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Desde a sua introdugéo, em meados dos anos 90, a técnica de Layer-by-Layer
tem sido muito utilizada para a producéo hierarquica de filmes com mdultiplas
camadas. E um método versatil e econémico que consiste na deposicio
alternada de diversos materiais sobre um substrato através de forcas
eletrostaticas e/ou ndo eletrostaticas. Quando o substrato utilizado possui
baixa tensdo superficial, este facilta a remocdo do filme sem recorrer a
qualquer tipo de ajuda externa, permitindo assim a obtencdo de membranas
autossustentadas. Este tipo de biomaterial pode ser utilizado para mimetizar
microestruturas encontradas na natureza ou para aplicacdo em medicina
regenerativa. A inspiracdo em fendmenos naturais ou até mesmo em
organismos é uma forma promissora de obter biomateriais com caracteristicas
Unicas, uma area conhecida como biomimetismo. Tendo em conta tudo isto, a
alforreca € um animal marinho que possui na sua estrutura uma matriz
particularmente dura, porém gelatinosa chamada de mesogleia. Tendo isso em
conta, o trabalho aqui apresentado visa a producdo de um novo tipo de
membranas estratificadas através de biopolimeros de origem marinha como é
0 caso do quitosano (CHT) e do alginato (ALG). Para simular a estrutura
porosa da mesogleia, estes polissacarideos foram quimicamente modificados
com grupos metacrilados (MA) e a sua modificag&o foi confirmada através da
caracterizacdo espectroscopica por RMN e ATR-FTIR. Posteriormente, dois
tipos de membranas intercaladas (CHT/ALG/CHT-MA/ALG-MA) foram
produzidas e posteriormente fotorreticuladas. Relativamente as condi¢des de
deposicao dos polimeros, na andlise do potencial zeta verificaram-se as
cargas de cada composto, enquanto que a microbalanca de quartzo (QCM-D)
evidenciou a boa interagéo eletrostatica entre o CHT e ALG, bem como entre
0s polissacarideos modificados. Uma vez que a alforreca apresenta boas
propriedades mecanicas mesmo sendo constituida por quase 99% de agua,
todas as membranas foram caracterizadas quanto a capacidade de absorcéo
de agua, bem como ensaios mecéanicos de tracdo. Assim como a mesogleia da
alforreca, as membranas, quando imersas numa solucédo aquosa mostram alta
capacidade de absorcdo. Por outro lado, enquanto que as membranas de
(CHT/ALG)200 apresentam um modulo de Young superior, as membranas
intercaladas alcancam uma maior extensdo. Finalmente, as imagens de SEM
mostram que as membranas intercaladas (10/10)200 apresentam uma estrutura
mais porosa quando comparadas com as membranas (CHT/ALG)zo0,
evidenciando, portanto, mais semelhancas com a estrutura da mesogleia
presente na alforreca.
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Methods for producing multilayered thin films have garnered a powerful
scientific interest due to their potential for reinventing multifunctional materials
in emerging research fields, like optics, energy, membranes and also
biomedicine. Since its introduction in the early 90’s, layer-by-layer (LbL)
assembly is a versatile method based on the sequential deposition of
multivalent materials over an underlying substrate, coordinated by electrostatic
and/or non-electrostatic forces. Also, when the substrate possesses low
surface energy, it allows for easy film removal without resorting to any post-
processing steps, thus allowing the production of free-standing (FS)
membranes. Such membranes can be used across several research fields with
different applications such as biomimetic membranes and regenerative
medicine. Taking inspiration from natural phenomena and living organisms is a
promising way of designing and rethinking novel materials with unique features,
a thriving research area known as biomimetics. Regarding this, jellyfish is a
free-swimming marine organism with a particularly tough, yet gelatinous matrix
called mesoglea. Inspired by this, the thesis work here presented envisions the
design of novel multilayered FS membranes resorting to marine-derived
biopolymers. In order to mimic the jellyfish’'s mesoglea porous structure,
chitosan (CHT), a polycation derived from marine crustaceans, and alginate
(ALG), a polyanion derived from brown-algae, were initially modified with
pendant methacrylic groups (MA). The successful synthesis of both modified
polymers was confirmed by means of 1H NMR and ATR-FTIR characterization.
Afterwards, aiming to recapitulate the jellyfish structure, two types of
intercalated (CHT/ALG/CHT-MA/ALG-MA) membranes were produced by
selective photocrosslinking. As for the deposition conditions of the natural
polymers, zeta potential analysis assured the positive and negative charge of
the biopolymers, whereas quartz crystal microbalance with dissipation
monitoring (QCM-D) demonstrated effective layer deposition of CHT/ALG, as
well as among modified polysaccharides. Moreover, jellyfish is able to maintain
great mechanical properties even though it is constituted of nearly 99% wt. of
water. Thus, water uptake ability and tensile tests were performed in all of the
produced membranes. The FS biomimetic membranes, just like jellyfish’'s
mesoglea, when immersed in a water-like solution show a high-water uptake
ability. In addition, (CHT/ALG)200 membranes appear to have a higher Young's
modulus when compared to the intercalated ones, however, these last ones
achieved a greater elongation profile. Finally, scanning electron microscopy
images indicate that the bioinspired intercalated membranes (10/10)200 appear
to have a more porous structure than unmodified control ones, therefore
resembling the jellyfish’s mesoglea anisotropic structure.
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Chapter 1: Motivation

Throughout their lifetime, humans can experience several different acute diseases and
traumas that distress both cells and their biochemical microenvironment, which can lead to
severe degeneration of these living systems, either at cell- or tissue-level, or in a worse
scenario, the malfunction of entire organ systems . Taking that in mind, the vision of
developing materials with intrinsic healing ability, based on molecular and cellular
technologies refined over the years, has been extensively investigated worldwide leading to
the advent of advanced regenerative medicine. This is an attractive multidisciplinary field,
with current clinical applications and tangible future expectations, which aims to restore,
maintain or enhance tissues and hence organ functions 2. This type of medicine is the result
of intertwining several novel and thriving areas like tissue engineering, stem cell research
gene therapy and therapeutic cloning 4. Tissue engineering (TE), was first presented to the
broad scientific community by Langer and Vacanti in 1993, and interestingly their
definitions is still applied until today °. The ultimate paradigm of TE relies on the complex
interplay between biomaterials, cells and signaling molecules, with a goal to mimic the well-
orchestrated natural complexity and potentially act as a template for tissue regeneration
(Figure 1) ®7. However, so far, the clinical application of tissue engineering has been

restricted to a limited number of biomaterials due to slow translation into clinical practice.

Biomaterials

Cells attach and migrate into Facilitate growth
scaffold which supports cell Ceramics, Synthetic Polymers, factor delivery
growth, proliferation and Natural Polymers
matrix deposition l

Cells Regqulatory

Signals

o/ M\
@@ Tissue f:;ng/:neering \.\ o
£+

Autologous, Allogeneic, Cell Lines,
Primary Cells, Progenitor Cells Growth Factors, Chemical Compounds,
== Mechanical Stimulus
Induce cell differentiation and
tissue formation

Figure 1. Tissue engineering (TE) triad. The interplay of biomaterials, cells and regulatory signals allows the

production of novel materials for TE applications. Retrieved from reference 8.



Chapter 1: Motivation

The development of biomaterials plays an important role in most tissue engineering
strategies. In the last few decades, several studies have been conducted with the primary
focus in the fabrication of new and improved biomimetic materials for a vast range of
biomedical applications °. In order to fulfill the demanding requirements for TE,
biomaterials should have attractive features such as good mechanical properties,
biodegradability, non-toxicity, biocompatibility and similarity with biological tissues *°.

Among the different classes of materials, polymers have been exploited in a plethora of
biomedical applications, including surgical sutures, artificial skin and organs, prostheses,
bone repair, dentistry and even in drug delivery systems 1. According to the polymer origin
source, polymer-based biomaterials can be mainly classified in synthetic or natural origin-
based. Biomaterials obtained from synthetic polymers present as main advantages high
quality control and easy ability to tailor physicochemical properties (i.e. degradation).
However, most of the synthetic polymers are non-biodegradable containing harmful
substances and show poor bioactivity. On the other side, natural polymers have attracted
much attention in the scientific community due to their resemblance to the extracellular
matrix exhibiting good biocompatibility and biodegradability as well as structural versatility

for chemical functionalization.

Polysaccharides from natural marine sources (as algae and arthropods) 212 have been widely
employed as building blocks for the fabrication of biomaterials. For example, apart from
cellulose, chitin is one of the most abundant biopolymers in nature and can be extracted from
crustacean shells and shellfish wastes (e.g. shrimps). The partial deacetylation of chitin gives
rise to chitosan (CHT), which is widely explored in the biomedical field due to its
exceptional biocompatibility and biodegradability as well as immunological, antibacterial,
bioadhesive and wound-healing activity 25, Another attractive and well-known marine
origin polysaccharide is alginate (ALG). This natural based polymer can be extracted from
brown algae and, akin to CHT, possesses essential properties for biomedical applications,
such as biocompatibility, non-toxicity, non-immunogenicity and biodegradable behaviors 1¢-
18 These two natural marine origin polymers are widely combined to produce multilayered
freestanding membranes for TE and medicine regenerative purposes *°. Major drawbacks of
the use of these natural building blocks are related with their high-water uptake ability
leading to feeble mechanical properties, which impair cell adhesion 2°-22,
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Apart from the use of naturally derived polymers, biomimicry is an elegant strategy for
developing novel biomaterials with sophisticated features. Emulating designs and ideas
found in nature requires a thorough understanding of the intrinsic properties of natural
systems and their relationship with the biological functions. In this context, organisms such
as mussels, spiders, octopuses, bees, geckos, among many others, have been used as
successful templates for biomimetic research endeavors. Among these, jellyfish is a free-
swimming marine organism with a particular umbrella-shaped belonging to the Scyphozoan
class that contains a tough, yet gelatinous matrix called mesoglea (see Figure 2A-B) 224, |t
is mainly made up of collagen, which can be comparable to the extracellular matrix of
vertebrates, containing about 96-97 wt.% water when swelled to equilibrium. Under such
high water content, which can still be as high as 99 wt.% after salt extraction, jellyfish is
able to maintain the structural integrity of his body because of its well-developed
microstructure (Figure 2C-D), which provides the mechanism to suppress stress

concentrations at flaws and crack tips 22°.

Inspired by the dispersing stress mechanism of the jellyfish, some studies have been
developed to improve the mechanical properties with attempts to recreate the well-organized
mesoglea porous structure. For example, Wang and co-workers have fabricated a new hybrid
hydrogel by combining the biological jellyfish gel with a synthetic one in order to increase
the mechanical strength of the double network system 23, Recently, another hybrid hydrogel
based on chitin/PVA with tailored mechanical properties was also successfully developed
due to the ordered layered porous structure. More interestingly, they found that the

freezing/thawing played a relevant role in the formation of the porous layered network 2.

Exploiting biopolymers found in nature (such as CHT and ALG) to replicate the natural
microstructure of jellyfish offers a cleaner and fundamentally bioinspired concept in

comparison to previous attempts.



Chapter 1: Motivation

(B)

Exodermal layer

S4800 5.0kV 8.7mm x2 90k

Figure 2. Images of jellyfish, a free-swimming marine organism. (A) Real photograph of an existing species
of jellyfish (Rhopilema Esculentum). Image credit to VIadimir Wrangel. (B) Sketch of a typical jellyfish cross-
section, showing how the gel-like substance, Mesoglea, is sandwiched in between epidermal and endodermal
layer. (C-D) SEM micrographs of freeze-dried jellyfish mesoglea, (C) low magnification showing a layered
porous structure and (D) high magnification showing many fibers connected to nanostructured layers of the

pore walls. Adapted from references 2?7,

In this context, the aim of this work is the development of novel hierarchical multilayered
freestanding (FS) membranes bioinspired on the natural anisotropic structure of jellyfish
mesoglea, as an innovative approach to enhance the mechanical properties of CHT and ALG
multilayer assemblies. To achieve this purpose, CHT and ALG marine-origin polymers will
be electrostatically combined with CHT and ALG functionalized with photopolymerizable
double bonds, CHT-MA and ALG-MA, respectively. Upon photocrosslinking, it’s expected
the formation of interconnected porous layers intercalated with the regular stratification of
CHT and ALG bilayers, which could broadly disperse stress near a crack tip, as the jellyfish
gel. Such membranes will be characterized regarding their water uptake ability, mechanical
properties and microstructural features. These bioinspired hierarchical systems are

envisioned to be applied as regenerative patches.
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In summary, this master dissertation is divided into the following chapters:

Chapter 1: Motivation, which includes some introductory notes related with the main
goal of this work;

Chapter 2: Introduction, a literature review insight to Layer-by-Layer technology and
biomimetic systems;

Chapter 3: Materials and Methods;

Chapter 4: Results and Discussion, where new bioinspired freestanding membranes
with hierarchical architecture are developed; correlations of the mechanical
properties with swelling behavior and microstructural features are also performed.;

Chapter 5: Conclusions and Future Perspectives.
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2.1. Layer-by-Layer assembly

2.1.1. Historical perspective on Layer-by-Layer self-assembly

In the middle of the 20" century, the design of thin solid films at the molecular level has
aroused such a great interest to many scientists, because of their potential for applications in
the fields of medicine and biology *. Since then, the fabrication of these well-defined
nanostructures has gained prominence within the scientific community due to their
customizable properties, structures and functions for many relevant applications 2. In the
meantime, more and more sophisticated approaches and methodological techniques have
been engineered to further advance the production of these kind of films, as well as directing
their molecular assembly. Moreover, several disciplines of natural sciences have studied the
influence of specific surface modifications and their role in promoting fundamental changes

in the properties of materials at the building-block level 2.

Historically, Langmuir first realized the monomolecular surface coating of solid substrates
4% and then Blodgett further expanded this approach by exploring the production of
multilayer coatings to develop what is now known as the Langmuir— Blodgett (LB)
technique ®. This technique relies on a room temperature deposition process that may be used
to produce monolayered and multilayered films of organic materials ’. Since then, LB has
demonstrated to be an extremely useful method to explore the fundamental interactions of
amphiphilic molecules, chemical reactions in confined geometries, and also to conceive
model systems in order to calibrate and challenge new experimental techniques. However,

the LB-technique seems to be difficult, expensive and limited to only certain colloids &°.

ller, in 1966, reported a method with the alternating surface charge of colloidal particles
which could be interactively assembled onto glass substrates ° and the work of Nicolau and
his colleagues also illustrated that successive layering of substrates with oppositely charged

of metal ions could also produce polycrystalline coatings 2.

Interestingly, the work of ller and Nicolau probably inspired the essential breakthrough
reported by Decher and his co-workers in 1992 12, who are responsible for revitalizing this
concept of film production by relying on electrostatic interactions between oppositely-
charged synthetic polyelectrolytes with ionizable surface groups. The sequentially-ordered

deposition of polycations and polyanions thus resulted in the production of polyelectrolyte
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multilayered films (PEMs) onto a substrate. This robust and simple method is well-known
until today as Layer-by-Layer (LbL) technique assembly. This method stands out from other
known techniques because of its simplicity, versatility, robustness, cost effectiveness, and
also offers a massive freedom in both material selection and structural design flexibility 134,
In addition, the PEMs deposition through LbL has emerged as a promising approach because
it only requires charged substrates for its application. The substrate may range from flat to
non-flat models, such as colloids or microcapsules *°. However, the use of substrates with
low surface energy may result in different structures, such as freestanding (FS) membranes.
The latter approach represents a practical way to achieve robust multilayer FS membranes
without using any sacrificial templates nor dissolving layers 6. Interestingly, these
membranes have increasing applications in the biomedical field as drug delivery systems for
wound healing and tissue engineering. Moreover, this enabling technique opens up
opportunities for exploiting naturally-available biopolymers, such as chitosan, alginate,
heparin and hyaluronic acid, and allows researchers to expand the use of these biomaterials

to new emerging fields.

Over the past few decades, LbL technique has proven markedly powerful and has
demonstrated wide interdisciplinary impact on scientific research 7, with applications in
corrosion resistant coatings, metal/protein purification, as well as fabrication of ultratough
materials 1822, Moreover, in biomedical fields, LbL currently represents by far the most
established strategy to produce thin films for antibacterial coatings or membranes for wound
healing and tissue engineering 22?%. Furthermore, films with precisely controlled properties
can be obtained by simply adjusting the starting experiment conditions (e.g., pH,
temperature, polymer molecular weight, polyelectrolyte concentration, deposition time,

number of bilayers) 2°.

2.1.2. Biomaterials integrated in LbL assembly

Throughout more than 400 million years of evolutionary differentiative processes, nature
has provided us with an immense library of diverse biomolecules and biopolymers. All these
compounds play distinct roles in influencing health/disease status in organisms, owing to its
wide variety of mechanical, biochemical and degradable properties. Over the last few

decades, scientific efforts have been invested in exploiting such biomaterials for improving
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forefront areas with high demand, such as biomedical and technological applications.
Furthermore, advances in chemical modification strategies have not only enabled full
customization of biomaterial backbones, but also led to the creation of new synthetic
polymeric materials with unique features 2’. In summary, there is a nearly endless variety of
available materials that could be applied for LbL assembly, being the polyelectrolytes by far
the most prominent ones, such as the polysaccharides (chitosan, alginate, hyaluronic acid,
etc.). Nevertheless, there are several other attractive alternatives and most of them with a
biological character, such as proteins (soy, collagen, fibrin gels, silk), nucleic acids (DNA
and RNA) and virus particles, as well as several organic synthetic polymers, molecular

assemblies and inorganic composites 13,

Among the several classes of polymeric materials that have aroused as an important tool for
the biomaterials scientist, the natural origin polymers, namely polysaccharides, have
received special attention during the past few decades because of their unique properties
such as great abundance, low cost, eco-friendship and more importantly, their ability to
confer unique properties to PEMs, such as biodegradability, biocompatibility, low toxicity,
the presence of cell recognition sites as well as natural similarity with biological tissues
(Figure 3)?-30, Interestingly, these biopolymers can be commonly found through diverse
natural sources such as marine algae (alginate and carrageenan), plant origin (cellulose,
pectin, and guar gum), microbial (dextran and chitin), and animal (chitosan, hyaluronic acid,
chondroitin, and heparin) 32, Moreover, this vast array of natural sources from which these
polysaccharides can be extracted from is also critical for pursuing the 2030 agenda for

Sustainable Development set by the United Nations General Assembly.
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Figure 3. Schematic illustration of unique physiochemical and biological properties of polysaccharides.

Retrieved from reference 3.

As natural origin biopolymers, polysaccharides are carbohydrates characterized by multiple
sugar molecules covalently bonded through glycosidic linkages. They possess a wide range
of variable molecular weight and a plentiful number of pendant reactive groups (i.e., amine,
carboxyl, hydroxyl and carbonyl groups) on their backbone for chemical modification,
amplifying their functional and structural diversity among the different types of
polysaccharides 303334 Moreover, their biological synthesis promotes a heterogeneous
mixture of different sequences dependent on several climate factors (e.g. seasonal
conditions, humidity, place of origin, extraction conditions). However such variability can
also impose significant weaknesses in reproducibility and hinder clinical translation,
considering that their biological activities are strongly affected by molecular weight,

chemical structure and chain conformation 3035,

Polysaccharides have been used for decades in various industrial applications, e.g.
pharmaceuticals, material sciences and biofuels, as well as food and nutrition applications.
More specifically, they have also proved their immense potential in the production of
multilayered films using LbL assembly techniques 31423:36-44 Taking that in mind, Table 1
encompasses the most commonly used polysaccharides for LbL assembly constructs, as well
as a brief description of their chemical structures and their relevant properties.

14



Table 1. Most commonly used polysaccharides in Layer-by-Layer technique.

Polysaccharide Source Repeating unit Relevant properties
OH pH-sensitive,
Chitosan crustaceans 0 0 OH cationic antlmlc_rob al,
HO hemostatic, muco-
NH; adhesive 4546

n
OH
Og 0 OH Ca?*sensitive,
Alginate brown algae .- ‘OHO . 0 O o anionic absorbs wound exudate,
Y HO " non-adhesive 7
0~ “OH]

i OH OH |
O .
. 0 o] cartilage component
o) HO .
Hyaluronic Acid rooster comb, bacteria H&,&f anionic joint lubricant, non-
OH NH
0:<

i

(Streptococcus equi) adhesive 8

Jn

OH
OH _at;iliit:.); to se!f-?]ss(jembly
. 0 HO o . into fibers via hydrogen
Cellulose agricultural feedstock HO 0 g anionic bonds, high mechanical
OH properties *°
OH N
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2.1.3. Interactions driving LbL assembly

Since LbL assembly first appeared as a promising way to produce thin films, several types
of interactions have been studied and reported as driving forces to direct the assembly
process of LbL films, such as, electrostatic, hydrophobic, hydrogen bonding, charge-
transfer, covalent bonding, surface sol-gel transitions, host-guest behaviors, biospecific
linkages, metallic coordination chemistry and stereo complexation . An overall depiction

of all of these driving forces in LbL assembly is represented in Figure 4.
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Figure 4. Overview of the existing interactions driving LbL assembly, with the most commonly explored ones
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belonging to the purple quadrant. Adapted from references 55,

As experienced in Nature, supramolecular and molecular structural assemblies are brought
together with an immense diversity in terms of the type of connection/interaction between
them . Likewise, there are several different interactions governing LbL assemblies.
However, as demonstrated above, there are driving forces playing more prominent roles,
such as the electrostatics and hydrogen bonding >°8, However, while not belonging in the
top two, covalent bonding and hydrophobic interactions have emerged over the years. Thus,

these four interactions will be focused in more detail in the following subsection. Regarding

17



Chapter 2: Introduction

the other interactions, for a more extensive description please refer to this excellent review
discussing the topic at hand *°.

The electrostatic interaction is one of the most explored assembly driving forces, if not the
primary one within the LbL approach, as proven by the vast majority of publications
throughout the literature . In fact, Decher when first exploring the LbL technique used this
type of driving force to support layer assembly 2. This kind of interaction entails the
fabrication process, entirely in aqueous solutions, of sequential deposition of oppositely-
charged monolayers of polymers, colloid or several other materials (virtually any charged
material) onto a substrate in order to obtain cohesive and ionically crosslinked thin films
%539 In other words, this method exemplifies an ordered assembly between cationic and

anionic polyelectrolytes, as represented in Figure 5 3.

SISISISISISISISIS)

Figure 5. Schematic of the production of a multilayered film by sequential absorption of oppositely charged

polyelectrolytes, via electrostatic interactions. Retrieved from reference .

This type of interaction is a very attractive driving force due to its simplicity and efficiency
in film preparation. Moreover, the main advantage of electrostatic forces coordinating LbL
assembly is that several film/membrane parameters, including its nanoscale structure,
composition, thickness, mechanical and hydration properties can be easily controlled by
adjusting, for instance, the immersing solution’s pH, ionic strength, temperature, etc. On the
other hand, this is only applicable to charged and water soluble materials and the produced
multilayered films can be less stable and robust than those obtained through hydrogen or
even covalent bonding *°. Electrostatic-driven LbL assemblies can also be exploited for the
development of hollow capsules, such as those composed of CHT/ALG multilayers for

encasing live cells or delivering bioactive compounds % Moreover, chondroitin
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sulfate/poly(-L-arginine) microcapsules were fabricated via electrostatic LbL deposition
onto a MnCO3 core template for encapsulation of DNA molecules 5,

Besides electrostatic interactions, hydrogen bonding is one of the most studied and reported
driving forces to date. By exploiting this interaction, an array of uncharged materials could
be successfully incorporated into the production of multilayered films, which otherwise
cannot be accomplished only by electrostatic interactions. Here, their present moieties can
act as hydrogen bonding donors and hydrogen bonding acceptors 65, Examples include
poly(ethylene oxide) (PEO), in which the polymer backbone incorporates oxygen atoms that
could act as hydrogen bonding acceptors, or alternatively, temperature-responsive poly(N-
isopropylacrylamide) (PNIPAAm) polymer, in which both donor (amine) and acceptor
(carbonyl) groups are present . Due to the nature of this interaction, a key feature from
multilayered films produced via hydrogen bonds is its high sensitivity to environmental
conditions such as solutions’ pH, ionic strength and temperature . Moreover, the bilayer
thickness can range from angstrom to the nanometer scale just by tuning the deposition pH
values. Indeed, in a PEO/ poly(acrylic acid) (PAA) system, an increase in pH from 2.8 to 3.5
markedly decreased film thickness, while no film deposition was observed for pH values
above 3.5 7. Accordingly, films composed of uncharged polymers and carboxylic acid-
containing polymers can be erased by a simple increase in pH, because ionization of
carboxylic groups involved in hydrogen bonding disrupts the interpolymer network 8, Thus,
this pH-triggered dissolution can be exploited to design films with distinct pH stabilities
depending on the hydrogen bonding pairs used. Lee and co-workers produced multilayered
thin films from poly(vinyl alcohol) (PVA) and PAA hydrogen bonding interactions and
observed that the presence of free hydroxyl groups in the multilayer can tune the pH stability

of the films .

Also, another attractive application of hydrogen-bonded LbL assemblies is the development
of LbL hollow capsules °. In this strategy, polymeric chains are sequentially deposited on
top of a sacrificial particle template until the desired shell thickness of the LbL film is
obtained, followed by dissolution of the inner core, leaving a hollow interior 6. Similar to
the electrostatic-based hollow capsules, the empty volume generated can then be filled with
bioinstructive molecules for drug delivery as well as living cells for tissue engineering
purposes. An interesting approach to this application is the design of hydrogen-bonded LbL

shells for gentle cell encapsulation. This was achieved by Kozlovskaya and co-workers, who
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exploited the hydrogen-bonding interaction between poly(N-vinylpyrrolidone) and tannic
acid to achieve a high permeable LbL shell with significant biocompatibility *. Tannic acid
is a natural polyphenolic tannin with intrinsic antioxidant and antibacterial properties
characterized with a high pKa (ca. 8.5), which allows strong hydrogen bonding at
physiological pH conditions 2. Because of this capacity, it has been vastly used in several
applications, including the development of LbL coatings, fibers, membranes and capsules
376, Recently, a tannic acid/poly(N-vinylpyrrolidone bilayer coating was successfully used

for nerve tissue engineering purposes ’’.

The hydrophobic interactions play a prominent role in the multilayered film buildup when
the adsorbed molecules are uncharged, however both charged and uncharged materials can
be used in this scenario *°. This interaction is well described by the relations between water
and nonpolar hydrophobes (low water-soluble molecules), which usually have a long chain
of carbons that do not interact with water 8. A good example of this particular interaction is
the resulting mixture of fat and water. Moreover, these driving forces are widely implicated
in the formation of large biological structures, since it permits the immobilization of several
hydrophobic drugs and biomolecules, as well as hydrophobic protein domains °>°. This
driving force can strongly stabilize the internal network between layers during the multilayer
buildup, however it is a weak interaction and with a rather short range in comparison to
electrostatic interactions. The assembly of amphiphilic carboxymethyl pullulan with
different cationic polyelectrolytes showcased the important role of hydrophobic

microdomains in stabilizing interlayer formation .

Silk fibroin is one of the most commonly used proteins in hydrophobic-driven LbL
assemblies, endowing high permeability and biocompatibility upon incorporation within
multilayered films. Recently, PCL eletrospun fibers were coated in a LbL fashion with a
heparin-disaccharide modified silk fibroin via predominantly hydrophobic interactions with
the goal of attenuating foreign body reaction towards the nanofibers 8. Also, the
hydrophobic domains within this protein allow anchoring of small hydrophobic drugs and
increase the permeability of LbL shells produced this way, thus providing attractive features

for therapeutic delivery and support cell attachment in microcapsule applications *°.

Lastly, covalent bonding has showcased its value as a critical interaction when strong, tough

and robust films are desired, since they can impart enhanced strength and stability to the
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stratified multilayered construction . Overall, these interactions comprehend two different
building strategies, namely one termed “post covalent conversion” and the other

“consecutive covalent fabrication”, both represented below in Figure 6.

Layered film with Forming in-film
noncovalent interactions covalent bonds

Layered units using Forming film via
covalent interactions repetitive reactions

Figure 6. Schematic assembly process of the layered films using (a) post covalent conversion and (b)

consecutive covalent fabrication. Adapted from reference 2.

The first one refers when the multilayered constructions are obtained using non-covalent
interactions (e.g. electrostatics) followed by the applications of covalent reaction conditions
to successfully convert the non-covalent films into covalent ones. The transition from non-
covalent to covalent represents an intertwining across the interlayer network that is typically
named as crosslinking. These covalent reaction conditions can be achieved by adding
bifunctional reagents (e.g. glutaraldehyde, genipin, EDC), increasing the temperature (for
amine to carboxylic acid thermal coupling), using light irradiations (e.g. UV light) for
methacrylic or thiol-ene coupling via photocrosslinking, or even enzyme-catalyzed
bioconjugations such as transglutaminase and tyrosinase 288, On the other hand, in the
second building strategy, the multilayered films are instead built in each step using covalent
reaction, in other words, all layers are subsequently and immediately covalently linked to
each of their neighbors . This interaction can be performed in aqueous and organic

solutions and allows the production of highly stable and resistant multilayer films. On the
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contrary of electrostatic and hydrogen-bonded films, the covalent bonded ones can resist
harsh conditions such as high temperatures, ionic strength values or even extreme pH.
However, is more complex and expensive methodology compared to the other three 5.
Furthermore, the inherent toxicity of some of its crosslinking agents or conditions can be an
obstacle when cell-based applications are envisioned, in which a careful cell-friendly
procedure should always be considered when aiming to translate such platforms. Also, the
inherently stiff covalent bonds/network introduced to the multilayered films can sometimes
significantly alter its flexibility and mechanical properties. In these instances, a well
optimized balance between non-covalent and covalent bonds should always be considered,
in particular if seeking to incorporate living cells that are biologically predisposed to prefer

softer substrates/tissues.

2.1.4. Factors influencing LbL film formation

The immense flexibility that characterizes the LbL assembly process derives from being a
convenient method for thin film construction with precise control of film structures at the
nano and microscale, as well as different underlying properties, such as thickness, roughness,
porosity, growth, flexibility and toughness . Taking in mind that electrostatic interactions
are one of the most prominent driving forces behind LbL assembly, there are several factors
that may directly or indirectly affect the multilayered films main properties. In fact,
controlled composition, layer thickness, topography, and intermixing of neighboring layers
can be tuned through simple adjustments of assembly parameters including pH, salt
concentration, ionic strength and molecular weight, polymer concentration, temperature,
humidity or even the solvent qualities 258593, For example, the presence of salt in solutions
for LbL assembly can drastically affect the chain configurations of polymers in the bulk
solution. When no salt is added to the solutions, the like charges within a single chain may
repel each other. On the other hand, in presence of additional salt, the introduced counterions
screen some of the charges allowing the single chain to fold into a random coil configuration,
as represented below in Figure 7. In addition, films produced under high salt concentrations
are usually thicker and have a higher surface roughness. However, the influence of salt
concentrations on the structural details will likely be dependent upon the nature of materials

used %4
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Figure 7. Effect of salt concentration on intrinsic and extrinsic charge compensation. Charge neutralization
happens between polyelectrolyte chains (intrinsic process) or by counterion inclusion in multilayered films

(extrinsic process). Retrieved from reference %.

2.1.5. LbL Assembly Technologies

Regarding LbL assembly, the production method can be performed in several different
approaches, as it will be described below in the following subsections. On the other hand,
the characterization of LbL films can include several supporting techniques such as Scanning
electron microscopy (SEM), water uptake ability, atomic force microscopy (AFM),
profilometry, mechanical properties, quartz crystal microbalance (QCM) or quartz crystal
microbalance with dissipation monitoring (QCM-D) 14:16.96-101,

Meanwhile, the LbL technique has undergone an immense technological improvement over
the years with different emerging methods that can speed up the exponential assembly of
film depositions, promoting rapid and scalable productions of thick functional films &’
Overall, five distinct categories have been performed to assemble these type of films,
namely: (a) immersive, (b) spin, (c) spray, (d) electromagnetic, and (e) fluidic assembly, all
of which are represented in Figure 8 6. These technologies can affect the process
methodology as well as the resultant materials properties. Taking this into account, the
careful selection of the employed technology is crucial for the success of assembled films
and dependent on the intended applications, however, this subchapter will only emphasize
the three most commonly used technologies reported in the literature, namely highlighting

the immersive, spin and spray assemblies.
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Figure 8. Schematic overview of LbL assembly technologies, (a) Immersive assembly, (b) Spin assembly, (c)

spray assembly, (d) Electromagnetic assembly and (e) Fluidic assembly. Adapted from reference 6.

2.1.5.1. Dipping LbL assembly

The dipping assembly also referred to as “immersive assembly” is the most commonly used
LbL method and usually represents the standard that most newer technologies are compared

to °6. The process is simple and does not require any specific equipment, but can also be
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scalable and automatized with sophisticated dipping robots °. In a typical set-up, planar
substrates are sequentially immersed into solutions containing different materials (such as
polyelectrolyte solution) and subsequently washed in a determined order, as demonstrated
in Figure 8a %7, This process can be repeated limitless times, ending only when the desired
number of layers is achieved °. The immersion time and speed used in every single process
play a key role in determining the multilayered film properties such as thickness, roughness,
etc. However, the drying conditions, wettability and substrate movement speed also
ultimately require an optimization process in order to produce films with reproducible

properties °°.

As a manner of making LbL films, dipping assembly has proven to be an attractive option
due to its simplicity and versatility. In addition, it allows to achieve several types of film
thicknesses just by modifying the final number of bilayers. Secondly, this is a viable method
which allows the easy control of the film structure as well as tuning several mechanical
properties, such as porosity, roughness or even the Young’s Modulus %2, On the other hand,
as an effort to eliminate the likelihood of human error and also to enable the deposition of a
high number of layers over extended periods of time, this technique has been automatized
over the years. The proof of that is the several studies based on the production of LbL films
by using a robot specialized for dipping coating 141644589699 ‘However, another sophisticated
way of dipping automation is the use of QCM, where a gold-coated piezoelectric crystal is
used as a substrate, which allows users to follow the layer build-up process with a
tremendous resolution just by using a computer monitored feedback loop *’. Still, despite
the use of automated equipment, there are other efficient techniques that can be established
to make LbL a viable and translatable technology, which is the case of the spin coating.

2.1.5.2. Spin LbL assembly

LbL assemblies using spin coating (i.e. spin assembly) utilize coating technology of spinning
a substrate to promote the rapid deposition of different materials ®°°. In other words, the
liquid solution is deposited and scattered onto either a spinning or a stationary substrate that
is then spun, represented in Figure 8b 13104 Despite being a faster way to produce thin
manufactured films, this coating approach involves a rapid evaporation of the solvent from

the coating material which ultimately leads to the formation of thinner films when compared
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to the standard ones °°6. Nevertheless, spin assembly strategies are advantageous due to an
easier obtaining of more homogenous films when compared with dipping coating. This
occurs because multilayered assemblies are brought about several driving forces, including
electrostatics, which promotes the adsorption and rearrangement of polymers, while in this
technology, centrifugal and viscous forces, as well as air shear, promote quick dehydration
and desorption of weakly bound polymers of the films °¢. This is also why spin assembly

strategies are typically ordered of magnitude faster than the standard dipping coating.

2.1.5.3. Spray LbL assembly

Spray assembly is another well-established LbL category, where films are typically
produced just by sequential spraying of desired solutions onto substrates (Figure 8c) 1%°.
Interestingly, standard spray assembly is much faster than immersive assembly and the
resulting films are usually well organized 1°. Moreover, like spin assembly, the spray
coating resulting films have more established and uniform layers than those obtained from
dipping coating. Also, in this assembly, the film main properties, such as morphology,
composition, uniformity can be optimized in a similar way than those prepared by immersive
coating. For instance, film thickness can be influenced by suspension concentrations, spray
flow rate, spray and resting duration, as well as whether the solution is sprayed in a horizontal

or vertical fashion 19109,

Although spraying assemblies remains the fastest and easy method to coat large or nonplanar
substrates, immersive assembly is still the chosen method for coating complex three-
dimensional (3D) substrates. On the other hand, spray assembly is one of the most highly
relevant methods for industrial applications *°.

Meanwhile, spray assembly has recently been combined with other assembly technologies
to benefit from each technological advantages as well as automating the assembly process
%, Thus, a new method namely spin-spray-assisted LbL assembly was developed, which
combines the spin and spray LbL technologies, and has been emerging as a promising
method due to its tremendously accelerated rate of film production, as well as reducing the
material demand and thus minimize operation costs. In this approach, the multilayered films
could be produced by directly spraying two oppositely charged solutions in turns on high
speed rotating substrates, while the rinsing step is performed in between spraying steps '.
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2.1.6. Biomedical applications using LbL assembly technique

Currently, production of multilayered systems obtained through LbL assembly techniques
have been extremely useful tools for advancing the potential of regenerative medicine and
tissue engineering, as well as for different biomedical applications, including medical
implants, drug delivery, biomimetic coatings, protein adsorption, biosensors, bioreactors,
coating of living cells, or the manipulations of adhesion, differentiation, proliferation and
biofunction of the attached cells, and so on 12558110114 Thjg approach offers the possibility
to produce nanostructured ultrathin films as well as the capacity to manipulate their
chemical, physical and topographical properties just by adjusting solutions parameters (e.g.
concentration, pH, etc.) and achievable through different assembly techniques, as discussed
earlier. Throughout the years of LbL innovation and development, literature studies
exploring the production of multilayered LbL membranes are converging on those based on
natural origin polymers, which have attracted increasingly attention due to their biofriendly
features, such as biodegradability, low toxicity and biocompatibility. Among such promising
biopolymers, chitosan (CHT) and alginate (ALG) now represent well-established candidates
for LbL assembly techniques, allowing the production of natural-based multilayered

freestanding membranes.

2.1.6.1. Multilayered membranes based on chitosan and alginate

These two polysaccharides have been widely used due to its stability under physiological
conditions and also confer biological properties to the resulting constructs, such as
biocompatibility, adhesive, antimicrobial and hemostatic activities **. Moreover,
multilayered films based on these two biopolymers are stable over a pH range of 3-9,
however they exhibit high levels of hydration and low mechanical resistance, thus impairing
cell adhesion 244, These properties can be tuned in order to control cell behavior by adapting
the mechanical properties (stiffness, elasticity and viscosity of the matrix), which ultimately
influence the dissemination, migration, propagation, differentiation and organization

processes of key intracellular structures 2°.

Studies have shown that FS membranes based on CHT (cationic) and ALG (anionic) can be
easily and reproducibly prepared in mild conditions without resorting to any post-processing

steps. Caridade and co-workers demonstrated that myoblast cells seeded on CHT/ALG
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multilayered membranes exhibited preferential adhesion on the alginate-ending membrane
over chitosan-ending membranes or to the substrate side . This spatially specific adhesion
is interesting to control cell adhesion at specific sites and design membranes with
controllable adhesive properties. Moreover, the thickness of the obtained dry membrane can
vary over a large range from 4 to 35 um allowing easy handling with tweezers and necessary
stability in physiological buffers. Also, these porous membranes enable partial permeation
of model drugs throughout their nanostructure, which is critical for delivering bioactive
molecules in wound-healing applications. The assembly of thick, detachable, biocompatible,
and permeable FS membranes as those achieved in the study, offers new perspectives for
applications of membrane-based tissue engineering *. However, a major drawback in the
application of natural polymers in LbL films is their low mechanical performance 6. As
discussed in previous subchapters, films based only on electrostatic interactions naturally
present lower mechanical properties when compared to films that were mechanically-
improved with the incorporation of multiple self-assembly driving forces. Some of the
strategies currently used for enhancing the properties of CHT/ALG multilayered films will

be presented below, as briefly summarized in Table 2.

Table 2. Several studies exploring chitosan and alginate FS membranes and their proposed biomedical
applications.

Author Membrane Reinforcement Strategy Blorr!edlf:al
Application
Caridade, S. et al.* CHT/ALG Tissue engineering
(2012)
Caridade, S. etal. % CHT/ALG Crosslinking (EDC) Bone tissue regeneration
(2015)
Silva, J. etal. * CHT/ALG Crosslinking (Genipin) _ Biomedical and
(2016) biotechnological fields.
Wound healing, and
Moura, D. etal. 16 CHT/ALG Incorporation of GO cardiac and bone
(2016) engineering applications
' Wound healing and tissue
Silva, M. et al. 1% CHT/ALG Functionalized Nanotubes engineering of bone and
(2017) cardiac tissues.
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In another study, Caridade et al. produced FS membranes based on CHT and ALG that were
chemically crosslinked in order to improve their final mechanical properties 1. In this case,
amine-to-carboxyl crosslinking agent EDC was used in different amounts to form a covalent
interlayer network between CHT (amine containing) and ALG (carboxyl containing). This
covalent crosslinking resulted in significantly improved membrane stability in aqueous
conditions. Also, SEM images revealed an increased roughness at higher crosslinking
degrees and also showcased the membranes’ homogeneous structure. In addition, the
proliferation of skeletal myoblasts and their subsequent differentiation in myotubes
(myogenic differentiation) was also influenced by the crosslinking degree, with the more
crosslinked and tighter membranes being more myoconductive. These membranes also
exhibited osteoinductive features and represent promising materials showecasing the
attractiveness of CHT/ALG multilayered systems for future in vivo studies as tissue-
engineered constructs for bioinstructive cardiac patches as well as accelerating the repair of

bone fractures .

Regarding other crosslinking agents, genipin is a naturally-derived compound extracted
from gardenia fruit which has been widely used for enabling the crosslinking of amine-
containing polymers’ in multilayer films. The main advantages of genipin when compared
with other covalent crosslinkers (such as glutaraldehyde) are its low cytotoxicity and anti-
inflammatory activities *°. In the particular case of CHT/ALG multilayered films, since
ALG does not contain primary amines, genipin crosslinking will give rise to the formation
of semi-interpenetrating polymer networks with free ALG chains entrapped inside
crosslinked CHT multilayers 4. Adding to this, and relying on the calcium-enabled self-
assembly phenomenon of ALG chains, Silva et al. studied the combined interaction of
covalent and ionic crosslinking on CHT/ALG multilayers, by using natural and cell-friendly
genipin and calcium chloride (CaCl.) as crosslinking agents . The combination of multiple
driving forces (i.e. electrostatic, covalent, ionic) within the multilayered membranes lead to
increased mechanical properties whilst decreasing water uptake abilities. Moreover, the
ionic crosslinking of multilayered CHT/ALG films led to FS membranes with multiple
interesting features beyond just mechanical properties, such as calcium-induced adhesion
and shape memory ability. The use of CaCl, enabled the reversible switching of structural
properties by simple immersion in a solution containing EDTA, a calcium-chelating agent.
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The authors suggest a great potential for these polysaccharide FS membranes to be used in
different research applications, including biomedical and biotechnological fields #.

Graphene Oxide (GO) has appeared as an inorganic filler that can endow higher mechanical
performance when embedded within polymeric matrices. Having that in mind, Moura et al.
investigated FS membranes based on CHT, ALG and GO *°. GO derived from graphite and
multi-walled carbon nanotubes yielded oxidized graphene flakes (0-GFs) and nanoribbons
(0-GNRs) and allowed the formation of stable suspensions that could be combined with CHT
and ALG solutions by LbL. Interestingly, the addition of 0-FGs and o-GNRs achieved more
rigid and hydrophilic FS membranes with significantly improved mechanical properties over
CHT/ALG films. Also, the presence of 0-GFS or 0-GNRs did not affect in any way the
thermal stability of the films, and in particular, the addition of o-GFs resulted in improved
cytocompatibility. The authors suggested that the GO-reinforced multilayered films have a
high potential for biomedical applications, especially the o-GFs films for exploring wound

healing and cardiac and bone tissue engineering alternatives.

Silva et al. studied the incorporation of functionalized graphene nanoflakes (f-GF) or
nanoribbons (f-GNR) within CHT/ALG multilayered films via LbL assembly 102,
Interestingly, the incorporation of f-GF resulted in smoother films while f-GNR resulted in
rougher multilayers, when compared to the CHT/ALG control films. Both graphene-
incorporating FS membranes achieved significantly lower porosity and water uptake
capacity than control ones. Also, f-GNR containing multilayered membranes showed higher
in vitro cell adhesion and proliferation of L929 cells over control and f-GF membranes,
which may be related to its lower hydrophobicity and higher roughness %%, Still, most of the
membranes developed this way still lack important bioadhesiveness, which is a key feature

when envisioning biomedical applications of such systems.

Regarding this, a recent study by Sousa and co-workers explored the LbL-assembly of
CHT/ALG-based FS films with an elegant mussel-inspired approach aiming to improve the
mechanical and adhesive properties of standard CHT/ALG multilayered membranes 4. To
achieve this, the authors incorporated dopamine-modified hyaluronic acid (HA-DN) within
the assembly of CHT/ALG membranes. They observed that (CHT/ALG/CHT/HA-DN)100
membranes displayed higher Young’s modulus and ultimate tensile strength than
(CHT/ALG/CHT/HA)100. Also, the catechol-containing membranes showed reduced water
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content and enhanced cell proliferation and infiltration over the unmodified membranes.
This study aimed the production of bioinspired membranes as potential adhesive patches for
skin wound healing. Dopamine contains catechol groups that are responsible for the wet
adhesive capacity of mussels on rocks. Exploiting nature systems with unique features is a
promising way to develop novel materials with sophisticated properties, a field known as
biomimetics. Thus, the next chapter will discuss in more detail some biomimetic approaches

with successful and impactful applications in this field.
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2.2. Biomimetics

Following the perspective of Natural Selection advocated by Charles Darwin and Alfred
Russel Wallace, natural systems provide examples of impressive adaptiveness and resilience
for enduring the pass of time throughout billions of years of evolutionary processes and harsh
environmental conditions. Evolution has given rise to an enormous biodiversity, and living
organisms represent machines constantly updated and always seeking new improvements to

current features (Figure 9). The key idea is that over the pass of time, unique and valuable

features will prevail over less efficient ones.

| overview of various objects from nature and their selected functions |

aerodynamic
lift

light

coloration

camouflage
insulation

bacteria | _l plants | insects, spiders, aquatic
lizards and frogs animals
biological chemieal
motor H  energy superhydro- low hydrody-
Ccomversion phobicity namic drag
superhydro- reversible energy
phobicity, self- adhesion in dry production
cleaning, drag and wet
reduction environments
hydrophilicity
adhesion
motion
seashells, spider web moth-eye fur and skin
bones, teeth | effect and of polar bear
biological struetural
high self-assembly coloration thermal
mechanieal insulation
strength antireflective
surfaces
structural
coloration

Figure 9. Overview of some existent organisms in nature that somehow inspired the scientific community due

biological
systems

to their properties of commercial interest. Retrieved from reference 16,

32

self-healing

sensory-aid
devices




Chapter 2: Introduction

This evolution has accrued over centuries extremely efficient natural materials which have
attracted the attention of scientists and engineers that are inspired by this overwhelming
biodiversity of nature-derived designs and aim to mimic such processes and features to basic
and applied sciences, a field known as “biomimetics” ¢’ This word, derived from the
Greek word biomimesis, was coined by polymath Otto Schmitt in 1957, a doctoral researcher
that developed a physical device that aimed to mimic the electrical action of nerves 116118,
Still, Schmitt was not the first to analyze Nature in this prism and try to replicate interesting
natural features for designing new materials or technologies. The story of Leonardo da Vinci
is well-known until today, in particular his engineering skills and sketches of flying
machines based on the flight of birds 1%°. Also, the first successful airplane built by the
Wright brothers was allegedly inspired from observations of pigeons in flight *2°. In another
example, George de Mestral noticed how hooked burs of plants latched onto the fur of his
dog or to people’s clothing. After a detailed microscopic inspection, he observed the
presence of tiny microscopic hooks at the end of burr’s spines and later on was able to
replicate these microstructures synthetically. This invention is what is now popularly known
as Velcro and highlights the promise of bioinspired approaches for a wide range of
applications 2L, In summary, the idea that Nature has already solved many of the problems
that researchers are trying to tackle fuels biomimetic trends in the biomedical fields.
Animals, plants and microbes all represent successful engineering design and some of their
unique features can be used as templates to advance the design of novel materials with
improved properties over current alternatives. The follow subsections highlight some of
these interesting bioinspired approaches seeking to mimic specific features found in natural

structures or organisms.

2.2.1. Nacre

The shell of most gastropods and bivalve mollusks possesses three main layers: the outer
one (periostractum), composed of hardened protein, the middle one (prismatic), composed
of columnar calcite, and finally the inner one (nacre) composed by aragonite and organic
material. While the peripheral layers are brittle and hard, providing the resistance to
penetration from external impact, nacre gives the shell toughness, by allowing dissipation of
mechanical energy (Figure 10) %2 Nacre, also known as mother of pearl, is a natural

biomineralized CaCO3z composite made of 95 wt.% of brittle aragonite platelets, and only 5
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wt.% of organic materials, such as proteins and polysaccharides. This material is now
identified as an outstanding model for high-performance materials, such as strength,
toughness and stiffness 122123, These remarkable mechanical properties have been
investigated using a variety of particular techniques including tension, shear, three and four

point bending and compression 124129,
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Figure 10. Nacre hierarchical microarchitecture and its toughening mechanism. a) Network of CaCO3 platelets

glued together by a biopolymer. b) Brick-and-mortar architecture. ¢) Mineral bridges immersed in the polymer
layer. d) Sketch of the toughening mechanism of nacre. e) Crack propagation mechanism within nacre showing

obvious crack deflection. Retrieved from reference 1%,

Inspired by both these structural and mechanical features, the scientific community have
attempted several approaches to mimic the nacre-nature and produce bioinspired nacre-like
structures 3. Overall, nacre bioinspired materials lie in one of three categories: (i)
mimicking the layered structure; (ii) mimicking its mineralization process; (iiif) mimicking
its inorganic and organic composition 22, Nanocellulose-based films with CaCO3 generated
a lamellar material similar to nacre and with excellent mechanical properties in terms of
stiffness and plasticity *32. Alternatively, PVA/GO multilayered films have achieved a brick-
and-mortar microstructure resembling nacre with improved mechanical properties as well as
electrical conductivity and biocompatibility 3. Recently, this layered structure also inspired
the design of flexible macroscopic ribbon fibers made from ultralong hydroxyapatite
nanowires and sodium polyacrylate. In this study, the fibers achieved remarkable flexibility

and the authors suggest applications in smart wearable devices or biomedical engineering
134
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2.2.2. Lobster cuticle

The large-sized crustacean American lobster (Homarus americanus) is the heaviest
crustacean in the world. This marine organism has a characteristic hierarchical biological
structure designed to resist mechanical loads. This is due to its crustacean cuticle, which is
one of the oldest natural materials for structural and armor applications . The cuticle is a
chitin-based continuous tissue that is locally modified to exhibit a transition in mechanical
properties between mineralized skeletal elements and interconnecting arthrodial membranes
(Figure 11) %, The flexibility of cuticle in terms of dramatically altering its physical

properties derives from a high structural and compositional freedom, a key factor for
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Figure 11. Hierarchal microstructure of lobster cuticle. a) American lobster (Homarus americanus)
morphology. b) SEM image of the cuticle cross-section, showing the different layers. ¢) Hierarchical
organization: (1) N-acetyl-glucosamine molecules forming (I1) anti-parallel a-chitin chains. (111) nanofibrils
formed of chitin molecules wrapped with proteins, which cluster to form (I1V) chitin-protein fibers. (V) All
fibers are oriented in the same direction. (V1) Typical twisted plywood structure chitin-protein fibers. (VII)

Three-layered cuticle. Retrieved from reference 7.
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The cuticle is a multilayered chitin-protein based composite, which is further hardened by
incorporation of nanoscale biomineralized particles, such as calcite and amorphous calcium
carbonate that can be found aligned along the organic fibers 38, Macroscopically, the cuticle
consists in two main layers, the epicuticle, which is a thin waxy layer that acts as a diffusion
barrier to the environment, and the procuticle, which can be divided into an exocuticle and
endocuticle, both designed to resist mechanical loads (Figure 11b) 3. Recently, inspired by
these structural properties found in arthropods exoskeletons, researchers have been
attempting to unveil this chitin-based hierarchical structure. Jodo and co-workers produced
chitosan/crystalline chitin nanowhiskers films for biomimetic tuning of the material
mechanical properties by modulating the ratio of chitin/chitosan **°. In another study, Oh
and colleagues explored the calcium-triggered disassembly of chitin nanofibrils, inspired by
the natural presence of such divalent cations throughout most load-bearing chitin structures,
such as chitin **°. Moving forward, advanced applications exploiting this interesting cuticle
layered structure could yield novel materials with distinct mechanical behaviors.

2.2.3. Octopus

The octopus is a soft-bodied eight-limbed Cephalopod that inhabits the ocean. The interior
surfaces of its limbs are covered with circular adhesive suckers that octopuses use to anchor
themselves to a substrate or to grasp and manipulate objects **. Octopus’ suckers have a
unique hierarchical dome-like structure capable of reversible adhesion in dry and wet
conditions, as well as slippery, rough and irregular surfaces. Thus, unsurprisingly, the great
adhesive properties of the octopus’ sucker have been gathering increased attention lately via

multiple bioinspired approaches aiming to replicate its adhesive features.

Lee and colleagues mimicked the pressure-induced adhesion of octopus’ suckers by
combining a thermoresponsive pNIPAM polymeric layer and an a elastomeric PDMS
microcavity for developing a smart adhesive pad with enabled switchable adhesiveness in
response to temperature stimuli 2. Alternatively, Chen and co-workers developed a PDMS
nanosucker capable of efficiently adhering to a porcine heart 3. More recently, Baik and
co-workers developed meniscus-controlled octopus-inspired adhesive patch with unfoldable
3D microtips in micropillars inspired by the rim and infundibulum of the characteristic
octopus’ suction cup (Figure 12) ¥*4. The octopus-like sucker patch experienced an enhanced

pulling strength on pig skin in both dry and moist conditions due to increased suction stress.
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Notably, this bioinspired patch exhibited higher pull-off and peel-off strengths than flat
suckers on hairy pigskin in dry, moist and underwater conditions. Also, this octopus-inspired
patch can withstand a total weight of 0.5 kg while attached to a rough skin covered with
hairs. The authors suggest that this adhesive patch design may advance typical patches for

wound healing and smart skin/organ attachable medical devices.
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Figure 12. a) Image of an octopus sucker (Octopus vulgaris) with infundibular and circumferential rim. b)
Methodological workflow of patch development. ¢) Mechanisms underlying the suction process. d, e)
Ilustrations d) and photograph e) of octopus-inspired adhesive patches (U-SCs). f) SEM image and cross-
sectional optical image of bioinspired pu-SCs. g) Pull-off strengths for a PDMS-based u-SCs and a nonpatterned
PDMS-patch against a rough pigskin. h, i) Demonstration of the bioinspired adhesive fully supporting a 0.5 kg
weight on hairy skin h) without sticky residuals after detachment i). j) Photographs of the octopus-inspired
adhesive on the hairy skin of a volunteer’s hand, indicating higher peel-strength than a flat, PDMS-based
adhesive. Adapted from reference 44,
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The same research group has also recently developed an octopus-inspired carbon-based
conducting polymer composite to generate an adhesive electronic patch for biosignal
monitoring 1*°. The resulting stretchable electronic patch was water-resistant, skin-adhesive,
ultra-thin and light-weight, as well as capable of measuring electrocardiogram and bending

motions of a human wrist even underwater.

Octopus-inspired adhesive systems are extremely promising because artificial suckers can
only be used on flat targets, however the human tissues and wounds are practically irregular
at the millimeter/micrometer scale, not to the mention the lack of effectiveness of the suckers
in wet surfaces. Thus, advancing octopus biomimetic adhesive materials will undoubtedly
create novel bioadhesive strategies for biomedical applications in the near future.
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3.1. Materials

Chitosan (CHT) (Mw40-150 kDa, deacetylation degree > 92.6% and viscosity of 16—-30 cP)
was supplied by Chitoceuticals. Alginic acid sodium salt (ALG) (viscosity of 4-12 cP, 1%
in H20 at 25 °C), N-Hydroxysuccinimide (NHS, 98%), N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) (purum, > 98.0% (AT)), methacrylic anhydride
(purity~94%), methacrylic acid 99%, 2-Hydroxy-4’-(2-Hydroxyethoxy)-2-
methylpropiophenone 98% (lrgacure 2959), and hydrochloric acid (37% PA) were
purchased from Sigma Aldrich. Phosphate buffered saline (PBS) was obtained from Thermo
Fisher Scientific, while acetic acid was acquired from Chem-Lab and sodium hydrogen
carbonate from Fisher. Spectra/Por®1 dialysis membrane (cutoff 6-8 kDa) and
Spectra/Por®3 dialysis membrane (cutoff 3.5 kDa) were purchased from SpectrumLabs.
Finally, sodium acetate trihydrate was obtained from Sharlau and sodium chloride from
LabChem.

3.2. Methods

3.2.1. Synthesis of Methacrylated Polysaccharides
3.2.1.1. Modification of Alginate with Methacrylic Anhydride

Methacrylated alginate (ALG-MA) was prepared following a standard procedure (Figure 13)
12 Briefly, ALG was dissolved at 2.0% (w/v) in distilled water, at room temperature, with
vigorous mechanical stirring. Then, 2 molar equivalents of methacrylic anhydride (MAnR)
per alginate repeating units were added dropwise to the solution that was then incubated for
24 h at 5 °C, in the dark. The pH of the mixture was periodically adjusted to 8 by dropwise
addition of concentrated aqueous NaOH (5.0 M) in order to neutralize the MAn formed
during the reaction. Afterwards, the reaction mixture was dialyzed against water using 3.5

kDa cutoff dialysis membranes, for 5 days (changing water 3 times per day).

The resulting solution was frozen at -80 °C, followed by freeze-drying and stored at 4 °C
until further use. The relative degree of substitution that is, the amount of methacrylate
moieties was assessed by proton nuclear magnetic resonance (*H NMR) spectroscopy by
comparing the areas of the signals arising from the vinyl protons of the inserted moieties
with the signal from the anomeric proton of the guluronic acid block (G-units) 3. This value
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was still multiplied by a correction factor that is, the relative number of G-units, because of

the presence of mannuronic acid (M-units).

_ OH 0
o OH O~ OH 0
OHO ? Methacrylic Anhydride 0 OH d
~, - ; Bt -0 I
© 0 OH 5°C, 24h © o OH
HO HO
-m | (0] OH |, Jm o OH |,
Alginate (ALG) Methacrylated Alginate
(ALG-MA)

Figure 13. Schematic representation of the chemical modification of alginate (ALG) with methacrylate
moieties.

3.2.1.2. Modification of Chitosan with Methacrylic Acid

The modification of CHT was performed following a procedure described in the literature
(Figure 14) *. Briefly, Chitosan was dissolved at 0.25% (w/v) in acetic acid 0.05 M (pH 5.5)
at room temperature, overnight. Afterwards, 2.9x10% mol of methacrylic acid (MAc)
(corresponding to 2 molar equivalents per CHT repeating units) was added dropwise to the
CHT solution under mechanical stirring. Then 4.4x102 mol of EDC ([EDC] = 1.5 [MACc])
was added to the mixture, followed by the addition of NHS ([NHS] = [EDC]) after 15 min.
The reaction was carried out at room temperature during 24h. The resulting modified CHT
solution was dialyzed, using 6-8 kDa cutoff dialysis membranes, against 0.05 M NaHCO3
(3 shifts), 0.001 M HCI (2 shifts), 0.1 M NaCl (3 shifts) and finally deionized water (5/6
shifts). The purified CHT solution was lyophilized over a week and stored at 4 °C, protected
from light until further use. The DS was determined by *H NMR analysis by comparing the
characteristic peaks of the vinyl protons from the methacrylate moieties, with the reference
peak of the anomeric proton of the chitosan backbone and also was corrected taking into

account the deacetylation degree of the CHT precursor biopolymer.
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Figure 14. Schematic representation of the chemical modification of chitosan (CHT) with methacrylate
moieties.

3.2.2. Characterization of the modified polysaccharides

The successful synthesis of both modified polysaccharides was evaluated by two different
techniques. The proton nuclear magnetic resonance (*H NMR) analyses were recorded at 70
°C on a Bruker Advance Il 400 MHz spectrometer. All samples characterized were
previously dissolved in 800 pl of D20 and then transferred to 300 MHz NMR glass tubes
(Sigma-Aldrich) and then analyzed. The spectra acquisition main parameters consisted of
256 scans, 32 dummy scans, and 18 s relaxation delay. For the data processing, a software
called MestReNova was used. On the other hand, the Fourier Transformed Infrared
spectroscopy was performed on dried samples using the attenuated total reflectance (ATR-
FTIR) method through a Brucker Tensor 27 spectrometer. The spectra of all samples were
recorded at a 2 cm* resolution for a total of 256 scans in the spectral width of 4000 to 400

cmL. All data were processed in OPUS software.

3.2.3. Film Assembly
3.2.3.1. Zeta Potential

To understand the impact of electrostatic forces of each solution, CHT, ALG, CHT-MA and
ALG-MA (1 mg mL* and 0.5 mg mL™ each) containing 0.15 M NaCL were dissolved into
acetate buffer. The pH of all solutions was adjusted to 5.5. The {-potential of each solution
was determined using a Malvern Zetasizer Nano ZS equipment (Malvern Instruments Ltd.,
Malvern, United Kingdom) at 25 °C.
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3.2.3.2. Quartz crystal microbalance with dissipation monitoring

The build-up process of CHT/ALG and CHT-MA/ ALG-MA multilayer films was evaluated
using a quartz crystal microbalance with dissipation monitoring (QCM-D, Q-Sence), with
sensor crystals coated with gold, excited at a fundamental frequency of 5 MHz as well as at
15, 25, 35, 45 and 55 MHz corresponding to the 3, 5% 7" 9" and 11" overtones,

respectively.

Fresh polyelectrolyte solutions were prepared by dissolution of CHT, ALG, CHT-MA and
ALG-MA in 0.15 M NaCl to yield a final concentration of 0.5 mg mL™ for each one. The
CHT solution was injected into the system for 6 min to allow the adsorption equilibrium at
the crystal’s surface. The acetate buffer solution was then pumped during 4 min as a rinsing
step in order to remove the unbound molecules. In third place, the ALG solution was pumped
into the system for 6 min, and then the acetate buffer for the next 4 min, and so on in order
to complete the desired number of layers. The CHT-MA/ALG-MA bilayers deposition were
injected in the same conditions as the last ones.

3.2.3.3. Production of multilayered films

The main goal of this project is to produce FS multilayered membranes based on CHT and
ALG multilayers alternately deposited with CHT-MA and ALG-MA multilayers. However,
as controls, standard membranes with only CHT and ALG multilayers and other ones with
CHT-MA and ALG-MA were also fabricated.

The production of all the different conditions of multilayered FS membranes was achieved
using the LbL methodology with the help of a dipping robot, illustrated in Figure 15.
Polypropylene (PP) substrates were immersed in alternated polyelectrolyte solutions with a
rising solution between each of them. Polyelectrolyte solutions were obtained by firstly
dissolving 0.15 M NaCl (pH = 5.5) in the rising solution (buffer acetate) and then added the
different polymers (1 mg mL™). These conditions were verified for CHT, ALG, CHT-MA
and ALG-MA. Moreover, the deposition time for each 4 polyelectrolytes was 4 min and 4

min for rising solution.

At the end four different types of FS membranes were produced, multilayered membranes
containing CHT and ALG (CHT/ALG)200, membranes containing the pendant methacrylic
groups (CHT-MA/ALG-MA)200 and also two types of intercalated membranes with
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multilayers alternately deposited with CHT and ALG and CHT-MA and ALG-MA, ones of
10 bilayers each [(CHT/ALG)10(CHT-MA/ALG-MA)10]200 or simplified (10/10)200 and the
other ones with 25 bilayers each [(CHT/ALG)25(CHT-MA/ALG-MA)25]200 0r (25/25)200.

Finally, the different types of FS multilayered membranes were then characterized.

(A) Dipping Robot

@@ﬁ@@ii

CHT Washing Washing CHT-MA Washing ALG-MA  Washing

1 1
1 1
1 1
1 1

PP substrate

(B)

Figure 15. Dipping robot used for LbL assembly. (A) illustration of the steps during the dipping coating. (B)
Real photograph of the dipping robot used to produce freestanding (FS) membranes.

3.2.3.4. Photocrosslinking

To promote the photocrosslinking different solutions with both polysaccharides mixed with
irgacure 2959 were prepared, which is a typical member of highly efficient photoinitiators
used in photocleavage reactions that involves its excited states and dissociates into free
radicals upon UV light irradiation through an a-cleavage reaction °. The photocrosslinking
of the methacrylate-modified polymers was tested by exposing the different solutions to an
UV/ozone precleaned system under 185 and 254 nm UV lights at 4.6 mW/cm?. So, the
produced FS membranes were immersed, for 15 min, into a solution of 0.5% (w/v) of
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irgacure dissolved in water/ethanol (volume ratio 1:1). After that, they were exposed to UV
radiation for 5 min and then were washed with deionized water to remove the excess of the

irgacure. After well dried the membranes were ready to be tested out.

3.2.3.5. Scanning electron microscopy

The cross-section of the freestanding membranes was visualized through scanning electron
microscopy (SEM, S4100, Hitachi, Japan), operating at 4 kV. All samples were previously
sputtered with a conductive gold layer, using a sputter coater. Cross-sections were produced
with liquid nitrogen. However, aiming to evaluate the cross-section microstructures,

membranes were lyophilized until occurred spontaneous fractures.

3.2.3.6. Water uptake ability

The water uptake ability of all different types of freestanding multilayered membranes was
determined by immersing dry samples, previously weighted, in a phosphate buffered saline
solution (PBS) at pH = 7.4 up to 10 min at room temperature (RT). The swollen FS samples
were removed at pre-determined time points (t=15s, 30 s, 45s, 1 min, 2 min, 5 min and 10
min) from the immersion. After removing the excess of water with the help of a filter paper,
the membranes were immediately weighed with an analytical balance. The water uptake was
calculated based on equation (1), where W,y corresponds to the weight of swollen and Wq to
dried FS weight.

W, — W,
Water uptake (%) = 2+ 100 1)

Wa

3.2.3.7. Mechanical test

Tensile tests were performed to investigate the produced membranes under tension, by using
a Shimazdu MMT-101N (Shimazdu Scientific Instruments, Japan) with a load cell of 100 N
and a crosshead speed of 1 mm-min?, illustrated in Figure 16. For that, two sets of
membranes were produced for mechanical assays: one without any treatment and other one

was previously swelled in water, frozen in liquid nitrogen, lyophilized overnight and stored
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until further analysis. Prior to mechanical tests, both sets of samples were immersed in PBS
during 2h. The thickness of all samples was measured using a micrometer with a precision
of 1 um. The mechanical tests were made at room temperature (RT) with a gauge length of

5 mm.

Figure 16. Real-time photograph of the Shimazdu MMT-101N, used to performed tensile tests in the
membranes.

The young’s modulus (E) is the mechanical property that measures the stiffness of a solid
material. For that this was obtained by dividing the tensile strength (Stress — o) for elongation
(Strain — €) in the elastic part (linear) of the physical stress-strain curve, as shown in equation
(2), see Figure 17.
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Strain Hardening Necking
Stress b t |
N l
Ultimate Strength
~ Fracture
Yield Strength
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Run
Young's Modulus = Rise = Slope
Run
> Strain

Figure 17. Stress-strain curve. Young’s modulus is obtained by the slope in elastic linear part. Ultimate
Strength represents the maximum value of stress that any material could suffer, leading to its fracture. Adapted

from reference ®.

Stress(o) )

Young's Modulus (Pa) = W

However, to calculate these values it was necessary to perform secondary equations, which

was the case of stress and strain, presented below.

The stress (o, Pa) applied to a specific material is obtained by divided the force at each point

(F, N) by the cross-sectional area (A).

F 3)
width X thickness

F
Stress (o, Pa) = 1=

Strain (g, adimensional) is the measure of how much deformation one material could suffer
compared to its original length. Simplifying, strain is the ratio of extension (AL, m) to

original length (L, m).
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AL
Strain (¢, adimensional) = —

L~ gauge length ()

In addition, the strain energy density (U, J/m®) was also evaluated, and corresponds to the
area under the stress-strain curve (energy stored per unit of volume), as we can see in the

equation below.

Ji 1 F AL(O, &) €2
Energy (U’ﬁ> = Ag, A, = (E X 1 X Tl> + fg odx (5)

1
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4.1. Bioinspired approach to Tune Mechanical Properties of
Multilayered Freestanding Membranes for Skin
Regenerative Patches

Subchapter 4.2.

This subchapter is based on the article entitled

“Bioinspired Approach to Tune Mechanical Properties of Multilayered Freestanding Membranes
for Skin Regenerative Patches”

(manuscript in preparation)
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Abstract

Understanding the several mechanisms present in nature is an elegant way for developing
novel materials with sophisticated properties. Jellyfish is a free-swimming marine organism
with a particular umbrella-shaped bell, that contains a tough, yet gelatinous matrix called
mesoglea. Inspired by this porous structure with high mechanical properties, the design of a
new multilayered free-standing membrane with marine-derived biopolymers was
envisioned. To reach this purpose, Chitosan (CHT) and Alginate (ALG) were initially
modified with pendant methacrylic groups (MA). Afterwards, aiming to recapitulate the
jellyfish structure, two types of intercalated (CHT/ALG/CHT-MA/ALG-MA) membranes
were produced by selective photocrosslinking. Deposition conditions of the polymers were
studied through zeta potential measurements and quartz crystal microbalance with
dissipation monitoring analysis. Moreover, mechanical tests revealed higher elasticity for
intercalated membranes. Interestingly, scanning electron microscopy showed distinct
stratification for the bioinspired intercalated membranes when compared to unmodified
CHT/ALG controls.

Keywords: Biomimetics, Layer-by-Layer assembly, marine-origin polysaccharides,
mechanical properties modulation, photocrosslinking.
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1. Introduction

Ever since the pioneering work of Decker and his coworkers, Layer-by-Layer (LbL) has
shown to be an easy and efficient way for fabricating hierarchical films. This versatile
method is based on the sequential deposition of multivalent materials over an underlying
substrate, coordinated by electrostatic and/or non-electrostatic forces 2. This technique
stands out because it allows precise control over structural thickness, mechanical properties,
surface charge and innumerous material combinations over any type of substrate 27,
Interestingly, such multilayered films, when deposited on specific substrates with intrinsic
low surface energy, can be easily removed without resorting to post-processing steps, thus
allowing the production of freestanding (FS) membranes . Moreover, these membranes can
be used across several research fields with different applications such as biomimetic
membranes for regenerative medicine, biomaterial scaffolds for tissue engineering, as well

as drug delivery and cell coating techniques °>’.

Natural polymers represent attractive building blocks for LbL constructs not only due to
their variable polyelectrolyte nature, wide availability and significant number of functional
groups for chemical functionalization but also intrinsic biocompatibility/biodegradability
and bioactivity features 1. Several studies have been reported the design of biofunctional
FS membranes by using natural based polysaccharides ***4. However, a major drawback is
their high hydration levels and low mechanical strength causing poor cell adhesion. To
overcome these limitations, several strategies have been employed in order to modulate the
bulk mechanical properties of multilayered FS membranes, thus improving biological
performance. A common approach consists in the chemical post-assembly treatment by
using crosslinking agents as glutaraldehyde or genipin for amine-based multilayers and
EDC/NHS or calcium chloride in the case of multilayers with carboxylic moieties °8,
Recently, the incorporation of graphene derivatives into the multilayered membranes has
also emerged as another alternative to tailor mechanical properties **2°. Among all strategies,
genipin has been more explored in chitosan and alginate multilayers because of their higher
efficiency low cytotoxic effects and ability to tune cell adhesion 2?!. Despite the
improvement of the biological performance, genipin crosslinking mostly allows the
membrane stiffness enhancement, while the maximum tensile strain related with the

biomaterial elastic stretching decreases significantly. This is a critical issue for soft tissue
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engineering constructs like skin since its biological functions rely on the mechanical
properties of the dermis, in particular in the elasticity and resistance to stretch 22. However,
scarce studies have exploited the design of high-performing biomaterials with tailored elastic
properties. Recently, Sousa M.P et al. developed a mussel-inspired freestanding membranes
based in chitosan, alginate and hyaluronic acid functionalized with dopamine groups. Such
molecules provided adhesiveness behavior to the freestanding membranes, which improved
drastically the stiffness and elastic stretching properties of the biomaterial, thus leading to a
high-performing cellular response and wound healing process 3. In fact, the development of
high-performing biomaterials inspired in naturally systems have conquered new horizons in
tissue engineering and regenerative medicine fields 224, In this work hierarchical self-
supported membranes based in the electrostatic interaction of intercalated CHT/ALG pair of
layers and CHT and ALG bilayers previously functionalized with methacrylated pendant
groups (CHT-MA/ALG-MA) were successfully produced by LbL assembly, (Figure 18).
After detachment from the underlying substrate, hierarchical freestanding membranes were
exposed to UV light in order to promote the photocrosslinking of the methacrylated moieties.
We hypothesized that the photocrosslinking treatment combined with lyophilization cycles
could generate interconnected porous CHT-MA/ALG-MA multilayers interlayered with
stratified CHT/ALG pair of layers, which could broadly disperse stress near a crack tip, as
the jellyfish gel. Emulating the jellyfish’s mesoglea porous anisotropic structure represents
a new attempt to modulate mechanical properties of CHT/ALG freestanding membranes
herein reported for the first time. Moreover, the effect of photocrosslinking methacrylate
moieties within FS membranes was evaluated not only over the mechanical properties but

also correlated with water uptake ability and microstructural features.
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Figure 18. Scheme of the multilayered rearrangements within the membrane after UV light exposure
(photocrosslinking). Electrostatic interactions are combined with covalent bonds arised from photocrosslinking
of methacrylate groups.

2. Materials and Methods
2.1. Materials

Chitosan (CHT) (Mw40-150 kDa, deacetylation degree > 92.6% and viscosity of 16-30 cP)
was supplied by Chitoceuticals. Alginic acid sodium salt (ALG) (viscosity of 4-12 cP, 1%
in H20 at 25 °C), N-Hydroxysuccinimide (NHS, 98%), N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) (purum, > 98.0% (AT)), methacrylic anhydride
(purity~94%), methacrylic acid 99%, 2-Hydroxy-4’-(2-Hydroxyethoxy)-2-
methylpropiophenone 98% (Irgacure 2959), and hydrochloric acid (37% PA) were
purchased from Sigma Aldrich. Phosphate buffered saline (PBS) was obtained from Thermo
Fisher Scientific, while acetic acid was acquired from Chem-Lab and sodium hydrogen
carbonate from Fisher. Spectra/Por®1 dialysis membrane (cutoff 6-8 kDa) and

Spectra/Por®3 dialysis membrane (cutoff 3.5 kDa) were purchased from SpectrumLabs.
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Finally, sodium acetate trihydrate was obtained from Sharlau and sodium chloride from
LabChem.

2.2. Synthesis of methacrylated polysaccharides

2.2.1 Modification of alginate with methacrylic anhydride

Methacrylated alginate (ALG-MA) was prepared following a standard procedure 252,
Briefly, ALG was dissolved at 2.0 % (w/v) in distilled water, at room temperature, with
vigorous mechanical stirring. Then, 2 molar equivalents of methacrylic anhydride (MAn)
per alginate repeating units were added dropwise to the solution that was then incubated for
24 h at 5 °C, in the dark. The pH of the mixture was periodically adjusted to 8 by dropwise
addition of concentrated aqueous NaOH (5.0 M) in order to neutralize the MAn formed
during the reaction. Afterwards, the reaction mixture was dialyzed against water using 3.5

kDa cutoff dialysis membranes, for 5 days (changing water 3 times per day).

The resulting solution was frozen at -80 °C, followed by freeze-drying and stored at 4°C
until further use. The relative degree of substitution (DS) that is, the amount of methacrylate
moieties was assessed by proton nuclear magnetic resonance (*H NMR) spectroscopy by
comparing the areas of the signals arising from the vinyl protons of the inserted moieties
with the signal from the anomeric proton of the guluronic acid block (G-units) 2’. This value
was still multiplied by a correction factor that is, the relative number of G-units, because of
the presence of mannuronic acid (M-units). All synthesis steps are illustrated in Figure S1.7

2.2.2. Modification of chitosan with methacrylic acid

The modification of CHT was performed following a procedure described in the literature
28 Briefly, Chitosan was dissolved at 0.25% (w/v) in acetic acid 0.05 M (pH 5.5) at room
temperature, overnight. Afterwards, 2.9x102 mol of methacrylic acid (MAc) (corresponding
to 2 molar equivalents per CHT repeating units) was added dropwise to the CHT solution
under mechanical stirring. Then 4.4x102 mol of EDC ([EDC] = 1.5 [MACc]) was added to
the mixture, followed by the addition of NHS ([NHS] = [EDC]) after 15 min. The reaction
was carried out at room temperature during 24h. The resulting modified CHT solution was
dialyzed, using 6-8 kDa cutoff dialysis membranes, against 0.05 M NaHCOz3 (3 shifts), 0.001
M HCI (2 shifts), 0.1 M NaCl (3 shifts) and finally deionized water (5/6 shifts). The purified
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CHT solution was lyophilized over a week and stored at 4 °C, protected from light until
further use. The DS was determined by *H NMR analysis by comparing the characteristic
peaks of the vinyl protons from the methacrylate moieties, with the reference peak of the
anomeric proton of the chitosan backbone and also was corrected taking into account the
deacetylation degree of the CHT precursor biopolymer. All synthesis steps are illustrated in
Figure S1+.

2.3. Proton nuclear magnetic resonance spectroscopy

'H NMR analyses were recorded at 70 °C on a Bruker Advance 111 400 MHz spectrometer.
All the samples characterized were previously dissolved in 800 pl of D2O and then
transferred to 300 MHz NMR glass tubes (Sigma-Aldrich). The spectra acquisition main
parameters consisted of 256 scans, 32 dummy scans, and 18 s relaxation delay. For the data

processing was used a software called MestReNova.

2.4. Attenuated total reflectance — Fourier transform spectroscopy

Fourier Transformed Infrared spectra were performed on dried samples using the attenuated
total reflectance (ATR-FTIR) method through a Brucker Tensor 27 spectrometer. The
spectra of all samples were recorded at a 2 cm™ resolution for a total of 256 scans in the

spectral width of 4000 to 400 cm™. All data were processed in OPUS software.

2.5. Quartz crystal microbalance with dissipation monitoring

The build-up process of CHT/ALG and CHT-MA/ ALG-MA multilayer films was evaluated
using a quartz crystal microbalance with dissipation monitoring (QCM-D, Q-Sence), with
sensor crystals coated with gold, excited at a fundamental frequency of 5 MHz as well as at
15, 25, 35, 45 and 55 MHz corresponding to the 3, 5% 7% 9" and 11" overtones,

respectively.

Fresh polyelectrolyte solutions were prepared by dissolution of CHT, ALG, CHT-MA and
ALG-MA in 0.15 M NaCl to yield a final concentration of 0.5 mg mL* for each one. The
CHT solution was injected into the system for 6 min to allow the adsorption equilibrium at

the crystal’s surface. The acetate buffer solution was then pumped during 4 min as a rinsing
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step in order to remove the unbound molecules. In third place, the ALG solution was pumped
into the system for 6 min, and then the acetate buffer for the next 4 min, and so on in order
to complete the desired number of layers. The CHT-MA/ALG-MA bilayers deposition were
injected in the same conditions as the last ones. The electrical charge of all polyelectrolyte
solutions was evaluated by measuring their zeta potential with a Malvern Zetasizer Nano ZS
equipment (Malvern Instruments Ltd., Malvern, United Kingdom).

2.6. Production of multilayered films

The main goal of this project is to produce FS multilayered membranes based on CHT and
ALG multilayers alternately deposited with CHT-MA and ALG-MA multilayers.

The production of all the different conditions of multilayered FS membranes was achieved
using the LbL methodology with the help of a dipping robot, illustrated in figure S1.¥ PP
substrates were immersed in alternated polyelectrolyte solutions with a rising solution
between each of them. Polyelectrolyte solutions were obtained by firstly dissolving 0.15 M
NaCl (pH = 5.5) in the rising solution (buffer acetate) and then added the different polymers
(1 mg mL™). These conditions were verified for CHT, ALG, CHT-MA and ALG-MA. The

deposition time for all polyelectrolytes was 4 min and 4 min for rising solution.

At the end four different types of FS membranes were produced, multilayered membranes
containing CHT and ALG (CHT/ALG)200, membranes containing the pendant methacrylic
groups (CHT-MA/ALG-MA)200 and also two types of intercalated membranes with
multilayers alternately deposited with CHT and ALG and CHT-MA and ALG-MA, ones of
10 bilayers each [(CHT/ALG)10(CHT-MA/ALG-MA)10]200 or simplified (10/10)200 and the
other ones with 25 bilayers each [(CHT/ALG)25(CHT-MA/ALG-MA)25]200 0r (25/25)200
(see Figure S21). To promote the photocrosslinking, different solutions with both
polysaccharides mixed with irgacure 2959 were prepared, which is a typical member of
highly efficient photoinitiators used in photocleavage reactions that involves its excited
states and dissociates into free radicals upon UV light irradiation through an a-cleavage
reaction 2. The photocrosslinking of the methacrylate-modified polymers was tested by
exposing the different membranes to an UV/ozone precleaned system under 185 and 254 nm
UV lights at 4.6 mW/cm?. So, the produced FS membranes were immersed, for 15 min, into

a solution of 0.5% (w/v) of irgacure dissolved in water/ethanol (volume ratio 1:1). After that
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were exposed to UV radiation for 5 min and then were washed with deionized water to
remove the excess of the irgacure. After well dried, the membranes were ready to be tested
out. Finally, the different types of FS multilayered membranes obtained were then

characterized.

2.7. Water uptake ability

The water uptake ability of all different types of freestanding multilayered membranes was
determined by immersing dry samples, previously weighted, in a phosphate buffered saline
solution (PBS) at pH = 7.4 up to 10 min at room temperature (RT). The swollen FS samples
were removed at pre-determined time points (t=15s, 30 s, 45s, 1 min, 2 min, 5 min and 10
min) from the immersion. After removing the excess of water with the help of a filter paper,
the membranes were immediately weighed with an analytical balance. The water uptake was
calculated based on equation (1), where W,y corresponds to the weight of swollen and Wq to
dried FS weight.

W, — W,
Water uptake (%) = —¥ 4 %100 1)

Wa

2.8. Mechanical tests

Tensile tests were performed using a Shimazdu MMT-101N (Shimazdu Scientific
Instruments, Japan) with a load cell of 100 N and a crosshead speed of 1 mm-mint. Two
sets of membranes were produced for mechanical assays: one without any treatment and
other one was previously swelled in water, frozen in liquid nitrogen, lyophilized overnight
and stored until further analysis. Prior to mechanical tests, both sets of samples were
immersed in PBS during 2h. The thickness of all samples was measured using a micrometer
with a precision of 1 um. The mechanical tests were made at room temperature (RT) with a

gauge length of 5 mm.
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2.9. Scanning electron spectroscopy

The cross-section of the FS membranes was visualized through scanning electron
microscopy (SEM, S4100, Hitachi, Japan), operating at 4 kV. All samples were previously
sputtered with a conductive gold layer, using a sputter coater. Cross-sections were produced
with liquid nitrogen. However, aiming to evaluate the cross-section microstructures,

membranes were lyophilized until occurred spontaneous fractures.

3. Results and Discussion

3.1. Synthesis and Characterization of Modified Polysaccharides

Herein, CHT and ALG biopolymers were also modified with pendant methacrylic groups to
introduce covalent bonds within the membrane nanostratification. The addition of covalent
bonds in the bilayers could add improved mechanical properties and establish a more porous-
like character. Briefly, methacrylated ALG (ALG-MA) was obtained by esterification of
hydroxyl groups with methacrylic anhydride, whereas methacrylated CHT (CHT-MA) was
achieved by EDC/NHS conjugation of the carboxyl group in methacrylic acid with the

amine-containing CHT polymer.

3.1.1. Methacrylated Alginate

The synthesis of ALG-MA proceeded as before described in the Methods Section 3.2.1.1.
The modified polysaccharide was then characterized by *H NMR and ATR-FTIR.

The proton NMR spectrum of the synthesized polymer is in agreement with literature reports
and exhibits the characteristic peaks of both reaction components (Figure 19) 2. The peaks
obtained at 6=6.64 ppm and 6=6.21 ppm are typical of the methacrylic protons, which
corresponds to the methylene protons. On the other hand, at 6=2.37 ppm is represented the
methyl group peak, also characteristic of the methacrylic group. In addition, the peak at
6=5.09 ppm is assigned to the anomeric protons of the glucose ring of alginate. At the end,
an 8% DS of the synthesized ALG-MA was obtained, calculated as previously described.
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Figure 19. 'H NMR spectrum of ALG-MA in D,0 at 70 °C.

Adding to *H NMR characterization, the ATR-FTIR spectra also validates that the successful
modification occurred on ALG-MA (Figure 20). The initial analysis of the individual
reagents reveals a band centered at 3283 cm™, which is assigned to O-H stretching and at
2920 cmt, and it is only observed in ALG and ALG-MA. At 2920 cm it is shown a peak
related to C-H stretching vibration in both ALG-MA and ALG. Regarding MAn, the
characteristic band attached at 2992 cm™ is related to unsaturated C-H stretching, on the
other hand at 2930 and 2855 cm™ is represented the saturated C-H stretching *°. In addition,
the antisymmetric CO;" stretch is visible at 1599 (ALG-MA) and 1595 cm™ (ALG), on the
other hand, the peaks intensity at 1406 (ALG-MA) and 1405 cm™ (ALG) are related to the
symmetric COy™ stretch. For the MAN, the carboxyl stretching (C=0) is represented by the
peaks at 1802, 1746 and 1721 cm™ ¥, As for the CHT-MA, C=0 stretch is represented at
1734 cm™, which occurred by the incorporation of the methacrylic group into the alginate
chain. Therefore, the antisymmetric C-O-C stretch vibration band is found at 1027 and 1026
cm?, for ALG-MA and ALG, respectively. Also, it is noted at 1026 cm™ the skeletal
vibration of ALG. Finally, the peaks at 812 (ALG-MA) and 814 cm™ (ALG) are attributed
to the C-H vibration of the pyranose (ring of the alginate) group.
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Figure 20. ATR-FTIR spectra of ALG-MA and its reaction components.

3.1.2. Methacrylated Chitosan

Methacrylic moieties have been attached through carbodiimide chemistry onto the chitosan
chain following the procedure already reported in the Methods Section 3.2.1.2. The presence
of side-chain moieties was verified and quantified by means of *H NMR and ATR-FTIR.
The *H NMR spectrum of the CHT-MA is represented in Figure 21. As the spectrum
demonstrates, all the characteristic peaks of the synthesized polymer are in agreement with
those already reported in literature 3. In detail, the two peaks around 5=6.19 ppm and 5=5.98
ppm are characteristic to the vinyl protons of the inserted moieties. In addition, the anomeric
protons of the polysaccharide chain are observed from 6=5.06 ppm to 6=5.162 ppm.
Moreover, the signal of the methyl groups of the acetyl moieties on CHT is assigned at
6=2.50 ppm and the presence of the methyl group of the methacrylate moiety on the polymer
chain is observed at 6=2.40 ppm. The DS of the modified CHT was about 12%, calculated

as before described.
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Figure 21. *H NMR spectrum of CHT-MA in DO at 70 °C.

Adding to *H NMR characterization, the ATR-FTIR spectra were acquired to assure the
successful modification of the CHT-MA (Figure 22). At a primarily look, it is easily
observed a broad and strong band centred at 3294 cm™ for CHT-MA, as similarly observed
in CHT spectrum, which corresponds to the stretching vibration of O-H, the extension
vibration of N-H and intermolecular hydrogen bonds of polysaccharide 3233, It is also evident
the bands at 2885 and 2868 cm™ which are assigned to C-H stretching vibrations in CHT-
MA and CHT, respectively 2. As for MA, the peaks at 2962 and 2929 cm™ represent the
stretch of the CH, and CHs, respectively. In addition, the strong band at 1689 cm™
correspond to the stretch vibration of carboxyl group (C=0) in MA spectrum. Moreover, at
1591 cm it is evidenced the amide stretching vibration characteristic the CHT spectrum 2.
As for the CHT-MA, it is important to emphasize the peaks at 1641 and 1548 cm™ which
are assigned to the stretching vibration of carboxyl group (C=0) and amide, respectively,
where the first one was inherited from MA and the second one from CHT. The ATR-FTIR
data also shows a peak at 1632 cm™ which represent the C=C stretching due to the vinyl
unsaturation present in MA monomer *. The skeletal vibration of C-O stretching it is
observed at 1062 and 1028 cm, for CHT-MA and at 1024 cm?, for CHT. Also, the
absorption bands at 1152 (CHT-MA) and 1149 cm™ (CHT) can be attributed to asymmetric
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stretching of the C-O-C bridge. Furthermore, the signal 898 and 891 cm™ resembles to the
C-H bending out of the plane of the ring of monosaccharides *°.

-O-H and -N-H -C-H -C=0
Stretch Stretch Stretch

— CHT-MA
——CHT
1062 1028 — MAc

T I T I T L) T I T T I T
3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600 300

Wavenumber (cm_l)

Figure 22. ATR-FTIR spectra of CHT-MA and its reaction components.

3.2. Build-up of multilayered films

The LbL approaches are mainly based on electrostatic interactions, as reported in literature
3. In this regard, prior to QCM-D monitoring, the zeta potential of all polyelectrolytes was
measured under working conditions (pH=5.5 at RT and 0.15 M NacCl). As expected ALG
presents a negative charge (-23.1 £ 0.4 mV) as well as ALG-MA (-18.8 £ 0.3 mV) while
CHT (19.6 £ 0.3 mV) and CHT-MA (13.6 £ 0.3 mV) exhibit positive electrical charge. These
results confirm the cationic and anionic nature of CHT-MA and ALG-MA, respectively,
even after chemical functionalization (Figure 23B). In this sense, we hypothesize that the
positively charged CHT-MA and the negatively charged ALG-MA could be successfully
self-assembled by electrostatic-driving forces, in a similar way of CHT/ALG multilayers.
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Afterwards, the possible buildup of CHT-MA/ALG-MA multilayered films, through the
sequential adsorption of the oppositely charged polymers, was assessed in situ with the
QCM-D technique by applying an alternating electric field across the gold-coated quartz
crystal sensor. In parallel, QCM-D monitoring of CHT/ALG multilayered films was also

performed as the control system.
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Figure 23. Overview of the synthesis route, electrokinetic potential and thin film deposition. (A) Chemical
modification of alginate (ALG) and chitosan (CHT) to their methacrylated (MA) counterparts. (B) Zeta-
potential analysis of ALG and CHT after methacrylation. (C, D) QCM-D analysis of build-up assemblies of
(C) CHT/ALG, and (D) CHT-MA/ALG-MA up to 5 deposition layers in 0.15 M NaCl, normalized frequency

Af7 (blue) and dissipation ADy (red), obtained at seventh overtone.

Figure 23C and 23D show the normalized frequency (Afn) and dissipation factor (AD)
variations obtained at the 7" overtone (n = 7) during the construction of five bilayers of
CHT/ALG and CHT-MA/ALG-MA films, respectively, onto the gold-plated quartz crystal
substrates. The decrease on normalized frequency after each deposition steps is related with
the increased mass over the gold-coated quartz crystals, indicating the successful deposition
of polyelectrolytes at every stage of the adsorption process as well the gradual growth of
both multilayered films. In this sense, we hypothesize that CHT/ALG and CHT-MA/ALG-
MA multilayers can be assembled in fashion modes to produce hierarchical FS membranes.
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Moreover, comparing both systems, CHT/ALG and CHT-MA/ALG-MA films present
similar Ar values after the deposition of 5 bilayers, suggesting that the introduction of the
MA pendant groups doesn’t cause any change in the build-up of CHT-MA/ALG-MA films.
Concerning the energy dissipation, this one increases after each layer deposition, indicating
the non-rigid behavior as well as the viscoelastic nature of the absorbed materials, which is

a characteristic of soft and hydrated films.

Usually, QCM-D data are also used to estimate the thickness variations of the multilayered
films at each adsorption step, by using Voigt-based viscoelastic models 133, The cumulative
thickness evolution also allows to predict the film growth mode and can be extrapolated for
flat freestanding membranes with variable number of bilayers. However, in our study, the
calculation of the film thickness doesn’t give any reliable information, since the
hierarchically structured membranes, that will be further produced, will be exposed to UV
light to induce photocrosslinking of methacrylate moieties. The photocrosslinking process
may produce some changes in the internal structure of the membranes, affecting the total

thickness of the system.

3.3. Production of the freestanding membranes

With the confirmation of successful deposition of the chosen polyelectrolytes by QCM-D
experiments, the next step was to carry out the FS membranes production. For that, a dipping
robot was used to fabricate the FS multilayered membranes over a low surface energy
substrate (PP substrate). The process was repeated for 200 times at RT and consisted in a
consecutive and sequential absorption of polyelectrolytes by immersing in according
washing and polyelectrolyte solutions. At the end, four different types of FS membranes
were obtained, after drying at RT and via a simple detachment from the underlying PP
substrate: the standard (CHT/ALG)200 and (CHT-MA/ALG-MA)200 membranes, as well as
the hierarchically structured (10/10)200 and (25/25)200 membranes. It should point out that
(CHT-MA/ALG-MA)200 membranes seemed more thinner than the other membranes, after
removing from the substrate. Afterwards, all types of produced membranes were immersed
in Irgacure solution for 15 min and photocrosslinked under UV light during 5 min. An overall
schematic of all the necessary steps for producing photocrosslinked FS multilayered

membranes are presented in detail in Figure S17.
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3.4. ATR-FTIR analysis

In order to prove the photocrosslinked reaction of methacrylate groups, ATR-FTIR analysis
of one of the hierarchically structured membranes was performed before and after UV
irradiation treatment. Figure 24 shows the ATR-FTIR spectra of (CHI/ALG)200, exposed to
UV, as well as the hierarchal (10/10)200 membranes, before and after photo-crosslinking. At
a primarily look, these spectra, as expected, shares similarities with the CHT, ALG, ALG-
MA and CHT-MA ones, which is the case of the large O-H stretching band between 3500
and 3000 cm™ (represented in the green region), the C-H stretching vibrations between 3000
and 2700 cm™, (in blue region) and the antisymmetric C-O-C stretch vibrations band
centered at around 1000 cm™. Moreover, at 1590 cm™® (CHT/ALG)20 and 1594 cm*
(10/10)200 after UV curation it is evidenced the amide stretching vibrations characteristic of
the CHT spectrum 2. In the other hand, the peaks intensity at 1406 (CHT/ALG)200, 1408
cm? (10/10)200 and (10/10)200 after UV are related to the symmetric CO, stretch,
characteristic of ALG. However, the most notorious peaks are centered at 1604 and 1558
cm?, represented in the (10/10)200 Spectrum, which are assigned to the stretching vibration
of carboxyl groups (C=0) and amide, respectively, where the first one was inherited from
MA and the second one from CHT. After photocrosslinking, the peak at 1604 cm™ decreases
drastically in (10/10)200, Which confirms that the consumption of the double bonds of
methacrylic groups from CHT-MA/ALG-MA layers. Thus, it’s expected that MA
photocrosslinking could allow the formation of interconnected layers through the covalent

bonding.
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Figure 24. ATR-FTIR spectra of the FS membranes made of (CHT/ALG)200 exposed to UV light, red line,
(10/10)200, green line, and (10/10)200 after UV, blue line. The relevant area, after photocrosslinking, is
represented in the red band.

3.5. Water uptake ability

FS membranes based in CHT and ALG derivatives are composed by polyelectrolytes with
abundant hydrophilic groups such as hydroxyl, amine, and carboxyl groups, which can
promote water-uptake ®8. The water uptake profiles of the different FS multilayered
membranes were evaluated for up to 10 min in PBS solution at physiological conditions (pH
= 7.4, RT). The results obtained are demonstrated in Figure 25A. At a first look, it is possible
to observe appreciable water uptake ability across all FS membranes, and all of them seem
to reach maximum water content in few seconds, except (CHT-MA/ALG-MA)20
membranes that reaches the equilibrium after 1 min. In fact, these membranes present highest
water contents, which can be explained by the likely porous structure created upon
photocrosslinking. Interestingly, the hierarchical membranes composed by intercalated
layers of CHT/ALG and CHT-MA/ALG-MA exhibit lower hydration levels than (CHT-
MA/ALG-MA)200 showing a water uptake ability quite similar to the (CHT/ALG)200
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membranes, although slightly higher. The hierarchical structured membranes are composed
by both CHT/ALG and CHT-MA/ALG-MA bilayers, which is expected a water uptake
ability limited by the swelling behavior of the control membranes. However, for thicker
intercalation block (25/25)200 membranes, a lower water uptake was observed. Therefore,
increasing the number of bilayers in each intercalated block seems to affect the water uptake
ability of the hierarchical membranes.

3.6. Mechanical tests

To analyze the mechanical properties of the hierarchical membranes, tensile tests were
performed in hydrated samples in order to mimic the physiological environment (Figure 25
B-E). Moreover, tensile tests of the control membranes, (CHT/ALG)200 and (CHT-
MA/ALG-MA)200, were also realized. Otherwise, to evaluate the effect of the lyophilization
to promote the formation of open porous within the MA photocrosslinked layers, it was also
performed mechanical assays on FS membranes previously frozen and dried by
lyophilization. Interestingly, the frozen and lyophilization processes slightly increase the
Young’s modulus (E) of the photocrosslinked membranes, even the (CHT/ALG)200 System.
Nevertheless, with or without lyophilization, the (CHT/ALG)200 standard membranes exhibit
the highest Young’s modulus than the hierarchical ones. This observation corroborates the
water uptake results, where the (CHT/ALG)200 membranes have presented lower hydration
levels. In fact, when FS membranes have higher ability to retain more water like the
hierarchical membranes, a stiffness decrease was already observed due to the increase of
water mobility that causes a kind of plasticization phenomena 2’ Furthermore, it’s
expected the introduction of MA photocrosslinked moieties promotes the formation of
interconnected porous interlayers, thus retaining much more water than the standard
(CHT/ALG)200 membranes. Indeed, the plasticization effect in hierarchical structured
membranes is corroborated by the decrease of the ultimate tensile strength meaning that
hierarchical membranes are more elastic and stretchable than the (CHT/ALG)200 probably
because of the well-organized microstructure that contributes for more efficient stress
dispersion. Moreover, the strain energy absorbed until membrane rupture is higher for the
hierarchical structured systems, in particular for the interlayered (10/10)200 membranes and
after the frozen/lyophilization processes which also seems to play a relevant role in pore

formation.
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performed trough tensile tests in (CHT/ALG)200, (CHT-MA/ALG-MA)200, (10/10)200 and (25/25)200
membranes, previously swelled in water, frozen in liquid nitrogen and then lyophilized overnight. After that,
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were hydrated in 2h of PBS solution. (B) Representative stress-strain curves. (C) Ultimate tensile strength. (D)

Maximum extension. (E) Strain energy density.

3.7. Scanning electron microscopy analysis

In order to observe the microstructural morphology of the cross-section membranes, SEM
analysis was also performed. Figure 26 A and B show the cross-section of (CHT/ALG)200
and (25/25)200 lyophilized membranes, respectively. Such samples were fractured in liquid
nitrogen. Comparing both cross-sections is possible to observe the hierarchical structure of
(25/25)200 membrane composed by 4 blocks: 25 bilayers of CHT/ALG interlayered with 25
bilayers of CHT-MA/ALG-MA, repeated 2 times. Despite the clear observation of the well-
organized structure, the fracture in liquid nitrogen doesn’t allow to inspect the cross-section
morphology. To achieve this purpose, some samples were left under lyophilization until
complete fracture. In Figure 26C is possible to confirm that liquid nitrogen created an
artefact effect on the morphology. Herein, the cross-section of (CHT/ALG)200 Show a quite
internal homogeneous morphology as confirmed at higher magnification (Figure 26D).
Interestingly, at the same magnification, the cross-section of the hierarchically structured

(10/10)200 membrane (Figure 26E) presents two distinct regions. At the bottom of the image
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Is possible to observe a kind of stratification, which morphology is quite similar to the
(CHT/ALG)200 membranes. Moreover, at the top, a porous interconnected network is clearly
visible. This confirms that the photocrosslinked MA moieties are able to create a
multilayered porous structure after lyophilization. The hierarchically structure composed by
linear stratification regions interlayered with porous interconnected networks, in a similar
way of the jellyfish anisotropic structure (Figure 26F). Such hierarchical structure supports

the mechanical results aforementioned, where the membrane becomes less brittle and more

stretchable, which allows the stress dispersion across it.

(A) (B)

Figure 26. SEM images of multilayered membranes structure. (A, B) Lyophilized membranes cross-sections
which were fractured with liquid nitrogen, (A) (CHT/ALG)200 and (B) (25/25)200. (C—E) Cross-section of the
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freeze-dried multilayered membranes fractured during the freeze-drying process. (CHT/ALG)200 membranes
at (C) low and (D) high magnification comparing with the (E) intercalated (10/10)200. (F) SEM micrographs

of freeze-dried jellyfish mesoglea at low magnification showing a layered porous structure %,
4. Conclusions

In this work, easily detachable membranes based on CHT and ALG derivatives were
successfully obtained via LbL. The introduction of the photocrosslinkable methacrylic
groups into the FS membranes allowed the development of hierarchically structured FS
membranes which shown a layered porous structure arising from the photocrosslinkable
moieties combined with homogeneous stratification layers. This bioinspired hierarchical
design exhibits interesting elastic stretching behavior due to the well-organized structure,
finding particular applicability in soft tissue regeneration. Despite the proof-of-concept of
the bioinspired approach, this novel strategy requires further improvements to be used as an

effective methodology to modulate the mechanical properties of FS membranes.
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Figure S17. Overview of steps needed to achieve the bioinspired membranes. (1) Schematic representation of
the synthesis of the ALG-MA (a) and CHT-MA (b). (2) LbL assembly using the dipping robot equipment. (3)
Detachment method employed to obtain the FS multilayered membranes and a real photograph of the procedure

performed in the intercalated membrane (10/10).00. (4) Photocrosslinking of the FS membranes.
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(A)
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Figure S21. All types of the produced FS multilayered membranes. (A-B) Control membranes: (A)
multilayered membranes containing CHT and ALG (CHT/ALG)200 and (B) membranes containing the pendant
methacrylic groups (CHT-MA/ALG-MA)2. (C-D) Intercalated membranes with multilayers alternately
deposited with CHT and ALG and CHT-MA and ALG-MA, (C) ones with 10 bilayers each (10/10)20 and (D)
ones with 25 bilayers each (25/25)200.
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Figure S31. Mechanical assays performed trough tensile tests in (CHT/ALG)200, (CHT-MA/ALG-MA)200,
(10/10)200 and (25/25)200 membranes (without lyophilization), hydrated in 2h of PBS solution. (A)
Representative stress-strain curves. (B) Ultimate tensile strength. (C) Maximum extension. (D) Strain energy

density.
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Chapter 5: General Conclusions and Future Perspectives

Regenerative medicine is an established research field with tremendous potential for
improving the quality of life at a worldwide-level. Successful applications in this field should
be able to heal or replace damaged tissues effectively. Moreover, this type of medicine is the
result of intertwining several novel and thriving areas, including tissue engineering.
Currently, the number of clinically approved therapies using biomaterials for tissue
engineering is increasing but its translation and effectiveness of these applications is still

slow.

Among the polysaccharide agents, CHT and ALG are two of the most studied so far, by
taking advantage of  their  available  functional  groups that allow
easy chemical modification. By modifying the structure, researchers can attempt to tailor
their properties for desired applications. In this work, easily detachable membranes made of
naturally-available CHT and ALG were successfully obtained via LbL immersive assembly.
The introduction of photocrosslinkable pendant methacrylic groups in both biopolymers
allowed for rapid interlayer crosslinking of the bioinspired membranes upon UV exposure.
The water uptake ability of FS membranes seems to peak within just a few seconds after
immersion. However, (CHT-MA/ALG-MA)200 showed a later equilibrium (after 1 min).
Indeed, this last membrane presented the highest water ability. On the contrary, unmodified
(CHT/ALG)200 presented the lowest values. As for the intercalated multilayered membranes,
(25/25)200 showed lower water content value than (10/10)200. Differences in swelling
capacities across membranes may reflect important changes in the stability of the
multilayered film as well as its microscopic structural organization and porosity. Indeed, this
was confirmed by SEM microstructural analysis of the various conditions. As for the
mechanical tests, the (CHT/ALG)200 membranes, with or without freeze-drying process,
showed the highest Young’s modulus, whereas methacrylated membranes experienced
decreased Young’s modulus, and these results corroborate the water uptake studies. On the
other hand, all modified intercalated (10/10)200 and (25/25)200 membranes, as well as the
modified control membranes (CHT-MA/ALG-MA)200, showed a decrease in the ultimate
tensile strength, which suggests that the methacrylic modification could induce more elastic

behavior of the multilayered films.
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Overall, the obtained results suggest that the chemical modification with methacrylic
pendant groups on the biopolymers has a significant effect on its physicochemical properties.
In fact, whereas in the ALG-MA the modification occurred between hydroxyls, in CHT-MA
the EDC/NHS mediated modification occurred at primary amines. This resulted in a
significantly reduced charge of CHT-MA, when compared to unmodified CHT. Meanwhile,
the impact of the modification on the charge of ALG-MA was not as evident, as it can be
observed in the obtained zeta-potential analysis of the several polysaccharides. Because this
LbL assembly process is mostly driven by electrostatic forces during immersion, film build-
up might be hindered by the reduction of electrostatic forces due to modification. Although
the introduced covalent bonds upon photocrosslinking are stronger than the non-covalent
electrostatic forces between CHT and ALG, this was done in a post covalent conversion
methodology. Thus, the multilayered films that are formed before the crosslinking could be
weaker than unmodified ones due to reduced electrostatic interactions driving a less compact
assembly. This hypothesis could explain the increased swelling capacities, as well as
significantly more elastic behavior over unmodified membranes. As future alternatives for
improving this system, two approaches are envisioned. Firstly, carry out CHT modification
with methacrylic groups via its hydroxyl group and not the primary amine that determines
strong electrostatic forces with the ALG carboxyl group. Such modification should not affect
the polymer charge as significantly as the amine-modification approach here studied. Hence,
the films developed this way could experience stronger electrostatic forces during layer
build-up and then experience improved stiffness when photocrosslinked. Secondly,
implementing different bioconjugation strategies other than the methacrylic modification,
because the latter directs the system towards a post covalent conversion strategy. Using
pendant clickable groups with fast reaction kinetics that can react in situ during layer build-
up would allow for a different assembly process named consecutive covalent fabrication. In
this approach, the multilayered films would be covalently crosslinked throughout the entire
dipping process, which could help mitigate the key role of electrostatic forces for driving
LbL assembly. Moving forward, the different strategies here present can yield multilayered
membranes with a wide range of mechanical properties that could be interesting for

biomedical applications.
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