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RESUMEN

Este trabajo se centra en la preparacién verde de compositos hidrogeles con propiedades mecénicas
y quimicas que los hacen adecuados para aplicaciones de la vida real. Los polimorfos de quitosano
(o y B) se combinaron por separado con carboximetilcelulosa para crear hidrogeles compuestos
que presentan simultaneamente grupos carboxilato, hidroxilo y amina. Acido citrico fue usado
para promover la reticulacion quimica y se uso glicerol como plastificante. La caracterizacion
fisicoguimica, morfoldgica y térmica de los hidrogeles compuestos se realizé mediante estudio de
hinchamiento, Espectrometria Infrarroja por Transformada de Fourier, Calorimetria Diferencial de
Barrido, Difraccion de Rayos X en Polvo, Espectroscopia Fotoelectronica de Rayos X, Resonancia
Magnética Nuclear, Microscopia Electronica de Barrido y Estereomicroscopia. Los hidrogeles
hinchados presentaron un aspecto liso y homogéneo, con presencia de macroporos y
comportamiento elastico. Sin embargo, una vez que se secaron, el material perdio su elasticidad y
se volvio rigido. En el proceso de hinchamiento, el hidrogel compuesto con el porcentaje de
velocidad de hinchamiento de equilibrio més alto alcanzd el 98% a las 24 h. Los estudios
espectroscopicos confirman el logro de la reticulacién quimica y fisica. La reticulacién quimica
consiste en la formacion de enlaces amida y éster promovidos por la reaccién del acido citrico con
quitosano y carboximetilcelulosa, respectivamente. En el caso de la reticulacion fisica, la
confirmacion se obtuvo por la presencia de interacciones COO y NH3". Se propuso una estructura

molecular media de hidrogeles compuestos.

Palabras clave: reticulacion quimica, compuestos, hidrogeles, esponjas y forma de memoria.



ABSTRACT

This work focuses on green preparation of composite hydrogels with mechanical and chemical
properties that make them suitable for real life applications. Polymorphs of chitosan (o and ) were
combined separately with carboxymethyl cellulose to create composite hydrogels that present
simultaneously carboxylate, hydroxyl, and amine groups. Citric acid was used to promote chemical
crosslink and glycerol was used as plasticizer. Physicochemical, morphological, and thermal
characterization of composite hydrogels were carried on by means of swelling study, Fourier
Transform Infrared Spectrometry, Differential Scanning Calorimetry, X-ray Powder Diffraction,
X-Ray Photoelectron Spectroscopy, Nuclear Magnetic Resonance, Scanning Electron
Microscopy, and stereomicroscopy. The swelled hydrogels presented a smooth and homogeneous
appearance, with the presence of macropores and elastic behavior. However, once they were dried,
the material lost its elasticity and became rigid. In the swelling process, the composite hydrogel
with the highest equilibrium swelling rate percentage reached 98% at 24 h. Spectroscopical studies
confirm the achievement of chemical and physical crosslinking. The chemical crosslinking
consists of the formation of amide and ester bonds promoted by citric acid reaction with chitosan
and carboxymethyl cellulose, respectively. In the case of physical crosslinking, confirmation was
obtained by the presence of COO™ and NHs" interactions. An average molecular structure of

composite hydrogels was proposed.

Key Words: chemical crosslinking, composites, hydrogels, sponges, and memory shape.
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1 INTRODUCTION-JUSTIFICATION:

Hydrogels, or hydrophilic gels, are structures constituted in three-dimensional networks through
cross-linked, which are capable of holding considerable large amounts of water, but they do not
dissolve in water. Their ability to absorb water comes from the presence of hydrophilic functional
groups on the polymeric matrix(-OH,-COOH,-CONH2-,-CONH -SO3H and NH2z), while their
resistance to be dissolved originates from cross-linking of polymer chains®. Hydrogels have a
variety of natural sources and they have presented the following significant characteristics: non-
human toxicity, biocompatibility, high biodegradability, retention of certain biological fluids?.
Hydrogels have generated growing interest in the fields of agriculture, material, environment, and
biomedical applications?.

Hydrogels have two classifications of crosslinking, chemical or physical. Chemical crosslinking
IS in a permanent configuration due to covalent bonds with the use of esterifying agents and high
temperatures. On the other hand, physical crosslinking is in a changing configuration due to
interactions of a physical nature such as: hydrogen bridges, ions, hydrophobic forces, and natural

crosslinking between the different fibrils of the polymer.

Cellulose is ranked as the most abundant biomolecule on the planet and currently, research has
increased exponentially due to its abundance and the range of possibilities it offers®*. The presence
of hydroxyl groups incorporate hydrogen bridges, and that favors properties and hydrophilicity
and improved mechanical resistance compared to other materials'#. Carboxy methyl cellulose,
CMC, is one of the main derivatives of cellulose. Unlike cellulose, it is soluble in water,
carboxymethyl groups confer negative charges on the molecule, becoming hydrophilic. It has been
used in lubricating eye drops, an intimate hygiene product in addition to areas of bioengineering

research®®,

Chitosan, CH, is the most important derivative that is produced from chitin present mainly in the
exoskeletons of crustaceans and insects mainly. These molecules have amino groups that confer
characteristics suitable for the sustained release of drugs and antimicrobial properties.
Furthermore, chitosan is biocompatible and biodegradable, making the material highly desired for

pharmaceutical industries, as well as tissue engineering research’.



Ecuador in 2019 reached an export of approximately 1,400 pounds of shrimp®. According to
Varun® et al. They report the possibility of converting this waste material into value-added
materials such as CH in addition to chitooligomers. Igbal® supports the idea of processing shrimp
shells to obtain chitosan with high degrees of deacetylation, using adequate amounts of HCI and
NaOH. Therefore, for Ecuador, this could be an industry source for chitosan in addition to its use

of biomedical applications.

Hydrogels from CMC and CH in conjunction with other wide ranges of natural or synthetic
polymers have undergone chemical characterization, mechanical tests, in vitro and in vivo tests.
They have shown excellent properties: mechanical, swellability, biocompatibility,
biodegradability, antiseptic, scarring, morphological and thermal suitable for the use of dressings
in the repair of human skin'*!2131415 The wide range of applications could range from burns?,

artificial skin®, cancer such as melanomal’, cosmetic area®, treatments for diabetics, etcl®.

Previous studies have reported the synthesis of sponges based on cellulose variants, including
CMC together with CH, maintaining the peculiar properties of each component, even making

synergy in certain characteristics of the final materials?®-2,

In this work, hydrogel composites based on blends of CMC and CH were prepared at room
temperature using, glycerol and acetic acid, AC, as a plasticizer and crosslinking agent
respectively. The novelty of this research rest on an unconventional mixing method to achieve an
adequate homogenization in the material, and in the influence of the crosslinker in the matrix of

the hydrogel composites.
2 PROBLEM STATEMENT

Both CMC and CH have been studied for years for their diversity of mechanical and health
properties, making them suitable materials to produce a variety of hydrogels. Currently, the
demand for new materials for tissue engineering worldwide has grown, but with barriers to
overcome, such as material availability, biocompatibility, and accessible costs??. Tissue
engineering today is costly in some cases inefficient due to rejections produced by the body itself.
For these reasons, research and development are important to find new bioengineering materials

with the principles of green chemistry, equally effective and at more accessible costs.



3 GENERAL AND SPECIFIC OBJECTIVES
3.1 General objective

e Development of a green synthesis and characterization of composite hydrogels based on

chitosan and carboxymethyl cellulose.
3.2 Specific objectives

e Development of a green road for synthetizing composite hydrogel.

e Study the effect of citric acid as a chemical crosslinker.

e Test glycerol as plasticizer.

e Compare the effect of polymorphs of chitosan (o and ) on the composite hydrogel final
properties.

e Study of physicochemical, morphological, and thermal properties of composite hydrogels.



4 THEORETICAL BACKGROUND
4.1 Hydrogels
4.1.1 History and importance of hydrogels

In 1938 the first water adsorbent was synthesized which consisted of acrylic acid and
divinylbenzene through a polymerization reaction®. The first hydrogels were developed 12 years
later by Otto Wichterle of Czechoslovak origin (1913-1998) who developed as a chemist, teacher,
and inventor?®, Among his best-known inventions are contact lenses which consisted of poly
(hydroxyethyl methacrylate) which reached swellings of forty to fifty percent improving the
quality of life of people with eye problems. Subsequently, hydrogels began to develop for the
intimate use of women, then hydrogels evolved into diaper development. In 2014, the industry of
super adsorbent polymers produced approximately 2 million tons, it is expected that within two
years the production will increase by 3 million tons. By 2020, the super-absorbent polymer market

will be estimated at approximately $ 8 trillion L.
4.1.2 Hydrogels Definition

Hydrogels are composed of polymers in three-dimensional networks which have a variety of
properties such as: hydrophilicity, permeability, low coefficient of friction, and high indexes of
swelling. These can swell hundreds of times their dry weight because in their structure there are

the presence of polar groups capable of trapping liquids, the crosslinks prevent their dissolution®.
4.1.3 Types of hydrogels in accordance with crosslinking

The crosslinks between hydrogels are of two chemical and physical types. Chemical crosslinks are
capable of covalent bonding which will dispose of the hydrogel in a permanent structure. On the
other hand, physical crosslinks produce ionic interactions, molecular entanglements, and
hydrophobic forces which will cause the hydrogel to change structure when faced with temperature

stimulit.
4.1.4 Hydrogel classification according to the type of application

Hydrogels depending on their composition and unique properties have produced a variety of

applications such as: controlled drug release, tissue engineering, biosensors, energy storage?*, dye



removal, heavy metal removal, art restoration, electrolytic solutions, anode and cathode design,

agriculture among others.
4.2 Cellulose

Investigations concerning cellulose has increased dramatically because it is the most abundant
biomolecule in the world and consists of D-glucose linked by B-1,4 glucosidic bonds®425%,
Cellulose is produced by bacteria or is present in plants with hemicellulose, lignin, pectin, and
residual starch 27, Figure 1 shown the composition of cell wall and its main components. Cellulose
has high indices of hydrophilicity, mechanical resistance, biodegradability, chirality, and chemical
modification through hydroxyl groups for the generation of new properties®.
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Figure 1:Composition of the first cell wall of plants 28

The cellulose source subjected to the different treatments affects the degree of polymerization
producing amorphous and crystalline regions. The most used methods to isolate cellulose are
grinding treatments, the use of Na(OH) in certain concentrations, as well as high temperatures to
increase the degree of polymerization?’. The degrees of crystallinity reached vary between forty
to seventy percent. Methods such as microwaves, ultrasound, and ammonia pretreatments have

also been reported, but these do not have large-scale or industrial viability®.



4.2.1 Cellulose polymorphisms

Depending on the orientation of the cellulose chains and hydrogen bonds, the following
polymorphisms I, 11, 111, and IV have been determined. The native cellulose is known as cellulose
I. It is in a parallel chain configuration, the conversion to cellulose 11 occurs through mercerization
with sodium hydroxide, changing the configuration to antiparallel chains?®. Cellulose Il can be
obtained from the previous celluloses with a treatment of liquid ammonia or some amines?*,
Polymorphs Il and 11l can be transformed to IV using a treatment with glycerol at temperatures
ranging from 200 to 260C to be finally washed with 2-propanol and water*?%%, Cellulose IV is
similar to the starting celluloses in spectroscopic studies, differing only by various degrees of

lateral disorder°.
4.2.2 Nanocellulose

Nanocellulose (CNF) is also defined as nanofibrils that have at least one dimension on a scale of
1-100nm. This type of cellulose has chemical and physical properties such as: solubility in water,
transparency, nanoporosity, large surface areas, and a high surface-volume ratio. Nano fibrils can
be produced by bacteria or plants by using decay methods using mechanical forces or chemical
compounds?. For the preparation of nanocellulose, there are a variety of methods: acid hydrolysis,

ultrasound, high pressure treatment, cryocrushing, grinding treatment, and enzymatic hydrolysis
26

4.2.3 Crystalline nanocellulose

Crystalline nanocellulose (CNC) also known as cellulose nano crystals are produced by acid
hydrolysis using sulfuric acid or hydrochloric acid to break down amorphous regions and maintain
the crystalline regions improving mechanical properties. The dimensions of the nanocrystals
concerning the diameter are 3-5 nm and in lengths, they have variations of 200-500 nm, although
the length may have variations in micrometers these characteristics allow mechanical properties

such as tensile strength of 7.5 GPa and Young's modulus of approximately 140 GPa.
4.2.4 Nanowhiskers

The nanowhiskers (CNW) within the hydrogels function as a reinforcing agent improving
mechanical properties. Both CNF and CNW have excellent physical properties with high



resistance modules, low coefficient of thermal expansion, high thermal stability due to the degree
of crystallinity. These types of cellulose are prepared by hydrolytic treatment from the cellulose
source through the use of a strong acid followed by the use of machinery that produces the shearing
effect?®. According to Araki and Miyayama®, they report nanowhiskers with widths on the
nanometric scale of 14 £ 4 and 25 + 8, lengths 212 + 39 and 713 + 255 respectively for cotton and

tunicin.
4.3 Carboxymethyl cellulose

Carboxymethylcellulose (CMC) is an anionic molecule as its name indicates, due to the presence
of carboxymethyl groups (-CH2-COOH), it is currently one of the most widely used cellulose
derivatives due to its hygroscopic nature. Applications include pharmaceutical, agriculture,
cosmetics, food, ceramics, construction, adhesives, and biomedical applications. In the field of
wound healing, CMC has properties: biocompatibility (bones, oral membranes, and skin),
absorption of exudate, antimicrobial, malleable, it promotes autolytic debridement as well as the

formation of blood vessels®!.
4.3.1 Synthesis of Carboxymethylcellulose

The carboxymethyl cellulose is produced through cellulose that swells in the presence of NaOH,
in addition to the use of the organic inert solvent that can be (isopropanol, ethanol) which has a
swelling and expansion function, the reaction is carried out with an etherification which can be
monochloricacetic acid (MCAA) or sodium salt (Na-MCA). Hydroxyl groups are replaced by
carboxymethyl groups in the following order C2, C6, and C3 according to the carboxymethylation
reaction in Figure 2. Approximately 30 percent of etherifying agent will be consumed and will
form predominantly by hydrolysis of chloroacetate should subsequently be neutralized and

purified3:323,
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Figure 2: Carboxymethylation reaction is taken from Abdulhameed 3 et al.

4.3.2 Hydrogels based on CMC, CA, and other compounds

Mali*® et al. synthesized carboxymethyl cellulose-tamarind hydrogel films were loaded with
moxifloxacin hydrochloride and were characterized by: differential scanning calorimetry, solid
state nuclear magnetic resonance spectroscopy and attenuated infrared spectroscopy of Fourier
transformed total reflectance. The films were evaluated by the amount of carboxyl and the swelling
index. When groups carboxyl increased in the matrix of the polymer as well as citric acid increased
provoke a degree of swelling decreased. The tests demonstrated a diffusion coefficient greater than
0.5 and hemolysis tests indicate the viability of hydrogel for drug delivery. The procedure was
based on previously performing the isolation of tamarind gum, it was then cross linked through
esterification using a magnetic stirrer at room temperature. They were left to stand overnight to
remove the air bubbles, after which they were dried at 50 degrees for 24 hours. Curing to achieve
crosslinking was at 140C for 5 minutes. The films were then washed and neutralized, then the

films were dried in an oven with hot air at 50C for 24 hours and stored.

Demitri® et al. manufactured hydrogels based on: CMCNa with HEC and as CA crosslinking
agent. Initially, a concentration of two percent by weight of water in a ratio of 3 to 1 was used in
the polymers dissolved in water with gentle stirring until a clear solution was obtained. First, HEC
dissolves after 5 minutes, they observed that the viscosity increased, then the CMCNa was put
until it becomes transparent for up to 24 h increasing the viscosity, later the concentrations at CA
were varied to vary the degree of reticulation. Finally, they were allowed to dry at 308 C to remove
the absorbed water and were subsequently kept at the same temperature for the crosslinking

reaction. Superadsorbents within the agriculture area.



4.4 Chitosan

CH is the second most abundant polysaccharide after CMC, the molecule has amino functional
groups with a positive charge, groups that can repel the structures of certain bacteria>*®, Chitosan
is of vital importance for a diversity of industries such as: agriculture, food, drugs, cosmetics, etc.
Depending on the degree of purity or deacetylation, this material has high costs. Among the main
properties of this material are: biocompatibility, biodegradable, non-toxic, antibacterial,
hemostatic, anti-inflammatory, and bioresorbable®’-33°, This material has a variety of biomedical
applications: drug transport, tissue engineering, bone replacement, cartilage, and wound

dressings®7 4041,
4.4.1 Types of chitosan

Chitosan is found in the form of chitin present in the following sources: crustacean shells, insect
cell walls, and fungi®2. Chitin is transformed into chitosan through biological and chemical
treatments such as hydrochloric acid and sodium hydroxide which will eliminate: acetyl groups,
pigments, proteins, and calcium carbonate in turn creating a variety of chitosan with different
degrees of acetylation that have a range of sixty to ninety-eight percent!®>43 According to
Jampafuang** et al. There are three types of chitin polymorphisms that have been found: a
consisting of an anti-parallel chain arrangement, 3 has a parallel configuration, and y has a mixture
of the arrangements already mentioned. Therefore, polymorphisms of chitosan leads to the

presence of hydrogen bridges in o chitosan and the absence of those bridges in chitosan .
4.4.2 Films and hydrogels of chitosan

Zhuanj’ et al. synthesized films from chitosan, glycerin, and citric acid through drying conditions
at room temperature followed by heating under vacuum at 80 C for 12 hours causing amidation
reactions, ionic bonds without esterification achieving excellent elastic, antibacterial properties to
Staphylococcus aureus and Escherichia coli, low levels of oxygen permeability. This material

could be used for the realization of membranes and food packaging.

Zheng™® et al. manufactured films using chitosan, glycerol, and citric acid as crosslinking agents
causing variations in water resistance. The methodology is based on reported mixtures subjected
to heating of 60 C for one night and subsequently heated to 110 C for six hours and finally washed.

The use of citric acid reacts with amino groups forming a cyclic amide without occurring

9



esterification, confirmed by infrared spectroscopy, on the other hand, glycerol provides flexibility
and reduces water absorption. By increasing chitosan, it absorbs more water and the purpose of

this methodology is a green technology for the formation: of packaging and drug release films.

Zhag®® et al. designed a hydrogel to promote wound healing through the following listed
compounds: chitosan, heparin, y-glutamic acid with the drug superoxide dismutase was prepared
through a homogeneous solution where electrostatic interactions occur, ultrasound, lyophilization,
and pH adjustment. The materials demonstrated good physical properties as well as an

improvement in epithelial regeneration and collagen formation in rats with diabetes.

Mohandas*® et al. reported injectable chitosan hydrogels loaded with arginine and nanocurcumin.
The chitosan hydrogel was prepared by dissolving in acetic acid and adjusting the pH with sodium
hydroxide until reaching neutral pH where the chitosan chains are grouped, later the missing
components were added. The proposed hydrogel was subjected to different biological tests and
proposed as a treatment for endothelial dysfunction caused by hypoxia.

4.5 Sponges based on chitosan and cellulose

Cai*’ et al. prepared a sponge for controlled drug release based on carboxymethylcellulose and
chitosan. They tested three models gentamicin, ibuprofen, and roxithromycin, obtaining the best
results for the first one, they also found that an increase in CMC and at a more basic pH leads to a
better drug load, therefore better antibacterial properties. Wang et al. synthesized sponges based
on carboxymethyl chitosan, sodium carboxymethylcellulose, and as crosslinker y- (2,3-
epoxypropoxy) propytrimethoxysilane. The material produced has: capillary imitation,
biocompatibility, and proven high-speed hemostasis in rats. Fan “®et al. elaborated a sponge from
cellulose extracted from Barca wood pulp to obtain a foam gel to later be lyophilized, afterwards
the samples were immersed in certain amounts of chitosan, surfactant, pore foam and again placed
in lyophilization. The sponge was tested on an arterial leg wound in rats, achieving hemostasis in
less than two minutes, as well as biocompatibility, becoming a promising candidate for serious
bleeding®. Cheng®® et al. designed sponges for wound dressings that contain GTPMS as a
crosslinker, cellulose nanofibers, and chitosan which were mixed and frozen at -50°C, later
lyophilized and heated to 110°C to induce crosslinking. The materials have gas permeability,
biocompatibility, absorption of exudate, blood compatibility, and hemostatic properties.

10



4.6 Bioengineered hydrogels

Hydrogels can be synthesized from polysaccharides or polymers of synthetic origin for the
construction of frameworks with soft tissue forms such as cartilage or hard tissues such as bones.
In terms of healing, the most used components for the production of hydrogels are based on:
bacterial cellulose, chitosan, and collagen, since they accelerate the healing processes, Table 1
tabulates different compounds and their detailed medical applications®. Cellulose in conjunction
with other polymers is used to improve properties: mechanical, analgesic, antimicrobial,
improvement of healing, and antitumor. The most used techniques for the production of fabric

with defined shapes are through: molds, electrospinning, and the use of 3D printers>’.

Table 1 Composition of the hydrogels and their potential applications 5°.

Hydrogel Medical Application

PLGA Drug delivery, Tissue engineering, cancer treatment, and imaging.

Tissue regeneration for bone, cartilage, and soft tissue, injectable

Photo-polymerizable controlled release devices for drug delivery

LNC Drug delivery, Chemotherapeutical agent delivery(glioblastoma)
Theranostic Drug delivery (cancer treatment), diagnostics.
TGP Food additives, pharmaceutical, ingredients, agricultural products
Tissue engineering, Drug delivery, cosmetic, pharmaceutic and food
Collagen .
industry, etc.
Chitosan Tissue engineering, drug delivery systems; wound dressing,

antimicrobial agent.
Alginate Tissue engineering, drug delivery systems.

4.6.1 Hydrogels for skin tissue engineering

The skin is known as the largest organ which performs vital functions such as: protection against
bacteria or infectious agents, temperature regulation, protection against external factors such as

chemicals, and physical®'°2,

The skin is composed of two inner layers and one outer that are epidermis, dermis, and
subcutaneous tissue. The first layer serves as a barrier against the environment and this is mainly
made up of cells called keratinocytes which are rich in keratin responsible for stimulating epithelial

growth. The middle layer is responsible for giving strength and flexibility, it is mainly made of
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collagen, elastin, and hyaluronic acid. The deepest layer is made up of fat cells, specialized
collagen, and blood vessels which are in charge of storing energy and general isolation of the entire
body®L.

4.6.2 Hydrogels artificial skins

Capanema® et al. synthesized hydrogels from carboxymethyl cellulose and poly ethylene glycol
through citric acid esterification reporting super absorbent hydrogels with ranges from 100 to 5000
percent. Hydrogels possess human cellular compatibility, elastic modules, non-toxicity and it is
inferred that they could participate as skin substitutes and regeneration. Song®* et al. manufactured
a hydrogel based on nanocrystals of cellulose, borax, and polyvinyl acetate through the formation
of hydrogen bonds, the hydrogel was characterized by having excellent mechanical properties for

artificial skin engineering applications.
4.6.3 Hydrogels regeneration of skin tissue

Fawal®® et al. manufactured a hydrogel based on hydroxyethyl cellulose with the addition of
tungsten oxide IV and as a cross-linking agent to citric acid, they obtained a hydrogel with porosity
and swelling properties capable of healing, in addition to presenting antibacterial properties against
strains: gram-negative and gram-positive. Liu®® et al. synthesized hydrogels with antibacterial and
hemostatic properties through the use of cellulose nanofibrils arranged in ultrasound for the
formation of the hydrogel, later the incorporation of aminated nanoparticles, and finally
lyophilization. The results were a hydrogel capable of stopping bleeding, antibacterial properties,
biocompatibility, and healing through tests in mice. Shefa® et al. prepared a hydrogel composed
of oxidized cellulose nanofibers using the TEMPO technique, incorporating curcumin dissolved
in pluronic, the hydrogels were formed using the freeze and thaw technique by forming hydrogen
bonds. The hydrogels were tested in mice causing faster healing and with better results. Gonzalez>®
et al. produced hydrogels by the freeze-thaw method using polyvinyl alcohol cellulose
nanowhiskers as components, the gels proved to have a barrier against microorganisms such as
bacteria, excellent mechanical properties capable of accelerating the healing process and could be

used as a dressing for the treatment of wounds.

12



4.6.4 Hydrogels with modulated release of drugs for skin

Koneru®® et al. produced hydrogel films from two types of sodium carboxymethyl cellulose,
hydroxypropyl methyl cellulose with the incorporation of grapefruit seed extract cross-linked by
esterification by the presence of citric acid, the compound demonstrated antimicrobial properties,
improved elongation at break and the hydrogel could be used for the controlled release of drugs.
There are also hydrogels with the ability to combat melanoma such as the use of carboxymethyl
cellulose with doxorubicin crosslinked by using a citric acid crosslinking agent, through in vitro
tests, the properties of modulation of the release of drugs, apoptosis of cancer cells, and decreased
toxicity for normal cells . Rakhshaei® et al. prepared a hydrogel in the form of a dressing using
carboxymethyl cellulose, silica mesoporous, zinc oxide nanoparticles, and tetracycline as the main
materials. undergoing sonication. The hydrogel demonstrated properties of cytocompatibility, gas
permeability, and controlled drug release. The dressing could serve as a bandage with a healing

function. Hydrogels can release drugs through changes in pH, temperature in Figure 3.

Drug-loaded hydrogel Drug-loaded hydrogel

Change i pH'temperature

Figure 3: Controlled drug release in hydrogelst*

4.6.5 Hydrogels for bone and cartilage replacement

Bones have different functions but among the main ones are: structure, protection of internal
organs, calcium and phosphorus deposit, locomotion, an adequate environment for the bone
marrow and it harbors specific cells that are responsible for generating blood components®. The
structure of the bone is made up of a hard part that provides stability called osteon, a spongy part
with an excellent surface area responsible for: dispersing nutrients, interacting with hormones and

cytosines related to the growth and cell maintenance of bones®®. As a covering, the bone is
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composed of the periosteum responsible for attaching ligaments, cells for regeneration, and as a

complement to the blood supply®.

Cartilage is a connective and elastic tissue with joint lining functionalities that facilitate movement,
impacts, coating, and protect the joints from wear and tear. Cartilage is mainly composed of:
proteoglycans, type 2 collagen, and cells called chondrocytes which are responsible for

maintaining the structures®®.

At present there is an increase towards the use of polymers to replace cancellous bone tissues due
to the fact that they are similar in structure, biocompatible, regenerate tissues, mechanical forces
among the most used polymers are: chitosan, sodium alginate, and gelatin®®’. According to Wei®
et al. there are millions of people with degenerative cartilage diseases such as osteoarthritis and
they summarize in a list the following components of hydrogels for replacement of cartilage
matrices: chitosan, alginate, cellulose, chitosan, hyaluronic acid, fibrins, polyethylene glycol, poly
(n-vinyl caprolactam) and etc®®.

Zou'® et al. synthesized an oppositely charged hydrogel based on alginate and chitosan loaded
with: nano-scale hydroxyapatite, bone marrow stem cells obtained from mice, parathyroid
hormone, and peptides. The pores were analyzed by SEM and the structure by rheological
techniques. They were verified by in vivo tests in mice that the hydrogel has biocompatibility in

addition to promoting regeneration and is proposed by research for areas of tissue engineering.

Maharjan’ et al. manufactured a hydrogel composed of cellulose regenerated by electrospinning
and chitosan using freezing techniques, improving physical characteristics. Biological tests

showed that the scaffold favors the proliferation and attachment of osteoblast precursor cells.

Ghorbani’ et al. created an injectable hydrogel based on cellulose, pectin, and chitosan
nanocrystals covalently crosslinked by modifications with aldehyde groups using a double cylinder
needle. The hydrogel physically and biologically resembles the extracellular matrix, allowing the

proliferation of chondrocytes, therefore it could be used as a treatment for cartilage regeneration.
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4.7 Characterization Techniques

The characterization and determination of hydrogel network parameters offers key information
when designing hydrogels with a specific structure and performance. In this section, we will
present an overview of the physicochemical, morphological, and thermal characterization

techniques used in this study to describe the structure of hydrogels obtained.
4.7.1 Swelling Ratio

The method consists of the immersion of dried hydrogel in distilled water at room temperature in
order for it to swell. It is then taken out periodically, the excess water is removed from its surface
using a filter paper, and the hydrogel is weighted. This procedure is repeated until the weight stops
increasing. The swelling ratio (SR) percent is calculated according to the following equation:

wt —-wd
wd

@)

SR(%) = ( >100

Where Wt is the weight of the swollen hydrogel at time t and Wd is the weight of the dry hydrogel.
The results are used to create a time vs. swelling graph that represents the kinetic behavior of the

hydrogel .
4.7.2 Fourier Transform Infrared Spectroscopy-Attenuated Total Reflectance

Infrared spectroscopy is a technique widely used in the identification of organic materials'
chemical structure. Infrared radiation with a frequency ranging between 4000-400 cm™ offers the
most practical use for the characterization of organic materials. This technique yields information
on the atoms involved, their chemical bonds, and the local chemical environment within the
material by measuring the vibrational transitions’®. The basic premise of this technique is the
observation of radiation absorption due to the change in dipole during vibration, depending on the
nature of the bond doing the absorbing we will observe a characteristic vibrational frequency.
FTIR spectroscopy irradiates a sample with many frequencies of IR light at once, utilizing
Michelson interferometer and using a Fourier transform to obtain the full spectrum as a function

of wavenumber.
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Attenuated total reflection (ATR) is a technigue based on the use of an optically dense crystal with
a high refractive index Figure 4. shows a graphical representation of the functioning of an ATR
accessory. When an infrared beam enters the crystal at a precise angle, it is totally internally
reflected creating an evanescent wave. The sample, that is pressed against the crystal, comes into
contact with the evanescent wave. Depending on the frequency some waves are absorbed by the
sample and become attenuated. The attenuated waves then reach the detector and the system

generates an infrared spectrum?®,

Sample

ATR Cell \/\/

IR Light
Source

Detector

Figure 4: Graphical representation of ATR infrared spectroscopy’.

4.7.3 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a technique that detects a materials' phase transitions
through the change in its heat capacity with temperature. In a heat flux DSC Figure 5, a known
mass of sample material and a reference are placed on a thermoelectric disk (thermal resistor)
inside a temperature controlled chamber. The chamber is heated at a linear rate, and the heat is
transferred to both the sample and reference through a thermal resistor. The specific heat capacity
of the sample and reference create a difference in temperature that is measured by a pair of

thermocouples. The resulting heat flow can be determined by Ohm’s law:

_ AT
1= R
Where q is “sample heat flow”, AT is “temperature difference between sample and reference”, and

R is “resistance of thermal resistor” ’"*'8,
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Figure 5: Block diagram of Heat Flux DSC taken from Stark ™ et al.

This technique allows knowing properties such as: glass transition temperature (Tg), specific heat
capacity (Cp), thermal stability, purity, crystallization, melting, and curing®’®. In the case of
hydrogels, three bonding states of water molecules can be detected by DSC. Water attached
directly to a polymer’s hydrophilic groups through hydrogen bonding shows no phase transition
from 320 to 170 K, this is denominated nonfreezing water. Water molecules that have a weak
interaction with the polymer chain have a phase transition temperature lower than that of free
water (bulk water) and are known as freezing bound water’®. The analysis of these states of water
in hydrogels offers important information on their diffusion, absorption, and permeation

capacities, as well as on the structure of water filled pores®.

4.7.4 X-Ray Diffraction

When light is scattered by a periodic array a constructive interference is produced at specific
angles, this phenomenon is called diffraction. In a crystal, atoms are arranged in a periodic array
so they can diffract light. X-Ray wavelength ranges from 1x107*2 - 1x10° m being similar to the
distance between crystal's atoms. Therefore, the diffraction pattern produced by the scattering of
X-Rays from atoms in a crystal contains information about its atomic arrangement. On the other
hand, amorphous materials do not have a periodic array with long-range order, so they do not

produce a diffraction pattern.

Most polymers are amorphous in character, but in the case of hydrogels, since freezing and thawing

methods of preparation are used, semi-crystalline regions are produced®?. From the X-Ray
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Diffraction (XRD) technique and using the Bragg's law, we can obtain the following information
about our material: percentage of crystallinity, structural composition, orientations, deformations

in the hybrid hydrogel matrix, and interplanar atomic spacing®.
4.7.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis (ESCA),
is a surface analytical technique used for elemental characterization of surfaces at depth of 2-5 nm.
Figure 6 shows a schematic of XPS equipment and typical spectra. In XPS, X-ray radiation (Mg
Ka or Al Ka), is used to irradiate a solid surface to excite the innermost levels of the atoms.
Photoelectrons are emitted as a consequence of this excitation, and through the measurement of
the electron kinetic energies, it is possible to obtain their binding energies®84. A photoelectron
spectrum, expressed as binding energy vs relative intensity, is obtained by counting ejected
electrons over a range of kinetic energies. Peaks appear in the spectrum, and their position,
corresponding shapes, and intensity provide information about the molecular structure,

composition, and quantity of all surface elements in the solid material®>2®.
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Figure 6: X-ray Photoelectron Spectroscopy #'.
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4.7.6 Low Field Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) is an analytical technique universally used in chemistry
research, and industry. By irradiating atomic nuclei in magnetic fields with radio waves it can
determine the chemical and physical structure of molecules®8, NMR has relatively low signal
strength when compared to other spectroscopic techniques. However, this is compensated by an
enormous ability to measure a wide set of molecular properties and by the ease of designing and
conducting new experiments. To improve the quality of the signal in NMR the strength of the
magnetic field where the sample is placed is increased, since the amplitude of the signal depends

strongly on the strength of the magnetic field .

Although the first magnets used for NMR detection in condensed matter were electromagnets and
permanent magnets, the development of superconducting magnet technology made the former
obsolete. On the other hand, research and applications have not become obsolete and have had a
new momentum thanks to the development of tabletop and portable instruments and new and
advanced detection methods. Currently, NMR at 90 MHz *H resonance frequency and below is
known as lower field NMR. There are applications in which lower magnetic fields can be
advantageous, such as: foodstuffs quality control, moisture, in wood, oil painting detection, oil
well logging, rock core porosity analysis, underground water detection, among others®:.

Polymer molecular characterization could be performed using *H NMR Spectroscopy. Due to the
high cost, high field NMR spectroscopy is rarely used for routine materials verification. On the
other hand, low-field benchtop NMR spectrometers have been introduced commercially as a less
expensive alternative. New and interesting applications have been developed to obtain information
on biopolymers, among them it is worth noting the determination of the degree of deacetylation of

chitosan®.
4.7.7 Scanning electron microscopy

The scanning electron microscopy (SEM) technique is based on the use of a tightly focused beam
of high energy electrons, instead of a beam of light, in order to generate an image of the surface of
solid samples, with a resolution of 50-100 nanometers®>4, The electrons are accelerated through
an electric field and focused with the use of specialized lenses called: condenser and objective®,

as shown in Figure 7. Accelerated electrons carry considerable kinetic energy, which is dissipated
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during electron-sample interaction producing secondary electrons, backscattered electrons,
diffracted backscattered electrons, photons (x-ray), visible light, and heat. The sample image can
be formed by secondary and backscattered electrons. The first kind of electrons are used for
showing morphology and topography on samples, while the second are used for rapid phase
discrimination. SEM is a nondestructive technique that generates high-resolution images of shapes
of objects (SEI) and acquiring maps of the variation in elemental chemical compositions by

energy-dispersive x-ray spectroscopy (EDS) %%,
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Figure 7: Representation of the operation of the Scanning electron microscopy taken from Inkson®’.
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4.7.8 Stereomicroscopy

Stereomicroscopy is a technique based on the use of a microscope equipped for stereoscopic
viewing with the purpose of obtaining an amplified 3D image of a sample. Stereomicroscopes have
two main designs: Common main objective (CMO) and Greenough Figure 8. Greenough
stereomicroscopes are typically used in industrial settings while CMO stereomicroscopes are
generally utilized in research for their high resolution, advanced optical setup, and illumination

accessories.
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Figure 8: The two main stereomicroscope optical designs: (a) CMO. (b) Greenough®8,

The design of a CMO stereomicroscope is centered on the refraction of light by a single objective
lens of large diameter through which the right and left ocular channels view the sample. Each
ocular channel consists of an independent optical setup parallel from one another, this arrangement
guarantees that convergence of the left and right optical axes coincides with the focal point in the
sample plane. One of the major advantages of CMO systems is the absence of a tilt in the image
at the eyepiece focal plane given that the optical axis of the objective is perpendicular to the sample

plane %.
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5 MATERIALS AND METHODS
5.1 Reagents and solutions
e Reagents

Carboxymethyl cellulose sodium salt cellulose (CMC, High Viscosity grade, Loba Chemie,
sodium glycolate Max 0.4%, Viscosity (2% in water, 20 ° C) 1100-1900 cps). Chitosan food grade
(BioFitnest) identified as CH-A and chitosan food grade (Guo Zhen international., LTD, viscosity
60-100 cps, >90% DD) as CH-I. Glycerol (GL; Molecular biology, Sigma Aldrich) and (PEG;
Synthesis, Loba Chemie) was used as a plasticizer. Citric acid (CA; AR grade, Loba Chemie) was
used as a chemical cross linker. Acetic acid (AA;synthesis, MM Reprentaciones ) as a chitosan co-

solvent.
e Solutions

Chitosan 2% (w / v) dissolved in 2% (v / v) acetic acid reached a (pH 5-6), CMC 2% (w / v)
dissolved in distilled water reached a (pH 7), citric acid 2% (w /v), and glycerol at 10 % (v /v). All

stock solutions were individually mixed for a period of 3 hours and subsequently stored in flasks.
5.2 Preparation of Composites Hydrogels

The composites hydrogels were synthesized using a CMC/CH volume ratio of 3:1 while varying
the concentrations of citric acid and glycerol. Figure 9 shows the procedure followed to prepare
each hydrogel composite. First, the solution of CMC was stirred for a period of 3 minutes. Then,
the chitosan solution was added and mixed until reaching a homogeneous-appearing solution. To
the resulting mixture CA and glycerol were added, one after the other, under stirring. All mixtures
were prepared using an immersion mixer and afterwards sonicated at 40 °C for a period of 99
minutes to produce crosslinking conditions. The excess liquid was removed from each sample and
dried at room temperature for one week. Table 2 lists prepared composites hydrogels, there

composition, and code name.

22



Hydrogel composition

Code Name

CMC:CH

L) CA(mL) GL(mL) CH-A CH- I

90:30 24 - CMC/CH-A-CA24-GO0 CMC/CH-I-CA24-G0
90:30 36 - CMC/CH-A-CA36-GO0 CMC/CH-I-CA36-G0
90:30 48 - CMC/CH-A-CA48-GO0 CMC/CH-I-CA48-GO0
90:30 96 - CMC/CH-A-CA96-GO0 CMC/CH-I-CA96-G0
90:30 24 18 CMCI/CH-A-CA24-G18 ~ CMC/CH-I-CA24-G18
90:30 36 18 CMC/CH-A-CA36-G18 ~ CMC/CH-I-CA36-G18
90:30 48 18 CMCI/CH-A-CA48-G18 ~ CMC/CH-I-CA48-G18
90:30 96 18 CMC/CH-A-CA96-G18  CMC/CH-I-CA9-G18
90:30 24 36 CMCI/CH-A-CA24-G36  CMC/CH-I-CA24-G36
90:30 36 36 CMC/CH-A-CA36-G36  CMC/CH-I-CA36-G36
90:30 48 36 CMC/CH-A-CA48-G36  CMC/CH-I-CA48-G36
90:30 96 36 CMC/CH-A-CA9-G36  CMC/CH-I-CA96-G36

Table 2: Composition and code of composite hydrogels dried at room temperature.
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5.3 Swelling Study

The swelling of the composite hydrogels obtained were studied using the swelling ratio technique
described in Section 4.7.1. Dried hydrogels were immersed in 30mL of distilled water at room
temperature and weighted every hour for the first 5h and then every 24h till the 72h mark. The
excess water was gently removed with a filter paper for weighing each time. The data obtained

was then used in a time vs swelling graph.
5.4 Fourier Transform Infrared Spectroscopy - Attenuated Total Reflectance

The functional groups of CH-A, CH-I, and composites hydrogels were studied by FTIR using a
Cary 630 with 1-Bounce Diamond ATR accessory. The spectra were obtained in the range of

4000-400 cm-1, with a spectra resolution of 4 cm-1 and 32 scans.

The composition and degree of deacetylation (DD%) were determined for the chitosan CH-A using
CH-1 as a reference. WeiBpflog'®et al. methodology was used to calculate the DD% in accordance
with the equation:

(M) x 100% (2)
Ayc-m

DDprin% = 100 —
Prir % 1.33

Where Ay, c—o) and Ayc—g) corresponds to the areas of the stretching vibration signal of C=0 and

C-H, respectively.
5.5 Differential Scanning Calorimetry

Thermal Properties of a CMC/CH-A-CA36-G18 sample was studied by DSC. Perkin ElImer DSC
8000 was used to analysis the glass transition (Tg) property of hydrogel composites. Nitrogen was
employed as the purge gas. The temperature range used was between 20-200 °C with a heating rate
of 10 °C / min. The defined thermal cycle was: heating 20-120 °C; 120 °C isotherm for 3 minutes;
cooling 120-20 °C; 20-200 °C heating; isotherm at 200 °C and cooling to room temperature.

5.6 X-Ray Diffraction
The crystalline structure of CH-A, CH-I, CMC, and a certain group of composites hydrogels were

studied by X-ray powder diffraction. A Mini-flex-600 from Rigaku, with a D/tex Ultra 2 detector
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was used. The X-Ray generator, Ni-filtered Cu Ka radiation (A = 0.15418 nm), was fixed at 40
kV, 15 mA. For collecting data, powder samples were placed on a glass sample holder, the selected

angular region was 26 = 5°-90° with a step width of 0.01°.

Determination of the Crystallinity index (C1%) were calculated with the method proposed by

Focher®® et al. according to the following equation:

Lo —1
CI(%) = [M] x 100 )

110

Where l110 (20 = 20°) is the maximum intensity located in (110) peak and lam (20 = 16°) is the
amorphous diffraction, arbitrary units can be used in the equation, in this case, normalized units

were used.
5.7 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was performed to get chemical information on
some selected CMC/CH composites hydrogels. A PHI 5000 Probe 111 Scanning XPS Microprobe
from Ulvac phi, inc. For the sample preparation, each sample was placed onto a polymeric-based
adhesive tape that was hold in a metallic mesh. High resolution deconvolution was performed
using Tougaard background subtractions, and VVoigtian and Gaussian functions. The software used

for this purpose was Fityk%2,
5.8 Low-Field '*H Nuclear Magnetic Resonance

Low-Field *H Nuclear Magnetic Resonance (LF *H NMR) analysis was performed in order to
validate the composition of CH-A and its degree of deacetylation (DD%), using CH-I as a
reference. LF 'H NMR spectra were acquired on an NMReady-60e - Benchtop NMR
Spectrometer— Nanalysis. The samples were dissolved in DO acidified with hydrochloric acid to
pH~4. The experiments were run at 32 °C using a 5 mm probe. For the determination of DD% a
single pulse sequence, with 16834 scans and a recycle time of 8 s between each transient was used,

this allows for complete relaxation before each pulse application'®.

Hirai % et al. method was used to calculate the DD%. According with the following equation:
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Ang_ac 4)
DD(%) = |1 - —3 x 100

Where Ay,_pe IS the signal area associated to protons H2, H3, H4, H5, H6, H6’ of both monomers

and the Ay_a. corresponds to the signal area of the acetyl group.
5.9 Morphology Study

A morphology study of dried composites hydrogel was carried out in a SZX16 stereomicroscope
(Olimpus) and Phenom ProX desktop scanning electron microscope (SEM-EDS), working with

an acceleration voltage of 10 KV.

6 RESULTS AND DISCUSSION

6.1 Molecular Characterization and Estimated of degree of deacetylation of Chitosan -A

and -1

Due to a lack of knowledge of CH-A chemical composition, FTIR-ATR, LF *H NMR, and its
XRD analysis were performed. Additionally, is DD% was determined by FTIR and *H NMR using
CH-1 as a reference.

6.1.1 Fourier Transform Infrared Spectroscopy

The FTIR spectra of CH-A and CH-I, are shown in Figure 10 and a detailed assignment thereof in
Table 3 1%, Both spectra were similar to each other, showing the characteristic bands of the
chitosan. The widest band present at 3000-3600 cm™ range, is associated with N-H stretching
vibrations of free amino groups and O-H stretching vibrations, its widening can be explained as a
result of vibrations of water and hydroxyls as well as intramolecular hydrogen bonds. C-H
asymmetric stretching from -CHz groups and -CHj3 groups are found at 2919 cm, and 2862 cm'*
respectively. C=0 stretching vibrations of acetylated amino groups (amide I) appear at 1651 and
1640 cm™. The chitosan amide Il band was resolved in two bands at 1584 and 1565 cm™, using a
second-derivative procedure. The first is associated with vibration bending N-H of free amino
groups and the second with bending N-H and stretching CN of the acetamide groups. C-H (CH>)
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symmetric bending of methylene groups and a C-H (CHs) asymmetric bending of methyl in
NHCOCH; group are found at 1462 cm™ and 1419 cmt, respectively. The band at 1375 cm™ is
related to bending vibrations symmetric of methyl groups. The 1319 cm™ band corresponds to C-
N (amide 11) stretching vibrations and N-H stretching of N-acetyl-glucosamine. C-N stretching
vibrations of free amino groups appears at 1261cm™. The band at 1149 cm™ vibrations stretching
asymmetric C-O-C belongs to the B-glycosidic link. Bands 1059, 1024, and 987 cm™ correspond
to C-O stretching vibration of the ring saccharide structure, and the band at 892 cm™ is associated

with a C-H bending of B-linked glycosidic bond%>1%,

% Transmittance

% Transmittance

e ———
3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-1)

Figure 10: FTIR CH-A and CH-1.
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Wavenumber (cm™) | Vibration type | Assignments
3600-3000 v O-H, v N-H | N-H stretching
vibrations of free amino groups
O-H stretching
vibrations of water and hydroxyls as well as —
intramolecular hydrogen bonds
2919 vas C-H CHz in CH20OH group
2862 vs C-H CHz in NHCOCHj3 group
1651, 1640 v C=0 acetylated amino groups (Amide I)
1584 dip N-H free amino groups
1565 3 N-H .
v C-N N-acetylgroup (Amide I1)
1462, 1419 ds C-H (CHy) CHzin CH20H group
das C-H (CH3) CHz in NHCOCHj3 group
1375 8s C-H (CHz3) Bending vibrations of methyl in NHCOCH3 group
1319 v C-N C—N (amide I11) and N-H stretching of
v N-H N-acetyl-glucosamine
1261 v C-N Free amino groups
1149 vas (C-O-C) B-glycosidic link C-O-C (bridge)
1059 v (C-0) C-O ring saccharide structure
1023 v (C-0) C-0 ring saccharide structure
987 v (C-0) C-0 ring saccharide structure
892 dC-H B-linked glycosidic bond

Table 3 FT-IR assignments for CH-A and CH-1 105106,

FTIR spectra of CH-A and CH-I are shown in Figure 11. Probe (4, c-0)) and reference (A, c-)

bands and its corresponding baselines can be seen in this Figure 11. The degree of deacetylation

was calculated using equation 2, following the methodology proposed by WeiRpflog'® et al. DD%

values obtained were 90.6 and 91.8 for CH-A and CH-1 respectively, and they are tabulated in the

Table 4.
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Figure 11: Calculation of areas in FTIR CH-A and CH-belonging to groups -CH AND -CO.

6.1.2 X-Ray Diffraction

The X-ray diffraction pattern of chitosan CH-A and CH-I are illustrated in Figure 12. The XRD
patterns of CH-A exhibit two crystalline peaks at 20 = 10.8° and 26 = 20.0° due to X-ray diffraction
from the (020) and (110) planes of the semicrystalline o-chitosan powder, respectively.
Additionally, a shoulder at 20 =~ 21.8° can be observed. The intensity of this signal is related to
DD% —an increase of intensity indicating an increment in DD% . Furthermore, the
disappearance of the intensity in the (020) plane is due to the absence of intermolecular forces
related to hydrogen bridges, therefore, the CH-I corresponds to a  polymorphism and CH-A
corresponds to a o polymorphism . Both diffraction patterns, shown a small signal at 20 = 29.5°
associated to calcite and calcium phosphate!®”. CI1% values 66.3 y 51.2 for CH-A and CH-I

respectively, were obtained using equation 3, and are displayed in Table 4.
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Figure 12: XRD patterns CH-A and CH-I

6.1.3 Low-Field *H Nuclear Magnetic Resonance

The LF *H NMR spectra of CH-A and CH-1 were similar to each other, show the characteristic
signals of the chitosan. The only differences observed correspond to changes in the relative
intensities of the signals. As an example, Figure 13 shows the spectrum of CH-A together with a
detailed assignment thereof 1%,

Signals in the spectra are overlapped, obeying to the low field and sample’s high viscosities. To
obtain more accurate results of the DD% the spectra were deconvoluted, as shown in Figure 14.
DD% values 90.5y 94.0 for CH-A and CH-I respectively, were obtained using equation 4, and are
displayed in Table 4.

DD% Cl(%)
Sample __
FT-IR IH NMR-LF specification XRD
CH-A 90.6 90.5 - 66.3
CH-1 91.8 94.0 >90% (94.6%) 51.2

Table 4 Degree of deacetylation (DD%) of chitosan CH-A and CH-I by FT-IR and 1H NMR-LF related with corresponding
crystalline index by XRD.
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6.2 Characterization of Composite Hydrogels
6.2.1 Synthesis process and Physical characteristics

During the synthesis of hydrogels, it is possible to observe the late formation of a thick uniform
white solution and even the formation of a dense aggregate. This behavior is affected by the
concentration of citric acid used, accelerating with increasing concentration. After the addition of

CA, the material presents opposition to the agitation and cutting force.

The final shape of the hydrogel composite is reached after the ultrasound treatment. A white mass
is formed whose thickness increases with the concentration of citric acid, obeying the increase in

crosslinking facilitated by temperature and homogenization.

Error! Reference source not found. shown pictures of samples CMC/CH-A-CA24-G18, CMC/CH-
A-CA36-G18, CMC/CH-A-CA48-G18, and CMC/CH-A-CA96-G18, a) previous and b) after

ultrasound treatment. A double arrow indicates the thickness of the aggregate or lump.
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CMC/CH-A-CA24-G18 CMC/CH-A-CA36-G18 CMC/CH-A-CA48-G18 CMC/CH-A-CA24-G18

Figure 15: Behavior of AC in hydrogel composites causing a more compact matrix
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Pictures of CMC/CH-A-CA24-G18, CMC/CH-A-CA36-G18, CMC/CH-A-CA48-G18, and CMC/CH-A-

CA96-G18 hydrogels, before and after letting them dry at room temperature for 1 week, are shown

in Figure 16.

Figure 16: Composites hydrogels without drying and samples air-dried at room temperature

Figure 17 shown pictures of the composite hydrogel CMC/CH-A-CA24-G18. Its appearance is
smooth and homogeneous. It presents elasticity, inherited from the biopolymer’s chains. Pictures
show how under pressure it can be deformed and how it returns quickly to its original shape and

size after the load is removed. All the hydrogels prepared showed similar behavior.

Figure 17: Behavior of AC in hydrogel composites causing a more compact matrix
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The dry material suffers a significant decrease in volume and elasticity and acquire a brown tone

Figure 18.

Figure 18: CMC/CH-A-CA24-G18 without drying and samples air-dried at room temperature

6.2.2 Swelling Study

Once dried, the hydrogels were subjected to swelling tests. Swelled composites present flexibility,
softness and even some of them recover the initial coloration, as shown in Figure 18 for composite
CMC/CH-A-CA24-G18. In Figure 19 graphs of swelling ratio vs time are shown for CH-A and
CH-1 composite hydrogels, varying concentrations of glycerol and citric acid. The swelling ratios
of all samples were greater than 30% after the first 5 hours. In alpha chitosan, CH-A, the
equilibrium swell ratios are reached before 24 hours, and their values decrease with the citric acid
concentration, showing that the increase in crosslinking decreases the swelling capacity °°. On the
other hand, in the CH-I set, the values of swelling ratios kept changing after 24 h, thus the
equilibrium swell ratio is not reached. This difference in behavior is ascribable mainly to the
presence of intermolecular hydrogen bonds in alpha chitosan. Additionally, the effect of citric acid

is not evident.

The higher swelling ratios were measured for CMC/CH-A-CA24-G18 and CMC/CH-1-CA24-
G18, both having 18 mL of glycerol and 24 mL of CA.
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Figure 19: Swelling ratio of sponge hydrogels prepared with CH Aand CH | at different ratio of glycerol and citric acid :
(a)CH A-0 Glycerol,(b)CH A-18 Glycerol,(c) CH A-36 Glycerol, (d) CH 1-0 Glycerol,(e )CH 1-18 Glycerol and (f )CH 1-36

Glycerol.
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6.2.3 X-ray Diffraction

Figure 20 shows X-ray diffraction patterns of (a) CMC, (b) CH-A, and (c) CH-A composites
hydrogels with different CA concentrations. A strong peak at 20 =~ 21° characteristic of the
polysaccharide is observed for all the samples!'®. CH-A exhibits two crystalline peaks at 20 ~ 10.8°
and 20 =~ 20.0° due to X-ray diffraction of the (020) and (110) planes of the semi-crystalline a-
chitosan powder. XRD patterns in Figure 20 (c) show the gradual disappearance of the signal
around 26 =~ 10.0, and a broadening in general of the peaks, with CA concentration. These results
indicate a loss of crystallinity due to crosslinking caused by CA because it restricts the movement

in the polysaccharide chains®.

250404 (a)

2e+04

b
4
4
1

Intensity(a.u.)

1e+04 —

5,000 <

2.5e+04 ®)

2e+04

£
2
1

Intensity(a.u.)

s \
18404 X

5,000 —

T
0 20 40 60
28¢°

2.5e+04

Code name

—  (MC/CH-A-CA24-G18

—  OMC/CH-ACA35-G18
1 CMC/CH-A-CA48-G18

20404 CMC/CH-A-CA96-G18

¥
2
1

Intensity(a.u.)

1e+04

5,000

Figure 20: XRD(a)CMC,(b)CH-A and (c) CH A-18 Glycerol.
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6.2.4 Fourier Transform Infrared Spectroscopy - Attenuated Total Reflectance

Figure 21 shows FT-IR spectra of composites hydrogels prepared with CH-A and CH-I at different
ratios of glycerol and citric acid. All the spectra were similar to each other, showing the
characteristic bands of the chitosan and CMC, with an additional signal at 1725 cm™. The intensity
of this additional signal shows a correlation with the concentration of citric acid; as the CA
concentration increases so does the intensity of the signal. According to the literature, this signal
is related to the formation of ester bonds caused by the esterification reaction between CMC and
CAMHLIZ and the increase in intensity corresponds to an increase in the degree of chemical

crosslinking.

Figure 22 offers an enlargement of the region corresponding from 1400 to 1800 cm™ range for the
samples: CMC/CH-A-CA24-G18, CMC/CH-A-CA36-G18, CMC/CH-A-CA48-G18, CMC/CH-A-CA96-
G18, and the reagents chitosan & CMC. In both the CMC and chitosan, a band is present at 1585 cm™.
This band is associated with the symmetric stretching vibrations of the COO- groups in the case
of CMC and corresponds to N-H bending vibration of -NH2 groups in chitosan. In the composites
hydrogels spectra, this band has shifted to 1576 cm™, suggesting an ionic interactions and/or
hydrogen bonds between the chitosan and the CMC. It is possible that hydrogen bridge interaction
between the chitosan and CA are also a factor in this shift.

The FT-IR results discussed in this section seem to indicate that the composites hydrogels have

successfully undergone chemical and physical crosslinking 3,
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Figure 21: FT-IR of composites hydrogels prepared with CH A and CH | at different ratio of glycerol and citric acid : (a)CH
A-0 Glycerol,(b)CH A-18 Glycerol,(c) CH A-36 Glycerol
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Figure 22: FTIR composites hydrogels matrices at different ratios of CA, CMC, and CH A-18 Glycerol.

6.2.5 Differential Scanning Calorimetry

Figure 23 presents the results of DSC heating analysis belonging to the sample CMC / CH-CA48-
GL18. In the first heating from 20 C° to 120 C° shown in Figure 23.a, a loss of water can be
observed at 60 C°, this loss is caused by the dehydration of citric acid that produces the formation
of anhydride®. A second heating from 20 C° to 200 C° (see Figure 23.b) showed no glass transition
temperature (Tg) which suggests that the composites hydrogel has a glass transition over 200 C°
199 Previous DSC studies have reported Tg values in the range 200 to 203 C° for CH'4!15 while
for CMC Tg values from 79 to 80C°!¢. The sample studied has chemical crosslinking which
increase the Tg!%, due to the van der Waals interactions are replaced by covalent bonds in this
specific case ester and amide bonds. The hydrogel composition has a composition of 3: 1
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respectively for CMC / CH and a concentrated amount of CA, therefore the material must present

a unified behavior.
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Figure 23: DSC analysis of CMC/CH-CA48-GL18 : (a)first heating from 20 C° to 120 C°,(b)second heating of 20 C° to 200C°

6.2.6 X-ray Photoelectron Spectroscopy

The survey spectra of both chitosan -A, -1, and CH-A -18 composites, shown in Figure 24, exhibit
the characteristic peaks at 285 eV (Cls) and 400 eV (N1s). The values from the analysis of the
spectra are tabulated in Table 5.

The high-resolution spectra recordings of C1s were obtained and peak fitting using Gaussian-

Lorentzian functions were performed to obtain a piece of more detailed information. Figure 25,
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shows 3 peaks for CH-A associated with the following values: 284.3, 286.2, 287.4 eV,
corresponding to the following bonds: -C-C-/-C-H-,- C-N-/-C-0-/-C-O-H and -C=0/-0-C-O-/-N-
C=0 %1% On the other hand, composite hydrogels present signals to: 285.0, 286.7, 288.3, and
289 eV, corresponding to the following bonds: C-C / C-H, -C-N, —CO0~, -COQOH 116117118 ‘Tap|e
6 shows more individual details of C1s belonging to CH-A and composites. The complexity of
these samples and the resulting overlapping of signals makes difficult any conclusion from C1s

spectra.

N1s high resolution spectrum of CH-A shown in Figure 26 exhibit one peak at 400.0 eV associated
with the following bonds: -NH2 and -O-C-N %120, Table 7 shows more individual details of N1s
belonging to CH-A. The fitting of N1s spectra of all the hydrogel composites was resolved with
two peaks, shown in Figure 25, centered about: 400 and 402 eV, corresponding to the following
bonds: O-C-N and NHz* 1?9121 The N1s spectra show the disappearance of the -N-H groups and
the increase of O-C-N and NH3* groups with CA concentration, due to the formation of covalent
crosslinks (amides), ionic interactions and/or hydrogen bonds’ .Table 7: shows more individual
details of N1s belonging to CH-A-18 Glycerol.
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Figure 25: Survey XPS of C1s spectrum CH-A and CH A-18 Glycerol composites hydrogels

44



CH-A

p— L N L " . —
CMC/CH-A-CA24-G18

402.0 CMC/CH-A-CA36-G18

398 400 a0z 404

- 1001 —_ 4021 CMC/CH-A-CA48-G18

a0s

CMC/CH-A-CA96-G18

Figure 26: Survey XPS of N1s spectrum CH-A and CH-A-18 Glycerol composites hydrogels
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Cls

Cls

Cls

CH-A

CH-I

CMC/CH-A-CA24-G18

CMC/CH-A-CA36-G18

CMC/CH-A-CA48-G18

CMC/CH-A-CA96-G18

Table 5: Surface elemental compositions of CH-A, CH-I, and CH A-18 Glycerol composites hydrogels

C(%)

42

40.3

64.7

63.5

64.0

65.3

Possible element

Sample state
CH-A CC/HH
C-NH
COC=0/C-OH
CMC/CH-A-CA24-
G18 C-C/C-H
-C-N
—C00"~
-COOH
CMC/CH-A-CA36-
G18 C-C/C-H
-C-N
—C00"~
-COOH
CMC/CH-A-CA48-
G18 C-C/C-H

46

0O(%)
44
46

30.9
315
318

28.9

N(%0)
5.7
54
31
2.5
2.5

3.6

Position(eV) Area
284.339 1.346
286.211 1.452
287.425 1.396
284.954 1.267
286.652 1.749
287.992 0.017
288.653 0.260
284.980 1.362
286.712 1.577
288.313 0.240
289.393 0.095
284.952 1.177

Area % Height
32.098 0.603
34.615 0.575
33.287 1.396
38.475 0.868
53.114 0.751

0.529 0.018
7.881 0.123
41.613 0.898
48.163 0.760
7.329 0.151
2.896 0.065
29.586 0.789



-C-N 286.690 2.479 62.315 0.820
—C00~ 288.778 0.311 7.829 0.104
-COOH 289.381 0.011 0.270 0.011
CMC/CH-A-CA96-
Cils G18 C-C/C-H 284.785 1.329 46.605 0.905
-C-N 286.607 1.297 45.487 0.539
—CO00~ 288.422 0.133 4.664 0.079
-COOH 289.293 0.093 3.244 0.058
Table 6: Relative intensities of the fitted C1s peak of CH-A and CH A-18 Glycerol composites hydrogels
Possible element
XPS Sample state Position(eV) Area Area % Height
N1s CH-A -NH2/0-C-N 400.030 1.000 100 1.000
CMC/CH-A-CA24-
N1s G18 0O-C-N 399.999 0.396 37.863 0.187
NHs* 402.021 0.651 62.137 0.315
CMC/CH-A-CA36-
N1s G18 O-C-N 400.030 0.439 39.374 0.219
NHs* 402.033 0.676 60.626 0.308
CMC/CH-A-CA48-
N1s G18 0O-C-N 400.096 0.478 40.044 0.241
NHs* 402.064 0.715 59.956 0.286
CMC/CH-A-CA96-
N1s G18 O-C-N 400.013 0.424 42.065 0.213
NHs* 402.032 0.584 57.935 0.239

Table 7: Relative intensities of the fitted N 1s peak of CH-A and CH A-18 Glycerol composites hydrogels
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6.2.7 Morphology Study

Figure 27 and Figure 28 show stereomicrographs and SEM micrographs of the CH A-18 Glycerol
composite hydrogels, respectively. A heterogenous porous distribution, with only the presence of
macropores and no visible porous interconnectivity can be observed. In both stereomicrographs,
spherical cavities can be observed, their presence can be explained by: firstly, the electrostatic
interactions between polymer molecules; secondly, formation of large aggregates; and finally, the
action of surface and stirring force 22 These cavities are filled with free water and become empty
after evaporation during the drying process. In stereomicrograph (b), corresponding to a hydrogel
with a higher citric acid concentration, shows replacement of spherical cavities for region of
laminar surfaces. This is due to the increase in chemical crosslinking caused by the higher
concentration of citric acid. In the other hand, the roughness observed in SEM micrographs is
probably related to the strong intermolecular hydrogen bonds between CMC and chitosan which

might give rise to a chaotic gel state in the solution that leads to a rough surface 4.

Figure 27. Stereomicrographs at x2.5 magnification of (a) CH/CMC-CA36-G18 (b) CH/CMC-CA96-G18
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Figure 28: SEM micrographs of the transversal surfaces of CH A-18 Glycerol with the following magnifications(a) 2mm,
(b)200um, (c)100um, and (d)10um
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6.2.8 A Suggested Chemical Structure of the composite Hydrogels

Based on the different chemical characterizations carried out, where chemical and physical
crosslinking was confirmed. We are proposing an average chemical structure of the composite

hydrogel. Figure 29 illustrates a proposed reaction equation of the composite hydrogel s formation.

The following spectroscopic observations supported the proposed average structure for the
hydrogels:

e The presence of a signal at 1725 cm™ in the composites FT-IR spectra confirms ester bonds
formation. A positive correlation of the intensity of this signal with the CA concentration
suggest that the ester bonds are forming between CMC and CA 109111.112.123

e A red shift of the signal at 1585 cm™ (N-H bending vibration of -NH2 groups in chitosan and
symmetric stretching vibrations of the COO- groups in the case of CMC) to 1576 cm™ can
be attribute to the physical interaction between COO™ groups of CMC and NHs" groups of
chitosan'*37 suggesting an ionic interaction and/or hydrogen bridge between the chitosan
and the CMC.

e Nl1s high resolution spectra of composites indicate that the amine groups of chitosan are
protonated (NHz*) 7120121,

e The increase of the number of O-C-N bond groups with CA concentration in the XPS spectra
of composites could be ascribed to the formation of covalent crosslinks between the amine
group of chitosan and CA "7, However, we can not reject the possibility of ester bonds
between CMC and chitosan.

e There is no evidence of esterification between C-6 carbon of chitosan and CA.
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7 CONCLUSIONS AND RECOMMENDATIONS

A green methodology was successfully developed to produce composite hydrogels using only
environmentally friendly materials. Citric acid turned out to be an effective chemical crosslinker
promoting formations of amide and ester bonds between chitosan and carboxymethyl cellulose. A
synergetic effect between glycerol and citric acid was evident in the swelling study, the highest
equilibrium swelling ratio percentage was obtained at a specific combination of the two. Chitosan
alpha was able to swell when combined with glycerol indicating a disruption in the intermolecular
hydrogen bonding. The swelled hydrogels presented a smooth and homogeneous appearance, with
the presence of macropores and elastic behavior. However, once they were dried, the material lost
its elasticity, became rigid and difficult to shear. The dried hydrogels showed no glass transition

under 200 C° and a loss of crystallinity due to crosslinking caused by citric acid.

Current hydrogel research reports the use of materials with similar properties to the ones obtained
in this study for applications such as: adsorption of heavy metals, hemostasis in animals,
regeneration of bone tissue, and wound healing. Therefore, it is recommended to carry out further
studies into the properties of our hydrogel to be able to propose specific applications. Incorporate
freeze-dried methodology to improve pore distribution, increase interconnectivity, and reach

mesoporosity and microporosity.
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ANNEXES

ANNEX 1 List of reagents used

Reagents Description Pictures
Dissolvent Acetic acid (CH3COOH)
MM
REPRESENTATIONS
Polymer matrix CARBOXYMETHYL (C8H15Na08)
CELLULOSE LOBA Chemie
SODIUM SALT

HIGH VISCOSITY

CAS :9004-32-4 CAS

Polymer matrix

CHITOSAN

(C6H1104)n

BioFinest
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Plasticizer Glycerol (C3H803)
SIGMA-ALDRICH
CAS:56-81-5
Plasticizer Polyethylene C2Nh4n+20n+1
glycol LOBA Chemie
CAS:25322-68-3
Crosslinker Citric Acid anhydrous C6H807
99.5% LOBA Chemie
CAS: 77-92-9
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ANNEX 2 Composites hydrogels with CH-A drying at room temperature dry state and

swollen state after swelling 24 hours in 25ml of water

Code Dry state Swollen state
Composite
s
hydrogels

CMC/CH-
A-CA24-G0O

CMC/CH-
A-CA36-G0

67



CMC/CH-
A-CA48-GO

CMC/CH-
A-CA96-GO

CMC/CH-
A-CA24-
G18
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CMC/CH-
A-CA36-
G18

CMC/CH-
A-CA48-
G18

CMC/CH-
A-CA96-
G18
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CMC/CH-
A-CA24-
G36

CMC/CH-
A-CA36-
G36

CMC/CH-
A-CA48-
G36
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CMC/CH-
A-CA96-
G36
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