fig.
2.29, within 1 h, a salicylic acid release percentage of 90.11 + 3.11% was achieved, whereas a
lower value (73.38 + 1.02%) was reached for diclofenac sodium. For the same period and anal-
ogous released media, slower released rates were reported by Gull et al. [263] for the chitosan-
based hydrogels, whose diclofenac release achieved values between 30 and 50%. However, a
similar release percentage (>90%) was obtained after 130 min of the experiment. This differ-
ence might be attributed to the higher swelling ability of CGC-based hydrogels, at pH 7, which

allows an increase in the drug release rate from the structure [256].
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Figure 2.29 — Cumulative release profile of caffeine (4, blue line), diclofenac sodium (®, green line), salicylic acid

(m, orange line), and ibuprofen sodium (@, yellow line) of Na5:** hydrogels in PBS, at 37 °C.

The drug release kinetics were evaluated by fitting the first initial 60% of the API released
to the Korsmeyer-Peppas model [206]. Table 2.8 demonstrates that all the obtained release
data fitted in the model since the regression coefficients (R?) were around 0.99. Moreover,

according to the kinetic parameters obtained, all the API releases followed a non-Fickian
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diffusion or anomalous transport, since the n values are between 0.45 and 0.89. These results
indicate that drug diffusion and polymer chain relaxation contribute to the overall release rate
[211].

It can be observed that the release profile of caffeine from Na5:** hydrogels presented an
nvalue of 0.523 which is a similar value when compared to the one reported for Na5:* hydro-
gels (0.52). A non-Fickian transport of caffeine and diclofenac molecules from bacterial nano-
cellulose membranes was also reported by Silva et al. [205]. In this case, nvalues obtained for
those APIs were 0.52 and 0.55, respectively, which are similar to the ones obtained for Na5**

hydrogels (Table 2.8).
2.4.3.6.3. In vitro permeation studies

Fig. 2.30 shows the receptor cumulative amount profiles of the different tested APIs across
mimic-skin artificial membranes (Strat-M), which are an effective alternative to human or ani-
mal skin to predict /n vivo drug transdermal diffusion [264,265]. It can be noticed that all APIs
were able to permeate the membrane, and this fact can be explained by their low molecular
weights (138.12 — 318.13 Da). Indeed, for a drug to be passively delivered across the skin, the
molecular weight should be below 500 Da [266,267]. As shown in Fig. 2.30, the maximum cu-
mulative amount of 245.02 + 11.17 ug/cm? was achieved for caffeine (Fig. 2.30A), while the
lowest value was reached for diclofenac (3.45 + 0.55 pug/cm?) (Fig. 2.30B). Fig. 2.30C and 2.30D,
shows that salicylic acid also achieved a high cumulative amount value (150.05 + 14.24 ug/cm?)
and a low cumulative amount was obtained for ibuprofen (35.37 + 2.77 ug/cm?). This difference
can be explained by the ionization properties of each API and the interaction between the API
and the polymeric chains. lonized drugs are poor candidates for transdermal delivery due to
the lipophilic nature of the stratum corneum [267,268]. Among the APIs used, caffeine repre-
sents the only non-ionic molecule, which might have improved its permeation through the
membrane, resulting in the highest cumulative amount achieved. For example, Uchida et al.
[269] reported a permeability coefficient of unionized lidocaine 43-fold higher than the value
obtained for the ionized form of the molecule. Besides their ionization, salicylic acid, ibuprofen,
and diclofenac are negatively charged molecules which make them suitable for interactions
with polymer chains and, consequently, decrease their permeation.

One important permeation parameter is the steady-state flux (Js pg/cm?/h), corresponding
to the amount of permeate crossing the membrane at a constant rate, that can be obtained

from the slope of the linear region of the cumulative amount over time [270].
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Figure 2.30 — Cumulative amount profiles of (A) caffeine, (B) diclofenac sodium, (C) salicylic acid and (D) ibu-

profen sodium from Na5¢** hydrogels.

As shown in Fig. 2.30, caffeine presented the highest permeation with a Js value of
33.09 ug/cm?/h followed by salicylic acid and ibuprofen which were permeated with a flux of
19.53 and 4.26 pug/cm?/h, respectively. On the other hand, the lowest permeation was achieved
by diclofenac sodium with a Jss value of 0.44 ug/cm?/h. As explained above, these results can
be attributed to the physicochemical nature of the API, namely the ionization, the molecular
mass, and the partition coefficient. The partition coefficient is a key parameter for skin perme-
ation since it determines which pathway a drug molecule would take after passing through the
stratum corneum [267]. Moreover, the partitioning of a drug between the lipophilic stratum
corneum and the hydrophilic living cells underlying the epidermis can be well represented by
the n-octanol-water partition coefficient (log A [267]. Among the ionized APIs used, salicylic
acid exhibited a log Pvalue of 2.26 which is within the ideal range (1< log P < 3) established

for transdermal permeation [266]. This characteristic might explain the high cumulative amount
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achieved and the increased value of permeation flux (Fig. 2.30C). Additionally, the low molec-
ular weight of salicylic acid also promotes its permeation. Uchida et al. [271] demonstrated a
correlation between the permeated amount and molecular weight, where the permeated
amount decreased with an increase in the molecule mass. This fact might explain the low cu-
mulative amounts achieved for ibuprofen and diclofenac which are molecules with higher mo-
lecular weight (229.27 and 318.13 Da, respectively) when compared to the salicylic acid mole-
cule (138.12 Da). In comparison with diclofenac, ibuprofen achieved higher permeation flux,
and this might be attributed to the higher drug concentration used in loading solutions (Table
2.8, Fig. 2.30). Pradal et al. [272] also reported that increasing the drug content in the formula-
tions, led to an enhancement of the permeation. These results demonstrated that CGC hydro-

gels can be used as a platform to deliver drugs with different physicochemical characteristics.
24.3.7. Effect of CGC hydrogels in fibroblasts

To assess the influence of the CGC hydrogels in tissue regeneration, a wound scratch assay
was performed with human normal primary dermal fibroblasts in the presence and absence of
the hydrogel, according to previously described procedures [273]. No major differences were
observed in the remission percentage when the cells were exposed or not exposed to the hy-

drogel samples (Fig. 2.31A and 2.31B).
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Figure 2.31 —Representative images of the wound healing assay (A) at 0 h and 12 h after performing a scratch
in a Fibroblasts monolayer in the presence of a CGC hydrogel (CGC hydrogel) or absence (control); Percentage of
remission (B) after 12 h exposure to CGC hydrogel, or untreated (control). Bars represent the mean + SEM of two
independent experiments. Aspect of fibroblasts (C) in the absence (control) or presence (CGC hydrogel) of the CGC
hydrogel. Cells were exposed for 12h to the freeze-dried CGC hydrogel sample, fixed with 4% (w/v) formaldehyde,
and then actin filaments were stained with Phalloidin conjugated with AlexaFluor 488 (green fluorescence) and
nuclei stained with Hoechst 33258 (blue fluorescence). The presented images are representative of 5 images ac-

quired with a Confocal microscope Zeiss LSM710.

A deeper look into the cells’” appearance after actin and nuclei staining also revealed that
no major differences were noticed in the morphology of the connective tissue cells after expo-
sure to the CGC hydrogel (Fig. 2.31C), suggesting that it has no significant impact on these
dermal cells. In line with these results, it was observed an 88.8 + 3.5% viability for the fibroblasts

exposed to the CGC hydrogel samples, compared to the unexposed cells.
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2.4.4. Conclusions

This study demonstrated that increased CGC content led to the formation of denser hydro-
gels with improved mechanical and rheological properties. However, the more compact poly-
meric network of the Na51*® hydrogels was characterized by lower fatigue resistance and lower
swelling ability compared to the Na5:** hydrogels. The latter revealed a high loading ability for
several APIs, namely caffeine, salicylic acid, diclofenac sodium, and ibuprofen sodium, display-
ing a release profile following a non-Fickian diffusion. Drug loading and release were depend-
ent on the APIs molecular weight and ionic character. Analysis in normal human dermal fibro-
blasts revealed that CGC hydrogels have no major effects on the viability, migration ability and
morphology of cells, which is an indicator of their non cytotoxicity. This study highlights the
use of CGC-based hydrogels as drug delivery systems and their potential as promising struc-

tures to be used in biomedical applications.
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3. FucoPol Hydrogel Membranes

3.1. Novel hydrogel membranes based on the bacterial poly-
saccharide FucoPol: Design, characterization, and biological
properties

The results shown in this chapter are part of the following published paper:

e Araljo, D., Martins, M., Concérdio-Reis, P., Roma-Rodrigues, C., Alves, V.D., Fernandes,
A. R, Freitas, F. Novel hydrogel membranes based on the bacterial polysaccharide Fu-

coPol: Design, characterization, and biological properties. Pharmaceuticals 2023, 16,

991. https://doi.org/10.3390/ph16070991.

Summary

FucoPol, a fucose-rich polyanionic polysaccharide, was used for the first time for the prep-
aration of hydrogel membranes (HMs) using Fe** as a crosslinking agent. This study evaluated
the impact of Fe** and FucoPol concentrations on the HMs' strength. The results show that,
above 1.5 g/L, Fe** concentration had a limited influence on the HMs' strength, and varying
the FucoPol concentration had a more significant effect. Three different FucoPol concentrations
(1.0, 1.75 and 2.5 wt%) were combined with Fe** (1.5 g/L), resulting in HMs with a water content
above 97wt% and Fe** content up to 0.16wt%. HMs with lower FucoPol content exhibited a
porous microstructure that became denser as the polymer concentration increased. Moreover,
the low polymer content HM presented the highest swelling ratio (22.3 + 1.8 g/g) and a lower
hardness value (32.4 + 5.8 kPa). However, improved mechanical properties (221.9 + 10.2 kPa)
along with a decrease in the swelling ratio (11.9 + 1.6 g/g) were obtained for HMs with a higher
polymer content. Furthermore, all HMs were non-cytotoxic and revealed anti-inflammatory ac-
tivity. The incorporation of FucoPol as a structuring agent and bioactive ingredient in the de-
velopment of HMs opens up new possibilities for its use in tissue engineering, drug delivery

and wound care management.
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3.1.1. Introduction

Hydrogel membranes (HMs) are very interesting structures that combine the thin mem-
branes' permeability and porous architecture with their water absorption ability and dynamic
mechanical properties of hydrogels. This combination allows a controlled diffusion of the mol-
ecules since permeation is limited through the bulk hydrogel and the permeation rate depends
on the size and hydrophobicity properties of the molecule, as well as an enhancement in gas
permeation by the water uptake ability [274]. Thus, these unique features make HMs promising
materials for various applications such as antifouling/antimicrobial coatings [275], transdermal
delivery systems [70] and wound dressings [276]. Among the several methods used for their
fabrication that include sintering [277], electrospinning [278], or molecular imprinting [279],
casting solution has been the most commonly used technique due to its simplicity and low-
cost [274]. In general, this method involves polymer dissolution followed by a crosslinking step
[280,281], and pouring on the casting plate. Crosslinking can be established either physically
or chemically by non-covalent or covalent interactions, respectively. Physical crosslinking might
include hydrogen bonds, van der Walls forces, chain entanglements, and hydrophobic or ionic
interactions, which lead to the formation of fragile and reversible hydrogels, due to the weak-
ness of these interactions [43].

lonic interactions, present in the so-called ionotropic gelation, occur through crosslinking
of polymeric chains with ions, usually cation-mediated gelation of negatively charged polysac-
charides [86,282]. lonotropic hydrogels can be formed in the presence of divalent (e.g., Ca®*,
Pb**, Cu?*) or trivalent (e.g., Fe**, AP**) cations under different types of binding mechanisms.
For example, divalent cations typically adopt the so-called egg-box model characterized by
two antiparallel polyuronate chains forming egg-box dimers with Ca®* and aggregating later-
ally to form multimers [104]. Although the binding mechanism of trivalent cations, namely Fe*",
remains under investigation, two gelation models have been proposed: (1) coordination of the
metal cation by the polysaccharide, resulting in spatially separated Fe** centers along with
polysaccharides, or (2) the colloidal model that suggests the production of oxyhydroxide col-
loids that are stabilized by polysaccharide chains, preventing their aggregation and keeping
the colloids in the hydrogel matrix [283]. Although these models have been proposed for cross-
linking by metal coordination in alginate hydrogels, other several polysaccharides such as xan-
than gum [284], konjac glucomannan [285], carboxymethyl cellulose (CMC) [286] and suc-
cinoglycan [287] have been used to fabricate ionotropic hydrogels using Fe** as crosslinker. In

fact, the use of polysaccharides in hydrogel fabrication presents several advantages due to
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their biocompatibility, biodegradability and non-toxicity which make them attractive bio-
materials to be used in the biomedical field [41,49], particularly in topical applications
[235,288].

FucoPol is a fucose containing polysaccharide, characterized by a high molecular weight
(1.7-5.8 x 10° Da), that is synthesized by Enterobacter A47 (DSM 23139). It is composed of
fucose (32-36 mol%), glucose (28-37 mol%) and galactose (25-26 mol%) as neutral sugars,
glucuronic acid (9-10 mol%) as an acidic sugar and acetate (3.5-6.8wt%), pyruvate (3.7-14 wt%)
and succinate (0.6-3wt%) as acyl groups [289]. Due to its intrinsic biological activity that in-
cludes antioxidant [290] and wound healing abilities [291], FucoPol is a promising biopolymer
to be exploited for biomedical applications. Moreover, FucoPol possesses an anionic character
given by the presence of glucuronic acid, succinyl and pyruvyl, which opens up the possibility
to interact with ions and other charged macromolecules [289]. Recently, the interaction be-
tween FucoPol and several multivalent cations was studied, and the cation-mediated gelation
ability of FucoPol was demonstrated [292]. In that procedure, trivalent Fe** cations were suc-
cessfully used to crosslink polymeric functional groups, forming stable and non-cytotoxic hy-
drogel beads.

In this study, FucoPol was used for the first time to prepare HMs using Fe** as a crosslinker.
The impact of FucoPol and Fe** concentration on the strength of the structures was evaluated,
and the optimal conditions were selected to prepare the HMs. Furthermore, the HMs thus ob-
tained were physically and chemically characterized in terms of their morphology and mechan-
ical and swelling properties, and they were evaluated for their cytotoxicity and anti-inflamma-

tory activity.

3.1.2. Materials and Methods

3.1.2.1. Materials

FucoPol was obtained via cultivation of the bacterium Enterobacter A47 (DSM 23139) in a
10 L bioreactor (BioStat B-plus, Sartorius, Germany) using glycerol as the sole carbon source,
as described by Concérdio-Reis et al. [293]. FucoPol was recovered and purified from the cul-
tivation broth via diafiltration and ultrafiltration, as previously described [291]. FucoPol was
composed of fucose (36% mol), glucose (33% mol), galactose (26% mol) and glucuronic acid
(5% mol), with a total acyl group content of 7.8wt%. The polymer presented a number (Mn)
and molecular weight (Mw) of 1.68x10° Da and 3.19x10° Da, respectively, with a 1.90
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polydispersity index. The sample had a protein and inorganic salt content of 14.3 and 1.4%,

respectively.
3.1.2.2. Preparation of FucoPol HMs

FucoPol HMs were fabricated as shown in Fig. 3.1. Freeze-dried FucoPol (1wt%) was dis-
solved in deionized water under magnetic stirring (800 rpm) at room temperature until com-
plete dissolution. The resulting FucoPol solution was cast into a cylindrical silicone mold (50
mm diameter, 3 mm height), and the height was leveled to the mold using a spatula. HMs were
prepared via immersion of the silicone mold with the FucoPol solution into an aqueous FeCls
solution (250 mL) at room temperature for 2 h. Afterward, the HMs were washed with deionized
water (250 mL) for the removal of the unreacted crosslinker. After 1 h, FucoPol HMs were re-
moved from the mold, and their rheological properties were evaluated via oscillatory shear
measurements. Different Fe®* (0.05-9.95 g/L) and FucoPol (0.5-2.5 wt%) concentrations were

tested to assess their impact on the strength of the HMs.

FucoPol solution

Deionized | ~

- w

\ water 2h

i —— — —

800 rpm, 12h ﬁ
: :
“ d
1 Deionized water
Fucopol FECLaS;O'ULUO” (250 ml) Fucopol Hydrogel
(250ml) Membrane

Figure 3.1 — Schematic illustration of Fucopol HMs preparation, comprising polymer dissolution in deionized

water, immersion in FeClz solution for polymer gelation and washing step.
3.1.2.3. Rheological Properties

The rheological behavior of FucoPol HMs was determined using a modular compact rhe-
ometer (MCR92, Anton Paar, Graz, Austria), equipped with a parallel plate geometry (diameter
20 mm) with a T mm gap. HMs samples with 25 mm of diameter and similar thickness (~2 mm)
were equilibrated at 25 °C for 5 min. The viscoelastic properties were assessed by applying
frequency sweeps at a constant tension within the linear viscoelastic region for a frequency

range from 0.01 to 10 Hz.
3.1.24. FucoPol HMs Characterization

Based on the previous results, three different concentrations of FucoPol (1.0, 1.75 and 2.5
wt%) were selected to be combined with Fe** at a concentration of 1.5 g/L. The obtained mem-
branes were labeled as HM1, HM2 and HM3, respectively. The prepared HMs were cut with a
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stainless-steel cylindrical mold (25 mm diameter) to promote better handling. Additionally, to
remove all uncrosslinked Fe**, smaller HMs samples were washed with deionized water (250

mL) under continuous stirring (150 rpm) until constant conductivity (~1 pS/cm) was achieved.
3.1.24.1. Chemical Characterization

The water content of the hydrogels was assessed gravimetrically by freeze drying using the
equation 2.2.1.

For the quantification of the HMs' iron content, freeze-dried FucoPol HM samples (~5 mg)
were hydrolyzed with nitric acid (5 mL HNO3z 5% v/v) at 120 °C for 2 h. Hydrolyzed samples
were filtered, and their iron content was determined via ICP-AES (Horiba Jobin-Yvon, France,
Ultima model) equipped with a 40.68 MHz RF generator, Czerny—Turner monochromator with
1.00 m (sequential), autosampler AS500 and Concomitant Metals Analyzer. Nitric acid solution

(HNOs 5% v/v) was subjected to the same hydrolysis procedure and used as blank.
3.1.24.2. Morphology

The morphology of the FucoPol HMs were investigated by SEM equipped with a refrigerated
sample holder. Wet HMs samples were placed in the sample holder, and small cuts were per-
formed on its surface using a scalpel to promote better observation of the inner microstruc-

tures. The observations were performed at -4 °C using magnifications of 500x and 1000x.
3.1.243. Porosity

The porosity of the FucoPol HMs was evaluated via the solvent replacement method, as

described in section 2.3.2.3.2, using freeze-dried HM samples with 13 mm diameter.
3.1.24.4. FT-IR Spectroscopy

FucoPol and FucoPol HMs were characterized via FT-IR spectroscopy as described in section

2.3.2.5.
3.1.24.5. XRD Analysis

The crystalline structure of FucoPol and the FucoPol HMs was studied/analyzed using a dif-
fractometer (X'Pert Pro, PANalytical, Almelo, The Netherlands) with a monochromatic Cu Ka
radiation source with a wavelength of 1.5406 A. Measurements were carried out from 10 to 50°

(26) with a scanning step size of 0.016° in the continuous scanning mode.
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3.1.2.4.6. TGA Analysis

The TGA of FucoPol and FucoPol HMs was performed using thermogravimetric analyzer
Setaram Labsys EVO (Setaram, Sophia Antipolis, France) in a temperature range from room
temperature to 500 °C with a heating rate of 10 °C/min under an argon atmosphere. The 5%
weight loss (Tse%, °C) was attributed to the temperature at which the initial 5% of the mass was
lost, and the thermal degradation temperature (Tqeq, °C) was assigned to the temperature value

obtained for the maximum decreasing peak of the sample mass.
3.1.24.7. Compressive Mechanical Analysis

The compressive mechanical properties of the FucoPol HMs were assessed with a texture
analyzer TMS-Pro, equipped with a 250 N load cell. HMs samples with a thickness of 2-3 mm
were cut into a cylindrical shape (25 mm diameter) and were compressed up to 50% strain of
the original height at a speed rate of 60 mm/s using a plunger with a 37 mm diameter. Me-
chanical parameters including hardness, compressive modulus and toughness were calculated

as described in section 2.3.2.3.3.
3.1.2438. Water Retention Capacity

To determine the water retention capacity of FucoPol HMs, cylindrical samples (25 mm di-
ameter, 2 mm thickness) were placed in a desiccator with two different saturated salt solutions,
magnesium nitrate (Mg(NOs),) and potassium sulfate (KoSO4), to provide relative humidity (RH)
values of 55% and 99%, respectively. Samples were taken out from the desiccator at specific
intervals and were weighed (Wy). The influence of temperature was also evaluated by perform-
ing the experiments at 20 and 30 °C. Water retention (%) was determined with the following

equation (3.1.1):

Water retention = — x 100 (3.1.1)

wet

where Wyet represents the initial weight of the HMs.
3.1.24.9. Swelling Behavior

The swelling properties of the FucoPol HMs were assessed gravimetrically by immersing
pre-weighed freeze-dried samples in deionized water and NaCl 0.9% (v/v) at room temperature

for 96 h, as described in section 2.3.2.3.5.
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3.1.2.4.10. Gel Fraction

For the determination of the gel fraction, which represents the crosslinking density in the
hydrogel structure, freeze-dried samples of the HMs were immersed in deionized water at
room temperature for 72 h. After that period, rehydrated HMs samples were freeze-dried again,

and the gel fraction (%) was determined using the following equation (3.1.2):

) w
Gel fraction = ” !

x 100 (3.1.2)

dry

where Wr and Wy represent the dry weight (g) of HMs samples after and before immersion

in deionized water, respectively.
3.1.2.5. Biological Assays
3.1.2.5.1. Cell Culture and Culture Media

Biological assays were performed with two cell lines acquired from American Type Culture
Collection (ATCC, Manassas, VA, USA): human primary dermal fibroblasts (PCS-201-010) and
human leukemia monocytic cell line THP1 (TIB-202). Fibroblasts cells were cultured in Dul-
becco’s modified Eagle medium (DMEM, Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% (v/v) fetal bovine serum (FBS, Thermo Fisher Scientific) and a mixture of 100
U/mL of penicillin and 100 pg/mL of streptomycin (Thermo Fisher Scientific). THP1 cells were
cultured in Roswell Park Memorial Institute medium (RPMI 1640, Thermo Fisher Scientific) sup-
plemented with 10% (v/v) FBS, 1x MEM Non-Essential Amino Acids Solution (Thermo Fisher
Scientific) and a mixture of 100 U/mL of penicillin and 100 pg/mL of streptomycin (Thermo

Fisher Scientific).
3.1.2.5.2. Cytotoxicity Tests

For the cell viability experiments, fibroblasts cells were seeded in a 24-well plate at a con-
centration of 1x10° cells per well and were incubated at 37 °C, 5% (v/v) CO2 and 99% (v/v)
relative humidity. After 24 h for cell adherence, samples of FucoPol HMs (5 mm diameter) were
added to a well with cells and to a well without cells, which were used as a control. Upon 24 h
of exposure, the samples were removed, and the medium was replaced with a fresh medium
(500 pL) supplemented with MTS, incubated (37 °C, 5% (v/v) COy) for 45 min. THP1 cells were
cultured in a 24-well plate at a density of 1x10° cells per well, and samples of HMs (5 mm

diameter) or 500 pg/mL Fucopol were added at the same time as cell seeding. Upon 24 h of
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exposure, the Cell Titer 96® Aqueous One solution cell proliferation assay (Promega, Madison,
WI, USA) (200 pL) was added to the medium and incubated (37 °C, 5% (v/v) CO;) for 60 min.
Following incubation, the absorbance was measured at 490 nm according to the manufac-
turer’s instructions. The cell viability of primary fibroblasts and THP1 exposed to FucoPol HMs
was expressed in a percentage and was calculated using the equation described in section
2.4.2.10.

3.1.2.5.3. Anti-Inflammatory Activity

The analysis of the anti-inflammatory activity of the FucoPol HMs in THP1 cells proceeded
as previously described with a few modifications [294]. Briefly, 1x10° THP1 cells were seeded
in 6-well plates, incubated for 2 h with 7 pug/mL Lipopolysaccharide (LPS, Sigma Aldrich, St
Louis, MO, USA) and were then incubated for 30 min or 3 h with the FucoPol HMs (13 mm
diameter) or with 500 pg/mL of FucoPol. Identical samples without the addition of LPS were
prepared (-LPS) for negative control purposes. In another approach, cells were simultaneously
exposed for 2 h to both LPS and the FucoPol HMs or to 500 pg/mL of FucoPol. After the incu-
bation time, cells were pelleted via centrifugation (500x g, 5 min) and solubilized in 300 pL of
NZYol (NZYtech, Lisboa, Portugal), and RNA was extracted according to the manufacturer’s
instructions and reverse-transcribed with the NZY M-MulV First strand cDNA synthesis kit
(NZYtech). The relative expression of the tumor necrosis factor a gene (7NF-a) and of the
housekeeping gene RNA 78S were determined using the Ct method (224<") [295] after real-time
quantitative amplification using the NZYSupreme qPCR Green Master Mix (NZYtech) in a Cor-

bett Rotor-Gene thermal cycler (Qiagen, Hilden, Germany).
3.1.2.6. Statistical Analysis

The experimental data from all the studies were analyzed, and the results are expressed
as mean = standard deviation (SD). Error bars represent the standard deviation (n = 3). Statis-
tical analysis of biological studies was performed using one-way analysis of variance (ANOVA)
followed by student's t-test (unpaired) using GraphPad Prism statistical software. Differences

between results were considered statistically significant when the p-value was < 0.05.
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3.1.3. Results and Discussion
3.1.3.1. Fabrication of FucoPol HMs

3.1.3.1.1. Effect of Fe3* Concentration

The polyanionic character of FucoPol, given by the macromolecule’s negatively charged
groups, namely glucuronic acid and the acyl groups pyruvyl and succinyl, allowed the for-
mation of physical crosslinking via electrostatic interaction with cations, leading to the for-
mation of gel structures [296]. The cation-mediated gelation of FucoPol has been recently re-
ported by Fialho et al. [292], who found that cations such as Fe** and Cu®** promote the for-
mation of FucoPol hydrogel beads. These structures were prepared by dropping a FucoPol
solution (1Twt%) into an FeCls solution (1.5 g/L Fe**, 30 mL) through a needle (0.6 mm diameter).
The resulting hydrogel beads revealed high stability in deionized water, NaCl 0.9% solution,
and DMEM at 25 and 37 °C. After immersion for 24 h, no Fe** was detected in any of the media,
which agrees with its revealed non-cytotoxicity properties.

Following such studies, the Fe**-mediated gelation of FucoPol was investigated to assess
the impact of using different FucoPol and Fe** concentrations for HMs preparation. The effect
of Fe** concentration on the rheological properties of FucoPol HMs was evaluated by combin-
ing the FucoPol concentration (1wt%) used for preparing hydrogel beads by Fialho et al. [292]
with Fe** concentrations ranging from 0.05 to 9.95 g/L (Fig. 3.2). The selected range was
demonstrated to be within the adequate values to promote FucoPol gelation. As shown in Fig.
3.2, for all the tested conditions, the G' displayed higher values than the G" over the entire
frequency range, thus evidencing the structures’ solid-like behavior and their predominant
elastic character [297,298]. Furthermore, both moduli presented a low frequency-independent
behavior, which indicates the formation of stable structures [250]. Analogous behavior has
been reported for other cation-mediated hydrogels based on polysaccharides such as Ca**-

gellan [299], Fe**-succinoglycan [287] and Fe**-xanthan gum [284].
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Figure 3.2 — Effect of Fe3* concentration ((A) 0.05 g/L, (B) 1.5 g/L, (C) 5 g/L, (D) 8.5 g/L and (E) 9.95 g/L) on the

storage (G', solid symbols) and loss (G", open symbols) moduli of FucoPol HMs prepared using 1wt% of FucoPol.

It can be observed that, for an angular frequency of 10 Hz, the lowest G and G" values (0.020
and 0.007 kPa, respectively) were achieved for the lowest Fe** concentration (0.05 g/L) used
(Fig. 3.2A). In this experiment, as the frequency increased, a slight increase in the G" value was
observed that approached the G' value, indicating the hydrogel's lower resistance to defor-
mation [300]. However, a significant increase in both moduli was noticed when the Fe** con-
centration was raised to 1.5 g/L (Fig. 3.2B). Interestingly, above this concentration, no signifi-
cant impact on the rheological properties of the structures could be perceived because the G’
and G" values remained within a range of 0.95-4.0 and 0.60-0.85 kPa (Fig. 3.2C-E), respectively,
which are similar to the ones obtained using 1.5 g/L of Fe** (1.25-2.51 and 0.31-0.55 kPa,
respectively) (Fig. 3.2B). The results suggest that a Fe** concentration of 1.5 g/L is likely enough
for good crosslinking of the polymer’s functional groups. Lu et al. [301] also described an im-
provement in the rheological properties of poly(ethylene glycol)-based hydrogels modified

with dopamine by increasing the Fe** content in the dopamine:Fe** ratio from 1:07 to 1:1.
3.1.3.1.2. Effect of FucoPol Concentration

Based on the obtained results, an Fe** concentration of 1.5 g/L was chosen to study the
effect of the FucoPol concentration on the HM's rheological properties. Therefore, Fucopol
concentrations in the range of 0.5 to 2.5wt% were tested (Fig. 3.3). Higher FucoPol concentra-
tions were not possible to test because of the polymer’s high intrinsic viscosity that led to
extremely viscous aqueous solutions. As shown in Fig. 3.3, all HMs exhibited a solid-like be-
havior similar to the ones obtained in the Fe** effect study (Fig 3.2). It can be observed that
both moduli gradually increased as the polymer concentration rose. Increasing the FucoPol
concentration from 0.5 to 2.5wt% resulted in an approximately 30-fold increase in the G' and
G" values (Fig. 3.3A and 3.3D). Moreover, using 1.5 and 1.75wt% of FucoPol led to an increase
in the G' (1.76-3.99 and 1.50-10.96 kPa, respectively) and G" (0.96-1.29 and 0.30-2.22 kPa,

respectively) values’ ranges (Fig. 3.3B and 3.3C). The results demonstrate that the maximum G’
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and G" values (35.3 and 4.2 kPa, respectively) were obtained using the highest FucoPol con-
centrations (2.50wt%), for an angular frequency of 10 Hz (Fig. 3.3D). These values are lower
than those reported for Fe**-succinoglycan hydrogel (~70 kPa) [287] and Fe**-xanthan gum
(~60/70 kPa) [284] and are significantly higher than those described for Fe**-collagen hydro-
gels (~0.15 kPa) [302] for the same frequency value. This concentration dependence was also
reported for Fe**-xylan hydrogels [303], where a considerable increase in the G’ value (~2.5 to

~10 kPa) was noticed using carboxymethyl xylan amounts of 0.02 and 0.08 g, respectively.
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Figure 3.3 — Effect of FucoPol concentration ((A) 0.5wt%, (B) 1.5wt%, (C) 1.75wt% and (D) 2.5wt%) on the storage
(G', solid symbols) and loss (G”, open symbols) moduli of FucoPol HMs prepared using 1.5 g/L of Fe3*.

In general, the obtained results demonstrate that both polymer and Fe** concentrations
impact the hydrogel structure, and consequently, FucoPol HM strength can be tuned according
to the desired application. Indeed, Fe** polysaccharide hydrogels comprising varied strengths
and elastic properties have been reported as potential structures to be used in applications
that include, for example, drug delivery and tissue engineering. For example, Fe*-succinogly-
can hydrogels were used as a suitable platform for controlled drug delivery based on gel-sol
conversion [287]. Moreover, a polyanionic hydrogel rich in carboxylates and sulphonates cross-
linked with Fe** comprising G’ values between 102 and 104 Pa have been demonstrated to be
a promising material in cartilage tissue engineering [304].

Based on the previous experiments, three different FucoPol concentrations (1.0, 1.75 and
2.5wt%) combined with 1.5 g/L of Fe** were selected to prepare FucoPol HMs with distinct
rheological properties, which were named HM1, HM2 and HM3, respectively, and were char-

acterized for their physical, chemical, and biological properties as described below.
3.1.3.2. Morphological Characterization

As shown in Fig. 3.4A, the three FucoPol HMs exhibited a similar macroscopic appearance,

being translucid and displaying an orange coloration, given by the presence of Fe** cations.
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However, color intensification and lower translucency were observed for the HM3 membranes,

which might be related to their higher polymer and Fe** contents.

(A) B - (©

Figure 3.4 — FucoPol HMs: (A) macroscopic aspect and corresponding SEM images under (B) 500x and (C)

1000x magnifications.

To investigate the surfaces and inner morphology of the FucoPol HMs, SEM observations
(Fig. 3.4B and 3.4C) were performed. The analysis revealed that all membranes presented a
smooth surface, although some structural differences were noticed. The HM1 membranes
showed a rather homogeneous three-dimensional network made of polymeric chains. Upon
magnification (Fig. 3.4, top panel), it was possible to observe an irregular porous microstructure
comprising pores of different sizes. A similar morphology was observed for Fe**-based FucoPol
beads prepared with the same polymer concentration [292]. On the other hand, the HM2 mem-
branes displayed a more heterogeneous and much less porous structure, containing several
compact regions (Fig. 3.4, center panel). Additionally, for the HM3 membranes, an extremely
consistent and dense microstructure could be observed (Fig. 3.4, bottom panel). These results
suggest that polymer and Fe** content significantly impacted the HMs' microstructure. In fact,

an increase in polymer and Fe* contents in the structures led to a gradual decrease in the
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porous regions, and the structures became more compact and tighter, likely promoted by
higher crosslinking between the polymeric chains and the Fe®* cations. A similar effect was
reported for konjac glucomannan hydrogels, which showed a more stable structure and a com-
pact morphology as the Fe** proportion increased [285].

The porosity of the HMs has an important role in several physicochemical properties of the
structures, mainly those related to swelling behavior and drug loading ability [204,256]. As
predicted by the SEM observations, the hydrogels’ porosity decreased as the polymer content
increased. Therefore, the highest porosity value was observed for the HM1 membranes (59.3
+ 8.3%), and the HM2 and HM3 membranes presented porosities of 22.1 + 3.1 and 11.8 +
0.6%, respectively (Table 3.1). A similar trend was reported for CGC-based [305], chitosan-PVA
[256] and alginate-based [306] hydrogels, with the porosity of the hydrogels decreasing for

higher polymer and/or crosslinker concentrations.
3.1.3.3. Chemical Characterization of FucoPol HMs

3.1.3.3.1. Composition

HM1, HM2 and HM3 presented polymer contents of 1.75 + 0.001, 2.28 + 0.163 and 2.83 +
0.127wt% (Table 3.1), respectively, which demonstrates that increasing the initial polymer con-
centration led to the formation of membranes with higher polymer content. Moreover, the
same trend was observed for the Fe3* content of the membranes, with HM3 presenting the
highest Fe* content (0.16 + 0.010wt%), and lower values were obtained for the HM1 and HM2
membranes (0.06 + 0.0002 and 0.10 + 0.024wt%, respectively) (Table 3.1). These results can be
explained by the higher number of anionic groups present in the HM3 hydrogels available to

interact with Fe3* cations, increasing their content in the structure.

Table 3.1 — Physical and chemical characterization and mechanical properties (under 90% strain) of FucoPol
HMs prepared from the gelation of FucoPol with Fe3* (1.5 g/L) using polymer concentrations of 1.0wt% (HM1),
1.75wt% (HM2) and 2.5wt% (HM3).

Sample ID HM1 HM2 HM3
Polymer content (wt%) 1.75 £ 0.001 2.28 +0.163 2.83 +0.127
Fe3* content (wt%) 0.06 + 0.002 0.10 +£0.024 0.16 £0.010
Water content (wt%) 98.19 + 0.001 97.62+0.187  97.02+0.138
Mechanical properties
Hardness (kPa) 324+58 131.1+6.5 221.9+10.2
Compressive modulus (kPa) 56.3+7.8 353.3+249 523.3+4.7
Toughness (kJ/m?3) 1.4+0.1 345+55 60.7 £2.7
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As listed in Table 3.1, all FucoPol HMs presented a characteristic high water content [57,307]
above 97wt%. These results are in accordance with previous work, in which FucoPol hydrogel
beads prepared from an initial FucoPol concentration of 1.0wt% and gelled with 1.15 g/L Fe3*
displayed around 0.15wt% of Fe** and a water content of 98.60wt% [292]. The higher Fe**
content obtained in the FucoPol Fe-P beads might be explained by the high content of FucoPol
used in the pyruvyl (13—-14wt%) and succinyl (3-5wt%) groups compared to those presented in
this polymer (3.7 and 0.6wt%, respectively).

3.1.3.3.2. FT-IR Spectroscopy

The interaction between the functional groups of FucoPol and the Fe3* cations was assessed
via FT-IR analysis. As shown in Fig. 3.5, despite the similarity between the FucoPol and the HMs'
FTIR spectra, the interaction with Fe** led to a shift in various absorption peaks, mainly those

corresponding to the hydroxyl and carboxylate groups.
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Figure 3.5 —FTIR spectra of FeCl3.6H,0, FucoPol, HM1, HM2 and HM3.

The intense broadband at 3277 ¢cm™, characteristic of the O-H stretching of hydroxyl
groups, and the weak vibration of the C-H stretching peak of CH, groups at 2924 cm™" [308]
were shifted to 3300 and 2927 cm™, respectively. Moreover, the absorption peaks at 1722 and
1020 cm™, corresponding to the acyl substituents of FucoPol, namely the C=0 stretching of
carbonyls and the C-O vibrations of the glycosidic bonds and C-C vibrations of the pyranoid
ring [308], respectively, were also shifted to 1720 and 1016 cm™". The band of C-O-C vibrations
of the acyls appearing at 1246 cm™ in the FucoPol spectrum was also shifted to 1259 cm™. The
peaks at 1634 and 1370-1400 cm™, attributed to the asymmetric and symmetric stretching of
carboxylates from the glucuronic acid residue [308] were shifted to 1627 cm™ and 1372-1418
cm™', respectively. The wavenumber separation between asymmetric and symmetric stretching

vibrations could give information about the binding state of metal cations with -COO™ groups
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[309]. For the HMs' spectra, wavenumber separations of 255 and 209 cm™ were obtained,
which suggest the presence of unidentate binding between Fe** and -COO™ in the hydrogel's
structure [310,311]. Additionally, compared to the FucoPol spectrum, a new peak at around
800 cm™' was noticed in the HMs' spectra, which might be indicative of the bending of the Fe-

O bond [312] from the interaction between the -COO™ groups of FucoPol and Fe** cations.
3.1.3.3.3. XRD Analysis

The presence of Fe** in the structure of FucoPol HMs was also assessed via XRD. As shown
in Fig. 3.6, FucoPol presents a diffractogram typical of an amorphous polysaccharide with no
characteristic peaks, which is consistent with diffractograms previously reported for FucoPol
and other polysaccharides [313]. On the other hand, the diffraction patterns of the HMs exhib-
ited small peaks at around 28.2° and 35.5° (marked with * in Fig. 3.6), which correspond to the
(=311) and (221) planes of iron chloride hydrate (ICDD card 033-0645), whose space group is
C2/m. This observation confirms the presence of Fe** cations within the structures [314]. The
low intensity of the peaks in the FucoPol HMs' patterns can be ascribed to the low amount of

Fe* in the structures (Table 3.1) [314].
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Figure 3.6 — X-ray diffraction patterns of FucoPol and HM1, HM2 and HM3 HMs.
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3.1.3.34. Thermogravimetric Analysis

Similar TGA curves were observed for all samples, comprising three main thermal degrada-
tion steps (Fig. 3.7). In the first degradation step, an increase in temperature from 35-39 °C to
158-170 °C resulted in a weight loss between 6 and 13%, which can be related to the loss of
adsorbed and structural water [315]. As shown in Fig. 3.7, up to temperatures of around 230 °C,
the HM1 membranes displayed a degradation profile very similar to FucoPol, with similar
weight losses (12.7 and 13.4%, respectively) (Table 3.2). The HM2 and HM3 samples, on the
other hand, presented mass losses of 6.0 and 8.7%, respectively, and narrower temperature
ranges indicative of a weak water binding capacity [291]. In fact, the higher temperature ranges
and the higher weight loss observed for FucoPol and HM1 suggest that they strongly bind to
water molecules due to the presence of more functional groups available to establish hydrogen
bonds with water. In the HM2 and HM3 structures, those groups are involved in crosslinking
with Fe3* cations, which likely decreases the capacity for water binding. An analogous trend
was reported by Concoérdio-Reis et al. [291], who described a higher weight loss for FucoPol
when compared to the biocomposite composed of FucoPol and silver nanoparticles. You et al.
[316] also demonstrated that hydrogels of sodium alginate, gelatin and Ca®* improve their

thermal stability via the incorporation of copper/tannic acid nanosheets.
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Figure 3.7 — Thermogravimetric curves of FucoPol and HM1, HM2 and HM3 HMs.

The second degradation step, attributed to the polysaccharide decomposition, begins at

temperatures of around 164-194 °C, and a 5% mass loss was observed for a temperature range
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of 234.8-250.7 °C, with a maximum degradation rate from 266 to 272 °C (Table 3.2). For the
FucoPol sample, the second and more significant weight loss (around 39%) occurred between
194 and 324 °C. The thermal degradation profile obtained was similar to that reported for
FucoPol as well as for other structures based on FucoPol, such as silver nanocomposites [291]
and Fe beads [292]. For the FucoPol HM samples, despite the degradation step starting at lower
temperatures (164-186 °C) and higher weight losses being achieved (45.9-52.9%), the mass
loss occurred more gradually when compared to the sharp profile obtained for FucoPol
(Fig. 3.7). Moreover, those structures presented a Tqeg Of 271-272 °C, which is slightly higher
than the value displayed by FucoPol (266 °C). These results suggest that the HMs had higher
thermal stability, likely given by the crosslinking and coordinate interactions between Fe** and
FucoPol [256]. Enhanced thermal stability was also reported for Fe**-konjac glucomannan hy-
drogels, which presented a higher Tgeg (275 °C) than those of the other konjac glucomannan-
based samples (235-265 °C) [285].

Table 3.2 — Thermal degradation steps and degradation temperature (Tgeq) of FucoPol and FucoPol HMs.

1st Degradation Step 2nd Degradation Step Char
Sample Temperature Weight Temperature Weight T5%  Tdeg Yield (%)
Range (°C) Loss (%) Range (°C) Loss (%)  (°C) (°O)

FucoPol 37-166 134 194-324 39.2 250.7 266 34
HM1 36-170 12.7 186-370 45.9 2448 271 33
HM?2 39-162 5.9 174-374 49.0 240.0 272 38
HM3 35-158 8.5 164-378 52.9 234.8 272 31

As shown in Fig. 3.7, the gradual mass decrease observed after the second degradation step
occurred due to the main-chain scission of the polysaccharide [291] and was identified as the
third degradation step. Finally, all samples presented high char yields (31-38%), with the HM2
membranes exhibiting the highest value. Yang et al. [302] attributed this increase to a stronger
crosslinking effect. In general, these results show that, although some differences were ob-
served, the thermal properties of FucoPol were not significantly affected by the presence of

Fe3*,
3.1.3.3.5. Mechanical Properties

To assess the mechanical properties of the FucoPol HMs, a single compression (90% of the
initial height) was applied to evaluate the membranes’ hardness, compressive modulus, and
toughness (Table 3.1). Fig. 3.8 shows the compressive stress—strain curves of HM1, HM2 and

HM3, which demonstrated a linear elastic deformation under small strains (insert graph in Fig.
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3.8), followed by a plateau attributed to the deformation of the porous structure via yielding
or bending. After that, the denser structure due to the loss of pores resulted in significant strain
hardening [317]. It can be noticed that the mechanical characteristics of HMs were significantly
affected by their polymer and Fe3* contents. Despite the similarities between the stress—strain
profiles, HM1 and HM3 presented similar higher rupture strain values (88% and 86%, respec-
tively), compared to that of the HM2 membrane (around 73%) for the same compressive stress
value (90%) (Fig. 3.8).
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Figure 3.8 — Compression stress—strain curves of HM1 (dashed green line), HM2 (square dotted orange line)

and HM3 (dash-dotted blue line) HMs. Insert graph highlights the initial linear deformation of the samples.

As presented in Table 3.1, the highest hardness (221.9 + 10.2 kPa), compressive modulus
(523.3 + 4.7 kPa) and toughness values (60.7 + 2.7 kJ/m?) were achieved for the HM3 mem-
branes. This result can be related to the higher polymer and Fe** contents of those membranes
(2.83 £ 0.127 and 0.16 £ 0.010wt%, respectively) compared to the HM1 and HM2 membranes
(1.75 £ 0.001 and 2.28 + 0.163wt%, and 0.06 + 0.002 and 0.10 + 0.024wt%, respectively) (Table
3.1). Similar behavior was demonstrated for polyacrylamide/sodium alginate hydrogels, whose
mechanical properties were improved by increasing the polymers’' content [318]. Additionally,
the introduction of Fe** in such structures led to the formation of a double crosslinked network,
which significantly enhanced the mechanical features of the hydrogels, and as the Fe3* in-
creased from 4.76 to 13.04%, higher values of compressive strengths (495 and 820 kPa) were

obtained. Popov et al. [319] also reported higher hardness and compressive modulus values
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for pectin hydrogels resulting from an increase in the crosslinking cation concentration. For
instance, an increase of 24% in hardness was obtained when the Fe** concentration was in-
creased from 21 to 42 mM. The improvement in the mechanical properties observed for the
FucoPol hydrogels is in line and consistent with the SEM observations, which revealed a
stronger, compacter and more stable morphology for the HM3 membranes when compared

to the HM1 or HM2 membranes (Fig. 3.4).
3.1.3.3.6. Water Retention Capacity

The capacity of the FucoPol HMs to retain water inside their structures is determined by the
van der Waals forces and hydrogen bonding established between the hydrogels and water
molecules [320,321]. This feature plays an important role in several applications. The effect of
temperature and relative humidity (RH) in the water retention behavior of the FucoPol HMs
was evaluated by incubating samples under RH values of 55 and 99% at temperatures of 20
and 30 °C. The macroscopic appearance of all the membranes is shown in Fig. 3.9. It can be
observed that, at the end of each experiment, the HM1 membranes presented a lighter color-
ation, whereas the HM2 and HM3 membranes intensified their color, and the membranes be-
came brownish. Moreover, under high RH values (99%), all membranes remained flat regard-
less of the temperature used. On the other hand, under an RH = 55%, likely due to faster water

evaporation, wrinkling of the membranes was observed (Fig. 3.9).

Figure 3.9 — Macroscopic appearance of HM1, HM2 and HM3 HMs samples after being subjected to all the

conditions for the study of water retention ability.
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As shown in Fig. 3.10, the RH strongly influenced the water retention ability of the mem-
branes. In fact, under RH = 55%, all membranes lost water sharply, and after 4 days of incuba-
tion, they were dry (water retention ~ 2%) (Fig. 3.10, dashed lines). In addition, 19 days were
needed to achieve similar values for incubation carried out at RH = 99% (Fig. 3.10, full lines).
On the other hand, no significant differences were perceived for the incubation at 20 °C (Fig.
3.10A) or 30 °C, as similar profiles were observed at both temperatures for all membranes (Fig.
3.10B). However, for all membranes, the water loss rate was higher at 30 °C when compared to
that obtained at 20 °C for the same RH value (99%). This behavior of a higher water release
with an increase in temperature has also been reported for other polysaccharide hydrogels,
such as those based on CMC [322] or chitosan [320].
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Figure 3.10 — Water retention behavior of HM1 (A), HM2 (.) and HM3 (O) HMs at (A) 20 °C and (B) 30 °C
under 55% (dashed lines) and 99% (full lines) relative humidity.

Fig. 3.10 shows that the water retention ability of the FucoPol HMs was influenced by their
polymer and Fe** contents. For all tested conditions, the HM3 membranes revealed the highest
capacity to retain water in their structure, whereas the lowest water retention ability was
demonstrated by the HM1 membranes. This difference can be mostly noticed at 30 °C and 99%
RH, where HM3 membranes retained approximately 15% more water than that of the HM1
membranes during the experiment. Under those conditions, after 13 days, the HM1 mem-
branes presented a water retention value of 1.9 + 0.9%, and a significantly higher value (23.5
+ 3.4%) was obtained for the HM3 membranes (Fig. 3.10B). This variation might be explained
by the high degree of the crosslinking present in the HM3 membranes, which likely strength-
ened the physical structure of the hydrogel’s network, promoting water retention inside the
structure [323]. Several authors have reported a similar influence of polymer and crosslinker

contents on the water retention ability of polysaccharide hydrogels. For example, Kang et al.
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[320] demonstrated that increasing the concentration of 2,3-dialdehyde cellulose (DAC) from
2.5 to 10% (w/v) in DAC/chitosan hydrogels led to an increase in their water retention ability
from ~30% to ~45% after 11 h, at 25 °C. Araujo et al. [305] reported a higher water retention
capacity (87.3 to 90.2%) for CGC-based hydrogels with a polymer content of 3.09 + 0.22wt%,
compared to 84.6-86.2% for structures with lower polymer concentrations (2.40 + 0.15wt%)
after 30 min, at 37 °C. Similarly, polyethyleneimine/pectin hydrogels decreased their water re-
tention capacity when the loaded polydopamine/copper nanoparticles were increased from a

ratio of 8:0 to 8:2 [324].
3.1.3.3.7. Swelling Behavior and Gel Fraction

The water absorption capability (swelling behavior) of FucoPol HMs was evaluated by im-
mersing previously freeze-dried samples in deionized water or NaCl 0.9% at room temperature
for 96 h. Macroscopically, after freeze-drying, the membranes retained their dimensions
(Fig. 3.11A), demonstrating that water removal had no significant impact on the polymer’s net-
work. However, the dried membranes presented a lighter brownish coloration, becoming ex-
tremely light and brittle. Upon rehydration, besides keeping their dimensions in either medium,
all membranes also regained their original orange coloration and translucency. However, the

rehydrated membranes were much more fragile (Fig. 3.11B and 3.11C).
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Figure 3.11 — Macroscopic appearance of (A) freeze-dried, (B) water-swollen and (C) NaCl 0.9% swollen HM

samples.
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As shown in Fig. 3.12 all the HMs revealed a good water absorption ability, explained by the
high hydrophilicity of FucoPol given by the presence of -OH and -COOH groups on its structure
[290,318]. It can be noticed that, for all the samples, the swelling equilibrium was achieved in
the first 24 h in both media and remained constant thereafter (Fig. 3.12). Upon immersion in
the aqueous media for 24 h, the HM1 membranes achieved swelling equilibrium and showed
high swelling ratios, as follows: 22.3 + 1.8 g/g for deionized water and 17.4 + 1.3 g/g for NaCl.
For a similar period, lower swelling ratio values were obtained for the HM2 (154 + 0.3 and
15.0 £ 1.1 g/g) and HM3 (11.8 £ 2.8 and 11.9 + 1.0 g/g) membranes. These differences can be
attributed to an increase in the crosslinking density of those structures compared to the HM1
membranes, which led to a decrease in their ability to sustain water inside the structures
[284,325].

Interestingly, the swelling ratio of the HM1 membranes was higher in deionized water (Fig.
3.12A) than in NaCl 0.9% (Fig. 3.12B). After 96 h, the membranes placed in water achieved a
swelling ratio of 21.3 + 1.7 g/g, whereas lower values were obtained in NaCl 0.9% (18.9 + 0.7
g/9). The decrease in the swelling ability of NaCl 0.9% can be attributed to a lower osmotic
pressure difference among the hydrogels and the medium, causing a decrease in the network
volume and a shrinkage of the hydrogel. Analogous results were reported for CGC-based [305]
and cellulose nanocrystal hydrogels [326].

This behavior was not noticed for the HM2 and HM3 membranes because similar swelling
ratios were displayed in water (15.8 + 0.3 and 11.9 + 1.6 g/g, respectively) and in NaCl 0.9%
(15.8 £ 0.5and 12.7 = 0.6 g/g, respectively). These results suggest that the swelling ratio of the
HM2 and HM3 membranes is independent of the ionic strength of the solution, which might
be explained by the lower size of the structure’s mesh that prevents the shielding of Na* ions

from the polymer’s carboxylate groups [327].

30 30

20

Swelling (g/g)
Swelling (g/g)

0 20 40 60 80 100 0 20 40 60 80 100
Time (h) Time (h)
Figure 3.12 — Swelling behavior of HM1 (A), HM2 (.), and HM3 (O) HMs in (A) deionized water and (B)

NaCl 0.9%, at room temperature.
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The ionic crosslinking density of HMs was assessed for the gel fraction study (Fig. 3.13). The
gel fraction describes the degree of crosslinking present in the hydrogel polymer matrix, and
its value is inversely proportional to the swelling capacity [328]. In fact, the HM3 membranes
presented a slightly higher gel fraction (105.3 + 2.0%) than that of either HM2 or HM1 (101.4
+ 1.9 and 983 + 1.2%, respectively), which is consistent with the higher polymer and Fe3*
contents present in the HM3 membranes (Table 3.1). Moreover, increasing the crosslinker con-
centration induced a decrease in the polymer chain relaxation, causing low swelling of the
hydrogel [329]. Similar behavior was demonstrated for the Fe**-xanthan gum hydrogels [284],
for which the swelling ratio was lowered from 26.92 to 2.31 g/g when the polymer concentra-

tion increased from 0.01 to 0.07 g/mL.
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Figure 3.13 — Swelling ratio (columns) after 24 h and gel fraction (.) of HM1, HM2 and HM3 HMs in deion-
ized water (light grey) and NaCl 0.9% (dark grey) determined at room temperature.

3.1.3.3.8. Cytotoxicity of FucoPol HMs

The cytotoxicity of the HMs was accessed in two human cell lines, an acute monocytic leu-
kemia cell line, THP1, a suspension cell line and normal human dermal fibroblasts, an adherent
type of cell line. After 24 h of exposure to each HM, the cells’ viability was analyzed using MTS
colorimetric assay, and the percentage of cell viability was calculated after normalization with
control cells (untreated). The results show that no statistically significant alterations were de-
tected in the cell viability after exposure to FucoPol HMs compared to the control (Fig. 3.14),
demonstrating the non-cytotoxic potential of HMs as previously described by our group for
FucoPol [292].
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Figure 3.14 — Acute monocytic leukemia cell line, THP1 (light grey bars) and normal dermal fibroblasts (dark
grey bars) cell viability (percentage) after 24 h of exposure to HM1, HM2 and HM3 HMs and 500 pg/mL of Fuco-

Pol. Bars represent the average + SD of three independent experiments. ns—non-statistically significant.

3.1.3.3.9. Anti-Inflammatory Activity

The potential anti-inflammatory activity of the FucoPol HMs was examined in acute mono-
cytic leukemia cells, THP1, after or simultaneously to their exposure to an inflammatory stimu-
lus caused by a bacterial lipopolysaccharide (LPS) by analyzing the expression levels of the
proinflammatory cytokine tumor necrosis factor alpha (7A/F-a) (Fig. 3.15). As expected, TNF-a
expression in samples incubated for 2 h with LPS showed a very high level (12x compared to
the control) that reduced after 2h30 and 5 h of incubation, but it remained higher than that of
the control (=5.5x) (Fig. 3.15A). Interestingly, the addition of the FucoPol HMs to THP1 cells 2
h after the stimulus with LPS resulted in a decrease in 7TN/F- a expression (Fig. 3.15B) of more
than 80% for all membranes when compared to the control samples (incubated with LPS) (Fig.
3.15C). FucoPol was able to induce a reduction in 7NVF- a expression after 2h30 but not after 5
h of exposure (Fig. 3.15B). When samples were not previously stimulated with LPS, no statisti-
cally significant alterations were detected in the 7/N/F-a expression of the cells exposed to the
membranes, as opposed to a statistically significant increase in the TNF- a expression when
cells were incubated with FucoPol (Fig. 3.15D). Moreover, the simultaneous exposure of THP1
cells to LPS and FucoPol HMs resulted in the decreased expression of 7NF-a when compared
to cells only incubated with LPS, with a higher reduction observed when cells were incubated
with HM3 (Fig. 3.15D), indicating that the high level of iron content and mechanical character-
istics of this membrane could indicate their more suitable application to avoid inflammatory
processes. In general, these results show the anti-inflammatory potential of the HMs in cells

previously stimulated with an inflammatory agent or during the inflammatory process, which
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might be a highly positive feature for the treatment of inflammatory diseases or to control

inflammatory processes.
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Figure 3.15 —Effect of HMs on 7TA/F-arexpression levels in THP1 cells. Inflammation in THP1 cells was stimulated
for 2 h via the addition of 7 pg/mL lipopolysaccharides (LPS), and then the HMs or 500 pg/mL of FucoPol were
added. In parallel, cells were submitted to the same treatment but without LPS. (A) 7AV/F-a expression after 2 h, 2h30
and 5 h in LPS-treated samples calculated with 2724¢t using the RNVA 78S and corresponding LPS untreated samples
as reference. (B) TNF-a expression after 2 h 30 and 5 h in LPS-treated samples that were exposed to the HMs and
FucoPol for 30 min (2h30 samples) and 3 h (5 h samples), calculated with 2724t ysing the RNVA 78S and correspond-
ing LPS control samples as reference. (C) Percentage of reduction in 7AV/F-a expression in HM-treated samples rela-
tive to the respective control sample (treated with LPS and collected at the same time point). (D) 7AVF-a expression
after 2h30 and 5 h in LPS untreated samples that were exposed to the HMs and FucoPol for 30 min (2h30 samples)
and 3 h (5 h samples), calculated with 2722t ysing the RN/A 78S and corresponding control samples as reference. (E)
TINF-a expression after 2 h in samples that were simultaneously submitted to LPS and to the HMs or FucoPol,
calculated with 2724t using the RNA 78S and corresponding LPS untreated samples as reference. Bars are the aver-

age * SD of three independent experiments. *p-value below 0.05 relative to control; ns—non-statistically significant.

3.1.4. Conclusions

This study demonstrates for the first time the preparation of hydrogel membranes based

on the polysaccharide FucoPol, using Fe** as a crosslinking agent. From oscillatory shear
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measurements, it was shown that the FucoPol concentration had a significant impact on the
HMs' strength. Regarding the effect of the Fe** concentration, for values above 1.5 g/L, a min-
imal effect was observed. Three FucoPol concentrations (1.0, 1.75 and 2.5wt%) were selected
to be combined with Fe* (1.5 g/L), whose presence was confirmed via structural analysis. De-
spite the high water content of all the prepared HMs, their morphology and their mechanical,
water retention and swelling properties were affected by their composition. Moreover, HMs
did not show cytotoxic activity in two different human cell lines (leukemia cells line and normal
primary human fibroblasts) but showed anti-inflammatory capability in cells previously stimu-
lated with an inflammatory agent or during the inflammatory process, which might be a highly
positive feature for the treatment of inflammatory diseases or to control the development of
inflammatory processes. Overall, this study demonstrates the promising potential of FucoPol
as a versatile material for HM fabrication, offering tunable properties, biocompatibility, and

anti-inflammatory activity.

123



/. Hydrogels - FucoPol Hydrogel Membranes

Novel hydrogel membranes based on the bacterial polysaccharide FucoPol: Design,

characterization, and biological properties

124



/. Hydrogels - FucoPol Hydrogel Membranes
Exploring the drug loading and release ability of FucoPol hydrogel membranes

3.2. Exploring the drug loading and release ability of FucoPol
hydrogel membranes

The results shown in this chapter are part of the following published paper:
e Araljo, D., Martins, M., Freitas, F. Exploring the drug and release ability of FucoPol hy-

drogel membranes. International Journal of Molecular Science 2023, 24, 14591.

https://doi.org/10.3390/iims241914591

Summary

FucoPol hydrogel membranes (HMs), fabricated by ionic gelation using Fe** as a crosslink-
ing agent, were tested for the first time as delivery systems. The HMs prepared with a FucoPol
solution of Twt% combined with 1.5 g/L Fe** (HM1 membranes) were successfully loaded with
caffeine or diclofenac sodium as model drugs by either diffusion (HM1_Dcar and HM1_Dps,
respectively) or mixing (HM1_Mcar and HM1_Mps, respectively) methods. However, the diffu-
sion method led to a higher caffeine loading (101.9 + 19.1 mg/g) within the HM structure,
while the mixing method resulted in a higher diclofenac sodium loading (82.3 + 5.1 mg/g). The
HM1_Dcar membranes were characterized by increased mechanical and rheological parameters
such as their hardness (130.0 + 5.3 kPa) and storage modulus (1014.9 + 109.7 Pa), compared
to the HM1_Dps membranes that exhibited lower values (7.3 + 1.2 kPa and 19.8 + 3.8 Pa, re-
spectively) probably due to a leaching phenomenon during the drug loading process. The re-
lease profiles revealed a fast release of both APIs from the HM1_Dcar and HM1_Dps mem-
branes, while a prolonged and sustained release was obtained from the HM1_Mcar and
HM1_Mps membranes. Moreover, for all APl-loaded membranes, the release mechanism fol-
lowed Fickian diffusion with the release rate being essentially governed by the diffusion pro-
cess. These findings demonstrate FucoPol HMs' potential to be used as a platform for drug

delivery.
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3.2.1. Introduction

Polysaccharide HMs are hydrated porous media constructed by hydrophilic polymers that
crosslink to form a three-dimensional network structure [70,274]. Their unique properties, in-
cluding high water content, flexibility, and good mechanical strength, allow their use in several
topical and transdermal applications such as drug delivery systems [70] and wound dressings
[276]. Polysaccharide HMs have been described as promising structures for use as transdermal
drug delivery systems since they provide the protection of the drugs from hostile environments
(e.g., enzymes’ degradation and low pH) and promote the release of the loaded drugs in a
desired site [330,331].

Loading HMs with active pharmaceutical ingredients (APIs) is an important step in develop-
ing drug delivery systems. Several approaches have been used to incorporate APIs within the
HMs structure, including permeation/diffusion, entrapment/mixing, and covalent bonding
[257,332]. The permeation approach is a simple and easy method that involves the adsorption
of the drug onto the membrane structure by soaking the pre-formed membrane in a drug-
containing solution. Following this method, the drug diffuses slowly into the gel according to
several factors such as structure porosity, drug size, and chemical properties. This approach is
only suitable for loading small molecules that can easily migrate through the small pores of
the hydrogel. It allows high loading efficiencies of hydrophilic drugs and decreases the possi-
bility of drug deactivation [332,333]. The entrapment method consists of physically trapping
the drug within the hydrogel’'s matrix by mixing it with the polymer solution prior to gelation.
This method allows the loading of larger and hydrophobic drugs and increases the duration of
release time. However, in addition to increasing the chance of drug deactivation, it can also
lead to unnecessary crosslinking [334,335]. Drugs’ release from hydrogels loaded by either
method usually presents an initial burst release due to the drug concentration gradient be-
tween the hydrogel and the surrounding environment [332,334].

Diclofenac sodium is a nonsteroidal anti-inflammatory drug (NSAID) commonly used for the
treatment of pain and inflammation. Its properties, such as small molecular weight, lipophilic
nature, and ability to penetrate the skin barrier, make it a good candidate for transdermal drug
delivery [336]. Diclofenac sodium is sparingly water-soluble, however has good solubility in
various organic solvents (e.g., ethanol, dimethylsulfoxide), making it easy to incorporate into
HMs using diverse loading methods, including permeation [333,337] and entrapment
[263,335]. Caffeine is a stimulant of the central nervous system, and it is widely used as a model

hydrophilic compound for skin toxicology studies. Its topical application prevents excessive fat

126



/. Hydrogels - FucoPol Hydrogel Membranes
Exploring the drug loading and release ability of FucoPol hydrogel membranes

accumulation in the skin, supports lymphatic drainage, and protects the skin from photo-
damage [338,339]. Due to its properties, caffeine has been integrated into various topical or
transdermal formulations for different applications, including scalp stimulation to promote hair
growth [340] and antiaging and antioxidant agent in skincare creams [341].

Based on their properties, namely porous morphology, flexibility, and swelling behavior, the
HM1 membranes prepared with Twt% FucoPol (Chapter 3.1) were selected to investigate their
ability as drug release systems. In this study, the HM1 FucoPol membranes were loaded with
caffeine or diclofenac sodium as model drugs. The impact of the loading method used, diffu-
sion or mixing, was evaluated, and the loaded HMs' mechanical and rheological properties
were characterized. Finally, their drug loading and release capacity was evaluated envisaging

their future use as drug delivery systems.

3.2.2. Materials and Methods

3.2.2.1. Materials

FucoPol composed of 36%mol of fucose, 33%mol of glucose, 26%mol of galactose, and
5%mol of glucuronic acid, with a total acyl group content of 7.8wt%, was obtained from the
cultivation of the bacterium Enterobacter A47, as described by Concordio-Reis et al. [293]. The
polymer presented a protein content of 14.3% and an inorganic salt content of 1.4%. It has a
molecular weight of 3.19x10° Da, with a polydispersity index of 1.90. Caffeine (99%) and diclo-
fenac sodium salt (98%) were purchased from Alfa Aesar and Tokyo Chemical Industry Co,

respectively.
3.2.2.2. Preparation of HM1 membranes

The HM1 membranes were fabricated as described in section 3.1.2.2. Briefly, a FucoPol so-
lution (Twt%) was cast into a cylindrical silicone (50 mm diameter, 3 mm height) mold and
immersed into an aqueous FeCls solution (1.5 g/L of Fe®*, 250 mL), at room temperature, for 2
h. After a washing step with deionized water (250 mL, 1 h), the HMs were removed from the
mold and cut with a stainless-steel cylindrical mold (25 mm diameter) to promote better han-
dling. Then, an additional washing step with deionized water (250 mL) was performed under
continuous stirring (150 rpm) until constant conductivity (~1 uS/cm) was achieved. Finally, the
HM1 membranes were freeze-dried (-98 °C, 0.03 mbar) and the obtained structures were

stored in a closed vessel, at room temperature, until further use.
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3.2.2.3. Loading of the HM1 membranes with APIs

The HM1 membranes were individually loaded with each of the APIs, namely caffeine (99%,
Alfa Aesar) or diclofenac sodium salt (98%, Tokyo Chemical Industry Co) through two different
methods: diffusion and mixing. For the APIs loading by diffusion, the pre-weighed freeze-dried
HM1 membranes were immersed in caffeine (1.0wt%) or diclofenac sodium (0.1wt%) solutions,
at room temperature, for 24 h. After that period, the loaded HMs were removed from the API
solutions, the excess solution was removed by blotting with filter paper, and the samples were
freeze-dried. The obtained HM1 membranes loaded with caffeine and diclofenac sodium were
labeled as HM1_Dcar and HM1_Dps, respectively. The APIs loading by the mixing method was
performed by mixing 2.5 mg of the APl powder with the freeze-dried FucoPol sample (100 mg)
and dissolving the mixture in deionized water (10 mL), under continuous magnetic stirring (800
rpm), at room temperature. Then, the solution was cast into the silicone mold, and gelation
was promoted by immersion in an aqueous FeCl; solution (1.5 g/L of Fe3*), for 2 h. Afterwards,
the APl-loaded membranes were washed by replacing the FeCls solution with deionized water.
Then, the HMs were removed from the mold, cut with the cylindrical mold (25 mm diameter),
and washed again with deionized water (250 mL, 150 rpm). Finally, the obtained API-loaded
membranes were freeze-dried. The obtained HM1 membranes loaded with caffeine and diclo-
fenac sodium were labeled as HM1_Mcar and HM1_Mps, respectively.

For quantification of the API content (mg), APl-loaded membrane samples were suspended
in PBS solution, pH 7.4, at room temperature, for 24 h, for hydrogel's disintegration [342]. After
complete hydrogel dissolution and subsequent API extraction, the solution was filtered (0.2 um
filters, Whatman), and the concentration of caffeine and diclofenac was determined by meas-
uring the solutions’ absorbance (UV-Vis spectrophotometer CamSpec M509T, Leeds, UK), at
273 and 275 nm, respectively [263,343]. The drug loading (DL, mg/g) and the entrapment effi-
ciency (EE, %) were calculated using the following equations (3.2.1) and (3.2.2) [263,335]:

DL = API content in the HMs (3.2.1)
wy
EE = API content in the HMs % 100 (3.2.2)
Wap1

where W, (g) represents the mass of the loaded freeze-dried HM, and Wapi (Mmg) represents

the initial mass of API available.
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3.2.24. Characterization of the loaded hydrogel membranes

3.2.24.1. FT-IR Spectroscopy

The HM1 hydrogel membranes loaded with caffeine and diclofenac sodium were character-

ized by FT-IR spectroscopy as described in section 2.3.2.5.
3.224.2. Mechanical properties

The compressive mechanical properties of the loaded FucoPol HMs were evaluated as de-

scribed in section 3.1.2.4.7.
3.2.243. Rheological properties

The rheological properties of loaded FucoPol HMs were assessed as described in section

3.1.2.3.
3.2.2.4.4. In vitro release studies

Drug release studies were carried out in deionized water (10 mL) as described in section
2.4.2.8. The APIs' cumulative release values were fitted to the Korsmeyer—Peppas model, ac-

cording to equation 2.3.8.

3.2.3. Results and Discussion

3.2.3.1. Loading of APIs

The ability of the HM1 membranes to be loaded with APIs was evaluated by a diffusion
method, in which freeze-dried membrane samples were soaked in two individual APIs solution,
namely caffeine, a stimulant of the central nervous system with a well-known effect on adipo-
cyte lipolytic activity [339], and diclofenac sodium, an NSAID widely used in pain management
[336]. To study the impact of the loading method, HM1 membranes were also loaded with APls
individually, following a mixing method where a specific amount of each APl was mixed with
the freeze-dried FucoPol and API loading occurred through drug entrapment during the gela-
tion process.

As shown in Fig. 3.16, macroscopically, all the freeze-dried loaded membranes retained their
brownish coloration, lightness, and fragility, while keeping their dimensions. However, the
HM1_Dps presented a rectangular shape and a lighter coloration. These changes in shape are

related to the loss of consistency of the freeze-dried HM1 membranes during immersion in the
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diclofenac loading solution caused by the possible interaction of the API's molecules with the

Fe>* ions.

Figure 3.16 - Macroscopic aspect of the freeze-dried FucoPol hydrogel membranes loaded with caffeine (A and
B) prepared by diffusion (HM1_Dcar) or mixing (HM1_Mcar) methods, respectively, and loaded with diclofenac so-
dium (C and D) prepared by diffusion (HM1_Dps) or mixing (HM1_Mps) methods, respectively.

The key parameters used to evaluate the loading ability of the HM1 membranes were the
drug loading (DL) and the entrapment efficiency (EE), which represent the mass ratio of drug
to drug-loaded HM and the efficacy of HM to retain the drug in its structure, respectively. As
shown in Table 3.3, the diffusion method resulted in a higher DL capacity for caffeine (101.9 +
19.1 mg/g) than for diclofenac sodium (53.9 + 11.8 mg/g), which correlates with the APIs’ con-
centration in the loading solutions. The higher concentration of caffeine in the loading solution
(1.0wt%) resulted in a higher amount of caffeine being loaded into the membranes’ matrix. On
the other hand, owing to the lower water solubility of diclofenac sodium [344], a lower API
concentration was used (0.1wt%), thus resulting in a lower DL. However, higher EE was noticed
for diclofenac sodium (1.6 + 0.2%) than for caffeine (0.6 + 0.1%) (Table 3.3). Although these
results might be significantly impacted by the API's concentration in the drug loading solution,
the physicochemical characteristics of the APIs also contributed to this behavior. In fact, during
the loading procedure, the negative ions of diclofenac might have interacted with the Fe?*
cations, probably promoting their leaching from the membrane'’s structure and, consequently,
it became less consistent. Moreover, the leaching process might have promoted the accom-
modation of water molecules inside the membranes’ structure, increasing their dimensions but
decreasing their density. This is corroborated by the fact that after freeze-drying, the HM1_Dps
membranes were lighter and presented an altered shape, as observed in Fig. 3.16. The impact
of the APIs’ concentration in the loading solution on the drug loading amount was also re-
ported for other structures including the CGC hydrogels [305] and chitosan/B-glycerophos-
phate hydrogels [333]. For the same concentration of diclofenac loading solution (0.1wt%), the
latter structures presented a lower DL value (2.48 mg/g) which might be explained by the low

swelling ability of those hydrogels [333].
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Table 3.3 - APIs concentrations in the loading solutions, drug loading (DL) capacity, entrapment efficiency (EE),
and API content in the HM1 membranes.

API Caffeine Diclofenac Sodium
Loading method Diffusion Mixing Diffusion Mixing
Loading solution (wt%) 1.0 - 0.1 -
API concentration (wt%) - 0.025 - 0.025
DL (mg API/g dry gel) 101.9+19.1 78.6+25 539+11.8 82.3+5.1
EE (%) 0.6+0.1 25.8+3.5 1.6+0.2 254 +3.6

The low EE observed for loading both tested APIs by the diffusion method is correlated to
the membranes’ swelling capacity, which was limited by their low porosity and tight micro-
structure [345]. Following a similar loading methodology, CGC-based hydrogels obtained
higher and similar EE values for caffeine and diclofenac sodium (13.11 + 0.49% and 14.70 +
0.60%, respectively) [305]. This difference can probably be justified by the high porosity of CGC
hydrogels (79.4 + 0.60%) when compared to HM1 membranes (59.3 + 8.3%) [345]. Additionally,
the loading might also be influenced by the low drug-polymer interactions resulting from re-
pulsion between the anionic groups of FucoPol and APIs molecules [260].

Significantly higher EE was obtained with the mixing method for loading both tested APIs
into HM1 compared to the diffusion method (Table 3.3). Moreover, the EE values were similar
for caffeine and diclofenac sodium (25.8 + 3.5% and 25.4 + 3.6%, respectively). This result in-
dicates that an identical APl amount was entrapped within the membranes’ structure and that
the nature of the API had no significant impact. However, these values are low when compared
to other structures and the explanation might be related to API leakage during the preparation
process since the polymer solution containing the APl was immersed in FeCls solution for cross-
linking. Tan et al. [335] reported EE values of 56 and 65% for diclofenac sodium loading in
carboxymethyl sago pulp/chitosan hydrogels. In another study, chitosan/PVA hydrogels were
loaded with caffeine, and an EE of around 99% was reported [343]. The same amount of API
(0.025wt%) was used for both caffeine and diclofenac sodium loading, resulting in a similar DL
for diclofenac (82.3 + 5.1 mg/g) and caffeine (78.6 + 2.5 mg/g). These results suggest that the
physicochemical characteristics of the APIs had no effect on the loading process efficiency.

Overall, the results obtained showed that a higher DL for caffeine was achieved using the
diffusion method while for diclofenac sodium the mixing method allowed reaching higher DL
values. Furthermore, despite the lower concentration of APl used, following the mixing method

led to higher values of EE for both APIs. In general, it was demonstrated that drug loading can
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be affected by the methodology used to load the APl as well as the physicochemical properties
of the APl used.

3.2.3.2. Characterization of the loaded HM1

3.2.3.2.1. FT-IR Spectroscopy

The structural characterization of the loaded HM1 was carried out by FT-IR analysis. As
shown in Fig. 3.17, the loaded membranes exhibited a spectrum similar to that of FucoPol.
However, the incorporation of the APIs within their structure led to some structural modifica-
tions. It can be observed that the spectra of the API-loaded membranes displayed the charac-
teristic adsorption bands of FucoPol, along with specific vibrations of each APl and the intensity
of these vibrations is consistent with the API content. The spectrum of caffeine presents ab-
sorption peaks at 3115 and 2952 cm™ (C-H stretching of methyl groups), 1697 and 1650 cm’”
(C=0 stretching of amide I), and 1549 cm™ (C=N stretching of amide Il) [222] (Fig. 3.17A). The
HM1_Dcar and HM1_Mcar membranes exhibited a decrease in the intensity of the broadband
of O-H stretching of hydroxyl groups at 3300 cm™ and the C-H stretching at 2927 cm™. Fig.
3.17A shows that the incorporation of caffeine can be confirmed by the increasing intensity of
the peaks attributed to the C=0 stretching at around 1700 and 1655 c¢cm™', and increased C-N
and C-C vibrations at 1019 cm™. Moreover, the presence of an additional peak at around
744 cm™ confirms the presence of caffeine [346]. The low magnitude of these peaks in the
spectra of the loaded membranes prepared by mixing corroborates the lower caffeine content
in these structures (Table 3.3).

The diclofenac sodium spectrum comprised absorption peaks at 3387 cm™ (N-H stretching),
1603 cm™ (C=C ring skeletal vibration), 1573 cm™ (COO" anti-symmetrical vibration), 1350-
1250 cm™ (C-N stretching) and 730-745 cm™ (C-H out of plane, di and tri substituted rings)
[205] (Fig. 3.17B). Despite the low intensity of the peaks, the presence of diclofenac in the
HM1_Dps and HM1_Mps membrane structures can be confirmed by the absorption peak at
1604 cm’', the increased intensity of the peak at 1256 cm™ and the appearance of small peaks
around 700 cm™ (Fig. 3.17B).
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Figure 3.17 - FTIR spectra of HM1 loaded with (A) caffeine and (B) diclofenac sodium by diffusion (HM1_D) and
mixing (HM1_M) methods.

When an APl is loaded into a membrane structure, it may interact with the polymer matrix
and affect several of its properties such as the mechanical strength and the viscoelastic prop-

erties.
3.23.2.2. Mechanical properties

The impact of dehydration/rehydration and the presence of the APl on the mechanical prop-
erties of the HM1 membranes is shown in Fig. 3.18. It can be noticed that loading caffeine into
the HM1 membranes either by diffusion or mixing methods, led to significant changes in the
mechanical parameters. In fact, the hardness values of the caffeine-loaded membranes (130.0
+ 5.3 and 60.4 + 7.2 kPa, respectively) were considerably higher than those displayed by the
original HM1 membranes (32.4 + 5.8 kPa) (Table 3.4). Moreover, the HM1_Dcar membranes
presented a higher ability to withstand the deformation, since their rupture only occurred at
228.8% of strain (Fig. 3.18A). This result might be explained by the effect of the freeze-drying
process and the incorporation of the caffeine that apparently reinforced the membranes’ struc-
ture [347]. Consequently, the HM1_Dcar and HM1_Mcar membranes presented higher com-
pressive modulus (34.1 + 5.2 and 66.5 £ 8.5 kPa, respectively) and toughness (41.2 + 0.6 and
16.3 = 0.5 kJ/m?, respectively). A similar trend was reported for CGC hydrogels, for which load-

ing caffeine into the hydrogels resulted in higher hardness (15.6 + 2.53 kPa), compressive
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modulus (120.0 + 61.64 kPa), and toughness (120.0 + 61.64 kJ/m?) than the original ones (5.04
+ 0.14 kPa, 23.0 + 0.89 kPa, and 0.78 + 0.01 kJ/m?>, respectively) [239]. Chee et al. [347] also
described changes in some mechanical parameters, such as a decrease in tensile strains and
higher Young's modulus values of PVA hydrogels when loaded with caffeine. Although there
are other factors to consider such as the number of freeze-thaw cycles and the polymer orien-
tation, the authors assigned this effect to the caffeine crystallization during the drying process.

The HM1_Mcar membranes displayed lower values of hardness (60.4 + 7.2 kPa), and tough-
ness (16.3 = 0.5 kJ/m3) when compared to those loaded by the diffusion method (130.0 + 5.3
kPa, 41.2 + 0.6 kJ/m’>, respectively), which can be justified by the higher amount of caffeine
present in the latter structures (Table 3.3). Similarly, Yang et al. [80] showed that increasing the
methacrylamide dopamine content from 3 to 9% in chitosan-based hydrogels enhanced the
compressive stress from 19 to 37 kPa and those values were higher than the ones displayed by

the non-loaded hydrogel (18 kPa).
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Figure 3.18 - Compression stress-strain curves of the HM1 membranes (light grey dashed line) and the HM1
membranes loaded with (A) caffeine and (B) diclofenac sodium by diffusion (full line) and mixing (dotted line) meth-

ods.

The results obtained for the HM1_Dps and HM1_Mps membranes are displayed in Fig. 3.18B.
Contrary to that obtained for caffeine, the loading method used to incorporate diclofenac
within the membrane structure had a very significant impact on their mechanical parameters.
It can be observed that the HM1_Mps membranes exhibited higher hardness (81.8 + 3.4 kPa),
compressive modulus (67.7 + 2.5 kPa), and toughness values (19.7 = 0.6 kJ/m?) than those
loaded by the diffusion method (7.3 + 1.2 kPa, 4.6 + 1.3 kPa, and 1.7 = 0.4 kJ/m?, respectively)
(Table 3.4). Despite the lower amount of diclofenac present in these later structures, the leach-

ing phenomenon has probably contributed to the observed fragility of the membranes
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(Fig. 3.16), and consequently, a decline in the mechanical properties. Wong et al. [211] evalu-
ated the effect of loading polyethylene oxide (PEO) hydrogel films with diclofenac sodium via
diffusion and mixing methods. The authors described a decrease in the mechanical properties
of the hydrogel films and attributed it to a significant decrease in polymer crystallinity for the

diffusion method and a low crosslinking density for the mixing method.

Table 3.4 - Mechanical properties (under 90% strain) and storage (G) and loss (G”") moduli (measured at 1 Hz)
of the HM1 membranes loaded with caffeine (HM1_Dcar and HM1_Mcag) or diclofenac sodium (HM1_Dps and

HM1_Mps), compared to the non-loaded membranes (HM1).

Mechanical properties Rheological properties
Sample ID Hardness Compressive modulus Toughness
G’ (Pa) G” (Pa)
(kPa) (kPa) (kJ/m?3)

HM1 324+58 56.3+7.8 14+0.1 285.8 +36.1 36.7+5.5
HM1_Dcar 130.0+5.3 34.1+5.2 412+0.6 1014.9 +109.7 113.2+13.7
HM1_Mcar 60.4+72 66.5+8.5 16.3+05  609.7+78.3 80.3+2.7

HM1_Dbs 73+1.2 46+1.3 1.7+04 19.8+3.8 22+0.1
HM1_Mbs 81.8+3.4 67.7+2.5 19.7+0.6  421.0+107.3 40.6 +10.2

3.2.3.2.3. Rheological properties

The effect of dehydration/rehydration and the presence of the APl on the viscoelastic prop-
erties of the HM1 membranes is shown in Fig. 3.19. In general, all loaded membranes presented
a rheological profile identical to the original HM1 membranes with a predominant elastic be-
havior, suggesting that the incorporation of APIs had no significant impact on the viscoelastic
properties of the structure. As solid-like structures, the values of the storage modulus were one
order of magnitude higher than the loss modulus values over almost the entire range of fre-
quency. Similar behavior was reported for other ion-crosslinked hydrogels, namely hydrogels
based on nanofibrillated cellulose [348], succinoglycan [287], and gellan [299]. As shown in
Fig. 3.19A and 3.19C, the HM1_Dcar and HM1_Mcar membranes presented higher storage and
loss moduli which is consistent with the observed enhancement of the structures’ mechanical
properties (Fig. 3.18A). As demonstrated in Table 3.4, at a frequency of 1 Hz, the G’ value was
enhanced from 285.8 + 36.1 Pa to 1014.9 + 109.7 (Fig. 3.19A) and 609.7 + 78.3 Pa (Fig. 3.19C),
while the G" increased from 36.7 + 5.5to 113.2 + 13.7 and 80.3 + 2.7 Pa, for the HM1_Dcar and
HM1_Mcar membranes, respectively. These results demonstrate that loading caffeine into the
membranes can potentially impact the crosslinking density, affecting their ability to store and
recover elastic energy. Moreover, the addition of caffeine to membranes may alter the molec-

ular mobility and the relaxation behavior of the polymer chains which can affect internal friction
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and energy dissipation within the hydrogel’'s network [349]. A similar improvement of rheolog-
ical parameters was reported for the CGC hydrogel loaded with caffeine by diffusion [239]. In
that study, at a frequency of 1 Hz, the caffeine-loaded hydrogels presented G' and G” values
of 315.0 £ 76.7 Pa and 29.3 + 8.4 Pa, respectively, while lower values were obtained for the

original hydrogels (149.9 + 9.8 and 11.9 + 0.5 Pa, respectively).
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Figure 3.19 - Rheological properties of the HM1 membranes (grey symbols) and the HM1 membranes loaded
with caffeine using (A) diffusion and (C) mixing method, and with diclofenac sodium using (B) diffusion and (D)

mixing method, at 25 °C. Mechanical spectrum storage (G’, solid symbols) and loss moduli (G", open symbols).

The rheological properties of the HM1_Dps and HM1_Mps membranes showed that the load-
ing method also had an impact on the storage and loss moduli values compared to the original
HM1 membranes (Fig. 3.19B and 3.19D). The most relevant difference was obtained for the
HM1_Dps membranes on which, at a frequency of 1 Hz, the G' and G" values were drastically
reduced from 285.8 + 36.1 Pa and 36.7 £ 5.5 Pato 19.8 + 3.8 Paand 2.2 = 0.1 Pa, respectively
(Fig. 3.19B). Following a similar loading method, the incorporation of diclofenac sodium within
the structure of starch/pectin hydrogels led to a decrease in the rheological parameters com-
pared to the original hydrogels, namely for the G’ values that decreased from 353.36 Pa to
72.74 Pa, suggesting that the interaction between the diclofenac and the carboxyl groups of
the polymers prevent the original hydrogen bond formation among them [350]. On the other
hand, performing the loading by mixing, an increase in the G’ value from 285.8 + 36.1 Pa to

421.0 + 107.3 Pa was observed and a similar value of G was obtained (40.6 + 10.2 Pa), at a
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frequency of 1 Hz (Table 3.4). The results suggest that mixing diclofenac with the polymer
before gelation may promote the formation of additional crosslinking between the hydrogel
matrix and the drug molecules. Russo et al. [351] also reported a slight increase in G’ values
(21.61 £ 1.45 kPa) of diclofenac-loaded poloxamer gels when compared to non-loaded gels
(18.58 + 0.50 kPa).

Overall, these findings suggest that the addition of APIs to the membranes has an impact
on their mechanical and rheological properties, which should be considered for designing drug

delivery systems.
3.2.3.3. In vitro release studies

The release studies were performed by placing the API-loaded HM1 membranes in deion-
ized water, at 37 °C, and evaluating the cumulative release profiles of the APIs from the mem-
branes. As shown in Fig. 3.20 different release profiles could be identified for the HM1 mem-
branes loaded by each method. The membranes loaded by diffusion presented an API release
comprising an initial fast release (burst phase) followed by a lower release state. Fig. 3.20A
shows that for both APIs, the burst period occurred within the first 4 min where around 75%
was released. This initial burst is often attributed to the rapid release of surface-associated or
weakly bound APl molecules [352]. After that period, a slow release was observed, and the
release rate reached 100% within 25 min, for both APIs. This indicates that the release mecha-
nism for HM1_Dcar and HM1_Dps membranes is primarily controlled by diffusion. For the
HM1_Dps membranes, the release rate was further promoted by the disintegration of the mem-
brane observed during the release experiment. Disintegration might be induced by ion ex-
change, leading to the leaching of Fe* cations from the membrane structure during immersion
in a diclofenac solution. This exchange of ions can disrupt the crosslinking bonds within the
membrane, leading to a loss of the structural integrity of the membrane. In the end, the loaded
membrane showed a fragile structure that disintegrated when immersed in the release me-
dium. Xylan/chitosan hydrogel films loaded following a diffusion mechanism presented a sim-
ilar release profile of diclofenac in PBS solution [353]. The release profile demonstrated an
initial burst phase with 43% of the drug being released within the first 5 min, and the total
released after 60 min. Following similar loading conditions, the caffeine-loaded CGC hydrogels
also demonstrated an analogous behavior, however, the maximum release was achieved within
3 h of the experiment [305]. Considering that a similar amount of caffeine per hydrogel volume
was loaded through the same loading method in CGC hydrogels and HM1 membrane struc-

tures (11.98 + 1.29 and 10.07 + 1.89 mg/cm?), the faster release in the membranes might be
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essentially explained by the larger surface area of membranes that promoted faster release by
providing more sites for caffeine molecules to be released from the hydrogel’s matrix [354].
Muchova et al. [338] also reported a burst release kinetics of caffeine from dialdehyde cellu-
lose/PVA hydrogel films due to the low thickness of the structures which decreases the caffeine
diffusion path. After 8 h, up to 90% of the caffeine was released which might be suitable for
topical drug delivery.
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Figure 3.20 - Cumulative release profile of membranes (A) HM1_Dcar (*) and HM1_Dps (%) and (B) HM1_Mcar (
.) and HM1_Mps (%), in deionized water, at 37 °C.

As shown in Fig. 3.20B, the release of caffeine and diclofenac sodium from the HM1_Mcar
and HM1_Mps membranes, respectively, was extended when compared to HM1_Dcar and
HM1_Dps membranes and revealed differences in release profiles. It can be observed that for
HM1_Mcar membranes the release occurred following two stages: an initial burst release during
the first 16 min, where about 30% of the caffeine was released, followed by a second phase
with a slow release of the caffeine. During the last phase, the maximum caffeine released
(52.6 + 4.7%) was achieved after 150 min of the experiment. Likewise, whey protein hydrogels
enriched with CaCl, were loaded with caffeine through the mixing method, and an analogous
maximum of caffeine was released (50-55%) within 4 h of the experiment [355].

The release profile of diclofenac from HM1_Mps membranes also comprises an initial burst
release where 36% of the diclofenac was released in the first 15 min (Fig. 3.20B). After that
period, a decrease in the release rate was observed, reaching the maximum cumulative release
(100%) after 300 min. This behavior was also obtained for the magnetic PVA/carrageenan

nanocomposite hydrogels that exhibited a diclofenac release between 75% and 85% in PBS

solution, after 7 h of the experiment [356].
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The difference between both release profiles can be justified by the way that APIs were
incorporated into the hydrogel’s matrix, which affected their distribution and subsequent re-
lease behavior. In fact, in the diffusion method, the API can be easily deposited in microporous
spaces of the hydrogel, and drug molecules adhere to the surface of the hydrogel, leading to
faster release rates due to the immediate availability of the drug. When the API is loaded by
mixing, their molecules are physically or chemically entrapped within the hydrogel matrix,
providing a more controlled and sustained release since diffusion through the hydrogel net-
work is needed [211].

Since the release of both APIs from the membranes is apparently controlled mainly by dif-
fusion [231], the first 60% of the release data was modeled according to the Korsmeyer-Peppas
model [206]. Based on the regression coefficients (R?), all the release data fitted in the model

since the R? values were higher than 0.97 (Table 3.5).

Table 3.5 - Korsmeyer—Peppas model parameters obtained from the /n vitro release kinetics of HM1 mem-

branes; R?, regression coefficient; 7, release exponent.

Sample ID Loading method n R?

HM1_Dcar Diffusion 0.392 0.994
HM1_Dps Diffusion 0.322 0.995
HM1_Mcar Mixing 0.246 0.978
HM1_Mps Mixing 0.233 0.971

As listed in Table 3.5, the kinetic parameters revealed that all the HM1 membranes follow a
simple Fickian diffusion with n values below 0.45. These results indicate that until 60% of the
release, the physicochemical properties of the APl used had no significant impact on the re-
lease mechanism. Moreover, these nvalues suggest that the drug release mechanism is purely
controlled by diffusion, with the drug being diffused faster through the membrane matrix than
the process of polymeric chain relaxation [357]. It was demonstrated that following an identical
loading method, both APIs presented similar n values. Using the diffusion method, HM1_Dcar
and HM1_Dps membranes showed n values of 0.392 and 0.322, respectively, while using the
mixing method HM1_Mcar and HM1_Mps obtained n values of 0.246 and 0.233, respectively.
Several other structures have been reported to have similar release mechanisms for caffeine
and diclofenac sodium. For example, starch-based hydrogels containing acrylamide and pre-
pared by diffusion method also revealed a caffeine release rate dominated by Fickian diffusion
(n=0.17), determined by the interactions between caffeine and the monomers [232]. Similar n

values (0.3 — 0.35) and consequent release mechanism were obtained for caffeine release from
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PVA/chitosan hydrogels prepared by mixing method [343]. Qiao et al. [358] also reported a
mechanism controlled by Fickian diffusion (n=0.27) for diclofenac sodium release from gelatin-

polyacrylamide hydrogels loaded by diffusion.

3.2.4. Conclusions

In this study, the FucoPol HMs were successfully loaded with caffeine and diclofenac sodium
as model APIs, following two loading methods: diffusion and mixing. The membranes demon-
strated the ability to be loaded with both APIs by either method, and the presence of the APIs
in the membranes’ structures was confirmed by FT-IR analysis. However, the incorporation of
diclofenac sodium by diffusion led to the leaching of the crosslinking agent, and the mem-
brane’s structure suffered some physical alterations, including changes in the macroscopic ap-
pearance, and a decrease in the mechanical and rheological parameters. Except for this struc-
ture, all developed membranes displayed improved mechanical and rheological properties
when compared to the non-loaded ones. For both APIs, a high release rate was obtained for
the membranes loaded by diffusion, whereas sustained and extended release was observed for
those prepared by the mixing method. Moreover, all loaded membranes displayed a release
profile following a Fickian diffusion, suggesting that the initial release phase occurred inde-
pendently of the API used. Despite future studies focused on exploring additional formulation
parameters and optimization strategies that are needed to further enhance the entrapment
efficiency and release performance of the hydrogel membranes, these findings highlight the

potential of the FucoPol HMs to be used as drug delivery systems.
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[1l. MICRONEEDLES ARRAYS

4. Microneedles Arrays based on natural polymers

Part of this chapter was adapted from the following published book chapter:

e Aradjo, D, Freitas, F. “Microneedles Arrays Based on Natural Polymers" in Encyclopedia
of polymer applications Vol 2, 1st ed, Mishra M, Ed; CRC Press, Taylor & Francis Group:
NW, USA, 2019, pp. 1800-1812.

Summary

Microneedle arrays (MNs) are minimally invasive devices that painlessly penetrate the skin’s
protective barrier, the stratum corneum, to enhance transdermal drug delivery. Recently, owing
to their biocompatibility, biodegradability, and nontoxicity properties, several natural polymers
have been proposed as materials for MNs fabrication. Polymeric MNs are promising substitutes
for the more common solid MNs made of silicon, metals, and ceramics, due to fabrication
simplicity, cost-effectiveness, and mass production capacity. This chapter describes the main
methods available for the fabrication of polymeric MNs, the properties of the natural polymers
proposed as materials for MNs fabrication, and based on that, the types of MNs that can be
obtained. Depending on the polymers' properties, biodegradable, dissolving, and hydrogel-
forming MNs can be fabricated with different shapes and geometries, to improve mechanical
properties and performance. More importantly, drug release can be controlled by water solu-
bility, degradation, and swelling properties of the polymers, which cannot be achieved by the
inorganic materials. The advantages of MNs based on natural polymers are addressed, includ-
ing the reduction of biohazardous sharp wastes and their safe disposal by biodegradation or
dissolution as well as their limitations that are mainly associated with harsh fabrication meth-
ods and mechanical strength maintenance after drug loading. Finally, the prospects for MNs

based on natural polymers are discussed, focusing on the development of the technology that
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will allow it to overcome the disadvantages and/or limitations encountered so far and, thus,

enable its progress in transdermal delivery therapies.

4.1.1. MNs arrays: Fabrication methods, materials and design

MNs arrays, minimally invasive devices that by-pass the stratum corneum, are applied to
the skin and painlessly create microscopic aqueous pores that allow drug diffusion to the der-
mal microcirculation, avoiding contact with dermal nerves and blood vessels [21,359]. The con-
cept of MNs appeared in the early 1970s when Gerstel and Place first proposed the creation of
micropores in the skin [360]. Unfortunately, back then, the technology to produce micron-sized
needles economically was not available. For over 40 years, research focused on MNs has been
carried out, but only in the late 1990s it has evolved considerably with the emergence of mi-
crofabrication technology. The first paper on this topic was published by Henry et al. [361]
describing the utilization of silicon MNs to enhance the delivery of calcein, across the human
skin. Microfabrication allowed the mass production of MNs arrays and the development of this
technology. Over the past decades, extensive research concerning MNs technology resulted in
the development of different techniques that allow the fabrication of MNs in several three-
dimensional designs from a wide variety of materials [21,362,363]. Conventionally, MNs can be
fabricated in five different types: solid, coated, dissolving, hollow, and hydrogel-forming
[21,364] (Fig. 4.1).
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Figure 4.1 - A schematic representation of five different MN types used to facilitate transdermal drug delivery.
(A) Solid MNs increase the permeability of a drug formulation by creating micro-holes across the skin. (B) Coated
MNs for rapid dissolution of the coated drug into the skin. (C) Dissolvable MNs for rapid or controlled release of
the drug incorporated within the microneedles. (D) Hollow MNs used to puncture the skin and enable the release
of a liquid drug following active infusion or diffusion of the formulation through the needle bores. (E) Hydrogel-
forming MNs take up interstitial fluids from the tissue, inducing diffusion of the drug located in a patch through the
swollen microprojections (reproduced from [21]).

Solid MNs follow the approach “poke and patch” which involves the creation of transient
aqueous micropores in the skin and, subsequently, the application of a drug-loaded patch or
a drug formulation (gel, emulsion, cream, solution, etc.) that crosses the skin by passive diffu-
sion (Fig. 4.1A). The requirement of a two-step application process is the main limitation of this
MN type [4,21,364].

The “coat and poke” approach is used to produce coated MNs by coating solid MNs with a
drug formulation prior to skin application (Fig. 4.1B). These MNs allow the deposition and dis-
solution of the coated drug within the skin, after insertion. Coated MNs enable the delivery of
macromolecules, such as vaccines, peptides, virus, and DNA to the skin, and overcome the
limitation of solid MNs by using a single-step application. Nevertheless, the main disadvantage
is the limited amount of drugs that can be applied to the MNs surface.

Dissolving MNs are fabricated following the “poke and release” approach. When in contact

with the skin interstitial fluid, these MNs rapidly dissolve, releasing the encapsulated drug over
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a period of time (Fig. 4.1C). This type of MNs avoids the biohazardous sharps waste in the skin,
although it can suffer from the major limitation of drug mutations due to the high temperature
required in the fabrication procedure [363].

Hollow MNs, also termed the “poke and flow" approach, are similar to hypodermic injection
and allow the continuous flow of the drug into the skin through the hollow capillaries
(Fig. 4.1D). Drug flow can be driven by diffusion, pressure, or electrical, allowing the infusion of
large amounts of drugs and modulation of drug delivery by modifications in the infusion rate
[363]. Moreover, this type of MNs enables the extraction of blood samples underneath the skin,
allowing the monitoring of body fluids (e.g., glucose levels). Needle clogging during skin in-
sertion and flow resistance are the main limitations of these MNs [21,364].

Recently, a new type of MNs, hydrogel-forming, has been developed. Hydrogel-forming
MNss are characterized by the coupling of drug-free polymeric MNs projecting from a baseplate
with an adhesive drug reservoir (Fig. 4.1E). Upon insertion into the skin, the MNs take up inter-
stitial fluid and the drug can diffuse through the swollen microprojections [21,359,364].

Different methodologies using several types of materials have been developed to produce
MNSs. Techniques, mostly based on microelectromechanical systems (MEMS) technology, in-
cluding micromolding, micromilling, atomized spray, 3D and 4D printing, laser cutting, lithog-
raphy, and etching processes are used in MNs manufacture [365,366]. Materials such as silicon,
metals (e.g., titanium and stainless steel), and ceramics have been extensively used to fabricate
a wide variety of MNs, as summarized by several authors [364,366,367]. Although silicon and
metals are the main materials used to fabricate MNs, disadvantages such as drug loading lim-
itation, expensive fabrication, and non-biocompatibility are associated with the use of those
structural materials [359].

Polymeric materials are promising alternatives for MNs preparation since some of them can
present biocompatibility, biodegradability, low toxicity, and may have the strength/toughness
required for skin penetration [21,367,368]. Among all the methodologies previously described,
micromolding is one of the most widely used methodology in polymeric MNs fabrication due
to the method’s good reproducibility, facility to produce at a large scale, and cost-efficiency
[369].

The micromolding fabrication process involves the replication of master structures using
molds to define features. This technique is accomplished in several steps: production of the
master MNs template, the introduction of the material to produce the female mold, curing or
cooling of the material, coating the female mold with the desirable polymer to MNs fabrication,

centrifugation, or application of vacuum to remove bubbles, application of drying or
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photocrosslinking process to promote solidification and peeling off the MNs from the female

molds (Fig. 4.2) [369].
\ \ \ \ \ Curing
— —
| Peeling off

Master template Pouring PDMS (base and curing agent) PDMS female mold

Pretreatment
(eg. plasma)

Centrifugation
Peeling off or vacuum
“fr— -+
Polymeric microneedles Solidification via drying or photocrosslinking Pouring polymer solution

Figure 4.2 - Schematic illustration of polymeric MNs fabrication via PDMS micromolding (reproduced from
[369]).

Several materials such as ceramics [370], PVA [371], and polydimethylsiloxane (PDMS) [368]
have been used to transcribe the microstructures of the master MNs templates and produce
female molds. Up to now, PDMS has been the main material used to fabricate molds for MNs
production given its flexibility, thermo-stability, accurate reproducibility of master structures,
and the ability to reproduce numerous molds by PDMS replica molding process [372]. Mi-
cromolding has been extensively used to fabricate several MNs based on natural polymers,
such as chitosan [373], chitin [374], silk fibroin [375], and hyaluronic acid [376].

Polymeric materials are broadly classified as natural or synthetic polymers, according to
their origin. While natural polymers occur in nature, synthetic polymers are mostly petrochem-
ically derived [377]. Natural polymers, such as collagen, chitosan, hyaluronic acid, cellulose,
alginate, and starch, can be obtained from animal, vegetable, algal, or microbial sources. Due
to their properties, several polysaccharides, including CMC, amylopectin, alginate, and hyalu-
ronic acid, were proposed as structural materials for the microfabrication of polymeric MNs
[369].

Generally, according to their performance in contact with the dermal interstitial fluid, poly-
meric MNs can be classified into dissolving, biodegradable, or hydrogel-forming MNs (Fig. 4.3).
Typically, drugs are embedded in the polymeric matrix (to avoid mechanical or biological dis-

ruption) and are released during MNs dissolution or degradation.
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Figure 4.3 - Schematic illustration of polymeric MNs behavior in contact with the dermal interstitial fluid.

4.1.2. Biodegradable MNs

Biopolymers have received considerable attention due to their properties such as biocom-
patibility, biodegradability, flexibility, and minimal side effects that render them high potential
to be used in biomedical applications. For the fabrication of biodegradable MNs, the polymers
are required to degrade over time without dissolution or swelling, and their degradation must
generate nontoxic compounds that are completely eliminated from the body by natural met-
abolic pathways with minimal side effects [378]. Controlling the degradation rate of the biode-
gradable MNs under physiological conditions regulates the drug delivery rate [369].

Biodegradable polymers such as PLA, PGA, and PLGA were used as materials to produce
biodegradable MNs. Examples of natural biodegradable polymers proposed to fabricate MNs
include chitosan, chitin, silk, and fish scale biopolymers.

Chitosan is a natural polymer derived from the chitin of crustacean shells via alkaline
deacetylation [91]. Previous studies demonstrated the potential of chitosan as a polymeric ma-
trix for MNs fabrication due to its non-cytotoxic properties and immune stimulating activity
that can enhance both humoral and cellular responses. Castilla-Casadiego et al. [379] proposed
the fabrication of biodegradable chitosan-based MNs using the micromolding method for the
delivery of meloxicam for pain management in cattle. Results confirmed the time-sensitive na-
ture of the chitosan solution, with reusing it after the fourth day leading to patch failure, while

sterilization did not affect patch properties. The microneedle patches exhibited controlled drug
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release of meloxicam, full skin penetration at approximately 3.2 N, and dissolution capabilities
with no observed adverse effects.

Another natural polymer proposed as material for MNs fabrication was chitin, which is one
of the most abundant polysaccharides in nature. Jin et al. [374] investigated the fabrication of
chitin MNs for tuberculosis diagnosis. Chitin MNs were fabricated by replica molding using a
PDMS mold and coated with purified protein derivative, containing a mixture of tuberculosis
antigens. These MNs were water-insoluble and demonstrated a mechanical strength of 0.2 N
for a single microneedle when inserted into the skin. Moreover, the slow biodegradability of
chitin ensured the long-term delivery of the drugs.

Biodegradable MNs fabricated from biopolymer extracted from fish scales were also devel-
oped by Olatunji et al. [380]. Each microneedle revealed sufficient mechanical strength (0.12
N) to penetrate the skin without fracture and its degradation occurred gradually after insertion.
The results showed that MNs based on that material were promising for transdermal applica-
tions, and additionally, they provided health benefits due to the intrinsic bioactivity of the fish
scale biopolymer. To improve MNs properties, Olatuniji et al. [381] proposed the production of
these MNs reinforced with nanocellulose using low temperature mechanical press microfabri-
cation. Due to the swelling properties of nanocellulose, a slow dissolution rate of the MNs was
achieved, which enabled prolonged drug delivery. The ability of those MNs to load and release
drug by transdermal route was investigated by Medhi et al. [382] with the preparation of lido-
caine loaded MNs. The MNs were loaded with different concentrations of lidocaine and the
permeation rate was controlled using a Franz diffusion cell. After 36 h, the drug permeation
rate increased from 2.5 to 7.5% (w/w), and a pseudo steady state profile was detected from 5
to 10% (w/w) lidocaine loaded MNs. Moreover, the dissolution of MNs was observed and, con-
sequently, the loaded drug was released.

Silk fibroin protein, extracted from the Bombyx mori cocoons, is another example of a nat-
ural polymer that provide structural matrix to encapsulate drugs, maintaining their activity.
Several silk MNs with different shapes and sizes were produced by Raja et al. [375]. Post-fab-
rication treatments, microparticle loading into the MNs structure, and drug coating were ap-
plied strategies to improve the mechanical stability and drug release kinetics. According to the
design, treatment, and fabrication method used, the MNs demonstrated a mechanical strength
in a range of 0.1 to 0.7 N, which allowed penetration into the skin. After 16 h, a minimum
amount of drug was released from silk MNs loaded with drug (~0.4%), and most of the drug
was still retained in the patch after two days. Recently, Lee and colleagues [383] developed a

flexible and porous silk fibroin microneedle wrap (Silk MN wrap) for perivascular drug delivery,
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focusing on targeted and controlled drug release. The Silk MN wrap, which incorporates drug-
embedded silk microneedles, effectively inhibited intimal hyperplasia, reducing neointimal for-
mation by 62.1% over a 28-day period, making it a promising approach for post-treatment of
vascular inflammatory responses.

As demonstrated, biodegradable polymers provide additional functionalities to the MNs
themselves and enable their safe degradation in the body. These advantages make biopoly-

mers highly suitable for use in MNs development.

4.1.3. Dissolving MNs

In contrast with biodegradable polymers, the main advantage of dissolving polymers is re-
lated to their structure since they are water-based polymers. MNs manufactured with these
polymers presented rapid and complete dissolution in the skin without generating sharp bio-
hazardous waste. Due to the fast dissolution of the polymers within the skin, an excessively
rapid drug delivery is verified, and drug delivery rates are increased [369]. Similarly to biode-
gradable MNs, micromolding techniques are mainly used for the fabrication of dissolving MNss.
Skin penetration capacity, drug release efficiency, and drug bioactivity and stability are directly
related to the polymers’ properties. Several water-based polysaccharides, including CMC, am-
ylopectin, alginate, and hyaluronic acid, were proposed as structural materials for the prepara-
tion of dissolving MNs.

Numerous authors have described the utilization of CMC as a polymeric matrix for dissolv-
ing MNs fabrication. CMC is a hydrophilic polymer commonly used as an excipient in pharma-
ceutical products and as an aqueous gel base in transdermal patches [384]. Park et al. [385]
fabricated a biocompatible and cost-effective dissolvable MNs array, made of CMC. The fabri-
cation process involved using a laser writing process to create a PDMS mold, allowing rapid
prototyping of various sizes with reasonable consistency. By controlling mechanical properties
and dissolution rates through mixing with amylopectin at various ratios, improved skin perme-
ability, with a three-fold enhancement observed using Rhodamine B as a model drug. Addi-
tionally, the antioxidant activity of ascorbic acid encapsulated in the microneedles exhibited a
six-fold increase compared to direct topical application, demonstrating the potential of this
biocompatible microneedle array for efficient drug and cosmetic compound delivery through
the skin. Ono et al. [384] reported the fabrication of CMC-based MNs for vaccine delivery. After
2 min of application in rat skin, the MNs lengths reduced by 70% and complete dissolution
was observed within 5 min after insertion. Clinical studies demonstrated that MNs had pro-

longed antigen deposition and no skin irritation was observed.
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Sodium alginate is a natural polysaccharide extracted from brown seaweed. The use of al-
ginate to fabricate MNs was suggested by Demir et al. [368] and the fabricated MNs were
strong enough to create microholes in the skin without breaking. In that study, alginate MNs
presented good deformation resistance and mechanical robustness, which enhanced protein
delivery across the skin, following the “poke and release” approach. To increase the MNs per-
formance, Yu et al. [386] proposed the use of an alginate and HA blend as polymeric matrix to
encapsulate insulin. The as-prepared MNs exhibited a strong mechanical strength to pierce the
skin and their biodegradability allowed the sustained release of over 90% of the loaded insulin
within a period of 6 h. In addition, a relative insulin bioavailability of 92.9% was observed com-
pared with subcutaneous injection, which demonstrated the potential of those MNs in diabetes
treatment by transdermal delivery.

Natural sugars such as maltose and galactose were also tested as raw material for dissolving
MNs microfabrication. The disaccharide maltose was used to fabricate MNs arrays for the first
time by Miyano et al. [387]. In that work, powdered maltose was heated to form maltose candy
and mixed with the powdered drug, ascorbate-2-glycoside. Afterward, the mixture was used
to fill a casting MNs mold, and dissolving MNs were produced. Due to hydrolysis, when in an
environment exceeding a humidity of 50%, the developed MNs dissolved within a few hours.
To prevent the hydrolysis process, MNs were stored at a humidity below 40%, where they re-
tained their shape for at least 3 months. Lee et al. [388] reported the manufacture of MNs
based on maltose using the stepwise controlled drawing lithography method. By controlling
the drawing time and maltose viscosity, MNs with 1200 um length were fabricated which were
able to administer ascorbic acid-2-glucoside and niacinamide into the skin by dissolving within
20 min in /n vivo tests. Recently, composite microneedles made from Ca** crosslinked algi-
nate/maltose were developed by Zhang et al. [389]. These microneedles demonstrated robust
mechanical properties and excellent biocompatibility, allowing for the transdermal delivery of
insulin in diabetic rat models. The released insulin exhibited a significant and effective hypo-
glycemic effect, with relative pharmacological availability and relative bioavailability of 94.1%
and 93.7%, respectively, compared to subcutaneous injection, suggesting their potential for
diabetes treatment via transdermal delivery. Besides maltose, galactose was also tested to pro-
duce dissolving MNs. However, this sugar was used as an example by Donnelly et al. [390] to
describe the difficulties and limitations of sugars to be applied in MNs preparation using the
micromolding technique. The high viscosity of molten galactose and its predisposition to so-
lidify generated problems during MNs fabrication. Also, this process requires high tempera-

tures that can cause loss of the loaded drugs, and the hygroscopic properties of the materials
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after cooling create storage and handling problems. Galactose MNs revealed high deformation
when placed in ambient conditions at 43% relative humidity and completely dissolved after 1
h at 75% humidity. Drug delivery limitations were also observed since partially dissolved ga-
lactose sealed the holes induced by MNs and only 0.05% of the total drug was release across

a silicon membrane.

4.1.4. Hydrogel-forming MNs

As previously described, hydrogels are polymeric materials with water-swollen ability,
retaining a significant fraction of water within the structures without dissolving. Hydrophilic
functional groups attached to the polymeric backbone provide the ability for water absorption,
whereas cross-linking between network chains gives them resistance to dissolution. Some pol-
ysaccharides, including starch, alginate, and agarose, and proteins, such as collagen and gela-
tin, are hydrogel-forming natural polymers [43]. Compared with dissolving MNs, hydrogel-
forming MNs presented advantages such as an increased amount of drug encapsulation due
to the incorporation of the active pharmaceutical in a separate reservoir. Moreover, they allow
the extraction of interstitial fluid from the skin [391]. In addition, hydrogel-forming MNs avoid
the deposition of MNs tip materials in the skin and allow for treatment termination if adverse
drug reactions occur.

An example of this type of MNs was reported by Zhou et al. [392] who developed novel
swellable MNs made of Ca* crosslinked alginate, demonstrating good mechanical properties,
biocompatibility, and improved transdermal drug delivery efficiency for both acidic and non-
acidic drugs.

Wei et al. [393] fabricated hydrogel MNs based on carboxymethyl chitosan, silk fibroin
peptide, and oxidized pullulan for effective and biocompatible transdermal drug delivery. The
prepared hydrogels comprising excellent mechanical strength, water retention, and biocom-
patibility were selected to fabricate Salvia miltiorrhiza loaded hydrogel-based MNs. The au-
thors reported that microneedles exhibited facile skin insertion due to their exceptional me-
chanical properties, including a high fracture force of 0.88 N and a tip diameter of approxi-
mately 20 um. Moreover, MNs achieved a drug loading efficiency of 68.5%, comparable to the
results obtained with the well-studied copolymer polyvinyl methyl ether/maleic acid (Gan-
trez™) MNs.

Although not commonly employed, silk has also been utilized in the fabrication of hy-
drogel-forming MNs. Yin et al. [394] reported the fabrication of swelling-modified silk fibroin

MNs for transdermal delivery using several dextran’s tagged with fluorescein isothiocyanate
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isomer as a model drug. The authors combined silk fibroin with urea, N-dimethylformamide,
glycine, and 2-ethoxytheanol to form silk-based hydrogel-forming MNs. The results indicate
that these swelling modified MNs can efficiently penetrate porcine skin with a depth of ~200
um /n vitro, forming semi-solid hydrogels with varying porous networks. The enhanced swell-
ing capacity of the MNs leads to the formation of larger pores, thereby increasing the kinetics
of transdermal drug release compared to non-swelling MNs systems. Additionally, it ensures a
relatively uniform drug release profile within the subcutaneous tissue when compared to dis-
solving silk fibroin microneedles.

Methacrylated hyaluronic acid (MeHA) is emerging as a promising material for hydrogel-
forming microneedles. HA-based hydrogel MNs alone are water-soluble and cannot withstand
the rigors of microneedle application, as their structure fails in the skin. Combining HA with
methacrylic acid results in a more robust material, due to the formation of crosslinks during
hydrogel fabrication. Chang et al. [395] designed a swellable MeHA MNs patch to extract skin
interstitial fluid as biomarkers for disease diagnosis and prognosis. It was reported that within
10 min, 2.3+0.4 pL of interstitial fluid was extracted giving an extraction of 3.3 mg/mm?. This
represents a higher extraction volume within the same 1 h period compared to hydrogel-form-
ing MNs based on Gantrez™ (0.84 + 0.24 uL) which highlights the exceptional swelling rate of
MeHA. The covalently crosslinked network ensures structural integrity during the swelling pro-
cess, leaving no residue on the skin. Moreover, the extracted interstitial fluid metabolites, in-
cluding glucose and cholesterol, can be easily recovered for subsequent offline analysis, offer-
ing a promising avenue for minimally invasive metabolic detection in point-of-care personal
healthcare monitoring devices.

Transdermal delivery via MNs arrays is seen as one of the most promising drug delivery
technologies. Natural polymers, due to their cost-effectiveness and ease of processing, are
gaining attention in MNs manufacturing, although several challenges still require addressing
to advance this technology further. Therefore, the future of microneedle arrays produced from
natural polymers holds great promise for safer, more effective, and sustainable healthcare so-
lutions across a wide range of applications. Continued research and technological advance-

ments are expected to drive innovation in this field.
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5. Development of PHA-based Microneedles Arrays

Summary

PHAs with different composition, namely PHB, PHBHV with varying HV content (14, 43, and
87wt%), and PHBVHXx were used to fabricate polymeric MNs arrays through the micromolding
process. Although it was demonstrated that most of the tested biopolymers were successfully
used as structure materials for the fabrication of MNs, their different physicochemical proper-
ties resulted in MNs’ with distinct characteristics. The results show that using the biopolymers
PHB, PHBV with an HV content of 43%, and PHBVHXx, sharp and well-defined MNs were fabri-
cated comprising lengths of 678 + 70, 538 + 94, and 582 + 47 um, respectively, and a base
diameter of 330 um. The obtained MNs revealed appropriated mechanical properties with sim-
ilar failure forces (~5.5 N), however, the PHBVHx MNs demonstrated higher resistance to de-
formation. Insertion tests in a parafilm multilayer system showed that PHBVHx MNs were able
to reach the third layer, corresponding to an insertion capability of up to 396 um, being in-
serted 68% of the MNs' total height. Following a drop coating method, diclofenac sodium was
used as a model drug to fabricate coated PHBVHx MNs. The prepared coated MNs exhibited
similar failure force (5.45 £ 0.11 N) and lower mechanical stiffness (0.42 + 0.01 mm) compared
to the original MNs. The release profile of DS in a PBS solution revealed a fast release with 73%
of the drug being released within the first 10 min. These findings highlight the potential of

PHAs to be used as structuring material for the development of MNs.
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5.1.1. Introduction

Polymeric MNs made of biocompatible and biodegradable polymers, offer greater resilience
to shear-induced fracture and provide improved drug-release patterns due to their viscoelas-
ticity, biodegradation, and/or dissolving properties of the polymer, respectively [396]. Among
all the processes developed to fabricate polymeric MNs, the micromolding technique has been
the most applied since it represents good reproducibility and cost-effectiveness [369]. Gener-
ally, the use of biopolymers to fabricate MNs by micromolding involves first its dissolution to
coat a female mold, followed by a drying process, and finally, the peeling off from the molds
[397]. However, the dissolution of certain biopolymers (e.g., PLGA, PCL, and PHA) requires the
use of organic solvents which should be avoided due to possible toxicity issues [398]. Since
most of these materials have high thermal stability, the use of melted polymers emerges as a
solvent-free alternative, being used for the fabrication of MNs based on PCL [398], PLA [399],
and PLGA [400].

Coated MNs are fabricated by coating the surface of solid MNs with a drug formulation
before skin application. Several methods including dip coating, drop coating, gas jet drying,
spray coating, electrohydrodynamic atomization based processes and piezoelectric inkjet
printing have been used to coat MNs [401,402]. Drop coating represents one of the numerous
methods used to coat MNs. This method consists of dropping the drug coating liquid into the
MNs array, preventing the coating of the base substrate backside which represents an ad-
vantage over dip coating [402]. After solvent evaporation, the dissolved drug coats the MNs as
well as the base substrate. Several parameters such as surface tension and rheological proper-
ties of the coating formulation, MNs geometry, flatness of the array, and roughness of the MNs
are crucial to guarantee the quality of the coating [403]. Despite the wastage of drugs located
between MNs, this method has been used due to its simplicity and low cost [402].

PHAs are a class of biodegradable polyesters synthesized and accumulated intracellularly
by several bacteria and plants as carbon and energy reserves [404]. Depending on the polymer
chain length, PHAs can be classified as short-chain length (scl-PHA) when comprising 3 to 5
carbon atoms, or medium-chain length (mcl-PHA) when containing 6 to 14 carbon atoms. The
type of PHA monomers and their distribution throughout the macromolecule, as well as the
biopolymer’'s molecular mass distribution, determine the thermal, rheological, and mechanical
properties of this material. Poly(3-hydroxybutyrate), (PHB), one of the most well-known and
extensively studied PHA, is characterized by its high crystallinity and rigidity granted by stere-

oregularity [405]. However, due to the presence of large crystals, PHB presents poor physical
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and chemical properties that can be improved by the introduction of longer chain length mon-
omers in the polymeric chain. A well-known example is the copolymer poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) (PHBV), in which the incorporation of 3-hydroxyvalerate (HV) monomers
results in biopolymers with lower crystallinity, lower melting temperature, higher flexibility, and
decreased stiffness, improving its processability comparing to PHB [405,406]. Another interest-
ing example is the terpolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxy-
hexanoate) (PHBVHXx) in which the incorporation of the monomer 3-hydroxyhexanoate (HHx)
confers the biopolymer the flexibility of mcl-PHAs while retaining the tensile and thermal prop-
erties of PHB and PHBV [407]. Therefore, alongside their biocompatibility and no cytotoxicity
[408,409], tailoring the monomers’ composition of PHAs allows the production of polymers
with distinct mechanical properties and degradation rates, making them promising materials
suitable for use in several biomedical purposes such as surgical sutures, implants, drug carriers,
and scaffolds [409-411].

Recently, the use of PHAs for the fabrication of MNs arrays was reported for the first time
[412]. In this process, PHBV with a 3HV content of 21% (PHBV»1) was used to produce biode-
gradable MNs by a thermosetting process. The obtained conical MNs with a length of 690 um
and a base diameter of 330 um, revealed good mechanical properties and the ability to im-
pregnate the fluorescent dye Rhodamine 6G.

In this study, following a similar methodology, several types of PHAs, such as the homopol-
ymer PHB, the copolymer PHBV, and the terpolymer PHBVHx, were tested as structural bio-
materials to fabricate MNs arrays. The resulting MNs were characterized in terms of morphol-
ogy, and the most well-defined MNs were selected for evaluation of their mechanical proper-
ties. The drug loading and release ability of the obtained MNs were assessed using diclofenac

sodium (DS) as a model drug.

5.1.2. Materials and Methods

5.1.2.1. PHAs Production, Extraction and Purification

The homopolymer PHB was obtained by the cultivation of Cupriavidus necator DSM 428
using cooking oil as a carbon source, as described by Cruz et al. [413]. The same strain was
used to produce the copolymer PHBV with an HV content of 87wt%, using glucose as the main
carbon source and levulinic acid as a co-substrate, as described by Esmail et al. [414]. PHBV
with different HV contents (14 and 43wt%) and the terpolymer PHBVHx were produced by

mixed microbial cultures (MMC), using fermented fruit pulp as feedstock, as described by
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Matos et al. [76] and Silva et al. [415], respectively. For simplicity, the PHBV copolymers were
labeled according to their HV contents, i.e., PHBV14, PHBV43, and PHBVsg;.

To recover the biopolymers from the biomass, the cultivation broth was centrifuged
(10,350 x g, 20 min, 4 °C) and the obtained cell pellets were freeze-dried and milled (Fig. 5.1A-
D). The biopolymers were extracted from the freeze-dried biomass (~10 g) by Soxhlet extrac-
tion with chloroform (~250 mL), at 80 °C for 48 h. Cell debris was removed from the biopolymer
solution by syringe filtration (0.45 um, Whatman) and the biopolymers were purified by pre-
cipitation in ice-cold ethanol (1:10, v/v), under vigorous stirring [416]. The biopolymer was re-

covered, dried at room temperature in a fume hood, and stored until further use (Fig. 5.1E).

Figure 5.1 - Images of the (A) cultivation broth, before and after centrifuging, (B) the cell pellet, (C) the freeze-
dried cell pellet, (D) the milled biomass, and (E) the dried biopolymer, following Soxhlet extraction with chloroform,
precipitation in ice-cold ethanol and freeze-drying.

5.1.2.2. PHA Characterization
5.1.2.2.1. Monomer composition

The biopolymers monomer composition was determined by gas chromatography (GC) as
described by Pereira et al. [407]. Briefly, dried biopolymer samples (1-2 mg) were subjected to
acidic methanolysis using 2 mL 20% (v/v) sulphuric acid in methanol and 2 mL of benzoic acid
in chloroform (1 g/L), at 100 °C, for 4 h. Then, 1 mL of water was added, and the organic phase
was recovered and analyzed by GC using a Restek column (Crossbond, Stabilwax), at constant
pressure (100 kPa) with helium as carrier gas. The analysis was performed using a splitless
injection mode and the heating ramp comprised three stages: 20 °C/min until 100 °C, 3 °C/min
until 155 °C, and 20 °C/min until 220 °C. 3-hydroxybutyric acid, 3-hydroxyvaleric acid, and 3-
hydroxyhexanoic acid (97%, Sigma-Aldrich, Darmstadt, Germany) were used as standards at
concentrations between 0.05 and 1.0 g/L. The standards were prepared following the same

protocol used for samples’ preparation.
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5.1.2.2.2. Molecular mass distribution

The average molecular weight (Mw) and the polydispersity index (PDI) of the biopolymers
were determined by gel permeation and size exclusion chromatography (GPC/SEC) system
(KNAUER Smartline, Berlin, Germany) using a Phenomenex Phenogel Linear Liquid Chroma-
tography Column (300x7.8 mm) (Phenomenex, Torrance, CA, USA) coupled to a refractive in-
dex detector (Waters2414, Waters, Milford, CT, USA). The samples were dissolved in chloroform
in a concentration range of 0.3-0.4% (w/v), and monodisperse polystyrene was used as stand-
ards (0.37 -2520 kDa). The analysis was performed at 30 °C and a flow rate of TmL/min of

chloroform was used as the mobile phase.
5.1.2.2.3. Thermal Properties

The thermal properties were determined by Differential Scanning Calorimetry (DSC) and
Thermogravimetric Analysis (TGA). DSC was carried out with a DSC Q2000 instrument (TA In-
struments, New Castle, FL, USA). Hermetic aluminum pans were used to place the samples and
analysis was performed with a heating and cooling rate of 10 °C/min over a temperature range
of -90 °C to 200 °C, through three heating cycles. The glass transition temperature (Tg) was
determined by the endothermic slope of the last heating ramp, while the endotherm peak’s
temperature and area of the first heating cycle were used to determine melting temperatures
(Tm) and melting enthalpies (AHm), respectively. The crystallinity (Xc) was estimated as the ratio
between the obtained melting enthalpy and the melting enthalpy of 100% crystalline PHB,
estimated as 146 J/g [417]. TGA was performed as described in section 3.1.2.4.6.

5.1.2.3. Fabrication of MNs Arrays Molds

For the fabrication of MNs molds, polydimethylsiloxane (PDMS) sheets were prepared by
mixing PDMS with a curing agent (Silicone Elastomer, Sylgard 184, Dow Corning) at a ratio of
10:1 (v/v). The mixture was cast into a Petri dish until it filled up to about 3—-4 mm in height and
degassed under a vacuum to remove air bubbles. Afterward, the mixture was subjected to a
curing process (70 °C, 1 h) and the PDMS sheet was peeled off. A pulsed CO; infrared laser
cutting system (Universal Laser System, VLS3.5, Vienna, Austria) was used for molds’ fabrication
by engraving controlled microstructures on the PDMS sheets (Fig. 5.2). Laser engraving was
performed as described by Silvestre et al. [412] using a 2.0" lens with a laser power of 30 W
and a speed of 0.15 m/s to produce a spiral pattern. Each microcavity was engraved with 0.6
mm of tip-to-tip distance. After engraving, the molds were treated with isopropyl alcohol un-
der ultrasounds for 10 min, washed with deionized water to remove residual residues, and
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dried with a nitrogen jet. Finally, the hydrophilicity of the mold surface was improved by heat
treatment (220 °C, 2 h). The final PDMS molds comprised an array of 15x15 MNs, in an area of
1 cm? where each conical spiral microcavity has a length of approximately 0.69 mm and a base

diameter of 0.33 mm.

70 °C

Laser engraving controlled
microstructures

PDMS + curing agent PDMS sheet

PDMS Mold

Figure 5.2 - Schematic illustration of the PDMS mold preparation (adapted from [412]).

5.1.2.4. Preparation of PHA MNs Arrays

The PHA MNs arrays were prepared as described in Fig. 5.3. The biopolymer (~ 0.1 g) was
placed over the PDMS mold and subjected to a heat treatment (Nabertherm Furnace, Germany)
comprising three main steps: first, the temperature was gradually increased from room tem-
perature to 200 °C, along 20 min (Fig. 5.3A); second, the temperature was maintained at 200
°C for 20 min (Fig. 5.3B); then, a weight (~ 40 g) was placed on top of the melted biopolymer
to promote the filling of the microcavities as the temperature decreased until room tempera-
ture (Fig. 5.3C). Finally, the sample was removed from the oven, the demolding process was
performed and the PHA MNs array was obtained (Fig. 5.3D). The molds were washed twice with
chloroform after each use to guarantee complete removal of any biopolymer left on it and

dried with compressed air.
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RT = 200 °C, 20 min 200 °C, 20 min 200°C > RT

Figure 5.3 - Schematic illustration of the fabrication process used for the preparation of PHA MNs arrays
(adapted from [412]).
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5.1.2.5. PHA MNs Arrays Characterization

5.1.2.5.1. Morphology

The morphology of the PHA MNs was observed with a stereo microscope (Leica M80, Leica
Microsystems, Germany) using a magnification of 1.25x. For the observation of the detailed
morphology, MNs samples were coated with iridium (20 nm) and analyzed by SEM (Table Mi-
croscope TM3030Plus, Hitachi High Technologies, Tokyo, Japan) using magnifications of 80x,
200x and 250x. MNs dimensions were determined by the SEM observations using ImageJ

version 1.53k (National Institutes of Health, MD, USA).
5.1.2.5.2. Compressive axial mechanical analysis

The mechanical axial compressive properties of the PHA MNs were assessed using a texture
analyzer TMS-Pro (Food Technology Corporation, England) equipped with a 10 N load cell, as
described by Silvestre et al. [412]. Briefly, the MNs arrays were placed on the base plate and an
axial force at a constant speed of 0.05 mm/s was applied, using a plunger with a 13 mm diam-

eter. The test was performed with a trigger force of 0.01 N.
5.1.2.5.3. Insertion studies

For insertion studies, a commercial polymeric film (Parafiim®, Bemis Company Inc,,
Soignies, Belgium) was used as a model membrane. To simulate the thickness of excised skin
(~1 mm), a sheet of Parafilm was folded into eight layers, as described by Larrafieta et al. [418].
The MNs arrays were inserted into the Parafilm surface using a texture analyzer in compression
mode, by applying a force of 40 N, for 30 s. Then, each Parafilm layer was examined under the

stereo microscope, and the number of holes was counted.
5.1.2.6. Preparation of loaded MNs
5.1.2.6.1. Loading of the PHBVHx MNs

The PHA MNs were loaded with DS (98%, Tokyo Chemical Industry Co) following a coating
method. For fabricating the coated MNs, 200 ul of an aqueous solution of FucoPol (1.0%, w/v)
and DS (1.0, w/v) were dropped on the surface of the PHBVHx MNs using a micropipette (Fig.
5.4). FucoPol was used as a thickener agent to increase the viscosity of the solution and, hence,
facilitate its deposition onto the needles’ surface. The arrays were placed in an oven at 30 °C,
until completely dry. The amount of DS coated on each MNs array was evaluated gravimetri-

cally as 50% of the difference between the weight of coated and uncoated MNs.
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Figure 5.4 - Schematic illustration of the preparation of DS-coated PHA MNss.

5.1.2.6.2. Characterization of the coated PHBVHx MNs

The morphology of the PHBVHx MNs arrays coated with DS were characterized by SEM as
previously described in section 5.1.2.5.1 and their mechanical properties were assessed as de-

scribed in section 5.1.2.5.2.
5.1.2.6.3. In vitro drug release studies

Drug release studies were performed by immersing the DS-coated PHBVHx MNs arrays in
10 mL of PBS at 37 °C, under constant magnetic stirring (50 rpm). At predetermined time in-
tervals, 1 mL samples of the release medium were withdrawn, and the same volume of fresh
PBS preheated at 37 °C, was replaced. The DS concentration in the withdrawn samples was
determined by UV-Vis spectrophotometer (CamSpec M509T, Leeds, UK), at a wavelength value
of 275 nm [419].

5.1.3. Results and Discussion

5.1.3.1. Biopolymers' Physical and Chemical Properties

The biopolymers chosen to be tested for their suitability for the fabrication of MNs arrays
were characterized by distinct physical and chemical properties, namely, in terms of their com-
position, molecular mass distribution, and thermal properties (Table 5.1). The homopolymer
PHB had an average M., of 5.2x10° Da and a PDI of 1.8. This biopolymer presented a glass
transition (Tg) at 2.85 °C, melting (Tn), and degradation temperatures (Tgeq) of 176 °C and
293 °C, respectively, and a crystallinity degree (Xc) of 52.4% [414].

The PHBV copolymers with HV contents of 14, 43, and 87wt% presented M, values of 2.2,

0.6, and 4.0x10° Da, respectively, and similar PDI values (1.7, 1.8, and 1.8, respectively). These
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values are within the range of those reported for PHBV (0.6x10° — 28x10° Da) [420-422]. Re-
garding the polymers’ thermal properties, their T, values were significantly lower (90 — 117 °C)
than that of the homopolymer (176 °C). Moreover, a decrease in the polymers’' T, was observed
for increasing HV contents (Table 5.1), in accordance with previous reports [406,423]. On the
other hand, PHBV14 showed an isomorphism phenomenon characterized by the presence of
two melting peaks: the first (Tm1), occurring at 117 °C, corresponds to melting of the amorphous
3HV-rich fractions of the polymeric chain, and the second (Tr2) that occurred at 142 °C, corre-
sponds to the most thermodynamically stable 3HB-rich fractions [422,424]. The semi-crystalline
behavior of the copolymers was demonstrated by lower Tq4 values that ranged between -3.9 °C,
for PHBV.3, and -14.4 °C for PHBVg7, compared to the homopolymer (2.85 °C) (Table 5.1). The
lower Tg values correlate with the presence of longer side chain monomers in the macromol-
ecule, demonstrating that biopolymer flexibility can be controlled by its composition [425]. The
polymers’ 3HV content also had an impact on their crystallinity degree. Compared to PHB
(Xc=52.4%), PHBV14 was characterized by a significantly lower Xc (28.5%), which was further
reduced for PHBV43 (3.8%). This reduction is ascribed to a limitation of crystallization of 3HB by
the 3HV repetitive units introduced in the polymer chain [424,425]. On the other hand, PHBVs;
had an Xc of 24.0% which is similar to the value obtained for the copolymer PHBV14 (28.5%),
demonstrating that copolymers mainly composed of HV units recover the crystallinity fraction
[409,426]. As shown in Table 5.1, the Tqeq values for the copolymers were lower (255 — 281 °C)
than that reported for PHB (293 °C) which can be also explained by the presence of the 3HV
units [422,427].

The terpolymer PHBVHx was composed of 55wt% 3HB, 21wt% HV, and 24wt% HHx, and
had an Mw of 0.9x10° Da with a PDI of 2.2 (Table 5.1). This biopolymer also showed an iso-
morphism phenomenon, presenting two melting temperatures, at 144 °C (Tm1) and at 159 °C
(Tm2), which can be related to the high contents of monomers 3HV and 3HHx [407]. Similar
thermal behavior was reported for a terpolymer composed of 68wt% 3HB, 17wt% 3HV, and
15wt% 3HHx, however, a lower value of Tm1 was observed (111 °C) while a higher value of T
was achieved (173 °C), probably due to decreased content in 3HV and increased content in
3HB [424]. In general, the obtained T, values were higher compared to those reported for
other similar terpolymers. Typically, Tm1 ranges from 91 °C to 129 °C, whereas Tmz presents
values within a range of 139 °C to 148 °C [428,429]. The terpolymer’s T4 was -3.8 °C with a Tsg
of 275 °C. Its melting enthalpy was 7.9 J/g with an Xc of 5.4% (Table 5.1).
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Table 5.1 - Composition, molecular mass distribution, and thermal properties of different PHA used (3HB, 3-
hydroxybutyrate; 3HV, 3-hydroxyvalerate; 3HHx, 3-hydroxyhexanoate; My, molecular weight; PDI, polydispersity in-
dex; Ty, glass transition temperature; Tm, melting temperature; Tsy, the temperature at which 5% weight loss occurs;

AHm, melting enthalpy, Xc, degree of crystallinity; n.d., not detected).

Biopolymer ID PHB PHBVu PHBVs PHBVs7 PHBVHXx
Composition (wt%)
3HB 100 86 57 13 55
3HV n.d. 14 43 87 21
3HHXx nd. n.d. n.d. n.d. 24
Molecular mass
M (x10° Da) 5.2 22 0.6 4.0 0.9
PDI 1.8 1.7 1.8 1.8 2.2
Thermal properties
T n.d. -5.3 -3.9 -14.4 -3.8
Tmi1 (°C) 176 117 110 90 144
Tmz (°C) n.d. 142 n.d. n.d. 159
Ts% (°C) 277 255 281 277 275
AHm (J/g) 76.5 41.6 5.1 35.1 7.9
Xc (%) 52.4 28.5 3.5 24.0 5.4
Reference This This This
[414] [407]
study study study
5.1.3.2. Fabrication of the PHA MNs arrays

In a previous study, a micromolding procedure was used, in which PHBV-based MNs were
prepared by placing a dried PHBV21 sample on the PDMS mold. The set was subjected to a
gradual temperature increase from room temperature up to 220 °C, during a 30 min period,
and then maintaining the temperature at 220 °C for 40 min. Subsequently, the melted PHBV;
was pressed to make a flat backing surface and, afterwards, the temperature was gradually
decreased until polymer solidification occurred [412]. In this study, a similar methodology was
followed to fabricate the PHA MNs arrays. First, to verify the most appropriate temperature for
melting each of the biopolymers used, their thermal stability was evaluated. As shown by
Fig. 5.5, the TGA curves demonstrated that all biopolymers were thermal stable until around
230 °C, suffering a fast degradation, in a single-step process. For PHB, the copolymers PHBV.3
and PHBVg7, and the terpolymer PHBVHx a similar weight loss of 5% (275-281 °C) was observed,
while for the copolymer PHBV14, the same weight loss was achieved at a temperature of around
255 °C (Table 5.1). The maximum degradation rate for all biopolymers was observed between

240 °C and 310 °C where a major weight loss occurred (96.7-99.2%). The results suggested that
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all biopolymers could be subject to temperatures up to 200 °C to fabricate MNs with no sig-

nificant degradation.
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Figure 5.5 - Thermogravimetric curves of PHB, copolymers PHBV14, PHBV43, and PHBV87, and terpolymer
PHBVHx.

The DSC analysis was performed with a heating rate of 10 °C/min to investigate the melting
behavior of the biopolymers (Appendix A2). As shown in Fig. 5.6, the thermogram obtained for
one of the copolymers (PHBV43), revealed that although for the copolymers the melting point
was significantly below 200 °C (110 °C, for this biopolymer), for this process, it was not possible
to use lower temperatures because polymer melting occurred in a wide range of temperatures
(80-180 °C). This phenomenon probably can be justified by the heterogeneity of the polymeric
chains due to the presence of the HV and HHx monomers. Chan et al. [406] also reported a
broader melting peak ranging from 49 °C to 171 °C and 47 °C to 177 °C for PHBV copolymers
composed of 24mol% and 63mol%, respectively. The authors suggest a possible correlation
between the broad melting peaks with a wide chemical composition distribution of the copol-
ymers [406].
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Figure 5.6 - Differential scanning calorimetry (DSC) thermogram of PHBV.3 comprising the first (blue line) and

the second (red line) heating scan.

Fig. 5.7 shows the main steps of the preparation of the PHA MNs arrays. In the first step, a
dried sample of the biopolymer was placed on the surface of the PDMS mold (Fig. 5.7A), and
the set was submitted to a heat treatment at 200 °C. In the second step of the process, after
the uniform melting of the entire sample, the melted polymer was homogeneously pressed to
promote the filling of the microcavities (Fig. 5.7B). Finally, the set was cooled to room temper-

ature, and the final MNs array was obtained by detachment from the mold (Fig. 5.7C).

PHA-based
MNs

Weight

*

Molten

polymer PDMS mold

Figure 5.7 - Three-step process for the MNs array fabrication: (A) PHBV43 sample over the PDMS mold, (B) filling

the mold microcavities with molten polymer, and (C) demolding process and obtaining MNs array.

The obtained arrays prepared from the biopolymers listed in Table 5.1 are shown in Fig. 5.8.
Although all tested biopolymers could be used for the MNs arrays fabrication, via the melting
method, upon melting, the biopolymer PHBVs; revealed high viscosity, hindered its uniform
spreading over the mold and resulted in an incomplete array being formed. The arrays pre-

sented a white coloration, similar to the starting materials. In line with the intrinsic properties
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of the biopolymers, the PHB-based arrays were more rigid and opaque, while the arrays pro-

duced from the copolymers and the terpolymer were more flexible and translucid.

PHB PHBV,, PHBV,, PHBV, PHBVHXx

@ -

o AT

Figure 5.8 - Macroscopically appearance of MNs arrays fabricated using different types of PHAs.

5.1.3.3. Morphological characterization

The morphology of the fabricated MNs arrays was assessed with a stereo microscope (Fig.
5.9). Except for biopolymer PHBV14, all tested biopolymers successfully filled the molds’ micro-
cavities, producing MNs with a three-dimensional (3D) conical structure and sharp tips, follow-
ing the pattern and design of the PDMS mold.

The arrays produced from PHB, PHBV.3, and PHBVHXx presented the sharp and well-defined
MNs, with lengths of 678 + 70, 538 + 94, and 582 + 47 um, respectively, and a diameter of
around 330 ym, concomitant with the PDMS mold dimensions (Fig. 5.7). On the other hand,
the poorest result was obtained for the PHBV14 MNs, in which only the base of the MNs was
formed. This outcome might be explained by the need for a higher amount of biopolymer. The
PHBVs; array, although presenting shorter MNs (300 + 36 pm), still resulted in well-defined
and sharp needles. The results demonstrate that the size of all fabricated MNs agrees with the
dimensions and design of the mold's microcavities (690 um length, 330 um base diameter).
Typically, MNs can have lengths between 150 and 1500 ym [396], however, lengths above 600
pum demonstrated high efficiency in creating pathways across the skin [430]. These results show
that the biopolymers’ intrinsic properties impact their suitability for fabricating MNs, as well as
the resulting array characteristics. Concerning the copolymers, the high molecular weight of
biopolymers PHBV14 and PHBVs; compared to PHBV.3 might contribute to the decrease in the
size of the MNss, since in the molten state their higher viscosity makes it difficult to fill the mold
[431,432]. Additionally, the heterogeneity of the polymeric chain and the sample used might

also conduce to difficulties in fulfilling the mold'’s cavities.
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Figure 5.9 - Optical images of MNs arrays fabricated using PHB, copolymers PHBV14, PHBV.3, and PHBVsy, and
terpolymer PHBVHYX, in a side view.

Based on these results, MNs fabricated from biopolymers PHB, PHBV43, and PHBVHx were
further characterized for their mechanical properties, aiming to select the best performing MNs

arrays.
5.1.34. Mechanical Characteristics of the MNs

The mechanical properties of the materials play a crucial role in the development of MNs
since they represent their ability to overcome the skin barrier and realize efficient transdermal
drug delivery [35,433]. The mechanical characteristics of the MNs arrays fabricated from the
three types of PHA were evaluated by a compression test, where the axial force loaded vs the
displacement behavior was assessed using a texture analyzer. As shown in Fig. 5.10A, a similar
mechanical behavior was obtained for the three MNs arrays, comprising a progressive initial
deformation until achieving the yield point, that represents the end of the elastic deformation,
followed by the beginning of plastic deformation [35]. Moreover, an identical force was re-
quired to bend PHB, PHBV.43, and PHBVHx MNs (5.65 + 0.18, 5.56 + 0.32, and 5.49 + 0.04 N,
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respectively). These values are significantly lower than the ones (30 N) reported for the MNs
arrays prepared with PHBV with a 21wt% 3HV content [412]. This difference might be explained
by the variation of several parameters in the measurement methodology, namely the fixed
maximum displacement. Silvestre et al. [412] defined a maximum displacement of 1 mm, for
which the force was applied, while in the present study, the test was performed until the yield
point, which usually marks the failure force, was achieved (Fig. 5.10A). Nevertheless, all MNs
exhibited failure forces higher than the required minimum force (4 N) to penetrate the skin
[434], confirming that the fabricated MNs arrays are suitable for human skin penetration. Shah
et al. [435] reported a similar failure force (~5 N and ~6 N) for polymeric MNs (~500 pm length
and ~200 pm base diameter) produced using dextran and HA. On the other hand, higher failure
forces were observed for MNs prepared with PLA (10.5 + 1.3 N) [436], PLGA (106 + 2 N), and
SA (18 £ 5 N) [368]. However, it should be noted that in addition to the intrinsic properties of
each material, other factors such as geometry and dimensions of the MNs as well as the num-

ber of MNs per array [437].

(A) (B)
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Figure 5.10 - (A) Compression stress-strain curves of the MNs arrays fabricated from PHB (grey line), PHBV43
(green line), and PHBVHXx (orange line), and (B) optical images of MNs based on PHB (1), PHBV43 (2) and PHBVHXx
(3) after the compression test.

At the failure point, PHBV43 and PHBVHx MNs revealed displacement values of 0.48 + 0.09
and 0.61 = 0.04 mm, respectively, while a lower value was obtained for PHB-based MNs (0.35
+ 0.05 mm). These results demonstrate that the biopolymer used to fabricate the MNs arrays
influences their resistance to deformation. The lower value obtained for the PHB-based MNs
can be explained by the stiffness characteristics of PHB compared to the copolymers and the

terpolymer. In fact, PHB exhibits a high Young's modulus value (218 + 8 MPa) due to its rigid
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and stiff nature [414]. On the other hand, the incorporation of 3HV and 3HHXx units into the
polymeric chain led to a significant decrease in Young's modulus value of copolymers and
terpolymers. For example, Lemechko et al. [421] reported a decrease in Young's modulus value
of a copolymer from 531 MPa to 45 MPa when 3HV content increased from 15 to 45%. In
another study, Abassi et al. [422] also described a higher Young's modulus value (1120 MPa)
for a copolymer composed of 17% of HV and when the HV content increased to 25%, the value
decreased to 570 MPa. Regarding the terpolymers, PHBVHx presented a Young's modulus
value of 78.3 + 6.9 MPa [407]. Zhang et al. [438] showed that increasing the 3HV and 3HHx
content from 10.9 and 10.3% to 25.7 and 19.1%, respectively led to a decrease in Young's
modulus value from 234.9 to 2.08 MPa.

The same behavior was reported for MNs arrays based on other biopolymers, such as HA
[439] and PLA/poly(p-dioxanone) (PPDO) [440]. For example, MNs based on PLA with a Young's
modulus of 3000 MPa presented a failure force of 3.23 N at a displacement of 0.066 mm,
however when PLA was blended with PPDO, the Young's modulus of the material slightly de-
creased, and the obtained MNs exhibited failure at a displacement of 0.124 mm. The authors
attributed this behavior to the higher elongation at the break of PLA/PPDO blends compared
to PLA alone [440].

To investigate the morphology of the MNs after the compression tests, the arrays were
recovered and analyzed by a stereo microscope (Fig. 5.10B). It can be observed that the MNs
suffer deformations with more visible damage at the tips. Due to their higher lengths, the
structures of the PHB and the PHVHX MNs were more affected by the compression. However,
the nature of the biopolymers led to different behaviour. In addition to deformation, several
PHB MNs revealed brittle tips with loss of structure, whereas PHBVHx MNs exhibited only de-
formation without breaking. These observations suggest that PHBVHx MNs might be more
appropriate, as one of the concerns about MNs fabrication is their insertion into the skin with-
out fracturing [32,34]. A similar bending behaviour was observed for MNs prepared with co-
polymer PHBV [412] and with CMC [419].

Considering the MNs arrays higher ability to withstand deformation, the PHBVHx-based
arrays were selected to perform preliminary insertion studies and evaluate their loading and

release ability.
5.1.3.5. Insertion studies

The skin insertion ability of the PHBVHx MNs arrays was assessed using an eight-layer Par-

afilm model system as a skin simulant, presenting the thickness of excised skin (~1 mm) [418]
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(Fig. 5.11). The experiment was carried out by placing the arrays over the Parafilm multilayer
and applying an axial force of 40 N for 30 s (Fig. 5.11A). Fig. 5.11B shows the number of holes
created in each Parafilm layer according to the insertion ability of the MNs. The first layer of
parafilm, corresponding to a depth of 132 um was almost fully pierced (95.3 + 0.8%), while
only a small number of MNs reached the second (28.9 + 4.9%) and the third layers
(16.9 + 5.8%). Moreover, none of the MNs were able to penetrate the fourth layer of the para-
film model. An identical result was obtained for HA MNs that fully pierced the first layer of
parafilm but only 72% and 19% of the MNs were able to pierce the second and third layer,
respectively [441]. Silva et al. [419] also demonstrated the ability of CMC MNs to penetrate the
first layer completely, decreasing the percentage of puncture to 90% for the second layer and
to 29% for the third layer. The commercial MNs systems Dermapen® and Dermastamp™ com-
prising MNs fabricated with stainless steel revealed the ability to pierce approximately 100%
of the first three layers of parafilm, with the fifth and sixth layers being pierced less than 50%
[442].

Thus, it was demonstrated that the MNs could easily penetrate the first parafilm layer and
it could reach the third layer which corresponds to a thickness of around 396 pm (Fig. 5.11C).
This suggests that PHBVHx MNs would pierce through the stratum corneum (~10 to 30 ym of
thickness), allowing insertion into the epidermis [35,443]. Considering that each layer has a
mean thickness of 132 pym, this suggests that the PHBVHx MNs were inserted to approximately
68% of their total height (582 pm).

After tests on the parafilm system, several studies reported the ability of MNs to pierce the
skin. Fonseca et al. [441] developed a patch of rutin-loaded HA/BC MNs able to pierce 81% of
the third parafilm layer, and insertion tests into porcine ear skin revealed their capacity to cre-
ate cavities with 47.3-99.3 um of depth which corresponds to ~22% of the height of the MNs.
A patch of DS-loaded CMC MNs that pierced 99%, 86%, and 18% of the first, second, and third
parafilm layers, respectively, demonstrated the ability to puncture ex vivo human skin with
depths of 133-401 um, equivalent to 29% and 88% of the MNs’ height [419]. The similarities of
the results obtained for the parafilm multilayer system suggest that PHBVHx MNs would be
able to penetrate the skin and create microchannels allowing the delivery of molecules through

the skin.
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Figure 5.11 - Parafilm insertion studies: (A) Optical image of the set-up (B) Percentage of holes created in each
Parafilm layer using PHBVHx MNs, and (C) optical images of parafilm layers after insertion.

Fig. 5.12 shows the SEM images of the PHBVHx MNs before and after insertion in the Para-
film multilayer system. Before the insertion, the MNs presented a conical structure with sharp
tips (Fig. 5.12A), as previously described. Upon magnification, it is possible to see in detail the
surface roughness of MNs. These rougher surfaces might be advantageous for the process of
coating the MNs with the drug, as they allow the distribution of higher amounts of the drug in
the MN instead, of accumulating it in the MN's tip [444]. As expected, given their mechanical
behavior, the MNs remained unbroken after the insertion in the Parafilm, exhibiting a slight
bending of the tip without any damage to the MN's structure (Fig. 5.12B). This result demon-
strates their capacity to withstand the required force for skin penetration without breaking.
Similar behavior was demonstrated in CMC-based MNs that exhibited a deformation upon
force loading application without breaking [419]. An MNs array prepared with sodium alginate
was also subjected to parafilm insertion studies, and an identical curvature of the structure was
observed [445]. On the other hand, the morphologies of MNs fabricated from polyether ether
ketone (PEEK) [446] and a copolymer of methyl vinyl ether/maleic acid (Gantrez®) [447] re-

mained unchanged with similar heights before and after insertion into parafilm.
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Figure 5.12 - SEM images of PHBVHx based MNs: (A) before and (B) after insertion in Parafilm.

5.1.3.6. Preparation of loaded PHBVHx MNs

PHBVHx MNs arrays were loaded using a coating method and DS as a model drug. FucoPol
was used as a thickener agent to improve the coating solution's viscosity [289]. Thus, a solution
of FucoPol and DS was dropped on the arrays, and the samples were left to dry. A similar
approach was used for PLA-based MNs, where PVA was used as a thickener to control the
viscosity of the sulforhodamine B coating solution [448]. In that study, increasing the viscosity
of the coating solution from 150 to 20100 mPa/s led to an increase in the drug loading from
2.5 ng/needle to 33.4 ng/needle. Wu et al. [431] also reported the preparation of identical
rhodamine B coated PLA MNs, using CMC as a thickener agent. The obtained DS-coated
PHBVHx MNs were characterized in terms of morphology and their mechanical properties were

investigated.
5.1.3.7. Characterization of the DS-coated PHBVHx MNs
5.1.3.7.1. Morphology

The morphological characterization of the DS-coated PHBVHx MNs was assessed by SEM

analysis. Fig. 5.13 shows that the drop coating method led to an accumulation of the coating
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solution on the base substrate between MNs. Moreover, the coating was not uniform, as some
tips of the MNs were not coated. The irregular and non-uniform pattern was also described for
silicon MNs coated following a similar methodology [449]. The authors attribute this to a sur-
face tension effect and overcome it by adding trehalose to the coating formulation. However,
a high improvement was achieved when the methodology was changed to spray-coating. Chen
et al. [448] avoided this type of drawback by using an adjustable apparatus that allowed only

the structure of the MNs to be immersed in the coating solution.

Figure 5.13 - SEM image of DS-coated PHBVHx MNs.

5.1.3.7.2. Mechanical properties

The effect of the coating solution deposited on the PHBVHx MNs on their mechanical prop-
erties is shown in Fig. 5.14. The compressive stress-strain curves demonstrate that no signifi-
cant impact on the MNs' strength was observed since a similar force was required to bend the
DS-coated MNs (5.45 + 0.11 N) and the non-coated MNs (5.49 + 0.04 N). This result shows
that the required minimum force to pierce the skin (4 N) was achieved by the DS-coated MNs,
evidencing their possible use as transdermal delivery systems. Identical mechanical properties
were also reported for the PLA MNs (~2.5 N/needle) and PLA coated MNs (~2.75 N/needle)
[448]. On the other hand, compared to non-coated MNs, it was noticed a decrease in the dis-

placement value from 0.61 + 0.04 to 0.42 + 0.01 mm, at the failure point. This result suggests
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that the elastic properties of the PHBVHx MNs were affected by the coating. An increase in
mechanical stiffness was also observed for acrylic based MNs when coated with polypyrrole
[450]. In fact, for a force of 0.08 N/needle, the non-coated MNs achieved a displacement of
48.1 + 8.79 um while a lower displacement value (33.7 + 4.09 um) was obtained for the polypyr-
role-coated MNs. Despite this difference, /n vitro skin insertion tests revealed that the latter
structures achieved 100% penetration in porcine skin without damage to the surrounding skin

and MNs, suggesting a possible use of these MNs as a painless minimally invasive platform.
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Figure 5.14 - Compression stress-strain curves of the DS-coated PHBVHx MNs (blue line) and non-coated
PHBVHx MNs (orange line).

5.1.3.7.3. In vitro drug release studies

The release profile of DS from the PHBVHx MNs arrays was performed in PBS, at 37 °C. As
shown in Fig. 5.15, the release profile of DS was characterized by an initial fast release phase
followed by a slower release state. An initial fast release phase (10 min) was noticed, during
which 73% of the DS was released, followed by a slower release phase (10-40 min), after which

a plateau was reached. After 300 min, an overall release of 80% was achieved.
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Figure 5.15 - Cumulative release profile of DS from coated PHBVHx MNs.

As shown in the morphological characterization (Fig. 5.13), after loading a layer of DS ad-
hered to the surface of the DS-coated MNs, and when in contact with the released medium,
rapid dissolution of the DS occurs, leading to a high percentage of release within the initial
burst phase. Following a similar approach, bioceramics-based MNs were coated with ovalbu-
min, and it was demonstrated that in PBS, at room temperature, 43% of the drug was released
within the first 10 min, and a percentage of 90% was achieved after 60 min [451]. Zhou and co-
workers [452] prepared PLA MNs coated with BSA, and under similar /n vitrorelease conditions,
around 40% of BSA was released within the first 24 hours.

Despite the differences in the loading methodology, a similar release profile of DS was ob-
tained from CMC-based MNs [419]. In that case, around 58% of the loaded DS was released in
the first 10 min, reaching the maximum cumulative release (98%) after 40 min. Considering the
therapeutical use of DS, this rapid-release profile is appropriate as it can provide immediate
local analgesic and anti-inflammatory action [453].

The mechanism of DS release from the coated PHBVHx MNs was investigated by adjusting
the first 60% of the obtained release profile to the Korsmeyer-Peppas model [206]. The results
demonstrated that the release data fit the model since the regression coefficient value was
0.99. Moreover, the n value obtained (0.32) suggests that the release mechanism follows a

Fickian diffusion.

5.1.4. Conclusions

The present study demonstrates for the first time the preparation of MNs arrays with

different types of PHAs, namely, the homopolymer PHB, PHBV copolymers with different 3HV
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contents (14, 43, and 87wt%), and the terpolymer PHBVHx. Most of the biopolymers tested
were suitable as structural materials for MNs arrays’ fabrication via the melting micromolding
process. Most of the obtained MNs presented a conical geometry with sharp tips and revealed
appropriate mechanical properties to penetrate the skin. PHBVHx MNs were selected to pre-
pare coated MNs, using DS as a model drug, following the drop coating method. The coating
layer was observed by SEM images that revealed a layer of DS adhered to the MNs surface.
Although the failure forces were similar, coated PHBVHx MNs demonstrated lower mechanical
stiffness when compared to unloaded PHBVHx MNs. Furthermore, a high release rate of DS
was obtained. Despite several studies focused on the optimization of loading methodology
and skin permeation are essential to further improve the efficacy and efficiency of the PHA-
based MNs, this study demonstrated that PHAs are very interesting biomaterials with great

potential to be used as structuring materials for MNs.
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V. CONCLUSIONS AND FUTURE WORK

IV.1.Conclusions

In contemporary society, the importance of drug delivery in healthcare is immeasurable. Its
extensive application in modern medicine is seamlessly integrated into our daily lives, shaping
the way we receive and benefit from therapeutic agents. This thesis embarked on a compre-
hensive exploration and development of novel TDDS, focusing on hydrogels and MNs based
on natural polymeric biomaterials for their fabrication.

The journey began by addressing the challenge of dissolving the typically intractable bi-
opolymer CGC, which culminated in using environmentally friendly solvent systems that
achieved high polymer solubility, paving the way for diverse biopolymer applications. The sub-
sequent work unveiled the innovative preparation of hydrogels based on CGC, highlighting
their versatility and customization potential, particularly through the choice of alkali solvent
and ionic strength. Moreover, optimization of the CGC hydrogel preparation process further
enhanced their mechanical and swelling properties, with successful loading of different APIs,
opening up possibilities for tailored drug delivery. Importantly, CGC hydrogels exhibited bio-
compatibility for different cell lines, bolstering their potential in biomedical applications as
drug delivery platforms and/or scaffolds for tissue engineering.

The journey continued with the exploration of FucoPol, another promising natural polymer,
as material for HMs using Fe** as a crosslinker. This novel development showed the versatility
of FucoPol, offering tunable properties, biocompatibility, and anti-inflammatory activity, mak-
ing it a promising biomaterial for HMs in various applications. Furthermore, the drug loading
experiments with caffeine and diclofenac sodium into FucoPol HMs demonstrated their poten-
tial as efficient drug delivery systems, with release profiles suited for different applications.

The study also included the fabrication of MNs using various types of PHA. The success in
fabricating conical-shaped MNs with different PHAs through a melt micromolding process

demonstrated their potential as structuring materials for these innovative drug delivery
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devices. Moreover, PHBVHx MNs, chosen for drug coating, exhibited non-uniform coverage of
MNs, comparable mechanical strength, and lower stiffness post-coating. /n vitro drug release
experiments showed that maximum cumulative release was achieved within 20 min.

Overall, this thesis has illuminated new pathways in the development of transdermal delivery
systems, emphasizing the potential of natural polymers in creating effective and biocompatible
hydrogels, HMs, and MNs arrays. These contributions hold promise for the advancement of

drug delivery technologies, ultimately benefiting healthcare and biomedical applications.

IV.2. Future Work

During this thesis, significant advances were performed in the development of hydrogels
and MNs for transdermal drug delivery using different natural polymeric biomaterials, but it
also drove interest into exciting new opportunities for further research and future improve-
ments.

Considering the hydrogels, it is crucial to perform permeation studies using skin models
(e.g., SkinEthic, EpiDerm) that will provide a more physiologically relevant environment, mim-
icking the complexities of human skin, to evaluate the effectiveness of these biomaterials for
transdermal drug delivery. Moreover, it is of interest to study several alternative strategies,
including polymer blending and surface modifications, to achieve a sustained drug release
which is crucial in several cases. It is also relevant to explore the stability of the structures
through accelerated and long-term studies to better understand their optimal storage condi-
tions, extending their shelf life. Additionally, scaling-up the procedures for hydrogels’ produc-
tion is crucial for their implementation as commercial products, which could involve refining
the manufacturing methods to ensure consistency and quality on a larger scale. Furthermore,
taking advantage of the gelling ability of CGC and FucoPol, it could be very interesting to
evaluate their ability for the fabrication of stimulus responsive hydrogels, or even their ability
to fabricate injectable hydrogels.

Regarding the MNs, the methodology used in MNs fabrication should be optimized to ob-
tain identical MNs over the array. Moreover, to optimize MN performance, enhancing the me-
chanical properties of PHA-based MNs strategies including different designs and dimensions
might be useful to improve their strength, and insertion characteristics. It is also crucial to
follow an optimal coating technique that can proficiently apply drug coatings, with special
emphasis on the MN tips. This aspect is pivotal in ensuring consistent and reliable drug delivery

via this type of MNs. Furthermore, to validate the effectiveness of MNs for transdermal drug
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delivery, /in vitro penetration studies using ex vivo animal or human skin should be performed.
These experiments are essential to understanding the actual insertion capacity and drug per-
meation capabilities of the MNs. Also, scaling up the production of PHA-based MNs while
maintaining their quality and consistency will be crucial for practical use.

Overall, this Thesis, not only demonstrated the great potential of the different tested natural
polymers for use as drug delivery systems, but it also paved the way for further exploring the
novel developed biomaterials. The future perspectives outlined, which include fine tuning the
biomaterials' properties, evaluation of their performance under physiological conditions, and
scaling up the procedures, among others, will further enhance the potential of the developed

structures as platforms for improved transdermal drug delivery application.
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Appendix

APPENDIX
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A1. 1929 fibroblasts and HaCaT keratinocytes viability when exposed to different concentrations of NaOH, for 24 h.
The dotted line at 70% represents the viability limits for non-toxic condition (ISO 10993-5, 2009).
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A2. Differential scanning calorimetry (DSC) thermogram of polymers (A) PHBV14, (B) PHBV43 and (C) PHBVsy.
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