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RESUMO

Entre os scaffolds comumente utilizados na abordagem da engenharia de tecidos, os hidrogéis
vém ganhando bastante destaque nas dltimas décadas. Os hidrogéis injetdveis, ou formados in
situ, sdo definidos como biomateriais em que os precursores sao injetados na forma liquida e,
em seguida, solidificam, ou seja, geleificam no local da administrag@o. A utilizac¢do de hidrogéis
para aplicacdes biomédicas baseados em materiais de partida como polissacarideos € bastante
atraente, tendo em vista que tais materiais tem boa compatibilidade com sistemas bioldgicos.
Entretanto, hidrogéis de polissacarideos tem problemas relacionados as baixas propriedades
mecanicas. Uma alternativa para contornar esta problemdtica seria a adi¢do de agentes de
reforco ao longo da matriz do hidrogel. Portanto, neste trabalho, apresentamos a sintese e
caracterizacdo de hidrogéis injetdveis baseados em galactomanana de Delonix regia oxidada e
N-succinil quitosana (ambas 3% m/v) reforcados pela adicdo de pequenas quantidades de
nanocristais de quitina. As modificacdes dos polissacarideos foram confirmadas por analise
espectroscopica na regidao do infravermelho. Macroscopicamente, o hidrogel sem os
nanocristais apresentou aspecto translicido, enquanto os hidrogéis reforcados apresentaram
aspecto levemente opaco, distribuicdo uniforme dos nanocristais sem qualquer ponto de
agregacdo aparente. Pelas modificagdes realizadas, pode-se supor que o mecanismo de
reticulacdo dos hidrogéis envolveu a formacdo de ligacdes cruzadas do tipo base de Schiff
(C=N) entre os grupos aldeido da galactomanana oxidada e os grupos amino remanescente da
N-succinil quitosana. Os nanocristais ficaram fisicamente presos e dispersos por toda a matriz,
provavelmente pelo estabelecimento de ligacdes de hidrogénio com os grupos hidroxila das
cadeias adjacentes, agindo como um refor¢o para criar um material mais resiliente. A andlise
de microscopia eletronica de varredura revelou que os hidrogéis tem uma estrutura de poros
com diametros e formas variadas, o que favorece a troca gasosa e transporte de nutrientes. O
intumescimento realizado em agua foi cerca de 10-12 vezes maior do que quando em tampao
fosfato (pH 7,4). Apesar das solugdes contendo os nanocristais apresentarem viscosidade
visivelmente mais elevada, a sua adi¢do ndo comprometeu a injetabilidade dos hidrogéis como
demonstrado pelo ensaio usando seringa 26G (0.45x13mm). O tempo de geleificacdo dos
hidrogéis variou entre 377 e 1157 s, o que estd de acordo com os critérios estabelecidos na
literatura para hidrogéis injetdveis. A adicdo dos nanocristais melhorou um pouco as
propriedades mecanicas dos hidrogéis com 0,2 e 0,4% de agente de carga. Para aqueles

hidrogéis com maiores quantidades de nanocristais, o efeito observado foi o contrario. Os



ensaios bioldgicos in vitro utilizados para avaliar a citotoxicidade dos hidrogéis demonstrou
que os sistemas analisados apresentaram viabilidade acima de 90% e com isso podem ser
considerados seguros para um possivel ensaio in vivo. Maiores ensaios tornam-se necessarios
para uma completa caracterizacao destes sistemas, mas diante dos resultados obtidos, pode-se
inferir que os hidrogéis produzidos t€ém potencialidade para serem empregados como
biomateriais, com diferentes aplicacdes, como o encapsulamento de células ou liberacdo

controlada de farmacos.

Palavras-chave: hidrogel injetdvel; galactomanana; quitosana; quitina; agente de reforco.



ABSTRACT

Among the scaffolds commonly used to approach tissue engineering, hydrogels have been
gaining prominence in recent decades. Injectable hydrogels, or formed in situ, are defined as
biomaterials in which the precursors are injected in liquid form and then solidify, that is, they
gel in the administration site. The use of hydrogels for biomedical applications based on starting
materials such as polysaccharides is quite attractive, considering that such materials have good
compatibility with biological systems. However, polysaccharide hydrogels have problems
related to low mechanical properties. An alternative to overcome this problem would be the
addition of reinforcing agents along the hydrogel matrix. Therefore, in this work, we present
the synthesis and characterization of injectable hydrogels based on oxidized galactomannan
from Delonix regia and N-succinyl chitosan (both 3% w / v) reinforced by the addition of small
amounts of chitin nanocrystals. The polysaccharide changes were confirmed by spectroscopic
analysis in the infrared region. Macroscopically, the hydrogel without the nanocrystals showed
a translucent aspect, whereas the reinforced hydrogels showed a slightly opaque aspect, uniform
distribution of the nanocrystals without any apparent aggregation point. From the modifications
made, it can be assumed that the crosslinking mechanism that led to the formation of hydrogels
involved the formation of cross-links of the Schiff base type (C = N) between the aldehyde
groups of the oxidized galactomannan and the remaining amino groups of the N- succinyl
chitosan. The nanocrystals were physically trapped and dispersed throughout the matrix,
probably by establishing hydrogen bonds with the hydroxyl groups of the adjacent chains,
acting as a reinforcement to create a more resilient material. The scanning electron microscopy
analysis revealed that the hydrogels have a pore structure with different diameters and shapes,
which favors the gas exchange and transport of nutrients. The swelling performed in water was
about 10-12 times greater than when in phosphate buffer. Although the solutions containing the
nanocrystals present visibly higher viscosity, their addition did not compromise the injectability
of the hydrogels as shown by the test using a 26G syringe (0.45x13mm). The gelation time of
the hydrogels varied between 377 and 1157 s, which is in accordance with the criteria
established in the literature. The addition of nanocrystals did not significantly improve the
mechanical properties for hydrogels with 0.2 and 0.4% filler and for those hydrogels with higher
amounts of nanocrystals, the opposite effect was observed. The in vitro biological tests used to
evaluate the cytotoxicity of the hydrogels showed that the analyzed systems showed viability

above 90% and therefore can be considered safe for a possible in vivo test. Further tests are



necessary for a complete characterization of these systems, but given the results obtained, it can
be inferred that the hydrogels produced have the potential to be used as biomaterials, with

different applications, such as cell encapsulation or controlled drug release.

Keywords: injectable hydrogel; galactomannan; chitosan; chitin; reinforcing agent.
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1 INTRODUCTION
1.1 Tissue engineering and Injectable hydrogels

Many health problems, including cardiovascular diseases, diabetes and
osteoarthritis can’t be treated effectively with the current clinical therapies due to a significant
reduction in the level of tissue regeneration (GUAN et al., 2017). Every day thousands of people
of all ages are hospitalized due to malfunctioning of some organ (HOSSEINKHANI; HONG;
YU, 2013). The ever-increasing demand for organ donors to meet the needs of people on the
waiting list will probably never be answered (ZHENG et al., 2018). According to the Brazilian
Association of Organ Transplantation (BAOT), 10,377 transplants of solid organs, tissues and
bone marrow were performed in the period between January and June 2021. In June of 2021
BAOT had 45,664 patients registered on the waiting list. The need for organs or tissues cannot
be achieved through traditional methods of transplantation. Tissue engineering and regenerative
medicine emerge as an alternative to change this situation (GUAN et al., 2017; MAO;
MOONEY, 2015).

According to LANGER and VACANTI (1993), tissue engineering (TE) is an
interdisciplinary field that applies the principles of engineering and life sciences to develop
biological substituents that restore, maintain, or enhance the function of a tissue. TE is an

emerging field that offers excellent opportunities for regenerative medicine.

The most common concept underlying TE is the combination of scaffolds or
matrices, living cells and/or biologically active molecules for the production of supports that
promote repair and regeneration of diseased tissues (ZHENG et al., 2018). This frequently used
strategy involves the incorporation of appropriate cells (from a healthy tissue biopsy) into a
support, which serves as a temporary extracellular matrix (ECM) until the cells produce a new
matrix and the newly formed tissue can replace the support (MATHEW et al., 2018; GUAN et
al, 2017) (Figure 1). Autologous cell therapy is performed using the patient's own cells, while

allogeneic cell therapy uses donor cells (YANG et al., 2014).
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Figure 1 - Diagram showing the most common strategy used in tissue engineering. In both
approaches, the cells are initially collected from a biopsy, cultured in vitro, seeded into a well-
designed scaffold, and transplanted into the patient either through injection, or via implantation
at the desired site using surgery

Transplantation Direct

Injection

Source: El-Sherbiny and Yacoub, 2013.

The ECM is a composite of the secreted products of cells resident in all tissues and
organs (SALDIN et al., 2017). The matrix molecules represent a diverse mixture of structural
and functional proteins, glycoproteins and glycosaminoglycans among other molecules that are
arranged in a structure that is unique to each anatomical location (LANGHANS, 2018; SALDIN
et al., 2017). Due to the structural and functional complexity of ECM, the manufacture of an
artificial and biomimetic organ in vifro remains a major challenge for tissue regeneration

(AHADIAN et al., 2015; GUAN et al., 2017).
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A widely used technique is the decellularization of natural ECM from allogeneic
and xenogeneic sources (donor of different species, e.g. pigs), for the production of
commercially available ECM (BROWN; BADYLAK, 2014). The process of decellularization
consists of the removal of cells and debris from tissues and organs, while preserving the
biochemical composition, biological activity, three-dimensional organization and integrity of
the ECM (YOUNGSTROM et al., 2013). Nevertheless, the use of this procedure is not always
successful, because the ECM from natural source has uncontrolled variability that can arise
from the age, health and gender of individual sources (FITZPATRICK; MCDEVITT, 2015).
For artificially produced scaffolds, the production of ECM constituents has been used as an
indication that a support has conditions necessary for cell maintenance and proliferation (YAN

et al., 2014).

A series of strategies are being applied to build biomaterials that can mimic the high
degree of complexity of a native ECM like scaffolds, decellularization of tissues, bioprinted
structures (LOEBEL et al., 2017; RANA et al., 2017). Between the broad spectrum of
biomaterials with great potential to be applied as an artificial ECM, supports developed from
hydrogels have received considerable attention due to their unique composition and structural
similarities to natural ECM (Yue et al, 2015). Hydrogels are three-dimensional networks of
hydrophilic polymers that can absorb water or biological fluids without dissolving because of
their crosslinked structure (ZHANG; KHADEMHOSSEINI, 2017). There are many properties
that make them attractive in the design of supports for biomedical application, including
cytocompatibility, high water content, prolonged release of growth factors, and adjustable

physical properties according to application (GUAN et al., 2017; HUNT et al., 2014).

Injectable hydrogels represent a subclass of hydrogels. The injectable hydrogels are
based on the idea that certain biomaterial can be injected as liquid, and then form a solid gel in
situ (ENCYCLOPEDIA OF NANOTECHNOLOGY, 2012) The hydrogel precursor solution
can be introduced in a minimally invasive manner using a syringes or catheters, directly at the
site of interest, reducing patient discomfort, infection risk, recovery time, and treatment cost

(BAKAIC; SMEETS; HOARE, 2015).

In a general sense, these hydrogels are prepared by the combination of two
polymeric solutions with reactive functional groups that interact between them to form a point

of junction know as crosslinking. In some cases, a polymeric solution is mixed with the solution
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of a low molecular mass molecule (e.g glutaraldehyde, adipic acid dihydrazide, formaldehyde

etc) that joins two points of the polymer (PATENAUDE, SMEETS and HOARE, 2014).

A variety of crosslinking mechanism has been used to produce injectable hydrogel.
Once injected, hydrogel formation occurs through physical crosslinking (electrostatic forces,
hydrophobic interactions, hydrogen bonding, stereo-complex, m—m stacking, metal-ligand
coordination) or by chemical crosslinking (photoirradiation, Schiff's base, Michael's addition,
click reactions, oximes, enzyme-mediated reactions) (LIU et al., 2017) (Figure 2). Physical
crosslinking offers the advantage of the absence of potential cytotoxicity chemical crosslinking
agents besides provides reversible and weak linkages that can contribute to a self-healing
property of the hydrogels. On the other hand, chemical crosslinking is formed by covalent bonds
that are strongest, more stable and in general provides superior mechanical properties when

compared with physical crosslinking (HU et al., 2019).

It is worth noting that not necessarily just one type of crosslinking can be used in
the synthesis of an injectable hydrogel (YOUNG, RIAHINEZHAD and AMSDEN., 2019).
There are a series of papers that described the combination of both chemical and physical
methods to improve the mechanical characteristics of the hydrogel. For example, THAKUR et
al, 2016, prepared an injectable shear-tinning hydrogel that was both chemically and physically
crosslinked. They modified the structure of a kappa—carrageenan by introducing methacrylate
groups that can be chemically crosslinked in the presence of UV irradiation. The physical
entanglement between the chains was promoted by the addition of K*, from KClI, that interact
with the sulfate groups of kappa—carrageenan. Additionally, the authors also introduced

nanoparticles of nanosilicates to reinforce the structure of the hydrogel.

PETER X. MA group has developed a series of injectable conductive hydrogels,
based mainly on chemical cross-links between amines and aldehydes groups from natural
occurring modified polymers. They proposed a system to drug release based on a hydrogel
composed of oxidized dextran and chitosan-g-polyaniline. The obtained hydrogel had a short
gelation time (45 to 444 s), was effective to load the drugs (amoxicillin and ibuprofen), present
excellent antibacterial activity against Escherichia coli and Staphylococcus aureus and in vivo
biocompatibility (QU et al., 2018). The same research group have been designed hydrogels for
cardiac cell therapy (DONG et al 2016), wound dressing (QU et al, 2019) and mucoadhesive
drug delivery systems (LIANG et al., 2019).
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Figure 2 - Some of the common methods utilized to crosslinking injectable hydrogel. In the up
side of figure are listed the chemical methods and in the down side are presented the physical
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Another

interesting crosslinking strategy is developed by BURDICK and

coworkers. Their focus in the synthesis of shear-thinning hydrogels using host-guest complex
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(physical crosslinking). Recently, the group have presented a protocol to build an injectable
hydrogel from functionalized hyaluronic acid either with adamantanes (guest moieties) via
controlled esterification or with B-cyclodextrins (host moieties) through amidation. This non-
covalent approach between the derivatives allowed the hydrogel to experience breaking (shear-
thinning behavior) when submitted to the high shear stress to pass through the syringe needle
and then reassemble within few seconds (self-healing) upon cessation of shear (LOEBEL et al,

2017).

The search by injectable biomaterials (hydrogels, foams, cement etc) that can meet
the needs of tissue engineering has increasing the interest of the academic community in recent
years. A reflect this is the increasing number of papers published with this theme (Figure 3) by
researchers of the areas of chemistry, biomaterials, biotechnology, regenerative medicine and
others that focus on different aspects related to the synthesis, characterization, challenges and
application in different fields, such as cartilaginous tissue engineering, drug delivery, stem cell
therapies, bioink to 3D printing, bone regeneration (YOUNG, RIAHINEZHAD and AMSDEN,
2019; MATHEW et al, 2018; SINGH et al, 2018; LOEBEL et al, 2017; REAKASAME and
BOCCACCINI, 2018). The number of publications with the term "injectable hydrogels" in
2018 was almost twice as high as in 2012 (456 versus 253). Until 2007, there has been a slight
growth in the number of publications and, from 2008 and 2014, there has been a steeper
increase.

Figure 3 - Number of publications per year (a) with the keywords "injectable hydrogel" or
"injectable scaffold" between 1990-2019. The research was done in the Scopus database on
May 20, 2019 and includes articles, reviews, books, book chapters, meetings, conference paper
and letters
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Injectable hydrogels have a series of advantages over preformed supports. In the

case of preformed supports (scafffolds), prior knowledge of the shape and size of the defect or



18

cavity to be filled is necessary, and defects with irregular shapes and sizes can be problematic.
In addition, invasive surgery is required to implantation of the support. The use of injectable
hydrogels can overcome these limitations. The injectable nature of these systems makes it
possible to add pharmaceutical agents and/or cells within them, resulting in a matrix that can
fill any cavity, regardless of shape or size, with minimally invasive procedure and can (LI;

RODRIGUES; TOMAS, 2012; MATHEW et al., 2018).

Natural polymers, synthetic polymers and decellularized ECM or the combinations
thereof, can be used for the preparation of injectable hydrogels. Synthetic polymer has
advantages related with the batch-to-batch homogeneity and facility to control some properties
(molar mass, polydispersion index). However, the absence of specific site to cells adheres and
its non-biodegradable nature limits their utilization (YOUNG, RIAHINEZHAD and AMSDEN,
2019). Natural polymers (polysaccharides: chitosan, hyaluronic acid, cellulose, galactomannan,
or proteins: gelatin, collagen, silk fibroin) have the advantage of biocompatibility and
enzymatic biodegradability. They provide surface for cell adhesion, besides the fact that they
can mimic many characteristics of the natural ECM and therefore has the potential to direct cell
migration, growth and organization during tissue regeneration (MATHEW et al., 2018). An
additional advantage associated with natural polymers is associated with their abundance and
the variety of functional groups (OH, COOH, NH», SO3H) that allows a myriad of chemical

modifications.

Despite presenting a number of advantages, conventional hydrogels of natural
polymers usually have poor mechanical properties and accelerated degradation, which limits
their application in TE (XU; BRATLIE, 2018). By the addition of reinforcing agents, the
properties of the hydrogel can be tailored to a variety of applications (YANG et al., 2013).

1.2 Chitin Nanocrystals as reinforcing agents

One of the main drawbacks associated with application of injectable hydrogels
based in polysaccharides is related to their structural brittleness (YOUNG, RIAHINEZHAD
and AMSDEN, 2019). The absence of appropriates mechanical properties can compromise a
long-term application or that where a high mechanical resistance is required (e.g., cartilaginous

tissue engineering, bone replacement) (LIU et al., 2016; SARKER et al., 2016).

A strategy commonly utilized to improve the mechanical properties of the

hydrogels is the mix of one of the precursor solutions with a component, in nanometer scale
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and sometimes in micrometric scale, that can reinforce the hydrogel matrix creating a composite
material. This component can be covalently bound to the matrix hydrogel or added as a dopant
that interacts physically with the hydrogel (PIANTANIDA et al, 2019). The one who interacts
physically is the most common. The component is known as reinforcing agent, load bearing

agent, or just filler, and can be of organic or inorganic nature.

As an example of organic microfiller, CHEN et al., 2017, prepared gelatin
microspheres crosslinked with glutaraldehyde, in diameter varying to 73-88 um, to reinforce
(and delivery tetracycline hydrochloride) a hydrogel composed of oxidized alginate and
carboxymethyl chitosan. They observed an increase of 66,5% on compressive modulus when
compared with the hydrogel without microspheres beyond a better stability on the degradation

assay.

SAKER et al, 2016, designed a composite scaffold by combination of oxidized
alginate and type A gelatin (300 Bloom, porcine skin) chemically crosslinked. To the proposed
scaffold, small quantities of bioactive glass (that act an inorganic filler) was added to enhance
the mechanical properties. The pristine scaffold presented a compressive modulus of 135 kpa
whereas the composites had their values increased to 304 and 417 kpa, for 1% and 5% of
bioactive glass, respectively. Additional examples of inorganics filler normally used to
reinforce matrix include hydroxyapatite, metal nanoparticles, halloysite nanotubes, carbon

nanotubes and graphene oxide (DOMINGUES, GOMES and REIS, 2014).

Despite the widespread use of inorganic filler, there are some limitations related
with their application that are the non-biodegradability, possible toxicity associated and
processability. As an alternative to common inorganic filler, the utilization of natural derived

fillers has gained attention.

Chitin nanocrystals and principally cellulose nanocrystals are polysaccharides
widely applied as nanofillers (LIU et al.b, 2018; SILVA et al., 2018; WANG; CHEN; CHEN,
2017). Generally, the potential of a material to reinforce a matrix is directly related with their
aspect ratio (ZENG et al, 2012). The higher the aspect ratio, the greater the potential of the
material to reinforce the matrix. Therefore, because the physical appearance of chitin and
cellulose nanocrystals under the transition electron microscopy (with large length and thin
width), it is supposed that can act as a filler to polymeric matrices creating more resilient

structures.



20

In fact, chitin nanocrystals have a longitudinal modulus of 41-60 GPa, while
cellulose nanocrystals present a tensile strength is in the range of 7.5—7.7 GPa (DOMINGUES,
GOMES and REIS, 2014; DUAN et al, 2018). Beyond the great potential to enhance the
mechanical properties, polysaccharide nanocrystals also have excellent characteristics to
application in biomedical field, such as biocompatibility and biodegradability, renewable

nature, low cost and high aspect ratio (SCAFFARO et al., 2017; SHEN et al., 2016).

The application of cellulose nanocrystals as load bearing agents is well documented
in literature, being the subject of some reviews (DOMINGUES, GOMES and REIS, 2014; DE
FRANCE, CRANSTON and HOARE, 2020), while chitin nanocrystals have a few numbers of
paper (in relative terms to cellulose nanocrystals) dedicated to it. Although it is the second most
abundant biopolymer after cellulose, 6 to 8 million tons of chitin per year are produced
worldwide (YAN; CHEN, 2015), there are few studies that explore the utilization of chitin

nanocrystals as a reinforcing agent for preformed or injectable hydrogels.

As an example, HUANG et al., 2015, prepared a nanocomposite hydrogel from
alginate and chitin whiskers. Hydrogels were formed by electrostatic interaction between chitin
whiskers and alginate. The authors verified an enhance in compressive modulus of the
composite hydrogels from 5.08 MPa to 13.72 MPa by the addition of chitin whiskers. Moreover,
the presence of chitin whiskers contributed to increase the cytocompatibility of the composite

hydrogel; unfortunately, these hydrogels were no in situ gellable.

Chitin is a polysaccharide that is mostly obtained mainly from the exoskeleton of
crustaceans, but can be also extracted from mushroom, mollusk shells, and cell walls of fungi
and yeast (ZHANG, ROLANDI 2017). Therefore, its production adds economic value to the

exploitation of resources that once had no specific purpose and were discarded.

Structurally, chitin bears resemblance to cellulose, having as a differential the
substituting group in C2 that can be an amine or a N-acetyl group. From a chemical viewpoint,
chitin is defined as a co-polymer randomly formed by units of N-acetyl-glucosamine and N-
glucosamine (deacetylated) held together through glyosidic bonds B-(1—4) (ZHANG,
ROLANDI 2017) (Figure 4).
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Figure 4 - Structural similarity between chitin and cellulose
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Chitin polymorphisms render three different arrangements of chain known as a, 3
and y that differ from each other by the orientation and packaging of chitin molecules over each
other. From these, a form is most common and is characterized by antiparallel chains that led
to formation of strong hydrogen bonds between adjacent chain (RINAUDO 2006, DUAN et al,
2018).

Generally, the process to obtain the chitin, with at least one dimension on the
nanometer scale, is made by using high-pressure homogenization (microfluidization), strong
inorganic acids or by selective oxidation of primary alcohol groups in the presence of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) radical followed by mechanical disintegration (YANG
et al., 2020). Between these, the more common and widely used is that apply solutions of strong
inorganic acid, like HCI or H>2SO4, which removes the amorphous domain (deacetylated units).
The crystalline domain is isolated at nanoscale and is generally known as nanocrystal,

nanowhiskers or just as whisker (ZENG et al., 2012).

Here, it is important differentiate between nanofibers and nanocrystals. While to
produce nanofibers are generally applied physical methods to disintegrate fibers, like
ultrasonication, microfluidization or high-speed blending, nanocrystals pass through a chemical
harsh process that consumes regions of high disorder (amorphous domain) and highly organized
regions (crystalline domain) are isolated in nanometric scale. This differentiation is valid for

both cellulose and chitin.

The CNC were first prepared by MARCHESSAULT in 1959 using HC1 2.5 N under
reflux by 1h. In the year of 2001, PAILLET and DUFRESNE proposed for the first time the
incorporation of chitin nanocrystals as reinforcing agent in a thermoplastic nanocomposite
composed of latex. However, there is still a gap regarding the application of these fillers in

composites for biomedical application.
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Although chitin is the primary product of crustacean exoskeleton processing, this
polysaccharide has industrial application in disagreement with its potential. On the other hand,
chitin derivatives have been proposed to a series of applications. Chitosan represents the main
product derivative from chitin and have great potential to be applied in different areas like
biomedical field, wound dressings, antibacterial lining for bandages etc. (BELLICH et al.,
2016).

1.3 Chitosan and N-succinyl chitosan

The production chain of chitin and chitosan represents a business model
environmentally friendly since that they are obtained products of renewable nature and
sustainable and contribute to the creation of a circular economy where the waste (mainly shrimp
and crab shell) are converted in materials with much more associated value (BELLICH et al.,

2016). In fact, almost 75% of total weight of these wastes ends up as by-products.

Chemically, Chitosan is a polysaccharide composed by units of N-acetyl-2-amino-
2-deoxy-D-glucopyranose and 2-amino-2-deoxy-D-glucopyranose units linked by B-(1 — 4)
glycosidic linkages and available in different grades of acetylation (MOREIRA et al., 2016;
ZENG et al., 2012). It is a polymer having one amino group and two hydroxyl groups for each
deacetylated glycosidic unit and in the case of acetylated unit there are two hydroxyl groups

and one N-acetyl group.

Chitosan is obtained from chitin either by alkaline heat treatment or by enzymatic
treatment, where some of the N-acetyl units are deacetylated, forming units with an amino
(NH2) group in their position (Figure 5). The main commercial source of chitin is shrimp,
lobster and crab waste (HAMED; OZOGUL; REGENSTEIN, 2016). The chitin has limited
applications due to its low solubility in aqueous solutions and the great most of the organic
solvents. In contrast, chitosan is more versatile because of its solubility in acidic media (pH
<6.0), biocompatibility, biodegradability, and low toxicity. The acids used for their dissolution
include inorganic acids such as HCI and organic acids such as acetic acid and lactic acid.
Chitosan is insoluble at neutral and alkaline pH. The mechanism of solubilization of chitosan
involves the protonation of amino groups in glucosamine units leading to the formation of

NH;*(BASHIR et al., 2015).
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Figure S - Reaction involved in the process of obtaining chitosan from chitin
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Chitosan jointly with its derivatives can be used to manufacture the most diverse
types of biomaterials such as films, scaffolds, hydrogels, sponges, microspheres, nanoparticles,
filaments, among others. However, in the case of biomedical applications, it is necessary that
chitosan be soluble at physiological pH (7,4). This can be achieved by modifying its structure
by insertion or formation of hydrophilic groups over the backbone. JAYAKUMAR et al.,
(2010), elaborated a review citing some available methodologies to produce soluble derivatives
in aqueous solution of chitin and chitosan. The modifications mentioned in this work use the
nucleophilic character of the amine nitrogen and the hydroxyl oxygen to attack reagents that
have electrophilic regions, such as glyoxylic acid, monochloroacetic acid, levulinic acid, among

others.

Among the modifications cited, one that draws attention is the production of N-
succinyl chitosan because the obtained derivative has been reported as versatile biomaterial for
biomedical applications (BASHIR et at, 2015). The reaction takes place between the amine
groups of chitosan and the succinic anhydride. This modification amplifies the pH range at
which chitosan can be solubilized and increases its biocompatibility of the derivative (BASHIR
et al., 2015). The derivative O-succinyl chitosan can also be selectively produced, but for this

a step of protecting the amino group is required (ZHANG et al., 2003).

The N-succinyl chitosan derivative has been utilized to produced hydrogel for
prevent peritoneal adhesions (MITSUHASHI et al., 2019), soft tissue engineering (XING et al.,

2019), removal of zinc and cationic dye from binary hazardous mixtures (KYZAS et al., 2015).

The water-soluble derivatives of chitosan can be used to produce injectable
hydrogels by the crosslinking reaction with aldehyde groups of oxidized polysaccharides. This
approach has been applied in a great number of publications, where most of the papers uses the

derivative of chitosan produced by reaction with chloroacetic acid. Here, we chose N-succinyl
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chitosan as a derivative due to the properties previously mentioned and because the number of
works of this derivative in the literature is much smaller when compared to other hydrosoluble

derivatives of chitosan such as carboxymethyl chitosan and carboxyethyl chitosan

1.4 Galactomannan and oxidation of polysaccharides

Like chitosan, galactomannan is also a natural polymer. Chemically,
galactomannans are non-ionic hydrophilic heteropolysaccharides composed of linear chains of
B-D-mannopyranose linked residues (1 — 4) partially substituted with linked a-D-
galactopyranose side groups (1 — 6). (BARAK; MUDGIL, 2014; SINHA; KUMRIA, 2001)
(Figure 6). They are mostly obtained from the endosperm of dicotyledonous seeds of numerous

plants, particularly those of Leguminosae family.

Figure 6 - Representation of galactomannan structure showing its binding pattern between
mannose and galactose units
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Approximately 90-100 tons of galactomannan are consumed per year around the
world (PRAJAPATI et al., 2013). The absence of toxicity favors its use in the pharmaceutical,
biomedical, cosmetic and food industries (Yadav and Maiti, 2020). There are several studies
that show its versatility in the field of biomaterials. Delonix regia galactomannan, for example,
has been proposed in literature for the preparation of scaffold for cells (SIQUEIRA et al., 2015),
antimicrobial dressing (CHEIRMADURAI; THANIKAIVELAN; MURALI, 2016) and
controlled release of bioactive substances (BETANCUR-ANCONA et al., 2011).

Despite the overall trend to use biopolymers to produce biological devices as
hydrogels, nanoparticles etc, there is still a gap of research where galactomannans are the main
product of such devices. Galactomannan is a widely available polymers that can be get by a
price fraction when compared to other polymers like hyaluronic acid. Obviously that such

polymer has some key characteristic that make it a specie of holy grail when we think about



25

biopolymers, but galactomannan has a series of OH groups that can be functionalized to

mimetite the features of other polymers.

The OH groups to galactomannan can be modified to broaden the applications
and properties of the derivative. For example, this group can be replaced by nonpolar portion
to produce a more hydrophobic material or also it may be possible to attach more polar groups
like carboxymethyl. Some commonly used derivatizations cited in literature are: sulfation
(MOURA NETO et al., 2014), grafting with acrylic monomers (ABREU et al., 2016),
acetylation (DIAS et al., 2016), oxidation with periodate ion, and some others. Among the
modifications mentioned, periodic ion oxidation is notable for occurring in the absence of
catalysts and in which the reaction product can be isolated by a simple dialysis step (MAIA et
al., 2011).

Originally, periodate oxidation was used with the goal to analyze the chemical
composition of complex carbohydrates. In addition to its primary utilization, periodate
oxidation has now been extensively used to introduce aldehyde groups into the polysaccharide
structure. The derivative can act as a crosslinking agent for natural (e.g., gelatin, collagen,
chitosan, silk fibroin) or synthetic N-nucleophiles (hydrazide-functionalized poly(N-
isopropylacrylamide-co-acrylic acid), carboxymethyl cellulose-g-adipic acid dihydrazide),
through the formation of an imine (-CH=N-) linkage also known as Schiff's base

(REAKASAME and BOCCACCINIL, 2018).

Derivatives formed by the oxidation reaction have two aldehyde groups per
glycosidic unit (the position of these groups varies according to the unit binding pattern) and is
commonly known as dialdehyde. Dialdehyde polysaccharides are structures which act similarly
to glutaraldehyde, reacting with amines to form imine bonds, but with the advantage of being

less cytotoxic and to some extent more efficient (WANG et al., 2015; XU et al., 2013).

The pattern of insertion of the aldehyde groups along the chain of a polysaccharide
is intrinsically related to how the glycosidic units bind to each other (Figure 7). Oxidation with
the periodate ion is selective for vicinal diols (side by side hydroxyls); will consume one mole
of periodate. Structures exhibiting isolated hydroxyls cannot react with IO4™ (Figure 7b). In the
case of glycosidic units containing three adjacent hydroxyls (Figure 7d and 7e), a double
oxidation will occur followed by the release of 1 mole of formic acid. This reaction consumes
two moles of periodate. Figure 7 shows the selectivity of the periodate ion versus glycosidic

units with different binding patterns.
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The dialdehydes have been produced from a variety of polysaccharides, such as
hyaluronic acid (DOMINGUES et al., 2015), cellulose (SIRVIO et al., 2014), alginate
(REAKASAME; BOCCACCINI, 2018), galactomannan (RINAUDO, 2010). Among the
aforementioned polysaccharides, galactomannan dialdehydes are still not widely used, with

only a few papers reporting their synthesis and use as a crosslinking agent (RINAUDO, 2010).

Figure 7 - Selectivity of sodium periodate reaction with substituted sugar units in different
positions. a) linked residues (1 — 2), b) (1 — 3), ¢) (I — 4), d) (1 — 6) and ¢) non-reducing
end
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2 OBJECTIVES
2.1 General objective

* Prepare injectable hydrogels by the reaction of oxidized galactomannan and succinylated

chitosan reinforced with of chitin nanocrystals.

2.2 Specific objectives

» Oxidize the galactomannan of Delonix regia using sodium periodate;

= Prepare the soluble derivative of chitosan by reaction with succinic anhydride;

= Prepare chitin nanocrystals via acid hydrolysis with HCI;

» Characterize the derivatives obtained by FTIR, NMR;

* Formulate hydrogels by the combination of oxidized galactomannan, modified chitosan and
chitin nanocrystals;

= Evaluate the effect of chitin nanocrystals on the mechanical and physicochemical properties
of the hydrogels;

= Evaluate the cytocompatibility of the hydrogels obtained.
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3 MATERIALS AND METHODS
3.1 Materials

Ethanol (Synth), acetone (Synth), sodium periodate (Vetec), ethylene glycol,
hydroxylamine hydrochloride (Vetec), sodium hydroxide (Vetec), acetic acid (Synth),
methanol (Synth), succinic anhydride (Sigma), potassium hydroxide (Synth), hydrogen
peroxide (Vetec), hydrochloric acid (Synth). Galactomannan was obtained from seeds of

Delonix regia; chitin and chitosan were obtained from Polymar.

3.2 Extraction of galactomannan

The seeds of Delonix regia (100 g) were selected, washed, and placed in a Petri dish
coated with cotton wool moistened with distilled water and overlaid with another layer of
moistened cotton. The plate was autoclaved for 60 min under pressure (1.0 to 1.5 bar) for seed
swelling. The seeds were separated manually in endosperm, tegument, and cotyledon.
Endosperms were placed to hydrate overnight under stirring (1:15 w/v relative to seed mass).
The endosperms were crushed, centrifuged at 6.000 rpm (3.663 g) for 30 min at 25 ° C and the
supernatant collected and precipitated in two volumes of ethanol. The residue underwent a new
extraction like the previous one to improve yield. The precipitate was filtered through a sintered
plate funnel (N° 4) under vacuum and washed three times with alcohol and acetone. The
galactomannan obtained was macerated, dried in a mortar with hot air, heavy and stored at room

temperature. The sample was coded as unmodified galactomannan (UnGM).

3.3 Oxidation of galactomannan

The UnGM was oxidized by the method described by Yan et al.,, 2014. The
conversion of the OH to CHO groups in the monosaccharide units of galactomannan was carried
out using sodium periodate as an oxidizing agent. 1.0 g (0.0062 mol of monosaccharide units)
of galactomannan was dissolved in 200 mL of distilled water and stirred for 24 h. To this
solution a quantity of sodium periodate (NalO4) sufficient to obtain the degree of oxidation of
50% was added. The reactional system was covered with an aluminum foil to prevent
photoinduced decomposition of the periodate ion and the reaction was run for 6 h. The reaction
was stopped by adding ethylene glycol in a molar ratio of 1:1 to NalO4. The solution was
dialyzed against distilled water for 4 days on cellulose membrane with exclusion limit of
12.4x10° g/mol, and then the oxidized derivative was dried by lyophilization. The absence of

periodate in the dialysate was accompanied by the conductance of the water. The sample was
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encoded as oxidized galactomannan (OxGM). The pH variation of the solution was monitored
during the first 2 h of reaction to verify the release of formic acid.

To obtain only the soluble fraction, an additional procedure was performed. The
OxGM was dissolved in PBS buffer (pH 7.4, 10 mmol) at 3% w/v concentration and the solution
was heated (60 min, 50 © C). The resulting solution was centrifuged (6000 rpm; 10 min) to
remove the insoluble fraction. The supernatant was frozen in liquid nitrogen and lyophilized.

This was the material used for the preparation of the hydrogels.

3.4 Determination of oxidation degree of oxidized galactomannan

The degree of oxidation, i.e., the percentage of oxidized monosaccharide units, was
determined by measuring the aldehyde content using the method proposed by Zhao and
Heindel, 1991. A mass of 0.100 g of lyophilized OxGM was dissolved in 25 mL of a solution
0.25 mol/L hydroxylamine hydrochloride (NH2OH-HCI). The mixture was stirred at room
temperature for 24 h. Conversion of aldehydes to oximes (C = N-OH) (Figure 8) was followed
by titration of the liberated HCI with 0.1123 mol/L. NaOH solution previously standardized with
potassium biftalate. The change in pH with the volume of NaOH added was recorded. The
number of moles of NaOH consumed is equivalent to the number of moles of aldehydes present
in the sample. The volume of NaOH at the equivalence point was found by the second derivative

of the titration curve. All determinations were done in triplicate.

The chemical equations 1-3 represent the reactions involved in the oxidation,
titration and neutralization process. (1) oxidation of GM with NalOs, (2) reaction of OxGM

with NH>OH-HCI, (3) neutralization of released HCI.
GMaq) + NalO4(aq) = GM-(CHO)x (aq) (D)
GM-(CHO); (aq) + nH2N-OH- HCl(aq) — GM-(CH=N-OH),, (aq) + nH20 + nHCI (aq) 2)

HCl(aq) + NaOH(aq) — NaClg) + H20q) 3)
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Figure 8 - Reaction between oxidized galactomannan and hydroxylamine hydrochloride
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The equation (4) was used to calculate the degree of oxidation (Yan et al., 2014):

Oxidation degree = (162-V-c-10%)/2m x 100 % @

where V is the volume of NaOH solution consumed, in mL; c is the concentration of the NaOH
solution in mol/L; m is the mass of GM-CHO, in grams; and 162 is the molar mass of the

monosaccharide repeat unit (mannose and galactose) in g/mol.

3.5 Purification of chitosan

Chitosan was purified according to methodology described by Benamer, 2012, with
some modifications. The chitosan was initially selected in a 100 mesh screen. 5.0 g of chitosan
were dissolved in 500 mL of 2% (v/v) acetic acid and left under stirring for 24 h for complete
dissolution. The solution was then centrifuged (15 min, 4500 rpm), filtered through sintered
plate funnel N° 3 and then boiled for 15 min to denature and precipitate the proteins. The
mixture was again centrifuged (15 min, 4500 rpm). The supernatant was removed and filtered
through sintered plate funnel N° 3. The pH of the solution was adjusted to 10 with 1 mol/L
NaOH to precipitate the chitosan from the aqueous phase. The chitosan precipitate was
recovered by centrifugation and washed with deionized water to remove excess NaOH until the
pH and conductivity values reached the pure water values. Chitosan was dried by lyophilization.

The product was coded as chitosan.

3.6 Synthesis of N-succinyl chitosan

N-succinyl chitosan was synthesized according to methodology reported by Bashir
et al, 2017, with some modifications. The purified chitosan (1.0 g) was placed in a 100 mL
round bottom flask, dispersed with 500 mL of acetic acid solution (5.0% v/v) and kept under
magnetic stirring at 60 °C for 45 min in a glycerin bath. Then, methanol (50 mL, 1.23 mol) was

added to the mixture. Subsequently, the succinic anhydride (3.5 g, 0.025 mol) was dissolved in
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30 mL of acetone and mixed with chitosan solution. The reaction was run for 48 h at 50 °C.
After 48 h, the pH of the mixture was adjusted to 12 with a 1.0 mol/LL NaOH solution and a
clear solution was formed. Thereafter, the mixture was kept at room temperature for 24 hours.
The final product was precipitated by the addition of ethanol (95%). The precipitate was
isolated by centrifugation (5 min, 6000 rpm) and then washed several times with ethanol and
acetone on a sintered plate funnel (N° 4) to remove these excesses of reagents. The derivative
was dried at 70 °C in an oven for 3 h, stored at room temperature and coded as N-succinyl

chitosan (NSC).

3.7 Characterization of oxidized galactomannan and N-succinyl chitosan

OxGM and NSC were characterized by Nuclear Magnetic Resonance (NMR) and
Fourier Transform Infrared Spectroscopy (FTIR). NMR analyses were performed on a Bruker
Avance DRXS500 spectrometer (70°C, resonance frequencies 500 MHz to 1H). Samples
(UnGM, OxGM and NSC) were dissolved in 600 puL of D20, followed by stirring for 24 h.
Unmodified chitosan was dissolved in a mixture of 550 pL of D2O and 50 pL of DCI. The
solutions were transferred to 5 mm resonance tube. Sodium 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS) was used as the internal standard for chemical displacement. The spectra were
treated with the BRUKER topspin software version 1.3. The FTIR spectra of the samples were
determined using a Fourier Transform infrared spectrometer (IR trace-100) between 4000 and
400 cm!. Samples were prepared in KBr pellets. OxGM also had the molar mass distribution
determined by gel permeation chromatography on Shimadzu LC-20AD equipment coupled to
a refractive index detector (RID-10A). To perform the analysis a linear Polysep column
(300x7.8 mm) was used with 0.1 mol/L. NaNOs3(.q) as the eluent. The measurements are made

at 30 °C and flow rate is 1 mL/min. The injected volume of the samples was 50 pL.

3.8 Purification of chitin and preparation of chitin nanocrystals

The procedure for chitin purification and nanocrystals extraction was performed
according to the methodology described by Paillet and Dufresne, 2001 with minor
modifications. Before starting the purification process, the chitin flakes were crushed into a
blender and then selected with a 35 mesh sieve. The obtained powder (10.0 g) was placed in a
round bottom flask, KOH (5.0% w/v, 300 mL) was added, and the mixture was heated under
stirring (100°C, 6 h) in a sand bath. The suspension was then kept at room temperature overnight
under stirring, subsequently filtered through a sintered plate funnel (N° 3) and washed with

distilled water. The chitin was then bleached with H>O2 (300 mL, 1.5% v/v) for 6 h at 80 °C.
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The bleach solution was changed every two hours, followed by washing of the sample with
distilled water. After bleaching, the suspension was maintained in a solution of KOH (5.0%
w/v, 300 mL) for 48 h at room temperature to remove the residual proteins. The resulting

suspension was washed with distilled water to remove excess KOH.

The purified chitin powder (10.0 g) was subjected to hydrolysis with HCI (3.0
mol/L, 6 h, 105 °C) under stirring in a round bottom flask. The ratio of HCI solution to chitin
was 30 mL/g. After acid hydrolysis, the reaction was quenched by the addition of 1.0 L of
deionized water and the suspension was allowed to decant overnight. The clear supernatant was
discarded, and the remaining chitin suspension centrifuged (10 min, 6000 rpm) three times.
After each, the supernatant was discarded, and the bottom body redisperse in deionized water.
A glass rod was used to homogenize large aggregates. Then, the suspension of chitin
nanocrystals was dialyzed against distilled water for 72 h. The nanocrystalline aggregates were
removed by filtration through N° 2 sintered plate funnel. The dispersion concentration was
determined gravimetrically by drying the samples at 70 °C until a constant mass was obtained.

The suspension was stored at 4 °C for posterior use.

3.9 Characterization of chitin nanocrystals

The chitin nanocrystals were characterized by FTIR, mean particle size and Zeta
potential ({). The FTIR spectra of the samples were determined using a Fourier Transform
Infrared Spectrometer (FTIR) (IR trace-100), between 4000 and 400 cm™. The zeta potential
(©) of the CNC suspensions (1x107* % w/v) was measured using a Nano ZetaSizer (Malvern,

Model ZS 3600). Prior to determination, the samples were kept under stirring.

3.10 Preparation of hydrogels

Suspensions of chitin nanocrystals in concentrations ranging from 0.2 to 1.0% (w /
v) were prepared by diluting the stock solution. The NSC was dissolved into nanocrystals
suspension at 3% (w/v) concentration under stirring for 24 h at 50 °C. The OxGM was dissolved
in distilled water (30 min, 50 °C) to prepare a 3% (w/v) solution. The solutions of OxGM and
NSC + CNC were mixed in a ratio of 1:1 (v/v) in a 24-well plate. Hydrogels without CNC were
prepared in a similar manner, except that the NSC was dissolved directly in distilled water.
When necessary, the resulting hydrogels were frozen in ultrafreezer and then lyophilized for

48 h for further analysis. Table 1 shows the composition of the hydrogels produced.
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Table 1 - Composition of hydrogels.

30xGM (w/v %) PNSC (w/v %) ¢CNC (w/v)
3 0
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?0Oxidized galactomannan
® N-succinyl chitosan

“Chitin nanocrystals

3.11 Characterization of hydrogels

3.11.1 FTIR

The hydrogels were frozen in ultra-freezer and then lyophilized for 48 h. The
hydrogels were powdered in a mortar with a little liquid N> and mixed with KBr to prepare the
pellets. The FTIR spectra of the samples were determined using a Fourier Transform Infrared

Spectrometer (FTIR) (IR trace-100) between 4000 and 400 cm’.

3.11.2 Porosity

The porosity of the hydrogels was measured by the liquid displacement method
described by Sarker et al., 2016. Hydrogels prepared in 24-well plates were lyophilized,
immersed in absolute ethanol, and centrifuged for 10 min at 1200 rpm to facilitate ethanol
penetration because the hydrogels float in absolute ethanol. After centrifugation, excess ethanol
from the surface of the hydrogels was removed with a filter paper and the hydrogel was
weighted. The hydrogels were then held in ethanol and their weight measured at regular
intervals until the weight became constant. At this time, it was assumed that the pores of the
hydrogels were saturated with ethanol. The porosity of the hydrogels was calculated from the

equation:

Porosity (%) = (W2—W1)/pV X 100 &)
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where W1 and W» are the weight of lyophilized hydrogels before and after immersion in
absolute ethanol, respectively; p is the absolute ethanol density and V is the volume of the

hydrogel.

3.11.3 Scanning electron microscopy

The porous structure of the hydrogels was examined by scanning electron
microscopy. The hydrogels were prepared in a 96-well plate, allowed to cure for 48 h, frozen
in ultra-cold and lyophilized at -40 ° C for 48 h to remove water from the internal structure. The
lyophilized hydrogels were cut with a scalpel blade, placed on the stub, and coated with a thin
layer of gold. The morphology of the hydrogels was visualized in a Quanta FEG FEI-450

equipment.

3.11.4 Swelling

The degree of swelling of the hydrogels was determined gravimetrically at room
temperature. The hydrogels were prepared in 24-well plates, allowed to cure for 48 h and then
weighed. Subsequently, they were immersed in PBS solution (pH = 7.4) and water, and at
predetermined time intervals, were removed and weighed. The degree of swelling (DS) was

calculated by equation 5:
DS = (Ws-Wd)/Wd x 100% 6)

where Wd and Ws represent the weight of dry and swollen gels, respectively. The experiments

were performed in triplicate.

3.11.5 In vitro injectability

The injectability assay was performed by mixing the two solutions (OxGM and
NSC), with or without CNC, into a 1 mL syringe with a cannula 26G (0,45x13mm). The
solutions were mixed by inverting the syringe and after 2 min were injected onto a Petri dish.

Additionally, we analyzed the ability of precursors to fill spaces with different shapes.

3.11.6 Dynamic Mechanical Analysis

Hydrogels (average diameter = 9 mm, height = 18 mm) were prepared in 3 mL
syringes and analyzed in DMA25 METRAVIB at 37 °C. The syringe nozzle was removed and
the solutions (750 pL of OxGM + 750 uL of NSC with or without CNC) were pipetted into it
and homogenized by aspiration and dispensing of the mixture several times. The hydrogels
were allowed to stand for 48 h to ensure complete crosslinking process. The hydrogels were

subjected to a uniaxial compression test up to 5% deformation (0.02 mm/s) from the initial
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height. The compression modulus was calculated from the inclination in the linear region of the

stress/strain curve. The assays were performed in triplicate.

3.11.7 Gelation time

The gelation time was determined rheologically through the intersection between
the storage module (G') and the loss modulus (G"). The two solutions were added in the lower
plate of the rheometer and the evolution of G' and G" was evaluated. The point at which G' and

G" intersect (crossover) was defined as the time of gelling.

3.11.8 In vitro drug release assay

Bovine serum albumin (BSA) was incorporated into hydrogels (with and without
nanocrystals) to investigate their release profile. The BSA was dissolved in the NSC solution
with stirring for 24 h. Then, the OxGM and NSC + BSA solutions were mixed inside syringes
(3 mL) to obtain cylindrical specimens. The hydrogels were left to rest for another 24 to ensure
complete gelation. The phosphate buffered saline (PBS) was used as a release medium to
simulate physiological conditions. For the release test the hydrogels were placed in 50 mL of
PBS buffer and taken to an incubator (37 ° C, 100 rpm). Aliquots (3 mL) were removed from
the medium at pre-established time intervals for reading on the UV-Vis and then this volume
was replaced by another 3 mL of new buffer. The wavelength used to quantify the BSA was

280 nm. Figure 9 presents calibration curve used to determine the amount of BSA released.

Figure 9 - Calibration curve used to determine BSA released
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3.11.9 Cell viability

The cell viability was measured by the indirect method, where it evaluates the

cytotoxicity through contact of the cells with the extracts obtained from the samples. To prepare
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the extracts, initially, the hydrogels were cut to 1 cm in length and sterilized by UV radiation.
The samples were then aseptically placed in 24-well plates, 1 mL of the supplemented DMEM
culture medium (10% SFB and 1% penicillin/streptomycin) were added and incubated at 37 °C
for 24 h according to the International Organization for Standardization, 10993-5 (2009). After

the incubation period, the obtained extracts were collected and stored in Falcon tubes.

For the cell viability test, 100 pL of the 1929 fibroblast cell media solution, with
cell density of 6,000 cells/well, was seeded into 96-well plates. The plates were then incubated
at 37 °C for 24 h. After this period, the cells adhere to the bottom of the well forming a cell
monolayer. The cell solution was removed from the wells, added 100 pL of the extracts obtained
from each sample and incubated at 37 °C for 24 h. After this time the extracts were removed
from the wells and 150 puL of a 10% (v/v) solution of resazurin prepared in supplemented
DMEM was added. This resazurin solution, commercially known as Alamar Blue, is widely
used as an indicator of cell viability in many proliferation and cytotoxicity assays. The control
group was made by exposing the 1.929 fibroblast cells only to the supplemented DMEM culture
medium. Finally, the plates were incubated for 4 hours at 37 °C. This is the time required for
the reduction of resazurin (blue/violet) to resorufin (fluorescent pink). After this period, 100 pL
of each well was homogenized, collected and transferred to a new 96-well plate, where
fluorescence readings were performed with 560 nm excitation and emission at 590 nm in a
BioRad Model 540 ELISA spectrophotometer. Percentage of viable cells was calculated using
the equation 7. The viability of the cells of the control group was adjusted to 100% for the

calculation of mean values and standard deviation.

Cell viability (%) = (F sample/ F control group) x 100 (7
Where:
F sample - Fluorescence corresponding to a well containing sample;

F control group - Fluorescence corresponding to a well containing cells exposed only to the

DMEM culture medium supplemented.
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4 RESULTS AND DISCUSSION
4.1 Characterization of UnGM and OxGM

Periodate oxidation is a well-established procedure toward preparation of
dialdehyde polysaccharides. These derivatives are commonly used to biomedical applications
acting as crosslinking agent to proteins (collagen, gelatin, silk), synthetic or natural polymers
functionalized with amine group (hydrazide-functionalized poly(N-isopropylacrylamide-co-
acrylic acid), carboxymethyl cellulose-g-adipic dihydrazide) and natural occurring aminated
polysaccharides (chitosan and partially deacetylated chitin) (SARKER et al.,, 2016;
PATENAUDE and HOARE, 2012; WEI et al., 2015). Among the biomaterials produced using
dialdehyde polysaccharides as a precursor there are sponges, wound dressing, preformed
hydrogels, bioink for 3D bioprinting, microcapsules, films among others (REAKASAME and
BOCCACCINI, 2018).

There is still a very small number of papers researching the use of dialdehyde
prepared from galactomannan to produce injectable hydrogels. To better understand how and
what is the role of dialdehyde galactomannan in the process of gelification we chosen it as the

crosslinking agent.

During the oxidation with sodium periodate, the carbon-carbon bond between
adjacent hydroxyl groups is cleaved opening the monosaccharide ring to get the dialdehyde
derivative (Figure 10). Consequently, the backbone of the polysaccharide can move more
freely in solution, thanks to a greater degree of freedom of rotation (GOMEZ; RINAUDO;
VILLAR, 2007). The position of aldehyde groups varies according to the pattern of linkage of
the units that form the polysaccharide. In the case of galactomannan, only the secondary
hydroxyl groups are converted to aldehyde (C2, C4 of galactose unit and C2, C3 of mannose
unit). Carbon at the C3 position in galactose is expelled as acid formic leading to decrease in
the pH solution. As the hydroxyl present in C6 (in galactose and the non-substituted mannose
units) is primary, it cannot be oxidized by sodium periodate, but in the presence of TEMPO

(2,2,6,6-Tetramethyl-1-piperidinyloxy) it can be oxidized to carboxyl groups.
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Figure 10 - Representation of oxidation reaction of galactomannan. The arrows (—) indicate
the bonds cleaved to form the aldehyde groups
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The mechanism for this reaction involves the formation of a 5-membered
intermediate cyclic iodate ester (step 4 in Figure 11) followed by simultaneous binding
cleavage to generate aldehyde groups (step 5 in Figure 11) (VARGHESE et al., 2013).
Structural characteristics that retard the rate of formation of the cyclic intermediate slow down
the reaction (CAREY; SUNDBERG, 2007). Therefore, to occur oxidation of vicinal diols, the
OH groups must be oriented in an equatorial-equatorial or axial-equatorial position. Vicinal OH
groups in a rigid trans-diaxial position cannot react with the ion periodate, because formation
of the intermediate complex is hindered by the far distance between the OH groups

(KRISTIANSEN; POTTHAST; CHRISTENSEN, 2010).

Figure 11 - Mechanism of the oxidation reaction between a unit of galactose and sodium

periodate
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After the oxidation reaction, OXGM showed a decrease in its solubility in water and
PBS. We hypothesize that is due to the decrease of the hydroxyl content over the backbone
(number of hydroxyl before/after the oxidation = unsubstituted mannose: 3/1; mannose
substituted: 2/0), which resulted in a lower hydrophilicity. During the reaction, -OH are
converted to -CHO and this groups does not interact so well with water. While the OH can

interact by hydrogen bond and dipole-dipole, the -CHO use only dipole-dipole force.

The degree of oxidation was defined as the number of units modified per 100
monosaccharide units and considering two aldehyde groups per unit modified. There are some
methods described in the literature for determining the degree of oxidation, but two of them are
more relevant: complex formation with tert-butyl carbazate followed by hydrogen NMR
analysis and a titration method that employs hydroxylamine hydrochloride. The titration
method involves a nucleophilic attack of the hydroxylamine nitrogen to the carbonyl carbon of
oxidized derivatives leading to the formation of a polyoxime derivative (C=N-OH) with the
release of one molecule of water and other of HCI. The degree of oxidation determined based
on titration curve was 40.3%. This value is slightly lower than the theoretical value (50 %), that
can be explained by the incomplete consumption of NalO4. In general, this decrease is common
and has been reported in several studies involving oxidized polysaccharides (AMER et al.,
2016).

FTIR was carried out to confirm the oxidation performed by sodium periodate
(Figure 12). As expected, there is not too many differences between the spectra. This is a widely
well-known characteristic for dialdehyde polysaccharides. It is possible to verify the
appearance of a band at 1723 cm™!, related to C=0 symmetric vibration of aldehyde in free
form, an indicative of the functionalization of GM. One justification that may explain the low
intensity of the free aldehyde band is to the formation of different equilibrium structures, among
which are hemiacetals (MAIA et al., 2005; ZHANG et al., 2017) (Figure 13). These structures
decrease the content of carbonyl and mask your sign. The band at 875 cm™ can be correlated to

the C—O—C bridges from hemiacetals (MUNSTER et al., 2017).
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Figure 12 - FTIR spectrum of unmodified galactomannan and oxidized galactomannan
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Figure 13 - Structural possibilities for the glycosidic units of the oxidized galactomannan. (I)

free aldehyde, (II) intramolecular hemiacetal, (III) hemialdal, (IV) hydrated aldehydes and
(V) intermolecular hemiacetal
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Source: Adapted from Sirvio et al., 2014 and Plappert et al, 2018.

GPC analysis was performed to understand the effect of the oxidation reaction on
the GM chain. In Figure 14 is possible to see a band shift of the oxidized derivative to a higher
elution volume as compared to the UnGM. This increase is indicative of the decrease in the

peak molar mass. The oxidation reaction led to the breakdown of some glycosidic bonds.
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Polysaccharides in the dialdehyde form are hydrolyzed more easily than the unmodified and
small amounts of acid can cleave the B-(1—4) glycosidic linkage between the units. This type

of observation is common for dialdehyde polysaccharides (AMER et al., 2016).

Figure 14 - Chromatogram of unmodified galactomannan and oxidized galactomannan
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Figure 15a shows the 'H NMR spectrum for Delonix regia unmodified

galactomannan. In the anomeric region two distinct signals are observed. The signal at 5.02
ppm corresponds to the H-1 of the a-D-galactopyranose ring, and the signal at 4.73 ppm
corresponds to the H-1 of the B-D-mannopyranose ring. The mannose/galactose ratio was

obtained by integrating these areas, obtaining a value of 2.7.

Figure 15 - 1H NMR spectrum of a) unmodified galactomannan and b) oxidized
galactomannan

b)

T T T T T T T T T B 1
6.5 6.0 55 5.0 45 4.0 35 3.0 25 ppm

a)

............................................



42

With the oxidation it is possible to observe the appearance of a 5.6 ppm peak that
can be attributed to hemiacetal formation (Figure 15b). The appearance of new peaks between
4.5 and 5.6 ppm is also related to the formation of different hemiacetallic structures (MAIA et

al., 2005).

4.2 Characterization of CT and NSC

The graft of chitosan with acrylic monomers (QU et al., 2017), quaternization (Ren
et al., 2017) and acylation (HUANG et al., 2016) are proposed in literature as an alternative to
improve the solubility of chitosan in aqueous medium. Here we utilized the succinylation. N-
succinyl chitosan (NSC) was obtained via ring-opening reaction with succinic anhydride in

homogeneous environment.

The derivative NSC have been applied to various biomedicals fields such as
encapsulation of drugs (XING et al., 2019), prevention of postoperative peritoneal adhesions

(MITSUHASHI et al., 2019), drug release (BASHIR et al.,2017).

This reaction takes places by a nucleophilic attack of primary amine from
glucosamine unit of chitosan to carbonyl carbon of the succinic anhydride (interaction
HOMO—LUMO). As oxygen from hydroxyl groups have nucleophilic character, the O-
substituted derivative also can be formed. Nevertheless, we believed that the N-substituted
derivative is preferentially produced, because the electrons from nitrogen are more available
than the oxygen. After processed the reaction, pH wad adjusted to precipitate the NSC and
obtain it in salt form (COO™Na™) that interact more strongly with water. The Figure 16 shows

a representation of the reaction.

Figure 16 - Succinylation reaction between glucosamine unit of chitosan and succinic

anhydride
0
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We performed a qualitative test to try to understand the effect of the modification
on the macroscopic properties of the derivative. From Figure 17, the macroscopic appearance
of the NSC solution can be compared to unmodified chitosan (both 3.0% w/v) at different pH
values. It is possible to verify that the modification was efficient in increasing the pH range at
which the derivative can be solubilized (pH = 5.5 - 13), whereas unmodified chitosan was
soluble in acid pH (pH = 3). This happens due to the presence of the carboxylate groups that
act both to stabilize the solution through electrostatic repulsions and to increase the

hydrophilicity of the derivative by establishing hydrogen bonds.

Figure 17 - Macroscopic aspect of the solutions of a) chitosan and b) N-succinyl chitosan (3%
w/v) at different pH values (pHs: 3, 5.5, 7.4 and 13)

HCLpH3  H,0,pHS55 PBS,pH7.4 KOH,pH 13

Analysis of FTIR was made to evaluate the effect of graft of succinic anhydride
onto the structure of chitosan (Figure 18). In the spectrum of chitosan, characteristic bands of
amide I at 1656 cm™ (C=O0 stretching) and amide II at 1597 (-NH, bending) are observed. The
bands at 2919 and 2876 cm™! are assigned to asymmetric and symmetric stretching of C-H,
respectively. Typical bands of polysaccharide are observed at 1155 cm™ (C-O-C stretching),
1075 and 1033 cm! (both related to vibration involving C-O stretching). After modification, a
slight increase in intensity of the band referent to stretching of C-H was observed, probably due
to the insertion of the methylene groups of the succinic anhydride (-NH — CO — CH2— CH2—

COQ). Also, it is verified a strong increase in the amide I band absorbance, caused by the
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presence of COO™ group from succinic anhydride. The new band at 1400 cm™, is attributed to
symmetrical stretching of COO™ succinyl group. The absence of a band in the range 1710-1760
cm’! which refers to the signal of O-acyl ester groups, indicates that the succinyl group was

highly selective to the amide group of glucosamine unit (BASHIR et al., 2017; LIN et al., 2011).

Figure 18 - FTIR spectrum of chitosan and N-succinyl chitosan
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The Figure 19a and Figure 19b present NMR spectra for chitosan and NSC. The
chitosan has signals at chemical shifts of 2.01 ppm, that are corresponding to protons of the

acetyl group from the acetylated unit.

Figure 19 - '"H NMR spectrum of a) chitosan and b) N-succinyl chitosan
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The peak at 3.2 ppm is related to the anomeric protons of glucosamine unit, and the
signals in the region of 3.4 to 4.0 ppm are assigned to the non-anomeric protons of the chitosan
backbone (TANG et al, 2016). After the reaction we can see new signals in the region between
2.4-2.6 that can be assigned to the methylene groups (—-NH — CO — CHz2 — CHz2 — COO") of

succinic anhydrides.

4.3 Characterization of chitin and CNC

Chitin is a semi crystalline polysaccharide where the chains are organized in sheets
that are strongly held together by intra- and intermolecular hydrogen bonds between adjacent
saccharide units (RINAUDO, 2006). Chitin flakes were hydrolyzed with a concentrated acid
solution to remove amorphous region and isolate the nanocrystals as water-insoluble rod-like
particles (Figure 20). Disordered domains are dissolved in the acid because they are more
susceptible to hydrolysis and domains of high crystallinity continue intact in solution (ZENG

et al., 2012). The suspension of chitin nanocrystals had a milky appearance (Figure 21).

Figure 20 - Schematic representation of the obtaining process of the chitin nanocrystals from

chitin flakes
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Figure 21 - Aspect of chitin nanocrystal suspension
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The analyses of Zeta potential ({ =+ 55.9 £ 10 mV) shows that the suspension has
positive charge when in water. This behavior is due to the protonation of primary amino groups
on the surface of nanocrystals to give -NH3™. The NH> group was probably generated by
deacetylation during the purification step. These positive charges contribute for stabilization of
the suspension by electrostatic repulsion among the charged particles. This effect also is
observed when cellulose nanocrystals are extracted from some cellulosic source. However, in
the case of cellulose the charges are negative due the H>SO4 used that attach some -SOs3” groups
on surface of the crystals. The high value of the zeta potential (in module), led to the more

stable suspension and prevents aggregation of nanoparticles.

FTIR spectra of the chitin powder and CNC are displayed in Figure 22. In CNC
spectrum we can bands related to amide I (stretching C=0, at 1661 and 1622 cm™), amide II
(stretching C-N combined C-N-H bend, at 1558 cm™') and amide III (stretching C-N combined
C-N-H bend, at 1314) (LI et al., 2018). After inspecting the spectrum, it is possible to verify
that it still presents bands characteristic of an a -chitin. The CNC has more sharp bands as result

of high crystallinity.

Figure 22 - FTIR of chitin powder and CNC
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In Figure 23 it is possible to observe the size distribution of CNCs in water. There

are two distinct populations, the majority being 444 nm in size. It is noteworthy that the size

determination made by DLS considers the particles as spherical and uses the hydrodynamic
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radius of the particle. This causes deviations between measured and real value because

hydration water molecules can make the material larger than it actually are.

Figure 23 - Distribution of the particle size of the chitin nanocrystals
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From the AFM analysis it was possible to determine the morphology and size of
CNCs. Generally, the process to obtain the chitin, with at least one dimension on the nanometer
scale, is made by using high-pressure homogenization (microfluidization), strong inorganic
acids or by selective oxidation of primary alcohol groups in the presence of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) radical followed by mechanical disintegration (YANG
et al., 2020). Between these, the more common and widely used is that apply solutions of strong
inorganic acid, like HCI or H2SO4, which removes the amorphous domain (deacetylated units).
The crystalline domain is isolated at nanoscale and is generally known as nanocrystal,

nanowhiskers or just as whisker (ZENG et al., 2012).

It is important to differentiate between nanocrystals and nanofibers. While to
produce nanofibers are generally applied physical methods to disintegrate fibers, like
ultrasonication, microfluidization or high-speed blending, nanocrystals pass through a chemical
harsh process that consumes regions of high disorder (amorphous domain) and highly organized
regions (crystalline domain) are isolated on the nanometric scale (LARBI et al., 2018; JIN et

al., 2021). This differentiation is valid for both cellulose and chitin.
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In terms of shape and size, nanocrystals are described as stretched structures in
which the width it is smaller than length, generally in nanoscale. The dimensions of
nanocrystals vary greatly according to the acid concentration and reaction time used in their
extraction. In case of nanofibers the width is nanoscale, and the length is much higher, usually
reaching micron size (JIN et al., 2021) (Figure 24). The morphology was predominantly rod-
shaped with a uniform distribution with length 789 + 0.07 nm and diameter 237 + 0.04 nm. This
is equivalent to an aspect ratio of about 3.3. The shape observed is like that described in the
literature (ZENG., 2012). It is noteworthy that the morphology can vary greatly based on the

method and extraction conditions used.

Generally, the process to obtain the chitin, with at least one dimension on the
nanometer scale, is made by using high-pressure homogenization (microfluidization), strong
inorganic acids or by selective oxidation of primary alcohol groups in the presence of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) radical followed by mechanical disintegration (YANG
et al., 2020). Between these, the more common and widely used is that apply solutions of strong
inorganic acid, like HCI or H>2SO4, which removes the amorphous domain (deacetylated units).
The crystalline domain is isolated at nanoscale and is generally known as nanocrystal,
nanowhiskers or just as whisker (ZENG et al., 2012).

It 1s important to differentiate between nanocrystals and nanofibers. While to
produce nanofibers are generally applied physical methods to disintegrate fibers, like
ultrasonication, microfluidization or high-speed blending, nanocrystals pass through a chemical
harsh process that consumes regions of high disorder (amorphous domain) and highly organized
regions (crystalline domain) are isolated on the nanometric scale (LARBI et al., 2018; JIN et
al., 2021). This differentiation is valid for both cellulose and chitin.

In terms of shape and size, nanocrystals are described as stretched structures in
which the width it is smaller than length, generally in nanoscale. The dimensions of
nanocrystals vary greatly according to the acid concentration and reaction time used in their
extraction. In case of nanofibers the width is nanoscale, and the length is much higher, usually

reaching micron size (JIN et al., 2021).
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Figure 24 — AFM for chitin nanocrystals
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Figure 25 shows the CNC suspension between polarized light filters. This
experiment aims to visualize the birefringent character of the suspension. In the first image we
have the suspension without shaking and then under the effect of it. Birefringence can be
considered as a criterion to determine the anisotropic nature of a particular material, in addition

to being a strong indicator of good dispersibility and the presence of nanocrystals in solution.

Figure 25 - Birefringence of nanocrystal suspension a) without and b) under shaking

The CNC suspension has some viscosity associated that increase with the
concentration. The same effect can be observed for nanocrystals and nanofibers prepared from
cellulose. Figure 26 show the effect of three different concentrations over the viscosity of CNC.
The viscosity in 3% suspension is almost twice that presented in 1%. This effect is due to the

sum of the forces of the hydrogen bonds between the hydroxyl groups present on the surfaces
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of the nanocrystals. In fact, suspensions of nanocrystals and nanofibers in concentration upper

10-15% w/v present a semi-solid like (LIU et al., 2018b).

Figure 26 - Effect of concentration over the dispersion of chitin nanocrystals
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In the Figure 27 is possible see how the presence of different percentage of CNC
affected the viscosity of NSC solution. As demonstrated, the higher the percentage of CNC
present in the NSC solution, the higher the viscosity observed. In fact, to CNC 0.8 and 1.0%
suspension they formed a solution that had a like gel aspect. Despite the increase in viscosity

the solutions were fluid and could be pipetted to prepare the hydrogels.

A low viscosity of the precursor solutions can facilitate the use of the hydrogel for
a greater number of potential clinical applications since it can be administered with a high
caliber like 18 G or even smaller caliber like 33 G (PATENAUDE, SMEETS and HOARE.,
2014).
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Figure 27 - Effect of CNC concentration over viscosity of the N-succinyl chitosan
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4.4 Characterization of the hydrogels

Hydrogels were prepared by the combination of OxGM + NSC or OxGM + (NSC
+ CNC) solutions. As is known, injectable hydrogels based only in soluble natural polymers
suffers with the lack of stiffness. The incorporation of rigid organic nanoparticles, chitin
nanocrystals, into hydrogel matrix was a manner to try improving the mechanical properties by
creation of a composite material. The choice of chitin nanocrystals lies in their biocompatible
properties, renewable nature, and mainly by the fact that are only few papers that report
utilization of nanocrystals as reinforcement agent to injectable hydrogels (DE FRANCE et al.,
2016; LIU et al., 2018; SILVA et al., 2018; WANG; CHEN; CHEN, 2017), with the majority

of papers using cellulose nanocrystals and not chitin.

As mentioned before, there are a great variety of ways of how two or more polymers
can be combined to produce a biomaterial. Nevertheless, a quick search in literature reveal that
Schiff base reaction is probably the most widely used approach to induce the chemical
crosslinking in injectable hydrogel. Although there is a wide range of options available, schiff-
based crosslinking is generally chosen due the mild reaction conditions, to be processed at room

temperature and to takes place in non-organics solvents.
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4.4.1 Macroscopic characteristics of hydrogels and gelation mechanism

In Figure 28, is verified the difference in tonality in the hydrogels without and with
the presence of CNCs prepared in a 24-well plate. The hydrogel without CNCs showed a slight
yellowish coloration due to the solution of chitosan and formation of Schiff bases. In the other
hydrogels, this visualization is hampered by the presence of CNCs. It is possible to observe still
that with the increase of CNC percentage in the hydrogels there was a change of coloration of
slightly yellowish to opaque white. This increase in opacity is not an unexpected behavior since
the CNC suspensions themselves became less and less translucent as their concentration

increased.

Figure 28 - Macroscopic aspect of NSC-OxGM hydrogel with different concentrations of
CNC

The transparency of structures reinforced with polysaccharide nanocrystals
(cellulose and chitin) depends basically on the amount of filler added (concentration) and the
thickness of the material in question (SHEN et al., 2016). For example, PLAPPERT et al., 2018,
produced dialdehyde cellulose films, reinforced with 7.2% (w/v) cellulose nanocrystals, with a
thickness of ~ 100 um, which exhibited 90% light transmittance. Already HUANG et al., 2015,
working with sodium alginate hydrogels reticulated with CaCl, and reinforced with chitin
nanocrystals, obtained increasingly opaque hydrogels as the percentage of nanocrystals

increased.

Regardless of the color change, the reinforced hydrogels obtained in this work
appeared to have a homogeneous distribution, with no evident aggregation point of CNC:s. It is
noteworthy that as the CNC content increased, the hydrogels became visibly stronger, which

could be translated by their ease of handling (Figure 29).
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Figure 29 - Macroscopic aspect of the NSC-OxGM hydrogel containing 1% CNC

Formation of the hydrogel network, in other words, the gelling mechanism, from
the precursor solution involves the development of cross-links between the aldehyde groups
from OxGM and the remaining amine groups from NSC (not all amine groups are substituted
by succinic anhydride), leading to formation of Schiff base (-C=N-) (Figure 30). Since CNCs
do not have groups that can chemically interact with the matrix, we imagine that they were
physically trapped and dispersed throughout the whole matrix, probably by establishing
hydrogen bonds with the hydroxyl groups of the adjacent chains, acting as a filler to create a

more resilient material.

Figure 30 - Reaction scheme showing the crosslinking process of the hydrogels
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The formation of Schiff base reaction is based on a six-step mechanism where the
first three steps lead to formation of an intermediate know as carbinolamine and in the three
next steps occur the conversion of carbinolamine to an imine as the final product (Figure 31).
The first step led to protonation of the carbonyl compound that increase it electrophilic

character. Following, a primary amine act as a nucleophile and attack the carbonyl carbon
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forming a tetrahedral intermediate. The previous intermediate is deprotonated to form the
carbinolamine. Then the OH group is protonated converting it into a good leaving group.
Simultaneously, the exit of a water molecule is formed a double bond C=N. The last stage
involves the deprotonation of the intermediate with the subsequent formation of the imine

(KLEIN, 2016).

Figure 31 - Mechanism involved during the formation of Schiff base between a primary amine
and carbonyl compound that can be either an aldehyde or a ketone
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4.4.2 FTIR

Figure 32 presented the FTIR spectrum of the hydrogels compared to CNC. As the
difference in term of CNC percentage between the hydrogels is low, all the spectras present
very similar bands, with few differences between them. It is possible see that hydrogels have
characteristics band of CNC and NSC at 1658 and 1561 cm™!, respectively. It is possible to see
the higher the percentage of CNC in the hydrogel, the greater the degree of similarity with the
spectrum of the nanocrystals with the sharpest bands between 1000 and 1500 cm™'. It is still
possible to verify a band at 3270 cm!, associated with the N-H stretching that is more prominent
for the gels with higher CNC content. This indicates the incorporation of fillers in the matrix of
hydrogel. It is not possible to see the band referring to the Schiff base, indicative of the
reticulation reaction. This is because it is in the region of 1665 cm™ and so it is masked by the

presence of other bands.
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Figure 32 - FTIR spectrum of hydrogels with and without the addition of chitin nanocrystals
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4.4.3 Porosity

According to KARAGEORGIOU and KAPLAN, 2005, porosity is defined as the
percentage of empty space in a solid. It is of fundamental importance in the design of
biomaterials for cell culture, since highly interconnected and highly organized porous networks
facilitate the transit of nutrients, gases and components secreted by cells (MATHEW et al.,
2018). It was possible to observe that all the hydrogels produced, regardless of the CNC content,
had low values of porosity, between 60 and 77% (Figure 33). There does not seem to be a direct
correlation between the percentage of CNC and the degree of porosity observed. These
relatively low values are important for maintaining the hydrogel structure since porosity is
closely related to mechanical properties. Stiffness decreases as porosity increases (ANNABI et

al., 2010).
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Figure 33 - Percentage of porosity of hydrogels with different CNC contents
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The porous structure of the hydrogels was formed due to the freeze-drying process
which consists of freezing, whereas the ice crystals are formed the solute molecules (such as
polymer molecules, nanoparticles) are expelled to the boundaries between the crystals of
adjacent ice. In the lyophilization step, or drying under high vacuum, the solvent molecules are
sublimated giving rise to void spaces, the pores (HEIMBUCK et al., 2019; YANG et al., 2017)

(Figure 34). The water acted as a "template" for the channels that gave rise to the pores.

Figure 34 - Scheme showing the process of exclusion of solute molecules during freezing
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4.4.4 Scanning Electron Microscopy

The internal morphology of hydrogels and the influence of the introduction of

CNC:s on their structure was evaluated by SEM. Although the freezing-drying technique does
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not reliably translate the structure of hydrogels while hydrated, we can have a sense of its

microstructure. Figure 35 shows the SEM for gels with 0, 0.4 and 1.0% of CNCs.

Figure 35 - Scanning Electron Microscopy of Hydrogels a) without CNC, b) 0.4% CNC and c)
1.0% CNC. Column I shows a magnification of 170 X and column II one of 200 X

500 um 500 um

All the hydrogels evaluated had an interconnected pore structure with different
diameters and shapes distributed in a heterogeneous form. This type of structural organization
is common for hydrogels obtained by lyophilization (LIU et al., 2016; OU et al., 2018;
SARKER et al., 2016). It is possible to verify that with the addition of nanocrystals the porous
structures became more compact, suggesting that the CNCs contributed to the formation of a
denser structure. In fact, the hydrogels with 1.0% of CNC had a mean pore size of 212 pm, with
0.4% of CNC had 377 pm and the hydrogel without CNC had a size of 421 um. Similar results
are reported by DOMINGUES et al., 2015, but they obtained smaller pores and a greater degree
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of pore organization, probably because the cellulose nanocrystals used had dual function and

acted simultaneously as reinforcing agents of crosslinking agents.

According to BRUZAUSKAITE et al., 2016, we can classify the hydrogels
obtained here as having macroporous structures (100 um-1 mm). This type of structure is
important for distribution, migration and secretion of components of the extracellular matrix,

as this rate increases as the pores become larger (ANNABI et al., 2010).

4.4.5 Swelling

The presence of hydrophilic functional groups over the chain of the polymers
allows the absorption of polar liquids as water, PBS buffer and biological fluids. One of the
characteristics that defines hydrogels as promising biomaterials is their water content, or the
degree of swelling. The amount of water or buffer that a hydrogel can absorb/retain in its
structure is defined as swelling (CALIARI; BURDICK, 2016). This characteristic can be used
to estimate its hydrophilicity as well as the density of crosslinks. These bonds between the
adjacent chains of the polymers prevent the dissolution of the hydrogel in the medium even

over relatively long periods of time.

Figures 36 and 37 show the swelling of the hydrogels with and without CNC in
water and PBS, respectively. PBS was used to mimic physiological conditions. The swelling
curves of all hydrogels showed a very similar tendency. The introduction of CNCs led to a small
decrease in the degree of swelling, possibly due to the formation of a more cohesive structure.
CNC:s can interact via hydrogen bonding with the adjacent chains, leading to decrease in the

size of the reticule in which water can enter.

For the swelling performed in PBS, it obtained a degree of swelling about 10-12
times lower than in water. Hydrogels with 0.8 and 1.0% CNC had a lower degree of swelling
than the non-CNC hydrogel, probably due to the large amount of loading that occupied the
pores and prevented the entry of PBS.
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Figure 36 - Swelling of the hydrogels with and without CNC in water at room temperature
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Figure 37 - Swelling of the hydrogels with and without CNC in PBS at room temperature
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Figure 38 shows a comparison of the macroscopic appearance of the swollen
hydrogels in water and in PBS. It is possible to note that the swollen hydrogels in water increase
in volume considerably when compared to those swollen in PBS, corroborating the previous
swelling curves. It is noteworthy that the swollen hydrogels in PBS cannot alter their volume.
This is a noteworthy fact considering that once hydrogels are injected into the site of interest

and fills the environment it would not have additional space to occupy.
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Another point worth highlighting is that when the hydrogels swelled in PBS, they
maintained their physical integrity throughout the study with no visible defects, while the

hydrogels that swelled in water are more fragile, eventually collapsing their structure.

Figure 38 - (A) macroscopic appearance of hydrogels after preparation, (B) hydrogels swollen
in water by 48 h and (C) size difference of swollen hydrogels reinforced with 1.0% CNC in
water and PBS by 48 h
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4.4.6 In vitro injectability

One of the advantages associated with the use of injectable hydrogels is their ability
to easily encapsulate cells and/or drugs in hydrogel precursor solutions (LI; RODRIGUES;
TOMAS, 2012). This characteristic is associated with the fact that the precursors are in the
liquid state and therefore can be administered through a simple injection. The injection
procedure depends on the force applied on the plunger, flow uniformity in the bevel and absence
of clogging in the cannula (CILURZO et al., 2011) (Figure 39). These characteristics define

the injectability of a material.

Figure 39 - Parts of the syringe
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Injectivity of the hydrogels with and without CNCs was evaluated by extruding the
components through the cannula of a 1 mL 26G (0.45x13mm) syringe (Figure 40). This was
only a qualitative experiment to evaluate the extrusability of hydrogels. However, for clinical
applications it is necessary to know the amount of force that should be applied to the plunger
of the syringe. Although the solutions containing the CNCs clearly showed a higher viscosity
as demonstrate previously, the hydrogels prepared from them could easily be injected. The
addition of the CNCs did not compromise the injectability. The hydrogel was able to flow
without breaking the flow and after injected they maintained their non-flowing form on their

own.

In view of the fluid nature of the hydrogels prior to the gelling processor, it can be
inferred that they can be administered in irregularly shaped defects and in hard to reach places.
It is worth mentioning that for routine clinical applications, small-gauge needles are preferred
for reducing site-of-application damage (SAPORITO et al., 2019) and therefore the conditions
used in this work (26 G needle) classify the hydrogels obtained as having good injectability for

possible clinical applications.

Figure 40 - Injection of the hydrogels from syringes of ImL 26G (0.45x13mm) to evaluate its

injectability
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4.4.7 Dynamic Mechanical Analysis

The effect of the CNC addition in the mechanical properties of the hydrogels was
evaluated by dynamic mechanical analysis (DMA). The introduction of nanofillers, especially
those of natural biocompatible origin, such as nanofibers and nanocrystals, is a way to improve
the mechanical properties of hydrogels widely applied nowadays (DOMINGUES; GOMES;
REIS, 2014). In addition to changing mechanical properties, these nanoparticles can also
modify properties such as swelling, injectability, gelation time and in some cases even
biological properties of the hydrogels. According to Hartmann et al., 2019, polymer composites
consist of at least two components: the polymer matrix and the (non) polymer reinforcement.
This approach has the advantage of being able to combine properties to construct a material

with different characteristics of the starting materials (VAGASKA et al., 2010).

Figure 41 presents the stress/strain curve for hydrogels with and without CNCs. It
is possible to observe that all the hydrogels were within their elastic region, not irreversibly
deforming. The deformation of only 5% of the initial length of the samples derives from a
technical limitation (displacement of the equipment ~ 3mm). To determine the compression
modulus (E) of the gels, a tangent line was drawn in the initial region of the curve and the slope
value (E = Ay/Ax) was taken to be equivalent to the compression modulus. The sharper the

slope of the tangent line, the greater the compression module of the hydrogel in question.

Figure 41 - Stress/strain curve for the hydrogels showing their elastic region
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The hypothesis that small amounts of CNCs can reinforce the hydrogel is seen in
Figure 42. When we compare the hydrogels with 0.2 and 0.4% of CNC it is possible to see an
increase of 2.8 and 12.7% in E, indicating that CNCs interact efficiently with the matrix. There
was an improvement in the mechanical properties of the hydrogels with CNCs. The possible
mechanism that explains the positive effect of the addition of CNCs, under the mechanical
properties, relies on the fact that each entrapped CNCs interacts with multiples points of the
matrix and multiples points of the matrix interacts with the CNCs, simultaneously (YOUNG,
RIAHINEZHAD and AMSDEN, 2019). However, this improvement was not very significant,
especially when compared with the works of Yang et al, 2013 and Domingues et al, 2015. The
interaction matrix/reinforcing agent in our work is physical, i.e., the reinforcing agent does not
chemically bind the matrix. In the case of the works mentioned before, the nanoparticles added
to the matrix act simultaneously as reinforcing agents/crosslinking agents and in this way may

contribute to a more significant improvement in the mechanical properties.

Figure 42 - Compressive modulus to the hydrogels with different CNC contents
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For higher quantities of load (> 0.4%), the CNCs showed an opposite effect with a
decrease in E. With this it can be inferred that there is a critical point for load added to the
matrix. This general trend has already been reported in other studies that have used nanocrystals
as a reinforcing agent. YANG et al., 2013, working with oxidized dextran hydrogels and
carboxymethyl cellulose hydrazide functionalized in the formulation of injected hydrogels

reinforced with cellulose nanocrystals or oxidized cellulose nanocrystals obtained similar
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results for the storage modulus (G'). The introduction of 0.375% (w/v) oxidized cellulose
nanocrystals led to the G' of 6700 Pa, a value about 140% higher than for the hydrogel without
filler. However, formulations with larger amounts of nanocrystals did not follow the trend of

increasing G' and progressively presented smaller values.

DOMINGUES et al., 2015, also obtained similar results. The authors point to the
hypothesis that with high amounts of reinforcing agent, there may be a steric blocking of the
CNCs. The crosslinking process between the polymers are hindered. Other possibilities would
be the self-aggregation of nanocrystals (agglomerate formation) (ZENG et al, 2012) or that of
a competitive mechanism, where nanocrystals interact through hydrogen bonding with the
hydroxyl groups of adjacent chains locking the structure and decreasing the number of covalent

interactions between the chains.

We believe that the greater the amount of CNC, the greater the probability of the
existence of aggregation points within the matrix, although it is not possible to verify this
hypothesis with the naked eye. Unlike the reinforcement made with nanofibers, in which the
load agent is in contact with several points of the matrix simultaneously, the CNCs are smaller
in length and aspect ratio. As their quantity increases, we suppose that they tend to interact
more with themselves, and with that some micro-points of aggregation emerge that negatively

influence the mechanical properties of hydrogels.

4.4.8 Gelation time

The definition of injectable hydrogel considers the in-situ gelation process at the
application site; based on this, the sol — gel transition should take place after administration
within a time interval ranging from seconds to a few minutes, under physiological conditions

(Patenaude, Smeets and Hoare, 2014).

Characterization of injectable hydrogel for its gelation time is critical, once rapid
gelling reduces the risk of precursor solutions migrating away from the application site, which
would lead to a decrease in the concentration and mechanical properties of the formed hydrogel.
However, rapid formation kinetics can also pose challenges associated with the premature
formation of the hydrogel before injection (inside the syringe or even inside the needle). On the

other hand, we have a slow gelation that can lead to dilution of the precursors by diffusion and
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consequently any drug or cell that is using the hydrogel as a vehicle for release (PATENAUDE,
SMEETS and HOARE, 2014; LU et al., 2015)

The time to hydrogel crosslinking is affected by the kind of method utilized.
Generally physical crosslinking took longer periods of time to be complete; even between the
chemical crosslinking, there are someone that need hours, like Diels—Alder reactions, to
complete (YOUNG, RIAHINEZHAD and AMSDEN, 2019). Other important factor is the
initial concentration of the solutions that will be mixed, because it is necessary to have a

minimum amount of solid content to promote an appropriate gelation time (YAN et al., 2016)

There are several distinct ways to determine the gelation time. The three most
common are: rheologically (crossover between G' and G"), by the tube inversion method (no
fluidity is observed visually when the flask is inverted) or by the magnetic bar method (globule
formation visible to the naked eye). In view of the application of injectable hydrogels as

biomaterials, the above tests are done at 37°C.

In this work the gelation time was determined rheologically by evolution of the
elastic or storage modulus (G') and the viscous or loss modulus (G"). In Figure 43 it is possible
to see a comparison between the hydrogel without CNC and the one with 0.4% of CNC. At the
beginning, the mixture of both solutions behaved as a viscous fluid (sol), where G" was greater
than G'. During the Schiff base formation process, both G' and G" evolved because of the
crosslinking process. However, G' increased faster than G" and we can observe a crossover

point that is defined as the gel time (SARKER et al., 2014).

We can observe that the addition of the reinforcing agent led to a similar trend to
that observed for mechanical analysis, that is, the addition of the CNC had a positive effect for
hydrogels with 0.2 and 0.4%, which was reflected by the decrease in gelation time. For the
other hydrogels with higher amounts of CNC the effect was contrary (Figure 44).

Gelation time for the hydrogel without CNC was 597 s and with the addition of 0.2
and 0.4% CNC, the gelation time decreased to 414 and 377, respectively. Hydrogels with 0.6%,
0.8% and 1.0% had a gelation time of 757, 1157 and 775. From this we can establish that there
is no linear relationship between the CNC content and the decrease in the gelling time. There

is a limit amount that can be added without compromising the property that is to be improved.

We believe as much as the amount of CNC higher the probability of aggregation

points inside the matrix. Another possible explanation would be that with the increase of the
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CNC content in the matrix, this would prevent an effective interaction between the hydrogel
precursors, which would cause the delay in the formation of bonds that lead to the increase of
the storage module in the gelling process. Figure 45 presents the gelation time curves for all

hydrogels prepared in this works.

Figure 43 - Gelation time for hydrogel without CNC and with 0.4% of CNC
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Figure 44 - Gelation time for hydrogels with and without CNC
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Figure 45 - Gelation time determination for all the conditions studied
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4.4.9 Invitro drug release assay

Figure 46 presents the graph that describes the BSA release profile from the

hydrogel matrix. Although the hydrogels containing CNC have a lower percentage of BSA

release, they do not seem to show any significant difference between them, that is, the CNC

content had no influence on the percentage and speed of BSA release. After 12 h of experiment,
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the hydrogel without nanocrystals released 33.4% while the one with 0.4% CNC released 11.6%
and the one with 1.0% CNC released 11%, that is, hydrogels with released 3 times less.

From this test it was possible to verify that the hydrogels delay the release of the
BSA into the buffer. The addition of the CNCs impacted the release profile, causing a slight
decrease in the speed at which the BSA leaves the matrix. This behavior may be related to the
existence of a more compact structure that hinders the entry of liquids and, consequently, the
release of BSA. This corroborates the previous findings that CNCs have an influence on the

final properties of hydrogels.

Figure 46 - BSA release from the hydrogels with and without the nanocrystals
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4.4.10 Cell viability

As a possible material that could be applied for a long term and biological finality
it’s necessary prior to clinical applications to evaluate the cytocompatibility of the hydrogel for
some cell line. Another important factor is related to hydrogel promote suitable conditions to

cell gas exchange, grow up and eventually differentiation (PIANTANIDA et al., 2019).

A preliminary study of in vitro biocompatibility with L929 fibroblast cell and
resazurin was realized using the extracts of the hydrogels according to the procedure described

in the ISO 10993-5/2009. Considering that the hydrogel with 0.4% of CNC had the shortest
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gelation time and the largest compression modulus, it was selected for the biocompatibility

assay. As a comparison, hydrogels without CNC and with 1.0% CNC were also used.

Figure 47 shows the cell viability of the hydrogels analyzed expressly expressed.
All hydrogels presented viability greater than 85% when compared to the control sample. The
addition of the CNCs seems to have improved the viability. Similar effect was reported by
Huang et al, 2015. This result is indicative that the hydrogels with CNC have potential for

application as biomaterial.

Figure 47 - Percentage of viable cells after 24 h of experiment

100 - o e
85.8% 89.9% 91.1% /
1 T == >
80 7 ' o
? /j/// .. ’ /
s . . o e
et /// / 54
:‘E} 60— g // e //// ///
p— / // ¢
E e S //
‘E 40 // /// P ////".
> y | o
—_— // ] / y
D /// / ////
U A , /./
20_ './,//_/
/ _ i
. 7 o |
’// //’,‘ i _
0 | — T T T T T T
0.0 0.4 1.0 control

Chitin nanocrystals (%)



70

S CONCLUSIONS

The oxidation process was effective for modifying the structure of galactomannan
from Delonix regia. The derivative in question showed characteristics for its use as a
macrocrosslinker agent for chitosan due to its aldehyde groups. It is assumed that this derivative
can also be used with other natural N-nucleophiles such as gelatin, collagen or even synthetic

N-nucleophiles as adipic acid dihydrazide.

The derivatization of chitosan proved to be efficient in promoting its solubilization
in a wider range of pHs. The presence of the carboxylate groups generated in the reaction, could

be readily dissolved guarantee the amphiprotic derivative in water.

The acid extraction process from chitin led to the obtaining of structures
(nanocrystals) on the nanometric scale. The nanocrystals showed a predominantly positive
surface charge due to the protonation of NH» groups that are converted to NH3", during the
process of extraction, and thus contribute to the stabilization of the suspension under acid

conditions.

The introduction of nanocrystals in the structure of hydrogels led to the obtainment
of specimens with an opaque aspect. The higher the content of nanocrystals, the opaquer the
hydrogel was. The nanocrystals were dispersed throughout the hydrogel matrix, with no

apparent point of agglomeration.

The addition of nanocrystals increased the viscosity of the precursor solution (N-
succinyl chitosan) when compared to the chitosan-only solution. However, this increase in
viscosity did not significantly compromise the injectability of hydrogels that could be
administered using a needle.

The addition of nanocrystals led to a small improvement in the mechanical

properties of hydrogels. This can be verified from the obtained compression module values.

The improvement in mechanical properties was only present for hydrogels with
0.2% and 0.4% nanocrystals. Hydrogels loaded with higher amounts of nanocrystals showed
the opposite behavior, which can be explained by the possible steric blocking of nanocrystals

that competes / prevents the formation of crosslinking points between polymers.
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The cytotoxicity assay showed that the hydrogel did not lead to a negative response

when in the presence of animal cells.

Based on the set of results obtained, we can infer that with adequate characterization
in mechanical and biological terms, the hydrogels of oxidized galactomannan and N-succinyl-
chitosan, reinforced by chitin nanocrystals, may have potential as a system for static cell culture
or controlled release of drug in a place of interest and it is easy for the procedure to be

administered.
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